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Abstract

The current era is in need for more and more sustainable energy solutions. Phase Change Materials (PCM’s) are
a solution for a more sustainable build environment because they can help to reduce the energy use of
buildings during heating and cooling of the indoor air. This paper presents the results of recent experiments
that have been executed with test boxes. In addition a System Dynamics model has been developed to find out
how PCM’s can be used efficiently without testing in reality.

The first experiment, in which PCM’s were applied in a concrete floor, shows a reduction of peak temperatures
with 4°C £ 0.7°C on maximum temperatures and over 1.5 °C £ 0.7°C on minimum temperatures during warm
periods. The model confirmed these findings, although the predicted reductions were slightly. During the
second experiment more PCM’s were applied by mounting them into the walls using gypsum plasterboard to
increase the latent heat capacity. Remarkably, both the experimental set-up as the model showed that the
increase of PCM’s (of almost 98%) causes hardly any difference compared to the first situation. Adapting the
exterior in a way to absorb more solar energy, increases the average indoor temperature but decreases the
reduction of peak temperatures. Again the model confirmed these findings of the experiment. These results
show that the effect of PCM’s varies on different climatological contexts and with different construction
components physics. This means no straight forward advice on the use of PCM’s for a building design can be
given. The solution for this problem is provided by the model, showing that the effects of PCM’s can be
modelled in order to use PCM’s in an effective way in different climatological contexts and with different
characteristics of construction components. The research shows that a simple model is already capable of
predicting PCM performance in test boxes with reasonable accuracy. Therefore it can be used as a template for
designing improved tools to come to an effective use of PCM’s in buildings.

1 Introduction

The energy consumption of the built environment accounts for more than 40% of the total energy consumption
in Europe (EC, 2002). Therefore, lowering the energy use of the built environment would have a large impact
on the reduction of greenhouse gasses (carbon emission) and improving the environment. One way to achieve
significant energy savings in the built environment in the Netherlands and therefore in the total Dutch energy
consumption, is to lower the energy use for heating and cooling of dwellings.

One solution to save energy on heating and cooling that has received increasing attention is the emplacement
of so called phase change materials (PCM’s) in buildings that provide for an increase of the heat capacity of a
building. “These materials change their state of aggregation within a defined temperature range. Common
PCM'’s for the application in buildings show a phase transition from solid to liquid phase and vice versa. It
follows then that surface and indoor air temperatures can be reduced by using PCM during hot periods.”
(Voelker et al., 2008, p. 937) Vice versa, indoor temperatures can be increased during colder periods. As a
result, people inside a building equipped with PCM’s can experience more comfort than in a conventional
building. Because temperature peaks are smaller, less cooling and heating is needed and energy can be saved.
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So the power of PCM’s is its characteristic of phase transition and the storage (or releasing) of thermal energy
during this transition.

PCM'’s are used already in constructions for a while using active systems. The use of PCM'’s in construction
materials in a passive way is relatively new. The great advantage of passive use is the ease of mixing the PCM’s
with for instance concrete, but they can also be mixed with plaster. Also the application of PCM treated bricks
is known (Lai & Chiang, 2006). In all these cases of passive use, no extra systems or layers need to be added
into a construction, avoiding extra labour. Also no extra maintenance of a system is needed.

Currently, reducing energy consumption is mainly focused on new buildings. “The upgrading and maintenance
of existing buildings receives little attention in the context of carbon reduction although it contributes to the
lifetime carbon emissions in a way that cumulatively may be significant (Forster et al., 2011).

The application of PCM’s in traditional construction materials makes it also easier to be applied in existing
buildings, so also in the context of carbon reduction (energy saving) PCM’s can offer a solution in the existing
built environment. Gypsum, for instance, can absorb up to 25 weight percentage of PCM. Research by Feldman
et al. (1989, 1991) shows that gypsum—PCM composite can be used to reduce overheating. Gypsum wallboard
has also been studied, numerically and experimentally in a full scale test room (Athienitis et al, 1997). “Their
numerical results are in good agreement with experimental data. Moreover, the PCM used shows a decrease in
overheating and a decrease of energy consumption” (Kuznik & Virgone, 2009). Schossig et al. (2005) integrated
microencapsulated PCM into gypsum wallboard. Their full size tests show that such composite lowers the
temperature by up to 4°C.

2 Research methodology

The next section explains methodology of the research that has been conducted.

2.1 Previous PCM research

Entrop et al. (2010, 2011) performed already some research on PCM’s in concrete floors in test boxes. These
test boxes appeared to be available and suitable for this research, because the dimensions of these boxes are
already carefully determined: “The references for the dimensions of the scaled boxes are the living room of
the standardized row house of SenterNovem (2006) and the test boxes used by Kissock et al. (1998)”(Entrop et
al., 2010). The main conclusion from the previous conducted research was: “The application of PCMs in
concrete floors resulted in a reduction of maximum floor temperatures up to 16 °C + 2% and an increase of
minimum temperatures up to 7 °C + 3%. The results show the relevance of an integral design in which the
thermal resistance of the building shell, the sensible heat capacity of the building and the latent heat capacity
of the PCM s are considered simultaneously” (Entrop et al., 2011).

In the previous research using the experimental set-up, PCM's were applied in the concrete floor only. As
mentioned before, PCMs can easily be applied in other construction materials as well, like gypsum
plasterboard. This makes it possible to increase the latent heat capacity of a(n) (existing) construction by
applying it in other construction parts, besides the floor. However, does this make any difference for the indoor
climate? Therefore the first experiment will be the application of gypsum plasterboard in the test boxes. In box
A and C (with PCM's), so called Smartboard (Knauf, 2006) will be applied. Smartboard is gypsum plasterboard
integrated with PCM's, called Micronal (BASF, 2009).

Furthermore, this research is mainly focused on a more efficient use of PCM's in construction. Therefore, the

second experiment will be the changing of the exterior colour to black (original colour is white), in order to
increase the heat absorption coefficient. The system is expected to absorb more energy and therefore the
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PCM's are used more efficiently while they can be charged further and more often (during colder periods
compared to non-black boxes).

2.2 Experimental set-up

The reference Dutch row house has got a ground surface of 8.92 x 5.10 m” (I x w) with a living room of 26.1 m”.
The internal height of the first floor is 2.6 m. (Entrop et al., 2010). The sizes of the test boxes of Kissock et al.
(1998) are 1.22 x 1.22 x 0.61 m> (I x w x h). A plastic container with sizes that approaches the dimensions of
1.024x1.02x0.52 m* (Ix w x h) is used as a base for the test boxes. These sizes make the test boxes
approximate a scale of 1 to 5 compared to the reference row house. “These dimensions will result in an air
volume that is 115 times smaller and a floor surface that is thirty times smaller than the original living room.
The impact of this down scaling is expected to be relatively small, because the mass of air and heat capacity per
kilogram are low compared to the mass and heat capacity of the floor” (Entrop et al., 2010). Inside each box, 14
thermocouples (accuracy 0.5 °C) are installed and at the location of the test boxes a weather station (Davis
Advantage Pro 2, accuracy +0.5 °C) is installed to collect temperature data. The weather station collects data
about solar radiation (accuracy +5%). Two out of the four boxes the floors contain micro-encapsulated PCM’s,
so called Micronal (BASF, 2009). In Table 1 a concise description of the used test boxes can be found. BASF
(2009) claims the melting point of the used type of Micronal to be around 23°C, however the experiment of
Hunger et al. (2009) shows a transition range of 22.1 £ 0.1 °C to 25.2 + 0.1 °C. This transition range will be used
in the upcoming experiments. Because of this transition range, it is important to distinguish three situations
like Entrop et al. (2011) already stated:

1. the PCM’s are not thermally charged, because of low levels of irradiance and low ambient
temperatures lower than 22.1 °C;

2. most or even all PCM’s are thermally charged during daytime, because of significant irradiance and
temperatures above 25.2 °C during the day and below 22.1 °C during the evening or night;

3. all PCM’s are thermally charged during the day and stays charged during the night, because of high
levels of irradiance and temperatures continuously exceeding 22.1 °C.

These three states can be used to analyse the results in order to explain the effects of PCM’s on the indoor
temperature.

Table 1: Concise description of used test boxes.

VELLELIE Test box A Test box B Test box C Test box D
Insulation material Cellular glass Cellular glass Insulation foil Insulation foil
Thermal resistance* R.=3.8 (m’K)/W  R=3.8 (m°K)/W R=5.6 (m’K)/W R=5.6 (m°K)/W
PCM'’s Present Absent Present Absent

Thermal resistance High Standard High Standard

glazing

Thermal 0.5 W/(m’K) 1.1 W/(m°K) 0.5 W/(m’K) 1.1 W/(m’K)
transmittance glazing

Dimensions inside 1.13*0.73*0.64m>  1.13*0.73*0.64m° 1.13*0.73*0.64m’>  1.13*0.73*0.64m’

volume (I * w * h)

Dimensions outside 1.41*%1.15%1.09m> 1.41*1.15*%1.09m> 1.31*0,95*0,89m°>  1.31*0,95*0,89m’
volume (I * w * h)

* Values are according specifications of manufacturer

During the research four boxes are used which were changed during the research, because of the different
experiments. The first experiment will be the baseline experiment, in which the boxes were not changed and
will be the same as in the experiment of Entrop et al. (2010, 2011) as described above. For the second
experiment, the latent heat capacity will be increased by placing Smartboard (Knauf, 2006) on the indoor walls.

UNIVERSITY OF TWENTE.



This means the latent heat capacity will be increased with 551kJ from 563 kJ to 1114kJ. For the third
experiment, the heat absorption coefficient will be increased as well. This will be done by painting the boxes
black where the original colour was white. This means an increase of the heat absorption coefficient of 0.7
from 0.25 to 0.95 (Castenmiller, 2004). To keep the references to the different states of the boxes in the text
clear, the boxes will be coded according Table 2.

Table 2: Coding boxes.

Variable Subscript \
Heavy insulation H

Light insulation L
Containing PCM’s P

Gypsum plasterboard applied G
Increased heat absorption coefficient |

Example:

Box A with gypsum plasterboard, unpainted Aypg,

2.3 Modelling method

In order to perform a sensible and reasonable experiment, first the relevant ins and outs of the test boxes
should be familiar. The description above of the set-up of Entrop et al. (2011) is not sufficient to specify the ins
and outs. That is why at first a constructional physics model is made. This model contains some blueprints of
the test boxes as well as an overview on the used materials with its characteristics, on especially thermo
physics.

A System Dynamics model (SD-model) is made based on the characteristics of the test boxes represented in the
constructional physics model. In this systems model variables and factors which influence the indoor
temperatures are linked. For this model the software package “VENSIM” is used. “VENSIM is a visual modelling
package that allows you to conceptualize, document, simulate, analyse, and optimize models of dynamic
systems. VENSIM provides a simple and flexible way of building simulation models from causal loop or stock
and flow diagrams” (Ventana Systems, 2007). VENSIM is chosen, because of this simple and flexible way of
building models. But also because of its possibility of to visualize the linking of the different factors influencing
each other.

2.4 Environmental and climatic context

The test boxes are located at the campus of the University of Twente, in the east of the Netherlands. They are
positioned in a rather open area on top of a sea container, so no one can interfere with the set-up. According
to the KNMI (Royal Dutch Meteorological Institute) the daily averages regarding temperature and irradiance
over the period 2001-2010 were -0.5 up to 19.8 °C per day and 15 up to 268W/m?’, respectively (see Figure 1
and Figure 2).
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Figure 1: Average ambient temperatures in the region of Twente 2001-2010 (KNMI, 2012).
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Figure 2: Daily average solar irradiation in the region of Twente 2001-2010 (KNMI, 2012).

During three different periods, experiments are done in order to collect data. At the site weather data was
collected by the Davis Advantage Pro 2. For the period of the baseline experiment the outdoor temperature

varies from 10.8 °C £ 0.5 °C t0 33.8 °C £ 0.5 °C and the solar irradiance reaches a maximum of 892 W/m? £ 5%

(see Figure 3). For the second period, where the latent heat capacity was increased

W/m” £ 5% (see Figure 5).

UNIVERSITY OF TWENTE.

, the outdoor temperature
varies from 10.9 °C + 0.5 °Cto0 32.2 °C £ 0.5 °C and the solar irradiance reaches a maximum of 943 W/m2 +5%
(see Figure 4) For the third and last period, where the heat absorption coefficient was increased, the outdoor
temperature varies from 9.7 °C+ 0.5 °Cto 34.8 °C £ 0.5 °C and the solar irradiance reaches a maximum of 832
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Figure 3: Outdoor temperatures and solar radiation of the 4th of June 2011 till the 10th of June 2011.
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Figure 4: Outdoor temperatures and solar radiation of the 8th of July 2011 till the 14th of July.
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Figure 5: Outdoor temperatures and solar radiation of the 19th of August 2011 till the 25th of August 2011.

3 Thermal behaviour of the boxes

The next section shows how the model has been constructed

3.1 Construction components physics

For this research an existing set-up is used. For the SD-model, the boxes used in this set-up need to be
specified, to get a realistic model. Therefore the total R -value per side of the test boxes is determined based
on the used materials and the surface resistances. “The thermal resistance of an open surface depends upon
the conduction, convection and radiation at that surface. The air in contact with a surface forms a stationary

11

layer which opposes the flow of heat. Surface resistances are usually found by consulting standard values that

have been found by measurement or by advanced calculations” (McMullan, 2007). Based on the next
characteristics of a material, the R.- value can be determined:

A [W/(m * K)] which represents the thermal conductivity of an element;
R [(m” *K)/W] which represents the heat resistance of an element;
U [W/(m? * K)] which represents the heat transfer coefficient of an element.

A, R and U are material dependent and related to each other;
U= %and, (Equation 1)

R = d/A, in which: (Equation 2)
- d, is the thickness of the layer [m]

The total R of an element can be determined by summing all individual R-values per material layer. Or in
formula form:
R, = YR, in which: (Equation 3)
- R., is the total R-value for the element [(m2 *K)/W]
- 2R, isthe summation of Rys + Rigyer 1 + = + Rigyern + Ris- Ros and Ry, are surface resistances
(McMullan, 2007) [(m” *K)/W]
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Outside surface R-value = 0.06

Plywood 15mm R-value = 0.09

Cellular glass 160mm R-value = 3.80
Total R-value of layer = 4,27

Cavity 30mm R-value =0.18

Polypropylene 5mm R-value = 0.03

Inside surface R-value =0.12

Figure 6: Cross section of test box (heavy insulated, east wall), for each layer the R-value is determined, to determine the
total R-value of the cross section.

3.2 System Dynamics model

Based on the characteristics of the experimental set-up a SD-model is created. This model provides insights in
the functioning of the set-up as well as the variables influencing the system in a real situation. In this way, the
predicted effects of changing those variables can be represented easily without wasting time and resources
when changing the real situation without knowing the effects.

A few thermodynamic equations are used in the model, to calculate the indoor temperature, based on
conduction of energy through the different sides of the boxes. Conduction through an element can be
described as:

Q=Ax i—:, in which: (Equation 4)
- Q, is the energy flux through the element [W]
- A, is the surface of the element [mz]
- AT, is the difference in temperature between the indoor and outdoor surface of the element [°C]
- R, is the Re-value of the element based on the construction physics model [(m” *K)/W]

According to the previous formula, AT is built up out of the indoor and outdoor surface temperature. In this
case the outdoor surface temperature is assumed to be influenced by the outdoor temperature (T,,:) and the
amount of solar radiation (IR). Both factors are input for the model and measured in the experimental set-up.
Solar radiation is measured in W/m?, while temperature is given in °C or °K. Therefore the input for solar
radiation is converted to an increase of the surface temperature (Tg) according to Bougiatioti et al. (2009) and
Castenmiller (2004) based on the heat absorption coefficient (a). Conclusively, AT can be described as:
AT = (Tout + Tir)- Tin, in which: (Equation 5)

- T, isthe indoor temperature of the box. It is assumed that the indoor surface temperature is nearly

the same as the indoor temperature, because of the small indoor air volume [°C]

The incoming energy provided by the solar radiation causes an object (the box) to emit energy immediately by
radiation. This amount of energy has to be subtracted from Q and is described by:
E = &0AT?, in which: (Equation 6)

- E, is the amount of emitted energy [W]

- g, is the Stefan-Boltzmann constant [Wm‘z"K‘4]

- g, is the emissivity coefficient [-]

- AT, is the difference between outdoor surface temperature and outdoor temperature [°C]

Knowing the energy flux through each element based on the previous equations, the indoor temperature can
be determined with:
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C = Q“’—;‘”, in which:

(Equation 7)

- C,is the heat capacity of the indoor air [J/(kg * °K)]
- Quotal is the total amount of energy through all the elements [W]
- AT, is the increase or decrease of the indoor temperature caused by the energy flux [°C]

A simplified representation of the description above and the relation between the equations in the SD-model

R
Independent variables

can be found in Figure 7.

Outdoor
temperature

Solar irradiation

Independent variable

Dependent variable

Heat flux through
element

Conduction Indoor temperature

Independent variable

1
K

Emission

Independent variables

Dependent variable Dependent variable

Outdoor Air

Figure 7: Simplified representation of relations in the SD-model.

Table 3: List of variables.

Symbol Unit Description Fixed values
A W/m°K Thermal conductivity

R m2°K/W Thermal resistance

R, m2°K/W Total thermal resistance of a layer

Ris m2°K/W Thermal resistance inside surface 0.1~0.15
Ros m2°K/W Thermal resistance outside surface  0.04 ~ 0.06
V) W/mz"K Heat transfer coefficient

d m Thickness of a layer

Q w Energy flux

Qiotal W Total energy flux

A m’ Surface area

AT °C Temperature difference

Tout °’C Outdoor temperature

Tin °’C Indoor temperature

Tir °C Temperature increase caused by IR

C J/(kg * °K)  Heat capacity

a - Heat absorption coefficient 0.25~0.95
€ - Emissivity coefficient

o wWm K™ Stefan-Boltzmann constant 5.67*10°
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Due to the restrictions of the free version of VENSIM that was used, it was not possible to upload data into the

model. Therefore the input (outdoor temperature and solar radiation) had to be simplified to trendlines based

on the available data. Because the input does not elapse smooth (caused by for example clouds), it is hard to fit
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a trendline. To erase the non-fluency partly, the method of moving average is applied on the input data (with
n=10). A trendline, based on a fifth or sixth grade polynomial function, is fitted into this moving average with
help of Microsoft Excel. Microsoft Excel determines trendlines based on the method of least squares
(Woldberg, 2005).

As a consequence of using trendlines both the input and the output are approximations of the real data. This is
not a problem, as the model is used to get a general impression of the system and changes made in the system.

4 Data experiments and model

In the next section the results of the experiment and the simulations of the model will be presented.

4.1 Baseline experiment

An existing experimental set-up is used; therefore some data on weather circumstances (temperature, solar
radiation, wind, wind direction) is readily available. These data already represents the effect of PCM's applied
in a concrete floor and can be used preliminary to validate the SD-model. This existing data already shows the
positive effects of PCM's in a concrete floor on the indoor temperature of the boxes.

From the 4™ of June 2011 till the 10" of June 2011, the baseline data experiment was performed. The weather
data of this period (Figure 3) is used as input for the model for the simulation of this period. In Figure 8:
Results baseline experiment and simulation box A & B of the 4th of June 2011 till the 10th of June
the indoor temperatures of Box A, » and By, of the experimental set-up (Exp A(H,P) & Exp B(H)) and simulation
(Sim A(H,P) & Sim B(H)) are represented. Figure 9 shows the indoor temperatures of Box C p and D, of the
experimental set-up (Exp C(L,P) & Exp D(L)) and simulation (Sim C(L,P) & Sim D(L)) are represented. These
indoor temperatures of the experimental set-up are the average of 8 thermocouples, placed on different
positions inside the boxes. For the experimental set-up, boxes By and D_ show a higher range in both maximum
and minimum temperatures compared to Ay p and C, . These differences reach a maximum of 4°C £ 0.7°C and
3.7°C £0.7°C (heavy and light insulated, respectively) on the first day for the maximum temperatures and 1.1 °C
+0.7°C (heavy insulation) on the second day for the minimum temperatures. On both days the PCM’s are fully
charged while the temperatures constantly exceed 22.1°C +0.5°C (transition range, indicated by
frame)(situation 3 paragraph 2.2).

For the simulated temperatures it can be seen that they are not exactly the same as the measured
temperatures in the experimental set-up, which can be explained by the input of the model. This input does
not exactly match real input, as explained before. This causes the model to show lower peak temperatures as in
the real situation, especially during the first three days. Furthermore the temperatures of the model do not
exceed 25.2 °C + 0.5°C, causing the PCM’s not to be used to their full capacity. However, the simulation also
shows that the boxes containing PCM’s show lower peak temperatures compared to the boxes without PCM’s.
The differences of simulation reach a maximum of 1.7°C and 1.0°C (heavy and light insulated, respectively) on
the first day for the maximum temperatures and 1.2 °C and 0.9°C (heavy and light insulation, respectively) on
the second day for the minimum temperatures.
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Figure 8: Results baseline experiment and simulation box A & B of the 4" of June 2011 till the 10" of June 2011.
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Figure 9: Results baseline experiment and simulation box C & D of the 4" of June 2011 till the 10" of June 2011.

4.2 Increased latent heat capacity
After the baseline experiment, the gypsum plasterboard was applied in the boxes. As a consequence the latent
heat capacity increased with 551kJ from 563 kJ to 1114klJ.

From the 8" of July 2011 till the 14" of July 2011, the experiment with the increased latent heat capacity was
performed. The weather data of this period (Figure 4) is used as input for the model for the simulation of this
period. In Figure 10: Results baseline experiment and simulation box A & B of the 8th of July 2011 till
the 14th of July the indoor temperatures of Box A p g and By, of the experimental (Exp A(H,P,G) & Exp B
(H,G) set-up and simulation (Sim A(H,P,G) & Sim B(H,G) are presented. Figure 11 shows the indoor
temperatures of Box C pc and D, g of the experimental set-up (Exp C(L,P,G) & Exp D(L,G) and simulation (Sim
C(L,P,G) & Sim D(L,G)).

For the experiment, boxes By ¢ and D, g again show a higher range in both maximum and minimum
temperatures compared to A, pc and Cip . These differences reach a maximum of 4°C + 0.7°Cand 5°C £ 0.7°C
(heavy and light insulated, respectively) on the fourth day for the maximum temperatures and 1.1 °C+0.7°C
and 0.7°C £ 0.7°C (heavy and light insulated, respectively) on the third day for the minimum temperatures.
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On the fourth day of the simulation these differences reach a maximum of 1.7°C and 1.5°C (heavy and light
insulated, respectively) for the maximum temperatures and 1.2 °C and 1.3°C (heavy and light insulated,
respectively) for the minimum temperatures.

However, when comparing the differences to the baseline situation, hardly any difference can be seen in the
reduction of peak temperatures. Furthermore, the temperatures stay near the transition range (indicated by
the frame), but most of the days exceeds the 25.2°C + 0.5°C and during the nights go under the 22.1°C + 0.5°C,
indicating situation 2: most or even all PCM'’s are thermally charged during daytime (paragraph 2.2). This
means the PCM’s can be used to their full capacity, but hardly any difference is seen compared to the baseline
situation.

The results of the experimental set-up were compared with the simulations of the SD-model. It shows that
increasing the latent heat capacity indeed shows no really difference compared to the situation before applying
the gypsum plasterboard. And for this comparison it is considered that the environmental circumstances differ
a bit of course.
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Figure 10: Results baseline experiment and simulation box A & B of the 8" of July 2011 till the 14" of July 2011.
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Figure 11: Results baseline experiment and simulation box C & D of the 8th of July 2011 till the 14th of July 2011.

UNIVERSITY OF TWENTE.



17

4.3 Increased heat absorption coefficient

To increase the heat absorption coefficient from 0.25 to 0.95 the exterior surface of the test boxes were
painted black in the last experiment.

From the 19th of August 2011 till the 25th of August 2011, the experiment with both an increased latent heat
capacity as well as an increased heat absorption coefficient was performed. The weather data of this period
(Figure 5) is used as input for the model for the simulation of this period Boxes B and D (heavy and light
insulated, respectively) again show a higher range in both maximum and minimum temperatures compared to
A and C (heavy and light insulated, respectively). On the second day these differences for the experimental set-
up reach a maximum of 3.4°C £ 0.7°C and 3.9°C £ 0.7°C (heavy and light insulated, respectively) for the
maximum temperatures and 1.7 °C £ 0.7°C and 1.0°C + 0.7°C (heavy and light insulated, respectively) for the
minimum temperatures. Figure 12 shows the indoor temperatures of Box Ay p g, and By g, of the experimental
set-up and simulation. Figure 13 shows the indoor temperatures of Box C_p, and D, g, of the experimental
set-up and simulation.

The differences for the simulation reach a maximum of 1.8°C and 1.2°C (heavy and light insulated,
respectively) on the second day for the maximum temperatures and 0.8 °C and 0.8 (heavy and light insulated,
respectively) on the third day for the minimum temperatures. Comparing this to the previous experiments the
boxes with an increased heat absorption coefficient shows a smaller difference in peak temperatures then the
situation without painting.
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Figure 12: Results baseline experiment and simulation box A & B of the 19" of August 2011 till the 25" of August 2011.
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5 Discussion

The data given by the set-up as well as the model show the effects of applying PCM’s. According to
measurements in the experimental set-up, the boxes with PCM’s have a reduction of peak temperatures up to
5°C+0.7°C. This finding is in agreement with former research.

However, when the latent heat capacity is increased with almost 98%, both the SD-model as the experiment
show no significant difference (0.5°C + 0.7°C) with the situation before the increase of the latent heat capacity.
An explanation could be the overkill of latent heat capacity. While the boxes are just a scale model, the amount
of surface containing PCM’s compared to the volume of the indoor air is much larger as would be in a real
dwelling. This might have caused the PCM’s to only reach a partial phase changed state. In other words: the
PCM'’s are not used to their full capacity, as they don’t melt completely. On the other hand, the ratio of the
indoor air compared to the mass of other materials within the thermal shell will be much larger in a real
dwelling.

According to the results of the experimental set-up and model, increasing the heat absorption coefficient of the
exterior from 0.25 to 0.95 causes a higher average indoor temperature but not a real difference in the
reduction of peak temperatures. However the higher indoor temperatures caused by the increased heat
absorption coefficient means that during colder periods the indoor temperatures will be higher and thus results
in less need for heating. This means that less energy is needed during colder periods.

These results are of course interesting, but when interpreting these results some remarks need to be
considered. At first the experiment is executed with a scale model of a real dwelling. As mentioned before the
ratio outside surface compared to the volume of the inner air becomes smaller when the dwellings are on a
bigger scale. Therefore the latent heat capacity needs to be considered carefully when applying it to a bigger
scale. This can also mean the reached peak temperature reductions of 4°C £ 0.7°C are not on a real scale.
However real size tests in other research have shown that this reduction of 4°C can be met.

Furthermore, the full complexity of a real situation has not been simulated in both the SD-model as well as the
scale-model. Interfering variables like interior heating, interior cooling, ventilation, sun blinds etcetera, have
not been taken into account while these factors also have an effect on the indoor climate.

The word ‘climate’ is mentioned here, because a living needs to be comfortable. Comfort however, is not only
represented by temperature. Other factors like moisture and air flows also influence the comfort of a building.
While opening the boxes to apply the gypsum plasterboard, it was noticed the cavity of the boxes with PCM's in
their concrete floor were very moist. Apparently condensation took place in the construction. As this research
only focusses on the effects on the indoor climate, no further research has been done on this appearance.

The model also showed something else remarkable: although the manufacturer of the insulation foil used for
the light insulated boxes claims an Ri-value of 5.6 (m® K)/W, using this value in the model did not comply at all
with the real situation. The situation with the heavy insulation did comply much better. Of course the
experimental set-up is perfectly shaped; the materials might be lightly torn. This could have caused a decrease
of the total R.-value. Since the only difference between the heavy and light insulated boxes is the used material
and therefore the R.-value as input, something should be wrong with the R.-value. Therefore with steps of 0.5
the Ry-value has been lowered from 5.6(m” K)/W to 0.1(m* K)/W, resulting in an R-value of about 2 (m? K)/W of
the insulation foil as a better complying value than the specified R,-value of 5.6 (m” K)/W by the manufacturer.

At last, the used PCM’s have a phase transition range of between approximately 23°C and 25°C. This means the
used PCM’s only cause an effect on the indoor temperature, if the indoor temperature reaches this range.
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Especially during colder periods one can wonder if this will happen. An option therefore would be to use PCM’s
with a lower transition range (which are available as well) or even a mixture of PCM’s with a different range.

6 Conclusions & Recommendations

The main objective of this research was to look for an efficient way to use PCM’s in construction. The research
has shown an easy application of gypsum plasterboard integrated with PCM’s. This means existing buildings
can relatively easy be applied with PCM’s as well, in order to make the built environment more sustainable on
energy consumption. The baseline experiments and simulations have shown that PCM's can be a solution to
reduce energy consumption in the built environment by reducing indoor peak temperatures. The experiment
has shown that indoor peak temperatures can be reduced with up to 4°C + 0.7°C and 3.7°C £+ 0.7°C (heavy and
light insulated, respectively) and 1.1 °C + 0.7°C on the minimum temperatures in the used test boxes. However,
applying more PCM’s does not automatically result in a larger reduction of peak temperatures. Although the
latent heat capacity was increased with almost 98%, peak temperatures, and maximum and minimum
temperatures did not show a significant difference compared to the baseline experiment. The third experiment
conducted, increased the heat absorption coefficient from 0.25 to 0.95 and created a more realistic situation
for the Dutch build environment. Compared to the second experiment, peak temperatures showed a smaller
reduction, but average indoor temperatures were higher.

Besides the energy savings, also money can be saved (investment excluded to apply PCM’s). When a reduction
of 5°C £1.4°C on maximum temperatures can be met in real buildings, less demand for cooling systems is
needed in a moderate climate. This will save money on installation of such a system as well as saving on the
energy use of such a system. However, the total latent heat capacity has to be considered carefully when
applying it on real scale. Furthermore a much more constant temperature is reached, which leads to a more
comfortable indoor climate.

A SD-model was developed in order to predict the consequences of changes on the amount of latent heat
capacity and heat absorption coefficient in the experimental set-up. The model was validated with existing data
of the experimental set-up. With help of this model predictions can be made without wasting resources in real-
time. This research has proven that relatively simple SD-model can be used in thermodynamics and building
environment as a good alternative. It can be used to take a closer look at the impact of specific variables
without using a real-life situation. In this way, the use of PCM’s can be examined in a more efficient way.

The results of the model and experiments show that increasing the heat absorption coefficient of the exterior
combined with an increased latent heat capacity result in a higher average indoor temperature. However,
when only the latent heat capacity is increased, the same reduction on peak temperatures can be met,
compared to a situation with a lower heat absorption coefficient.

A higher absorption coefficient does comply better with a Dutch situation, compared to the white situation
where hardly any white buildings can be found in the Netherlands. Moreover, during colder periods compared
to the experimental ones, a higher indoor temperature is can be considered more desirable. A higher heat
absorption coefficient gives therefore a better result during colder periods. In this research, only the
combination of an increased heat absorption coefficient with an increased latent heat capacity was
investigated. It would be interesting to study the effects of an increased heat absorption coefficient without
installing more PCM’s.

Furthermore, it should be considered that the model is based on a scale model and the results can not

automatically be translated to a real building, because not all factors relevant for the indoor climate are taken
into account (convection of the indoor air, sun blinds, ventilation, indoor heating, cooling etc.). The moisture
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found in the experimental set-up for example was not expected, but could be relevant for the indoor climate.
Further research should be done to find the relation between the moist and the application of PCM’s as effect
on the indoor climate. More research is needed as well as on increasing the scale of the test boxes. Preferable
a test location on real scale should be used, in other words a real building.

Besides the limitations of the model, it can predict the performance of PCM’s in buildings. Furthermore, this
research shows that the performance of PCM’s varies in different circumstances; like the weather (climate),
amount of PCM’s and the heat absorption coefficient. This means that PCM’s cannot just be applied in any
amount and situation to function in an effective way. A tool (like the SD-model) is needed to predict how PCM'’s
function in different situation in order to realize an effective application of PCM’s in buildings.
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1 Problem statement

1.1 Introduction

The energy consumption of the built environment accounts for more than 40% per cent of the total energy
consumption in Europe (EC, 2002). In modern Dutch dwellings, about 10% of the annual use of primary energy
goes to cool the dwelling, whereas about 50% of the primary energy is used for heating. Therefore, lowering
the energy use of the built environment would have a great impact on greenhouse gasses reduction and the
improvement of the environment. Significant energy savings in the built environment in the Netherlands and
therefore in the total Dutch energy consumption can be achieved by lowering the energy used for heating and
cooling of dwellings.

Several solutions are already available to save energy on heating and cooling. “A possible solution may be the
emplacement of so called phase change materials (PCM'’s) that provide for an increase in heat capacity. These
materials change their state of aggregation within a defined temperature range. Common PCM'’s for the
application in buildings show a phase transition from solid to liquid phase and vice versa. It follows then that
surface and indoor air temperatures can be reduced by using PCM during hot periods.” (Voelker et al. 2008)
Vice versa, indoor temperatures can be increased during colder periods. As a result, people inside a building
equipped with PCM’s can experience more comfort than in conventional building. Additionally, and maybe
even more important: energy can be saved because the temperature peaks are smaller so less cooling and
heating is needed.

During the 1980s, the first research was conducted where phase change materials, especially paraffin, were
integrated into building materials to solve the problems of thermal protection in summer (Hawes et al, 1989).
But only little research has been done on the application of PCM’s in gypsum plasterboard. Such applications of
PCM'’s can be very useful during renovation of buildings. Because new buildings are just a small part of the total
build environment, more strict regulations (e.g. building code) won’t affect the main part of the build
environment in the reduction of energy consumption. Therefore changes lay within renovating existing
buildings, where the application of easy-use materials with PCM'’s is a great advantage.

But there could be a disadvantage as well, especially in a moderate climate like in the Netherlands. Because of
this moderate climate you can wonder if the PCM'’s integrated in a construction will ever be completely
charged. To charge (solar) energy is needed which enters the dwelling. Though not much is known about the
heat absorption capacity (absorption coefficient) of the interior of buildings and the speed of release of
captured solar heat for interior heating during cold evenings or nights (Entrop et al, 2010). So there are
uncertainties on how PCM'’s affect the indoor temperatures of a building and the effectiveness (fully charging)
of these PCM'’s

1.2 Introduction to PCM’s

The power of PCM’s is based on simple feature of physics. Every material can exist in three forms, namely:
solid, liquid and gas. The phase in which a material appears is dependent on its temperature. The most general
and common example is that of water. Everybody knows, below 0°C (273.15°K) water will be ice (solid).
Between 0°C and 100°C (373.15°K) water will be liquid and above 100°C it will be steam (gas). However the
temperatures of change differ per material, every material has got the same sequence of phases and transition
temperature.

When speaking of pure materials (1 type of molecule) there is a linear connection between the temperature of
the material and added energy. But this is only true when this happens in one phase. When the temperature
has such a value it is at the border of a phase transition (for example 0°C for water), the connection isn’t linear
anymore. To increase the temperature at such a value much more energy is needed while not in a phase
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transition. This means materials have 2 temperature values at which they can absorb (and release, which is
negative absorption) much more energy than at other values of temperature.

As mentioned before this counts only for pure materials. When speaking of non-pure materials, there is not a
transition temperature but a transition trajectory. There will be domain of temperatures in which a material
changes instead of a steady temperature. For example tap water. Tap water doesn’t consist of just H,0 (1 type
of molecule) but also at a lot of additions, like for example Calcium. These additions make the water a non-pure
material and therefore tap water has phase change trajectories. But a better example of non-pure material
with a changing trajectory is oil, its trajectory is used to distillate the several products (e.g. kerosene, gasoline)
out of it.

So the power of PCM’s is it characteristic of phase transition and the adding (or removing) of energy during this
transition.

A remark should be made at this point that, given the description above, all materials are a PCM. Therefore
suitable materials have to be determined for the construction industry. The idea of this research was to create
a comfortable indoor environment. When talking about water and getting the maximum effect out of its heat
capacity, 0°C or 100°C should be a comfortable indoor temperature. Of course this is far from comfortable.
From now one when talking about PCM’s, PCM’s mean only PCM’s which are really used because of their heat
capacity for indoor comfort.

1.3 Types of PCM'’s

Several types of PCM'’s are available (Sharma et al. 2007). Sharma et al. (2007) Distinguishes three types of
PCM’s which are available in any required temperature range; organic, inorganic and eutectic. However, a PCM
that has a melting point which is around 20-22°C is nearby a comfortable indoor temperature (Van der Linden
et al. 2005) and therefore more suitable for buildings

In the Netherlands there are just a few examples of PCM’s used in buildings;
BG Office at Nieuwegein (PCM applied in concrete floor)

WILO Westzaan (PCM applied in concrete roof)

Energy neutral dwelling 2.0 Amsterdam (PCM applied in plaster at walls)
RACM Kadegebouw Amersfoort (PCM applied on top of ceiling in plastic bags)

Although there are just a few examples in the Netherlands available, it can be seen there are actually to two
types of applications of PCM’s in buildings. First PCM’s can be added separately (RACM Kadegebouw
Amersfoort) or it can be applied in construction materials such as concrete and plaster. This application in
construction materials is a, so called passive system. No mechanical or electric system is used for charging or
discharging the PCM’s

The use of PCM’s in construction materials in a passive way is relatively new, while using an active system was
already used much earlier in history as well as a passive system on its own (not integrated in a construction).

1.4 Application in materials

The great advantage of passive use is the ease of mixing the PCM’s with for instance concrete. So no extra
systems or layers need to be added in a construction, which avoids extra labour. Also no extra maintenance of
a system is needed.

As mentioned earlier PCM’s can be mixed into concrete or plaster. “The most interesting possibility in building
application is the impregnation of PCM into porous material such as plasterboard. Fatty acids and organic
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phase change materials were used by Feldman et al (1989) and Feldman et al (1991). Various building materials
were used to evaluate their absorption properties and the resulting composites. The gypsum can absorb up to
25 weight % of PCM. The results show that gypsum—PCM composite can be used to reduce overheating.
Gypsum wallboard has also been studied, numerically and experimentally in a full scale test room (Athienitis et
al, 1997). Their numerical results are in good agreement with experimental data. Moreover, the PCM used
shows a decrease in overheating and a decrease of energy consumption” (Kuznik et al 2009). Schossig et al
(2005) integrated microencapsulated PCM into gypsum wallboard. And full size tests show that such composite
lowers the temperature by up to 4°C.

These full scale test done by Schossig et al (2005) took place at Freiburg, Germany. Because of this location it
can give an indication for using PCM’s in The Netherlands, however it can’t be translated fully to a Dutch
situation because of the difference in climate. Is the lack of experience in a Dutch climate (or comparable) the
reason PCM'’s are hardly used in construction in the Netherlands?

1.5 The (lack) of using PCM’s in The Netherlands

It is true little research has been done on using PCM’s in The Netherlands (or comparable situation). This could
be the reason for just a few applications of PCM’s in construction in The Netherlands. Perhaps clients and/or
contractors need more persuasion before applying PCM’s in their constructions.

The need for PCM’s (or methods to save energy) applied in the Dutch build environment can easily be given; at
first there are new regulations which provide in energy savings.

But also indoor climate (comfort) and health can be a reason for using PCM’s. Already is proven PCM’s can take
care for a reduction in peak temperatures. This means a more constant temperature during the day. A more
constant indoor temperature means more comfort for the people using a building. But also health issues can
plead for lower peak temperatures.

In the following sections the goal, research questions and the way to conduct the research are explained.
Furthermore this document contains a schematic overview and a planning of the research.

To get more insight in this uncertainty on PCM'’s, this research has been initiated.

2 Goal

The goal of this research is to get investigate in what way PCM’s can be used more effective (charged better)
when applied in construction elements.

3 Research questions
In order to achieve the earlier mentioned goal, the following research question has been stated:

- How can the latent heat capacity of PCM’s used in constructions be used more effective?

To answer this question, sub-questions are needed to split-up the research. As mentioned in the next
chapter, an experimental set-up will be used in this research. Therefore at first it is essential to get an idea
of how the PCM'’s behave in combination with this set-up:

o How do the test boxes behave?
=  Theoretically (model)
=  Practically (test box)
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Then the variables (e.g. heat resistance, heat absorption coefficient, heat capacity) which have theoretical an
effect on charging the PCM’s (and therefore the indoor temperature) need to determined:

o Which variables have the most influence on the indoor temperature of the test boxes
according to the model?

At last, the determined variable needs to be checked in the experimental set-up.

o If one of those variables will be influenced, does it have the expected consequences on the
indoor temperature?

Of course the variable which shall be adopted should be a relevant and sensible. Later on in this document shall
be discussed and determined which variable is relevant and sensible. And therefore will be influenced.

4 Materials and methods

In order to answer this question an experimental set-up is needed. This set-up should contain a dwelling, or
scale model of it, which contains PCM’s both in some construction parts. An equivalent set-up without PCM’s is
needed as reference. Because the effect of PCM’s on the indoor temperature is variable, indoor temperatures
should be measured. This could be done with help of thermometers (or thermocouples). Due to time and
money limitations, a scale-model would be most efficient to perform a relative short-timed and cheap
experiment.

4.1 Scale model

Entrop et al (2010,2011) already did some research on PCM’s in concrete floors with help of test boxes. It
appears that these test boxes are also suitable and available for this research. The dimensions of these boxes
are already carefully determined: “The references for the dimensions of the scaled boxes are the living room of
the standardized row house of SenterNovem (2006) and the test boxes used by Kissock et al. (1998).

The ground floor of this standard Dutch row house has a surface of 8.92 m by 5.10 m (I x w). The living room
takes 26.1 m2 of the ground floor. The adjacent window in the southern facade of the reference house is 4 m
long and 2.4 m high. The internal height of the first floor is 2.6 m. The sizes of the test boxes of Kissock et al.
(1998) are 1.22 m x 1.22 m x 0.61 m (I x w x h). To approximate these sizes the test box could be built on a
scale of 1 to 5. In that case the size of the test box should be 1.024 m x 1.020 m x 0.520 m (I x w x h). A plastic
container with sizes that approaches these dimensions is used as a base for the test boxes. These dimensions
will result in an air volume that is 115 times smaller and a floor surface that is thirty times smaller than the
original living room. The impact of this down scaling is expected to be relatively small, because the mass of air
and heat capacity per kilogram are low compared to the mass and heat capacity of the floor. (Entrop et al,
2010) “Each box is based on a synthetic frame with an inner volume of 1130 mm x 725 mm x 690 mm (I x w x
h). Within this volume a concrete floor of 104.2-104.7 kg2 is placed to provide thermal storage capacity. In two
out of the four boxes these floors contain micro-encapsulated PCM’s (Micronal). Around the closed synthetic
frame a layer of insulation has been installed. In two boxes light-weight insulation was installed, consisting of
fourteen thin layers of different reflective and insulating materials with a combined thickness of 20 mm. before
and behind this multi-layered insulation material two cavities of 20 mm are provided. The other two boxes are
equipped with heavy-weight insulation, consisting of cellular glass with a thickness of 160 mm. The exterior is
formed by a cladding of 15 mm thick water resistant plywood that was painted white to maximize reflection.
The roof has an additional layer of white plastic fabric. At the south side of each box an insulated window was
installed of 590 mm x 550 mm (I x h). Two windows contain double glazing and two windows contain triple
glazing.” (Entrop et al, 2011)
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These test-boxes (fore of them) used by Entrop et al. (2010, 2011) are placed on top of a 40 foot sea container.
Furthermore the, for this research necessary, thermocouples are installed with the necessary monitoring
equipment as described below:

An amount of 14 thermocouples (Thermocouples type T, + 0,5 °C) per box are installed; located in the middle of
both sides of the boxes, in the middle of the roof and in the middle of the backside. Also temperatures behind
the glazing are measured.

Furthermore the solar irradiance is measured using six silicon irradiance sensors Mencke and Tegtmeyer, type
Si-01 TC-T) placed horizontally in and on top of two test boxes.

The data of the sensors mentioned above is acquired using eight USB TC-08 of Pico for the thermocouples and
two USB 6215 of National Instruments for the solar irradiance sensors. Two personal computers stored the
data by making use of a Labview program that has been developed for this purpose. (Entrop et al, 2011)

On the north side of the test boxes a weather station is situated (Vantage Pro 2 of Davis Instruments), which
measures the weather conditions. It is equipped with a digital thermometer, humidity meter, cup anemometer
for measurement wind speed and a wind vane for measuring the wind direction and a solar sensor.

4.2 Micronal

Several types of PCM'’s are available (Sharma et al. 2007). A PCM that has a melting point nearby a comfortable
indoor temperature, which is around 20-22°C (Van der Linden et al. 2005) is needed to give a representative
scale model of a real situation. As mentioned above the used PCM in the available test boxes is Micronal which
is commercially available and has a melting point nearby this 22°C (BASF, 2009). Additionally, Micronal is
available in powder form so it can be easily applied in concrete. Furthermore, Knauf developed gypsum
plasterboard with Micronal, the so called Masterboard (Knauf, 2006). This makes it easier to add construction
parts with PCM’s during the research.

4.3 Modelling

In order to perform a sensible and reasonable experiment, first the relevant ins and outs of the test boxes
should be familiar. The description above of the set-up of Entrop et al. (2011) won’t be sufficient. That is the
reason at first a constructional physics model is made. This model contains of some blueprints of the test boxes
as well as an overview on the used materials with its characteristics, on especially thermo physics, like:

- Dimensions

- Rcvalue [(m2 *K)/W] (heat resistance)

- Uvalue [W/(m2 * K)] (heat transfer coefficient)
- Avalue [W/(m * K)] (thermal conductivity)

- Cvalue [J/(kg * K)] (heat capacity)

Secondly a systems dynamics model is made based on the characteristics of the test boxes represented in the
constructional physics model. In this systems model variables and factors which have an influence on the
indoor temperatures are linked. For this model a software tool is used called: VENSIM.

“VENSIM is a visual modelling tool that allows you to conceptualize, document, simulate, analyse, and optimize
models of dynamic systems. VENSIM provides a simple and flexible way of building simulation models from
causal loop or stock and flow diagrams.

By connecting words with arrows, relationships among system variables are entered and recorded as causal
connections. This information is used by the Equation Editor to help you form a complete simulation model.
You can analyse your model throughout the building process, looking at the causes and uses of a variable, and
also at the loops involving the variable.
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VENSIM makes it possible to link the variables visual as well as physical by adding physical formulas. If done
sufficient, VENSIM can simulate the consequences of changes in the variables. “ (Ventana Systems, Inc., 2007)

In order to check if the model in VENSIM is build sufficient, the model will be verified with the data already
existing of some runs of the experimental set-up.

This data of the experimental set-up will be up-loaded into SPSS. SPSS is a statistical software program with the
ability to store, edit and analyse data. SPSS is especially suitable, because it can handle large amounts of data,
which will be the case in this research.

The statistical analysis with SPSS is needed to determine which variables have significant influence on the
indoor temperature of the test-boxes, in order to build a sufficient system dynamics model with VENSIM. Also
the data is needed to test if the model build in VENSIM is valid.

When the model in VENSIM is build, tested and find correct, the next step can be made. Within the model of
VENSIM the variables can be adjusted and therefore some variables can be found which can be adjusted in the
experimental set-up as well. Therefore a prediction can be made of the adjustment of some variables in the
set-up. After adjusting these variables in the set-up, data can be collected. This data shall be compared with the
data generated by the model. As well the data of the test boxes will be compared with each other.

4.4 Variable

Previously is spoken about a variable which will be adjusted in the experimental set-up (as well as system
dynamics model). This variable should be a relevant and sensible one in order to perform a desirable research.
In this section the chosen variable will be discussed as well the reason for its selection. In the chapter Social
and scientific relevance, the relevance of this variable within the context of the research shall be discussed.

4.4.1 Heat capacity

At first, currently not so much research has been done on PCM’s and their effect as well as their applications in
different construction materials. Moreover Entrop (2010 & 2011) already questions the latent heat capacity of
the existing test boxes. Therefore the choice is made to increase the latent heat capacity of the boxes by
applying gypsum plasterboard

The choice of gypsum plasterboard has been made to use PCM’s in another material (gypsum plasterboard) as
already applied in the boxes (concrete floor). There is already a product available with PCM’s, integrated with
the same type of PCM'’s as used in the concrete floors of the existing test boxes. This way the latent heat
capacity of the test boxes, but also real life situations with dwellings, can be extended pretty easy. With this
experiment now can be tried if it is easy, besides the assembly, to save energy by applying PCM’s.

Additionally, the increase of the latent heat capacity gives also the opportunity to test if PCM’s applied in other
materials (gypsum plasterboard) and construction elements (e.g. walls, roofs) are good options for the
reduction of energy use in dwellings.

This is interesting, because when the application in gypsum plasterboard has got a positive effect on the indoor
climate and energy savings, existing buildings can be made more energy efficient in a pretty easy during
renovations for example.

4.4.2 Painting

Secondly, the colour of the boxes will be changed. Currently they are painted white, in order to reflect
maximum. But in general, the houses in the Netherlands are not white. By painting the boxes black the heat
absorption coefficient will be changed. Contrary to white, black absorbs the most light (energy). In nature, for
example, the Tamaqua Chameleon changes into a black colour to absorb more heat when cold (Stebbins,
1961). Because black absorbs the most energy, contrary to white, the choice is made to turn the boxes black.
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This way two extremes are created, on which more/better conclusions can be drawn on the effectiveness of
PCM’s in different situations.

Moreover, the Dutch climate isn’t that warm the PCM’s will be used efficacious, while not charged or not
sufficient charged. Therefore more energy input form the environment is needed in case of this passive set-up.
Increasing the heat absorption coefficient of the exterior of the boxes could be useful for creating a higher
energy input.

So generally speaking, the following things are intended to be achieved with the adjustment of the mentioned
variables:

- Placement of Masterboard = increase of skimming peak temperatures
- Painting = increasing scope of exteriors

4.4.3 Hypothesis
Of course these changes are expected to have some influence on the experiments. Just by rational thinking the
following hypothesis came up:

- Already is proven, PCM'’s can reduce peak temperatures and cause a more constant indoor temperature.
Therefore the expectance is adding more PCM’s, in the form Masterboard, will increase this reduction and
cause an even more constant indoor temperature.

- The hypothesis about changing the exterior colour needs a bit more complex thinking. Painting black,
increases the heat absorption coefficient. Which means more energy from radiation (sun) will be absorbed by
the system (the boxes). More energy inside, means an increase of the indoor temperature. On the other hand;
painting the exterior does also change the emissivity of the system. In case the outdoor temperature is lower
than the inside temperature, the system is expected to emit more energy compared to the situations before
painting. Therefore is expected that painting the exterior black means a decrease of the reduction of peak
temperature and causes a less constant indoor temperature compared to the situations before painting.
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4.5 Execution

In the previous paragraphs became clear an experimental set-up is available for this research. But there is more
needed. In this paragraph will be explained what is going to be done and how to fulfil the research in order to
give an answer to the research questions and accomplish the goal. This all is represented in Figure 1

At first an inventory of relevant things available (points 1-6, Figure 1):

- The experimental set-up, with its

o Characteristics (thermo physics)(point 6, Figure 1)

o Existing data, from previous experiments done with it (point 5, Figure 1)
- Existing theory on

o PCM'’s (in constructions)(point 1, Figure 1)

o Test boxes (point 2, Figure 1)

o Thermo physics (point 3, Figure 1)

4. Literature review

Available
knowledge

Modelling New data New Knowledge

Figure 1: schematic overview research

4.5.1. Theory

With this list of things available the first steps can be made. Based on the available theory (literature) on PCM’s
a literature review (point 4, Figure 1) will be made, with the general ins and outs on PCM’s and PCM’s in
constructions. Because the research will take place in the Netherlands, as well some knowledge on the use of
PCM'’s in the Netherlands will be included. Several sources on the topic already have been consulted or could
be useful for the research:

o General/background information on PCM'’s in constructions
=  Entrop etal (2010)
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=  Entrop etal (2011)
=  Hunger et al (2009)
=  Khudair et al (2003)
=  Voelker et al (2008)
o Information on the use of test boxes
= Athienitis et al (1997)
= Collier et al (1979)
=  Entrop et al (2010)
=  Entrop etal (2011)
= [Ismail et al (1997)
=  Kissock et al (1998)
=  Kuznik et al (2009)
o Technical information on used materials
= BASF (2009)
=  Knauf (2006)

4.5.2 Modelling

Together with some theory on (using) test boxes and thermo physics and the characteristics of the existing test
boxes, a construction physics model of the test boxes will be made(point 7, Figure 1). As already mentioned in
paragraph 4.3 Modelling, this model contains of some blueprints of the test boxes as well as an overview on
the used materials with its characteristics, on especially thermo physics, like:

- Dimensions

- Rcvalue [(m2 *K)/W] (heat resistance)

- Uvalue [W/(m2 * K)] (heat transfer coefficient)
- Avalue [W/(m * K)] (thermal conductivity)

- Cvalue [J/(kg * K)] (heat capacity)

These characteristics, together with their equations will be put in to EXCEL, in order to make it easier to adjust
some values.

Secondly a Systems Dynamics model will be made (point 8, Figure 1) with the software tool VENSIM, based on
thermo physics and the characteristics of the test boxes. In paragraph 4.3 Modelling is already explained how
this tool works. The values out of the EXCEL file, can be uploaded into VENSIM, which makes it possible to
connect this two software programs. By changing a characteristic in EXCEL, VENSIM automatically can calculate
the effects of a change.

The model created, will be verified with existing data already available. When necessary the some variables in
the model can be adjusted a little in order to make it more correct in predicting the behaviour of the test
boxes.

4.5.3. Experiments

When the models are ready, the experiments can be carried out. Therefore a variable has been changed (point
9,Figure 1) as discussed in paragraph 4.4 Variable. At first the latent heat capacity of the test boxes will be
increased by the placement of gypsum plasterboard integrated with Micronal. This change will also be put
through in to the Systems Dynamics Model. Both the experimental set-up as well as the model will generate
data (point 10, Figure 1). The model will produce data as a prediction based on the theory, while the set-up
produces data of the real situation.

The second adjustment will be the painting of the test boxes. Again this adjustment will be made in the
Systems Dynamics Model as well. The model and the set-up will produce data again.
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4.5.4. Analysis

After finishing an experiment, the data of the real situation and the predicted data will be analysed and
compared (point 11, Figure 1). In order to give an answer to the research questions, the analysis and
comparison will be done on three main points; average indoor temperature, constancy of the indoor
temperature and the extremes of the indoor temperature. With help of a statistical software tool, like SPSS,
can be determined if changing a variable has got a significant effect on the earlier mentioned three main
points.

Generally, the analysis will schematically look like Figure 2. First, based on the theory a Systems Dynamics
model is created and the characteristics of the physical model are made clear. Both will produce some data,
which can be compared. Based on this data the model can be validated and when necessary adjusted.

Next, an intervention takes places, in this case changing a variable. Again the physical and Systems Dynamics
model will produce data (Data 1), which can be compared on the effect of PCM’s and changing the variable
with help of the previous data (Data). The Systems Dynamics model can be validated again and adjusted when
necessary again.

Intervention

Physical model Physical modell
Theory
SD model v SD modell
A A
Y Y
/ /
Data / Datal /
Figure 2

4.5.5. Conclusions
Based on the results of all the research steps described above, some conclusions will be drawn. In order to
place these conclusions in a right context, the conclusions will be discussed as well (point 12, Figure 1).

5 Limitations and threats for the research
Of course every research has it is limitations and threats. To minimize the risk of failure of the research, in
advantage limitations and threats which can occur have to be considered.

In the following part the limitations and threats which have can possibly occur are listed, as well as some
measures to overcome these limitations and threats:

- The experimental set-up
It’s possible a power break-down occurs, which causes the computer to reboot. In that
case, no measurements are done. This can result in a delay, because the period of 2
weeks of measurement won’t be achieved. To minimize the loss of time, a daily
inspection of the set-up is needed, in order to check if the experiment is still running.
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o The PCM'’s have got a melting point of about 22°C. In case the temperatures inside the
box won’t get lower or higher than this melting point, the PCM's won’t respectively
release or absorb energy. When this problem occurs no valid measurement of the effects
of PCM’s can be done. Therefore the period of 2 weeks has been chosen, to increase the
chance of more variable temperatures, to make a good measurement. At the end of
these 2 weeks, the data will also be checked for this problem. In case the problem still
has occurred during this period of 2 weeks, the experiment can immediately be extended
till valid data is available.

o The experiment does not take place in a laboratory, so not all environmental effects can
be controlled like in a laboratory. But to minimize interference of for example peoples or
animals, the test boxes have been placed on top of sea-container. Furthermore, the test-
boxes are free from other obstacle nearby like buildings which can influence the
incoming solar radiation.

- Theory and sources

o Because the application of PCM'’s in building constructions is relatively new, not all
information on the topic, necessary for this research, can be found in existing scientific
literature. Therefore, not only in this medium will be searched for knowledge, but if
necessary also other sources of information will be consulted. This can be other written
information or interviews with experts on the topic. In case these other sources are
consulted, extra caution is needed on the objectivity and validity of these sources.

Although some threats and limitations are mentioned above, not all risks can be foreseen. Therefore caution is
always necessary as well as the awareness other threats can occur.
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Documentation on the Paper: Modelling the
effects of Phase Change Materials on the
energy use in buildings

RESULTS OF EXPERIMENTS AND SYSTEM DYNAMICS MODELLING



1 Digital available documentation

On the CD-ROM included with this document can be found:

2 Initial characteristics test boxes

The digital version of this document
The SD-model in VENSIM

Original Data

Modified Data

Variable Test box A Test box B Test box C Test box D
Insulation material Cellular glass Cellular glass Insulation foil Insulation foil
Thermal resistance* R.=3.8 (m’K)/W  R=3.8 (m°K)/W R=5.6 (m°K)/W R=5.6 (m°K)/W
PCM'’s Present Absent Present Absent
Thermal resistance High Standard High Standard
glazing

Thermal 0.5 W/(m’K) 1.1 W/(m°K) 0.5 W/(m’K) 1.1 W/(m’K)

transmittance glazing

Dimensions inside

1.13*0.73*0.64m"

volume (I * w * h)

1.13*0.73*0.64m’

1.13*0.73*0.64m°>  1.13*0.73*0.64m°

Dimensions outside

1.41*1.15*1.09m">

volume (I * w * h)

1.41*1.15*1.09m’

1.31*0,95*0,89m°>  1.31*0,95*0,89m’

3 Used types of sensors

Variable Sensor Unit Accuracy

Temperature Thermocouples type T °’C +0.5°C
Vantage Pro 2 of Davis °’C +0.5°C
Instruments

Irradiance Si-01 TC-T of Mencke and  W/m +5%
Tegtmeyer
Vantage Pro 2 of Davis W/m +5%
Instruments

Humidity Vantage Pro 2 of Davis % 5%
Instruments

Rain Rate Vantage Pro 2 of Davis mm + 1mm/h
Instruments

Wind speed Vantage Pro 2 of Davis m/s +5%
Instruments
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4 Overview thermocouples test-boxes
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Device Location in Box Name Excel Name Excel Name Excel Name Excel
(A) (B) (9] (D)

1 Sensor 1 concrete floor C3-1 Floor C1-1 Floor C1-1 Floor C3-1 Floor

2 Sensor 2 concrete floor C3-2 Floor C1-2 Floor C1-2 Floor C3-2 Floor

3 Sensor 3 concrete floor C3-3 Floor C1-3 Floor C1-3 Floor C3-3 Floor

4 Sensor outside back C3-4 Out C1-4 Out C1-4 Out C3-4 Out

5 East, centre; 31,5 cm above floor C4-11In C2-11In C2-11In C4-11In

6 South, eastside window; 25 cm C4-2 In C2-2In C2-2In C4-2 In
above floor

7 South, westside window; 25 cm C4-3In C2-31In C2-31n C4-3In
above Cfloor

8 West, centre; 31,5 cm above floor C4-4 In C2-4 In C2-4 In C4-4 In

9 On floor, south C4-5In C2-51n C2-51n C4-5In

10 On floor, centre C4-6 In C2-6In C2-6In C4-6 In

11 On floor, north C4-7 In C2-7 In C2-7 In C4-7 In

12 North, eastside; 31,5 cm above floor C4-8In C2-8In C2-8In C4-8 In

13 North, westside; 31,5 cm above floor C3-51n C1-51In C1-51n C3-51n

14 Ceiling, centre; 60 cm above floor C3-6In C1-6In C1-6In C3-6In
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5 Physical characteristics construction components test boxes
The letters in the first column correspond with the letters in the blueprints (Section 10 & 11)

Heavy insulation

East, north and west wall
material m mm A U R
W Plywood 0,015 15 0,17 11,33 0,09
I Cellular glass 0,16 160 0,04 0,26 3,80
A Cavity 0,03 30 5,56 0,18
P” Polypropylene 0,005 5 0,20 40,00 0,03
Riotalt 4,27
Ris 0,12* Ut 0,23
Ros 0,06*
South wall
material m mm A U R
w* Plywood 0,015 15 0,17 11,33 0,09
D” Cavity 0,045 45 5,56 0,18
P Polypropylene 0,005 5 0,20 40,00 0,03
Riotat 0,47
Ris 0,12* Uioral 2,11
Ros 0,06*
G/g~ Window2 0,60
G/g~ Windows3 1,30
Roof
material m mm A U R
w* Plywood 0,015 15 0,17 11,33 0,09
¥ Cellular glass 0,16 160 0,04 0,26 3,80
P Polypropeen 0,005 5 0,20 40,00 0,03
Rtotal 4106
Utotal 0125
Ris 0,10*
Ros 0,05*
Floor
material m mm A U R
W Plywood 0,015 15 0,17 11,33 0,09
I cellular glass 0,16 160 0,04 0,26 3,80
A" cavity 0,03 30 5,56 0,18
P polypropeen 0,005 5 0,20 40,00 0,03
(o concrete 0,05 50 2,13 42,60 0,02
Rtotal 4131
Utotal 0123
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Light insulation

East, north and west wall
material m mm A u R
W~ Plywood 0,015 15 0,17 11,33 0,09
A7 cavity 0,02 20 5,56 0,18
¥ insulation 0,02 20 0,004 0,18 5,60
D" cavity 0,05 50 5,56 0,18
P Polypropeen 0,005 5 0,20 40,00 0,03
Rtotal 6125
Ris 0,12 Uwta 0,16
Ros 0,06
South wall
material m mm A u R
W~ Plywood 0,015 15 0,17 11,33 0,09
E” cavity 0,045 45 5,56 0,18
P Polypropeen 0,005 5 0,20 40.00 0,03
Rtotal 0r47
Ris 0,12 Uotal 2,11
Ros 0,06
G/g” Window?2 0,6
G/g” Window3 1,3
Roof
material m mm A u R
W~ Plywood 0,015 15 0,17 11,33 0,09
A" Cavity 0,02 20 5,56 0,18
¥ Insulation 0,02 20 0,004 0,18 5,60
D" Cavity 0,05 50 5,56 0,18
P Polypropeen 0,005 5 0,20 40,00 0,03
Rtotal 6129
Uwtar 0,16
Ris 0,10
Ros 0,05
Floor
material m mm A u R
W~ Plywood 0,015 15 0,17 11,33 0,09
A7 Cavity 0,02 20 5,56 0,18
¥ Insulation 0,20 20 0,004 0,18 5,60
D’ Cavity 0,05 50 5,56 0,18
[ polypropeen 0,005 5 0,20 40,00 0,03
Cc’ concrete 0,05 50 2,13 42,60 0,02
Riotal 6,29
Uotar 0,16
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6 Solar radiation and outdoor temperatures of 4-6-2011 till 9-6-2011
(input VENSIM)

Per day trend lines have been fitted with excel. First equation is for the outdoor temperatures and the second
for the amount of solar radiation. To decrease the whimsicality a moving average has been determined (based
on n=10) (graph title: Day X MA) as input for the System Dynamics model.

y =-6E-06x3 + 0,0017x? - 0,019x + 15,959

Day 1 y = 5E-06x* - 0,003x3 + 0,5112x2 - 24,076x + 226,21
40 1.000
= - 800
30
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20 \ 400 solar
15 . 200 — Poly. (Outdoor)
10
5 \ / -~ 0 —— Poly. (solar)
0 -200
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™ v v AN AN AN NN
y = -6E-06x3 + 0,002x2 - 0,1095x + 17,008
Day 2 y = 4E-06x" - 0,0021¢ + 0,3735x - 19,226x + 201,7
35 1.000
30 7 - 800
25 - ln
// - 600 Outdoor
20 R
- 400 solar
15 ] |
/ 200 —— Poly. (Outdoor)
10 aY
\ ——Poly. (solar)
5 /‘ 0
0 -200
AT NO M OW O N WO AT N O M OWON WO d <
AN N ON OO A M DN OO AN M S O N
T ™ = NN AN AN NN
y = -4E-06x3 + 0,0011x? - 0,0264x + 18,389
Day 3 y = 3E-06x% - 0,0017) + 0,30772 - 16,519x + 183,34
35 1.000
30 v\ (N - 800
25 o A4 THIL
// - 600 Outdoor
20 - NI ALY
- 400 solar
o v \ Poly. (Outd
o A Ta 00 —— Poly. (Outdoor)
\ ——Poly. (solar)
5 -0
0 -200
AT ~NO MW OO NWW OO A< ~NO M OO N WO dd <
AN N ON OO d N < NN OO AN M < O N
™ o AN AN NN AN
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y = -6E-06x3 + 0,0025x? - 0,2352x + 21,361

Day 4 y = 1E-06x% - 0,0009%3 + 0,1891x? - 11,144x + 134,66
30 800
= § - 600
VI = IATN - 400 Outdoor
15 T uy® A N\ | solar
- 200
10 D mn —— Poly. (Outdoor)
5 \ -0 ——Poly. (solar)
0 -200
AT NO M OVWOANLWOO A NOMOWON WO d <
AN D ONOO O A N INDNINOOOO AN M S O~
Y v " AN NN AN NN
y =-5E-06x3 + 0,002x2 - 0,1726x + 18,241
Day 5
y = 2E-06x* - 0,0011x3 + 0,2129x2 - 12,089x + 140,16
25 600
~ 500
20 T
- 400
Outdoor
15 V1= i Al - 300
solar
10 - 200
—— Poly. (Outdoor)
5 F 100 Poly. (solar)
v |_ 0
0 -100
TN NN A NN MO WSSO N WSO MM Wn N
AN MO N OANMST W LW O A N < N O N
Y e AN AN AN NN NN
y = -4E-06x3 + 0,001x2 + 0,044x + 8,7811
Day 6 y = 4E-06x* - 0,0024x3 + 0,4009x? - 17,678x + 149,61
30 1.000
800
600 Outdoor
400 solar
200 —— Poly. (Outdoor)
0 —— Poly. (solar)
-200
N0 MO OONWN OO A TSNO MO OO N WO A<
N <N ONO0OOO A M INN0O0OOoO AN MM S OIS
™ = " AN AN AN AN AN
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y = -3E-12x® + 3E-09x° - 8E-07x* + 0,0001x3 - 0,0038x? - 0,042x + 18,86

Day 1 MA - 46-10x5+ 4E-07x5 - 0,0001x% + 0,0171x3 - 1,0021x2 + 21,404x -
104,98
40 1.000
35
- 800
2 / \ - 600 MA Outdoor
20 /f A - 400 MA Solar
e / AN
\ L 200 —— Poly. (MA Outdoor)
10 /\/ 0 —— Poly. (MA Solar)
-200
A ~NO MO OO NN A < NO M OW OO N N 0 o <
N <t N ONO0OOO A N < 1NN 0O O AN MM O~
™ AN AN AN AN NN
y = 6E-10x5 - 4E-07x* + 8E-05x3 - 0,0055x2 + 0,0668x + 17,401
Day 2 MA
y =-3E-10x° + 3E-07x° - 1E-04x" + 0,0146x%° -|0, X4+ 23,653x - b
3 3E-10x6 + 3E-07x5 - 1E-04x° + 0,0146x -|0,8993x2 + 23,653 - 136,38
30 n__ - 700
- A J\ - 600
- 500 MA Outdoor
\ - 400 MA Solar
15
/ \ - 300 —— Poly. (MA Outdoor)
10 / \ - 200 —— Poly. (MA Solar)
5 \\ - 100
0 /.\ 1 0
N NN A NN A OSSO OSSO A MM wn N~
SANN < ONOOOODO AN MST WM OO Jd N < 1N OIS
™ AN AN AN AN NN N
y = 6E-10x5 - 4E-07x* + 7E-05x3 - 0,0048x2 + 0,0641x + 19,656
ay 3 y = 2E-06x* - 0,0015x3 + 0,2908x2 - 16,118x + 184,3
35 700
-6 - 600
- 500
22 JAY W\ 400
I MA Outdoor
20 - 300
MA Solar
15 - 200
o /- . 100 —— Poly. (MA Outdoor)
\ 0 ——Poly. (MA Solar)
. - -100
0 -200
R B2 0 T 0 T S @ ) T o I o 0 TN 0 N S @ ) TR o N ' TN " Y @ ) T o N 0 T 1 N @ ) IR e I 0 0 I W Y I
AN N < ONNOOOTOANMSTS W OO O AN W”W O I~
™Y AN AN AN AN NN
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y = 5E-10x° - 4E-07x* + 9E-05x3 - 0,0084x? + 0,2188x + 17,116

Day 4 MA y = 3E-08x> - 2E-05x* + 0,0041x3 - 0,3504x2 + 1]6884X -79,9
30
25 . 500
- 400
20 —
A - MA Outdoor
15 -
\ 500 MA Solar
10 \ . 100 Poly. (MA Outdoor)
——Poly. (MA Solar
5 / N+ 0 y- ( )
0 -100
AT NO M WOW O AN A TN O M WO N W 0 dd <
AN < 1D OMNOODO A N < DN 0 O M <t O~
™Y o " NN AN NN
y = 2E-12x% - 9E-10x° + 8E-08x* + 2E-05x3 - 0,004x2 + 0,152x + 14,527
Day 5 MA
y y = 2E-08x° - 1E-05x* + 0,003x3 - 0,2336x2 + 6,1228x - 34,266
25 500
20 W\ - 400

15 /\ \ - 300 MA Outdoor
/ \ - 200 MA Solar
10

——Poly. (MA Outdoor)

- 100
——Poly. (MA Solar)
> \/ -0

0 -100

AN N A NN A OISO NN A MmN N
TSN <O N O AN MNMST W WO O d N < 1N OIS
™ A AN AN AN AN AN NN
Dav 6 M A\Ezﬂé‘f&é 7 4E85 - 85Be Y+ CPBTX 3% 2. A8 i 3 18 a5 2x -
ay 70,342
30 1.000
25 800
20 600 MA Outdoor
15 400 MA Solar
10 = : 200 — Poly. (MA Outdoor)
5 e —— 0 —— Poly. (MA Solar)
0 -200

92
105
118
131
144
157
170
183
196
209
222
235
248
261
274
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7 Solar radiation and outdoor temperatures of 8-7-2011 till 13-7-
2011 (input VENSIM)

Per day trend lines have been fitted with excel. First equation is for the outdoor temperatures and the second

for the amount of solar radiation. To decrease the whimsicality a moving average has been determined (based

on n=10) (graph title: Day X MA) as input for the System Dynamics model.

y =-6E-06x3 + 0,0023x? - 0,1595x + 18,428

Day 1 y = 3E-06x% - 0,0017xC + 0,3241x2 - 17,654x + 194,31
35 1.000
30 ] - 800
25 Lt
- 600 outdoor
20 +— 14
400 solar
15 — -
; 200 —— Poly. (outdoor)
\ ——Poly. (solar)
5 -0
0 -200
AT ~NO M OW OO N A< ~NOMOON N 0 d <
AN N O™N OO I O < NN OO AN M S O N
™ = AN AN AN AN NN
Day 2 y = -5E-06x3 + 0,0017x2 - 0,0845x + 17,054
y = 2E-06x% - 0,0013x3 + 0,2486x2 - 13,585x + 150,25
35 1.000
30 - 800
25 = —=
- 600 outdoor
20 —— = -
- 400 solar
1 V1 JINW | d
o A . 200 —— Poly. (outdoor)
—— Poly. (solar)
5 -0
0 -200
AT NO M O OO N N OO A< NO M OW OO N N 0 <
AN T N OO0 AN NN OO AN M S OIS
™ v AN AN AN AN NN
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y = -7E-06x3 + 0,0024x% - 0,1148x + 13,144

Day 3
y = 3E-06x* - 0,002x3 + 0,3491x2 - 17,204x + 166,43
35 1.000
30 1Y - 800
25
- 600 outdoor
20
\ - 400 solar
15
i 200 —— Poly. (outdoor)
——Poly. (solar)
5 0
0 -200
T NO M O OO AN O A SN O M WO N N 0 H <
AN D ONOO O I N NN 0O AN M O~
™ e e AN ANAN NN
y = -8E-06x3 + 0,0027x? - 0,1433x + 14,341
Day 4 y = 4E-06x* - 0,0024x3 + 0,445x2 - 23,223x + 244,27
35 1.000
800
600 outdoor
400 solar
200 —— Poly. (outdoor)
——Poly. (solar)
0
-200
< NO M OO AN WO AN O N OW O N N O o <
AN N OO0 A M NN OO AN M S OIS
™ o+ AN AN AN AN NN
D 5 y = -6E-06x3 + 0,0019x?% - 0,0875x + 17,091
ay y = 4E-06x* - 0,0026x3 + 0,4771x2 - 25,007x + 266,98
35 1.000
30 - 800
25
- 600 outdoor
20
\ - 400 solar
15 - | q
» . 200 —— Poly. (outdoor)
\ —— Poly. (solar)
5 - 0
0 -200
<t SN0 M O OO AN WO A< ~NO MmO OO N N 0 o <k
AN N ON OO A M NN 00O AN M S O N
™ A AN AN AN AN NN

UNIVERSITY OF TWENTE.



48

y = -4E-07x3 + 0,0001x? - 0,01x + 16,788
Day 6 y = 5E-07x%* - 0,0003x3 + 0,0611x2 - 3,3682x + 38,249
20 200
18
16 - 150
14 | -
21 000000 MIA \ 100 outdoor
20 \ solar
8 ol V' 50 —— Poly. (outdoor)
6 A
" \_/ L5 —— Poly. (solar)
2
0 -50
N NN A NN A MO WIS MO WSO M Wn N
AN N T O N0 O AN MST WM OO O I N <IN O~
I o AN AN AN NN NN
y = 1E-08x* - 1E-05x3 + 0,0036x2 - 0,2536x + 20,146
Day 1 MA y = 2E-08x5 - 1E-05x + 0,0026x: - 0,1395x + 1,0854x + 17,319
30 800
- 700
25
- 600
= “RVB Sy MA outdoor
- 400
15 — MA solar
- 300
10 00 Poly. (MA outdoor)
- 100 —Poly. (MA solar)
5 g N
\/ |' 0
0 -100
AN N A NN A NN A N WSO MmN
SN T O N0 O AN MNMSTE WM OO O N < 1 OIS
™ A AN AN NN NN
y = -5E-06x3 + 0,0018x% - 0,1032x + 17,465
Day 2 MA
y = 2E-08x° - 1E-05x* + 0,0023x3 - 0,1367x% + 1,993x + 2,8527
35 700
30 A - 600
. '\ J\\— - 500
\ - 400 MA outdoor
20 — 0
/ \ - 300 MA solar
15 —
\ - 200 ——Poly. (MA outdoor)
10 \ - 100 ——Poly. (MA solar)
5 DN Za

13
25
37
49

61
73
85
97
109
121
133
145

157
169
181
193
205
217
229
241
253
265
277
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y = 2E-10x° - 1E-07x* + 2E-06x3 + 0,0037x2 - 0,3216x + 17,567

Day 3 MA y = 6E-09x° - 1E-06x* - 0,0008x3 + 0,2337x2 - 13,236x + 137,57
35 800
20 A - 700
- 600
25 / - 500
20 - 400 MA outdoor
- 300 MA solar
15 + — ——-
- 200 Poly. (MA outdoor)
10 - 100
\ \_/_ 0 —— Poly. (MA solar)
> - -100
0 -200
TN NN A N UNNODD A MO WUNNODO M WnMNO MM Wn
A NN < ONOOOTOANMST LW OO I N 1N OIS
™ AN AN AN AN AN NN
y = 3E-10x° - 1E-07x* + 1E-05x3 + 0,0025x? - 0,2764x + 17,877
Day 4 MA y = -3E-10x + 3E-07x5 - 9E-05x* + 0,0142x3 - 0,9112x2 + 21,428 -
115,06
35 1.000
30 - 800
2 - 600
MA outdoor
20
- 400 MA solar
LT Poly. (MA outd
o . 500 oly. ( outdoor)
——Poly. (MA solar)
5 -0
0 -200
AT NO M O OO NN OO AN O N OW AN N 0 o <
AN < N ON OO N < NN OO AN N S O S
™ v v " AN AN AN AN NN
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y = 6E-10x° - 4E-07x* + 7E-05x3 - 0,0048x2 + 0,0725x + 17,174

Day 5 MA y = 3E-08x5 - 2E-05x* + 0,0025x* - 0,0757x2 - 2,993 + 62,498
35 1.000
30 - 800
2 600
/\ i MA outdoor
20
/ \ - 400 MA solar
1> Poly. (MA outd
o \ . 500 oly. ( outdoor)
\ / — Poly. (MA solar)
5 __/ - 0
0 -200
AT NO MW O N OO A< NOMOWON W 0 A <
AN < D OMNOOO I N < INNO0 OO N M O N
™ e " AN AN AN AN NN
y = 2E-09x* - 1E-06x3 + 0,0003x? - 0,0246x + 17,08
Day 6\’—V!A-11x6 + 3E-08x° - 1E-05x* + 0,0019x3 - 0,1332x2 + 3,5093x - 21,124
18 140
- 120
100
B0 MA outdoor
60
MA solar
40
20 —— Poly. (MA outdoor)
0 ——Poly. (MA solar)
- -20
13 -40
AN NSO T NN A NN N 0NN O M Wn N
HANN < O N0 DO AN MSTS N OO0 OO N 1 OIS
™ AN AN AN AN N NN
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8 Solar radiation and outdoor temperatures of 19-8-2011 till 24-8-

2011 (input VENSIM)

Per day trend lines have been fitted with excel. First equation is for the outdoor temperatures and the second

for the amount of solar radiation. To decrease the whimsicality a moving average has been determined (based

on n=10) (graph title: Day X MA) as input for the System Dynamics model.

y =-5E-06x3 + 0,0019x? - 0,1615x + 20,787

Day 1 y = 2E-06x* - 0,0015x3 + 0,293x? - 17,176x + 206,07
30 1.000
5+ 800
— “"LITNT | ] = outdoor
15 an !l RilEEAI 400 solar
10 o4 'l| B B Y \ . 200 —— Poly. (outdoor)
——Poly. (solar)
5 T " O
0 -200
AT N O M OWOAN WO AT ~NOM OO N N 0 A <
AN D ONOO O TN NN OO AN M O N
™ v v e e NN NN NN
y = -8E-06x3 + 0,0028x% - 0,126x + 10,926
Day 2 y = 4E-06x* - 0,0023x? + 0,4257x2 - 22,646x + 244,34
35 800
30 - 700
- 600
25 \ - 500 §
outdoor
20 - 400
\ - 300 solar
15 - 200
\ —— Poly. (outdoor)
10 - — - 100
\/(_ 0 ——Poly. (solar)
E - -100
0 -200
TN NN A NN A MO NODOA M WnNOO AW~
A NN < O N0 O AN MST WM OO O N < 1N O~
™ e AN AN AN AN AN NN
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y = -8E-06x3 + 0,0029x? - 0,1824x + 15,716

Day 3
y = 3E-06x* - 0,0018x%3 + 0,3286x2 - 18,152x + 205,85
40 800
35 u - 700
- 600
30 — - =
- 500
25 \ 400 outdoor
20 //\ N 300 solar
15 \ — V.1 - 200 —— Poly. (outdoor)
- 100
10 = ——Poly. (solar)
- 0
5 \
- -100
0 -200
AN N A NN A NN MO WSO A MW
TSN <O N0 O AN MST W OO O N < N OIS
™ AN AN AN AN AN NN
y = -7E-06x3 + 0,0025x2 - 0,1736x + 19,403
Day 4 y = 4E-06x% - 0,0021x3 + 0,3739x2 - 19,202x + 199,04
40 900
o - - 800
- 700
30 -l P - 600
25 A i1 RIIN - 500 outdoor
- 400
20 - solar
\ - 300
= - 200 —— Poly. (outdoor)
10 - 100 —— Poly. (solar)
A o
- -100
0 -200
R o 0 T o T @ ) IR o I 0 N 1 IO (@ ) R o Y ' TN N S @ ) T o M 0 TN 0 TN N @) T e I 00 IO W Y I
AN N <O N O AN MST W OWOOWONO O AN N OIS
™ e e AN AN AN AN N NN
y =-3E-06x3 + 0,001x2 - 0,0428x + 17,944
Day 5
y = 2E-06x* - 0,0009%3 + 0,1679x?2 - 8,2286x + 79,369
35 700
30 - 600
S I W | . i - 500
- 400 outdoor
20 —
- 300 solar
15 —
- 200 ——Poly. (outdoor)
10 A ‘ | N - 100 ——Poly. (solar)
> - -0
0 “mmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm‘ '100
AN N DDA NN AT NN NN O M Win NN
AN N T O N0 O AN MST N OO I N < 1N OIS
™ e AN AN AN AN AN NN
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y = -5E-06x3 + 0,0018x2 - 0,0995x + 19,756
Day 6 y = 2E-06x* - 0,0014x3 + 0,2573x2 - 13,597x + 145,76
35 800
30 A AR - 700
- 600
25 - 500
50 A 14 L 400 outdoor
- 300 solar
15 L | L - 200
—— Poly. (outdoor)
10 - - 100
\ . ——Poly. (solar)
> - -100
0 -200
AN LN A MO WUNDD A O WNDDA OMOWLNO MW
SN <O N O AN MSTE N OO A N < 1N OIS
™Y AN AN AN NN AN N
y = 5E-10x° - 4E-07x* + 9E-05x3 - 0,0092x? + 0,32x + 15,813
Day 1 MA y = 4E-08x5 - 2E-05x% + 0,0052x3 - 0,4317x2 + 12,581 - 81,183
30 700
- 600
25 ——-
- 500
20 /\ el Outdoor MA
- 300
15 F— Solar MA
/ \/ 200
——Poly. (Outdoor MA
10 AW ~ 100 y-(Ou )
/\/ \ / Lo ——Poly. (Solar MA)
5
- -100
0 -200
AN N DDA NN AT NN NN MW
SN O N0 AN MW OO d N < 1N OIS
™ A AN AN AN AN NN
y = 6E-10x> - 4E-07x* + 7E-05x3 - 0,0033x2 - 0,0323x + 12,306
Day 2 MIA y = -4E-10x8 + 3E-07x5 - 0,0001x* + 0,0174x3 - 1,1644x2 + 29,065x -
167,51
35 800
20 AP - 700
- 600
25 / - 500
20 \ 400 Outdoor MA
\ - 300 Solar MA
15
\ - 200 Poly. (Outdoor MA)
i — - 100
10 /\ 0 ——Poly. (Solar MA)
> - -100
0 -200
TN NN T NN A MO WIS MO WSO Ao Wn N~
AN N T O N0 O AN MW OO d N < N O~
™ e AN ANANAN AN NN
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y = 8E-10x° - 5E-07x* + 0,0001x3 - 0,0084x2 + 0,1775x + 13,899

Day 3 MA y = 3E-08x° - 2E-05x* + 0,0035x3 - 0,2391x2 + 4,8566x - 12,762
40 700
35 - 600
30 2 - 500
25 / - 400 Outdoor MA
\ \/- 300
20 . Solar MA
\ - 200
. / ——Poly. MA
15 / \ / L 100 oly. (Outdoor MA)
10 \ / 0 —— Poly. (Solar MA)
5 - -100
0 - -200
TN NN T NN A MO WIS O WSO AW~
A NN < O N~NOOOTO AN MSTE WM O OO JI N <IN OIS
™ = AN AN NN AN NN
y = 7E-10x5 - 4E-07x* + 8E-05x3 - 0,0041x? - 0,0633x + 20,991
Day 4 MA y = -4E-10x6 + 3E-07x° - 0,0001x* + 0,0168x3 - 1,0918x? + 26,479 -
148,63
35 700
30 - 600
- 500
25 400
Outdoor MA
20 - 300
\ Solar MA
15 - 200
\ 100 Poly. (Outdoor MA)
10 / \_/ 0 ——Poly. (Solar MA)
5 - -100
0 -200
TN NSO A OSSO A NN NN A N~
AN N < ONOOOTOANMSTS W OO O AN N O I~
™ AN AN AN AN NN
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y = -3E-09x* - 1E-06x3 + 0,0008x? - 0,0366x + 17,902

Day 5 MA y = 6E-09%5 - 3E-06x* + 0,0003x? + 0,0362x2 - 3,118x + 33,401
30 600
25 AN\ -~ 500
20 - 400
Outdoor MA
- 300
15 — Solar MA
- 200
10 \ ——Poly. (Outdoor MA)
e Poly. (Solar MA)
5 = ‘0
0 - -100
TN NN A MO NN A OISO A MO WSSO MW NN
AN N < ONODDTOANMST WM OO O I N < 1N O~
™ AN AN AN AN NN AN
y = 4E-08x* - 3E-05x3 + 0,0064x? - 0,4086x + 24,552
Day 6 MA y =-2E-10x6 + 2E-07x> - 6E-05x* + 0,0091x3 - 0,6033x2 + 14,804x -
83,587
35 600
30 s 500
25 F\ 400
Outdoor MA
20 - (| — 300
\ Solar MA
iS5 200
/ \ ——Poly. (Outdoor MA)
= / \ 100 ___ Poly. (Solar MA)
’ /\/ -0
0 -100
TN NN I NN AT NN NN O M WnN
AN MO T O NODOOCTOANMSTSW, OO O Ad N < N OIS
™ AN AN AN AN NN
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9 Averages and standard deviation on indoor temperatures

EY Box Average indoor temperature Standard deviation
June 4, 2011 Box A 26,00 2,54
Box B 28,37 3,46
Box C 26,52 3,80
Box D 28,22 4,83
June 5, 2011 Box A 25,81 1,21
Box B 27,50 1,67
Box C 24,95 1,91
Box D 26,11 2,65
June 6, 2011 Box A 25,36 1,13
Box B 26,42 1,60
Box C 24,36 1,71
Box D 25,29 2,48
June 7, 2011 Box A 23,43 0,63
Box B 23,35 1,02
Box C 21,76 1,03
Box D 21,76 1,48
June 8, 2011 Box A 21,06 0,61
Box B 20,38 0,82
Box C 18,79 0,92
Box D 18,90 1,24
June 9, 2011 Box A 20,03 1,71
Box B 20,22 2.61
Box C 18,72 3,09
Box D 19,54 3,85
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Box Average indoor temperature Standard deviation
July 8, 2011 Box A 23,04 0,71
Box B 24,27 1,65
Box C 22,54 1,07
Box D 23,77 2,37
July 9, 2011 Box A 23,07 0,57
Box B 23,89 1,37
Box C 22,32 0,95
Box D 23,14 2,01
July 10, 2011 Box A 22,58 0,81
Box B 23,06 1,88
Box C 21,47 1,71
Box D 22,27 2,94
July 11, 2011 Box A 22,97 1,30
Box B 24,28 3,07
Box C 22,20 2,31
Box D 23,98 4,35
July 12, 2011 Box A 24,41 1,35
Box B 26,43 2,58
Box C 23,99 1,70
Box D 25,98 3,39
July 13, 2011 Box A 22,82 0,79
Box B 22,67 1,99
Box C 21,44 1,49
Box D 20,78 2,16

Average indoor temperature

Standard deviation

August 19, 2011 Box A 24,07 1,19
Box B 25,00 2,34
Box C 22,46 0,96
Box D 22,90 2,30
August 20, 2011 Box A 24,63 2,24
Box B 25,46 4,09
Box C 22,19 2,86
Box D 23,19 4,89
August 21, 2011 Box A 25,23 1,81
Box B 26,36 2,80
Box C 23,38 1,89
Box D 24,30 3,56
August 22, 2011 Box A 26,71 2,21
Box B 27,94 2,79
Box C 24,89 1,86
Box D 26,06 3,15
August 23, 2011 Box A 26,01 0,96
Box B 26,69 1,25
Box C 24,12 0,71
Box D 24,45 1,47
August 24, 2011 Box A 25,81 1,34
Box B 26,28 1,73
Box C 24,19 1,13
Box D 24,50 2,21
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10 Blueprints heavy insulated boxes

bron niet gevonden.

ijzings

The letters in these blueprints correspond with the letters in section Fout! Verw
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11 Blueprints light insulated boxes

The letters in these blueprints correspond with the letters in section Fout! Verwijzingsbron niet gevonden.
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