


surface temperatures in the winter simulation, one can see that the surface of the

wall is reacting much slower to the increased temperature in the end of the simulated

week. The Viking Ship Museum is designed with concrete (with high thermal mass),

which delays the changes in the surface temperature. A summary of the measured

temperatures both from the summer and winter simulations can be seen in table

2.16.

Table 2.16: Measures temperatures from the summer and winter simulations of the

”Gokstad” exhibition room

Variable ”Gokstad” exhibition room

Summer: mean air temperature 19.0-24.0◦C

Winter: mean air temperature 16.5-19.5◦C

Summer: surface temperature 22.0-23.5◦C

Winter: surface temperature 17.5-19.5◦C

The main object when simulating the entire year is to find the effect on the energy

consumption and peak energy demand when PCM is implemented. The zone has no

coolers, except from cooling through ventilation, but there is a heater in both the

upper and lower part of the exhibition room. There are no other zones connected to

the air handling unit, which made it easy to find the energy consumed for HVAC.

The energy for HVAC can be found from the following units:

− Heater in the lower part of the exhibition room

− Heater in the upper part of the exhibition room

− Heating through ventilation

− Cooling through ventilation

− Humidification through ventilation

− Fans in the ventilation

As the ventilation system uses constant air volume, the energy and peak energy

demand for fans are the same for all the simulated cases. Even so, the energy for

running the fans are included in order to compare the percentage difference of the

energy consumption for HVAC between the models.

The energy consumption from the model before implementation of PCM can be seen

in table 2.17.

Due to how the model has been built, it is hard to find the impact on the peak

energy demand for the ”Gokstad” exhibition room alone. All of the ventilation
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Table 2.17: Delivered energy to ”Gokstad” exhibition room, from the yearly

simulations without PCM in the whole building case study

Parameter Value

Heating units

Upper part 36 867.3 kWh

Lower part 35 588.9 kWh

Air handling unit

Heating 126 745.0 kWh

Cooling 179 983.0 kWh

Humidification 184 512.0 kWh

Fans 39 195.0 kWh

Total energy 602 891.2 kWh

Specific energy 236.2 kWh/m2

systems are connected to the same boilers, and as a result, the needed effect for the

boilers are for the entire building. The system had to be made different in order to

find the reduction of the peak energy demand for the ”Gokstad” exhibition room

only. As the model was received without modification of either the ventilation or

the heating and cooling systems, the peak energy demand presented further is for

the entire museum. The peak energy demand before the implementation of PCM

can be seen in table 2.18.

Table 2.18: Peak energy demand from the yearly simulations in the whole building

case study, before implementation of PCM

Parameter Peak effect

Electric cooling 114.7 kW

HVAC aux 127.7 kW

Fuel heating 651.9 kW

The ”electric cooling” is the electricity used for cooling in the ventilation system.

The ”HVAC aux” gives the peak effect for running all the ventilation systems (e.g.

fans etc.) but does not include the effect for heating and cooling through the venti-

lation. The effect for ”fuel heating” is both the heating through ventilation and the

heating units placed in the museum.
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2.5.2 Selecting PCM

The findings from the single zone study in chapter 2.4 have been used when choosing

PCM for the whole building case study. These results are presented in chapter 3.2,

and it is recommended to read though these results in order to understand the

selection of PCM done for the whole building case study.

Even though the HVAC systems in this case are controlled by sensors and adjusted

for the museum, the temperatures found from the summer simulations are compara-

ble. The findings for both the mean air and surface temperature presented in table

2.16 are about 1◦C lower than the measured temperatures in the single zone study

in chapter 2.4 without PCM. Even though none of the PCMs implemented in the

single zone case study in chapter 2.4 gave any stabilization effect, two of the PCMs

(H22C22 and H21C21) managed to reduce the average mean air temperature by

more than 1◦C. The same PCMs also was shown to be storing the highest amount

of energy during the simulated week. For the case study of the entire museum in

this chapter, both H22C22 and H21C21 are chosen to investigate. It has also been

seen as an option to perform simulations of other PCMs if the results from H22C22

and H21C21 turned out to indicate that other PCMs was better suited.
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3 — Results

3.1 Brief

This thesis consists of three different main steps, which have been presented through

the different parts of chapter 2.

1. Validate the HMwall and PCM models in IDA ICE

2. Evaluate the stabilization potential of moisture buffering and PCM in a single

zone model

3. Evaluate the impact on the indoor environment, energy consumption and peak

energy demand by implementing moisture buffering walls and PCM in the

Viking Ship Museum

During the validation of the HMwall model in chapter 2.2 the model was found

not valid for simulation when the building parts consisted of other materials than

concrete (or ”minerals” as EQUA described it). Even by running models which

consisted of concrete only, the moisture buffering effect was shown to be ineffective.

As a result, the HMwall model was not further used in this thesis. Therefore,

this chapter will not present any results for moisture buffering in the Viking Ship

Museum.

In the validation of the PCM model in chapter 2.3, the PCM was found to be valid

and has therefore also been used to evaluate how PCM can affect the Viking Ship

Museum. The results presented further on in this chapter are related to the single

zone study (chapter 2.4) and the whole building case study (chapter 2.5).

3.2 Results for the single zone case study

The effect on the mean air temperature within the ”Gokstad” exhibition room by

implementing PCM can be seen in figure 3.1. The blue line in the figure is the result

from the model without PCM, while the other lines represents PCMs as described

in the figure. It is clearly that all of the PCMs reduced the peak temperatures in

the zone, but the changes in the fluctuations are not clear from the figure.
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Figure 3.1: Simulation results of how PCM affected the mean air temperature in

the single zone model

To find the distribution of the temperatures, box-plots has been made. The box-plot

for the different models can be seen in figure 3.2.

Figure 3.2: Distribution of the measured mean air temperature in the different

models in the single zone case study

The solid colors in the box-plots represent the measured values between first and
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third quartiles (i.e. 50% of the values). The ”x” represents the average temperature

and the line crossing the solid colors are the median. The thin upper and lower lines

indicate the maximum and minimum values. The box-plot in figure 3.2 shows that

the PCM affects the mean air temperature, but that the distribution is somehow

similar for all the cases. When studying the exact measured temperatures, T , ∆T ,

∆T , TS and ∆TS can be evaluated. The results can be seen in table 3.1.

− T : Average mean air temperature [◦C]

− ∆T : Change in average temperature related to the case without PCM[◦C]

− ∆T : Total change in mean air temperature (Tmax − Tmin) [◦C]

− TS: temperature stabilization index (TS =
∑n

i=1 |T − Ti|) [-]

− ∆TS: Change in TS related to the case without PCM [%]

Table 3.1: Effect on the measured mean air temperature by implementing PCM

PCM T ∆T ∆T TS ∆TS

No PCM 22.85◦C - 5.30◦C 233.68 -

H25C24 22.15◦C -0.70◦C 5.25◦C 246.77 +5.60%

H24C23 22.07◦C -0.79◦C 5.24◦C 247.68 +5.99%

H25C25 22.21◦C -0.64◦C 5.12◦C 239.55 +2.52%

H24C24 22.14◦C -0.71◦C 5.13◦C 240.16 +2.78%

H23C23 21.96◦C -0.89◦C 5.16◦C 242.32 +3.70%

H22C22 21.69◦C -1.16◦C 5.21◦C 244.94 +4.82%

H21C21 21.63◦C -1.22◦C 5.28◦C 249.04 +6.57%

As seen in table 3.1, none of the implemented PCMs manage to reduce the fluctua-

tions of the mean air temperature within the zone, as ∆TS is positive for all cases.

According to these results, the fluctuations are actually increasing when PCM is im-

plemented. The results show that the average temperature is reduced for all cases

by implementing PCM. All of the PCMs reduced the average mean air temperature

by 0.64◦C or more, and two of the PCMs (H22C22 and H21C21) reduced the mean

air temperature by more than 1◦C.

In addition to the measured mean air temperature, the enthalpy and modes of the

different PCMs have been tracked. The activity of all the PCMs can be seen in table

3.2.

− H: Measured enthalpy range of the PCM [kJ/kg]

− ∆H : Change in enthalpy [kJ/kg]
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− T : Measured temperature range in the PCM [◦C]

− ∆T : Change in temperature [◦C]

− Modes: The modes of the PCM during the simulated period

Table 3.2: Data of how the PCMs have been acting in the simulations

PCM H ∆H T ∆T Modes

H25C24 58-78 kJ/kg 20 kJ/kg 21.6-23.6◦C 2.0◦C -1, 0, 1

H24C23 70-96 kJ/kg 26 kJ/kg 21.4-23.5◦C 2.1◦C 0, 1

H25C25 51-74 kJ/kg 23 kJ/kg 21.8-23.4◦C 1.6◦C -1, 1

H24C24 62-91 kJ/kg 29 kJ/kg 21.8-23.3◦C 1.6◦C -1, 1

H23C23 75-120 kJ/kg 45 kJ/kg 21.7-22.8◦C 1.1◦C -1, 1

H22C22 90-180 kJ/kg 90 kJ/kg 21.5-22.3◦C 0.8◦C -1, 1

H21C21 130-215 kJ/kg 85 kJ/kg 20.8-23.0◦C 2.2◦C -1, 1, 2

The results in table 3.2 shows that the PCMs with low melting/solidifying temper-

ature reaches a higher layer enthalpy. The PCMs implemented have the potential

to store 183 kJ/kg, but none of the implemented PCMs managed to reach this po-

tential. The highest change of enthalpy can be seen by H22C22, where the change

was 90kJ/kg. This is about half of the potential in the PCM. The general trend

in the results are that if the PCMs are storing a great amount of energy, the tem-

perature fluctuations within the material are decreased. This is not the case for

H21C21, which is due to the fact that it is reaching mode 2 (i.e. completely melted)

and therefore not going through a phase change any more. When the PCM reaches

complete melting, the material is storing much less energy, and the temperature will

increase faster.

By looking at the modes of the PCM along with the enthalpy of the layer, it is

possible to track where on the enthalpy curve the PCMs are acting. Only H21C21

reaches complete melting (i.e. mode 2), while the rest of the PCMs are acting in

mode -1 (solidifying), 0 (between melting and solidifying curve) or 1 (melting). A

summary of where the PCMs without hysteresis are acting can be seen in figure 3.3.

By looking closer at one of the PCMs with hysteresis, it is possible to see how IDA

ICE handles the hysteresis. The layer enthalpy of H25C24 can be seen in figure 3.4.

The contour of the enthalpy curve can be seen in the figure, where ”A” show the

curve during heating and ”B” show the curve during cooling. It is also clear that

the PCM is handled with a constant heat capacity between the curves, marked as

”C”.
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Figure 3.3: Illustration of where on the enthalpy curve the PCMs are acting in the

simulated week

Figure 3.4: Layer enthalpy of PCM H25C24 as a function of temperature,

dependent on the measured layer temperature

3.3 Results for the whole building case study

The whole building case study has been carried out with three different simulation

periods, as described in chapter 2.5. This chapter will go through the results from

each of the simulated periods.

Summer simulations

The effect on the mean air temperature from the summer simulations in the whole

building case study can be seen in figure 3.5.
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Figure 3.5: Simulation results of how PCM affected the mean air temperature

during the summer simulations in the in whole building case study

The results found in these simulations are quite different from the single zone sim-

ulations in chapter 3.2. PCM H22C22 lowers the temperature both at nighttime

and daytime compared to the case without PCM. PCM H21C21 on the other hand

reduces the temperature at nighttime much more, but during daytime the temper-

ature is about the same as for the case without PCM. It is clear by just looking at

the temperature curves that H21C21 increases the fluctuations, while it is harder

to evaluate the changes in fluctuations when implementing H22C22. Box-plots have

been made from the results and can be seen in figure 3.6.

The box-plots show that H22C22 both reduced the average temperature and that

the distribution is slightly decreased. H21C21 on the other hand has reduced the

average temperature even more but has a more distributed result. The box-plot

of H21C21 also shows that 50% of the measured temperatures are below 19.5◦C.

Temperatures this low is almost not measured at all in the case without PCM or

with H22C22.

The measured temperatures have been exported and the same indices that was used

for the single zone simulation presented in chapter 3.2 have been calculated. The

results are shown in table 3.3.

− T : Average mean air temperature [◦C]
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Figure 3.6: Distribution of the measured temperatures during the summer

simulations in the whole building case study

− ∆T : Change in average temperature related to the case without PCM[◦C]

− ∆T : Total change in mean air temperature (Tmax − Tmin) [◦C]

− TS: temperature stabilization index (TS =
∑n

i=1 |T − Ti|) [-]

− ∆TS: Change in TS related to the case without PCM [%]

Table 3.3: Effect on the mean air temperature from the summer simulation in the

whole building study

PCM T ∆T ∆T TS ∆TS

No PCM 21.12◦C - 4.65◦C 195.11 -

H22C22 20.94◦C -0.18◦C 4.32◦C 190.12 -2.56%

H21C21 20.38◦C -0.73◦C 4.84◦C 248.13 27.18%

The indices confirm what has been shown in the temperature curves: that H21C21

increases the fluctuations. The changes in TS are 27.18%, which implies quite much

more fluctuations. Both PCMs reduces the average mean air temperature (∆T ),

while H22C22 also managed to reduce the fluctuations. The change in TS was

found to be -2.56% when H22C22 was implemented, which is the highest reduction

found during this thesis.

Winter simulations

The measured mean air temperatures from the winter simulations can be seen in

figure 3.7
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Figure 3.7: Simulation results of how PCM affected the mean air temperature

during the winter simulations in the in whole building study

The figure shows that when H22C22 was implemented, the mean air temperature

was almost not changed at all, as the lines are overlapping most of the time. H21C21

on the other hand gave increased fluctuations in the beginning of the week, as there

are lower temperatures at nighttime and higher temperatures during daytime. In

the end of the week, the mean air temperatures for all cases have increased, but

there is no clear stabilization effect. Box-plots have been made for these results and

are presented in figure 3.8.

Figure 3.8: Distribution of the measured temperatures during the winter

simulations in the whole building case study

The box-plots show that the distribution of temperature is somehow the same for the
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case with H22C22 and the case without PCM. A small reduction of the maximum

values can be seen, but the results are quite similar. When looking at the distribution

of the mean air temperature from the case with H21C21, one can see that the

fluctuations are increased. For quantification, the indices for the results are shown

in table 3.4. The indices show a lower effect than for the summer simulations. The

implementation of H22C22 reduces TS with 0.55%, while H21C21 increased TS with

7.74%.

Table 3.4: Effect on the mean air temperature from the winter simulation in the

whole building study

PCM T ∆T ∆T TS ∆TS

No PCM 18.07◦C - 2.83◦C 132.45 -

H22C22 18.06◦C -0.01◦C 2.78◦C 131.72 -0.55%

H21C21 18.18◦C 0.12◦C 3.15◦C 142.71 7.74%

Whole year simulations

The results for the total energy consumption for all three cases can be seen in table

3.5.

Table 3.5: Delivered energy results from the yearly simulations

Parameter Without PCM H22C22 H21C21

Heating units

Upper part 36 867.3 kWh 36 114.4 kWh 36 338.0 kWh

Lower part 35 588.9 kWh 35 579.2 kWh 35 464.3 kWh

Air handling unit

Heating 126 745.0 kWh 126 754.0 kWh 126 689.0 kWh

Cooling 179 983.0 kWh 179 560.0 kWh 179 757.0 kWh

Humidification 184 512.0 kWh 184 083.0 kWh 184 279.0 kWh

Fans 39 195.0 kWh 39 195.0 kWh 39 195.0 kWh

Total energy 602 891.2 kWh 601 285.6 kWh 601 732.4 kWh

Total change - -1 605.6 kWh -1 158.8 kWh

Percentage change - -0.27% -0.19%

Specific energy 236.2 kWh/m2 235.5 kWh/m2 235.7 kWh/m2

The results presented in table 3.5 shows that both PCMs managed to reduce the

delivered energy to the exhibition room. The highest reduction is from the imple-

80



mentation of H22C22, where the total energy consumption was reduced by 1605.6

kWh, a reduction of 0.27%.

The results for peak energy demand (in figure 3.6) shows no reduction in either

electric cooling or HVAC aux. The results for fuel heating shows a reduction of

0.06% when H22C22 was implemented, and a reduction of 0.26% with H21C21. It

is important to remember that this is the reduction for the entire museum, and not

the ”Gokstad” exhibition room alone. When relating these results to the energy

consumption presented in table 3.5, one can see that H22C22 managed to reduce

the energy consumption the most, while H21C21 managed to reduce the peak energy

demand the most.

Table 3.6: Peak energy demand from the yearly simulations

Parameter Without PCM H22C22 H21C21

Electric cooling 114.7 kW 114.7 kW 114.7 kW

Change - 0% 0%

HVAC aux 127.7 kW 127.7 kW 127.7 kW

Change - 0% 0%

Fuel heating 651.9 kW 651.5 kW 650.2 kW

Change - -0.06% -0.26%

When looking further into how the PCM has been behaving throughout the year,

the total enthalpy can be presented. Notice that it is the fluctuation of enthalpy

that implies that the PCM has been active (i.e. absorbed and released energy). The

enthalpy of H22C22 can be seen in figure 3.9.

Figure 3.9: Results of the enthalpy of H22C22 from the whole building case study
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The results in figure 3.9 shows that the enthalpy of H22C22 during the whole year

simulation are fluctuating most during the early summer (May/June). One can

see that the PCM only absorbs a limited amount of energy during the winter, and

that the PCM does not release the energy around July/August. The results were

exported with a time step of 1 hour, and the change of enthalpy during one day (24

hours) was found. During 24 hours, the highest change of enthalpy was found at

July 19th to be 28.40 kJ/kg, which is 15.5% of the total enthalpy in the PCM. The

average change was at 11.09 kJ/kg, which is 6.1% of the potential. The potential

change in enthalpy for the PCM is 183 kJ/kg.

The enthalpy of H21C21 during the whole year simulation can be seen in figure 3.10.

Figure 3.10: Results of the enthalpy of H21C21 from the whole building case study

Figure 3.10 shows that H21C21 stores the energy over a longer period in the summer

than H22C22. The PCM is melting (i.e. absorbing energy) in May but does not

solidify again before September/October. There are some more fluctuations in the

winter for H21C21 than H22C22, but as for H22C22, the potential of the PCM is

only used through parts of the year. When looking at the change of enthalpy during

one day (24 hours), it was found an average of 11.07 kJ/kg, which is 6.0% of the

potential of 183 kJ/kg. The highest change of enthalpy within 24 hours was found

May 10th to be 29.28 kJ/kg, which is 16.0% of the potential of the PCM.

The results presented in this chapter shows that the PCMs are both storing and

releasing energy. It can be seen some effect on the indoor environment, energy

consumption and peak energy demand after the implementation of PCM. These

results will be discussed further in chapter 4
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4 — Discussion

4.1 Brief

In this chapter, the results from the validation, single zone study and the whole

building case study are presented. The discussion is divided in to three parts, in

order to discuss the three research questions developed for this thesis

1. Does IDA ICE provide valid models for simulating the effects of moisture

buffering and PCM?

2. Can moisture buffering and PCM improve the indoor environment in the

Viking Ship Museum?

3. Can moisture buffering and PCM reduce the total energy consumption and

peak energy demands for HVAC in the Viking Ship Museum?

4.2 Validation

The validation described and carried out in this thesis has been done in order to

evaluate whether IDA ICE provides valid models for simulating moisture buffering

and PCM. The results, discussion and conclusion of the validation test have been

important to understand whether the moisture buffering and PCM could be inves-

tigated further for the museum. This has been presented in chapter 2.2 and 2.3.

In order to prevent repetition of the discussion presented earlier, this chapter will

discuss a more overall outcome of the validation, instead of the validation tests in

details.

HMwall model

Even if a model has been proven to be valid through tests and simulations, there

can be limitations of the validity. The HMwall model was shown to be valid in some

cases, but not for all. EQUA found it to be valid for ”mineral materials”, which

implies that some simulation of the museum could have been carried out. The

concrete shell of the museum could potentially have been simulated to investigate

the potential moisture buffering effect. The main reason for not carry out such
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simulations were due to the low moisture buffering effect found from the simulations

of concrete alone. In addition, when simulating materials as insulation, the HMwall

model had to be given information about the material that made no sense for the

material. This does not invalidate the model in itself but gives the user a feeling

that the software handles the material in a wrong way.

PCM model

The PCM model in IDA ICE was through the validation by Cornaro et al. (2017)

and the hot box simulations carried out in this thesis found to be valid in both

cases. One of the biggest uncertainties when simulating PCM is how to handle the

hysteresis. When the PCM stays between the heating and cooling curves, the PCM

tends to both melt and solidify at the same time. This makes it necessary to make

some simplifications in the models. IDA ICE uses a constant heat capacity in their

models, which implies the program handles the PCM to neither melt or solidify at

all in this state. In the validation by Cornaro et al. (2017), PCM with hysteresis was

used, and the results was proven to be accurate. Even though this implies validity,

the temperature in the tested boxes fluctuated with about 30◦C within 24 hours.

With such high temperature fluctuations, the PCM will constantly be absorbing or

releasing energy, and the PCM will not stay between the heating and cooling curves.

There are no reasons, based on these results, to invalidate how the PCM model in

IDA ICE handles hysteresis, but there are neither any models for now that validates

how it is handled.

4.3 Stabilization effect

The stabilization effect of moisture buffering and PCM on the indoor environment

can be discussed based on three different simulations carried out in this thesis. As

the HMwall model was found invalid for simulations of the Viking Ship Museum with

insulation, only the moisture buffering validation test can be used for discussion of

moisture buffering. For PCM, the single zone study in chapter 2.4 and the whole

building case study in chapter 2.5 can be discussed.

Moisture buffering

All of the results from the moisture buffering validation test showed some impact

on the RH when taking moisture buffer into account, but the effect was low. As
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described in figure 1.11 in chapter 1.3.1, concrete is not a building material that

absorb and release a lot of moisture, compared to for instance spruce boards. Even

so, it was assumed that the impact on the indoor environment was higher. None of

the simulated cases showed significant changes of either RH fluctuations, RHmax or

RHmin. In Rebecca Lundqvist’s thesis, she also found comparable results when she

implemented the HMwall model. Similarities between Lundqvist’s results and the

results found in this thesis are not enough to verify the users and both users could

potentially do the same blunders when making the models. Even so, the model

made for the study was built by guidance of a similar model received from EQUA,

so there should not be any reason to doubt that the HMwall model is implemented

correctly. The material parameters were found from Masea, n.d., which provides

parameters for WUFI and is a trusted source of information.

PCM

The single zone case study of PCM showed that when PCM was implemented in

a model with constant HVAC systems, it was possible to achieve some effect on

the indoor environment. The PCMs managed to reduce the average mean air tem-

perature with 0.64-1.22◦C, but the fluctuations increased for all cases. This effect

is related to the conductivity of the material. All of the PCMs are implemented

internally on the concrete, i.e. the implementation results in less exposed concrete.

The concrete implemented in IDA ICE had a conductivity of 1.7 W/mK, while the

PCM had a conductivity of 0.6 W/mK. This implies that the heat is transferred

faster into concrete than into PCM. As a result, small fluctuations in the mean air

temperature will be absorbed faster by concrete than PCM.

When looking at the whole building case study, it was expected that the implemen-

tation of PCM had a lower effect on the average mean air temperature than in the

single zone test. The HVAC systems were now sensor-controlled, so there were other

parameters than the PCM in itself that affected the results. This can be illustrated

as in figure 4.1. By implementing a ventilation system that is not sensor controlled,

the grey line in figure 4.1 could be achieved, even though the temperature in the

zone is far below the set point for max temperatures. If the ventilation system was

sensor controlled, the effect from the ventilation system would be adjusted to just

lower the temperature to be right below the set point temperature.

The effect on the average mean air temperature by implementing PCM was lower

in the whole building case study than for the single zone case study, but H22C22

managed to reduce the fluctuations in the zone. None of the PCMs managed to

achieve this effect in the single zone case study, but H22C22 managed to do it for
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Figure 4.1: Illustration of how PCM and ventilation interfere

both the summer and winter simulation. The reduction of TS was found to be

2.56%. H21C21 on the other hand increased the fluctuations both for the summer

and winter simulation. As described in chapter 1.3.2, Goia et al. (2013) stated that

wrong selection of melting points could affect the comfort in a negative way. The

results found in the whole building case study confirms this statement.

When looking at the enthalpy of the PCMs during the whole year simulations in

the whole building case study, one could see that the potential of the PCM was

not used. Ideally, the PCMs should store a great amount of heat during the day

when the temperature within the zone is high, and then release the energy when the

temperature drops. Theoretically, the PCMs can store and release 183 kJ/kg, but

none of the PCMs was near using this potential on a daily basis. The highest change

of enthalpy during 24 hours for H22C22 was found to be 28.40 kJ/kg, which is only

15.5% of the potential. Similarly, H21C21 had a change of enthalpy of 29.28 kJ/kg

during 24 hours, which is 16% of the potential of 183 kJ/kg. As an average, both

PCMs had a daily change of enthalpy at about 6% of the potential. As described in

chapter 1.3.2, Evola et al. (2013) found that the PCMs they tested used 45% of the

potential. The results found in this thesis are even lower. An important difference

between the study by Evola et al. (2013) and the case study in this thesis is the

thermal conductivity of the PCM used. Evola et al. (2013) used a PCM with a

conductivity of 2.7 W/mK, which is very high compared to conductivity described

by for instance Jelle and Kalnæs (2017). The PCM used in the case study in this

thesis had a conductivity of 0.6 W/mK, which also is high compared to what has

described by Jelle and Kalnæs (2017), but much lower than 2.7 W/mK

There are several factors that can have affected why the effect from the implemen-
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tation of PCM was so low.

1. The average temperature is much higher in the summer than in the winter

− This makes the melting points of the PCM hard to adjust. It was seen

from the enthalpy of H22C22 that the enthalpy of the layer was low during

the whole winter. As a result, the PCM only melts in parts of the year.

2. The temperature fluctuations within the PCM are lower than the mean air

temperature

− Even though the mean air temperature fluctuates several degrees during

24 hours, the temperature within the PCM only fluctuates few degrees.

The result is a lower use of the potential in the PCM layer.

3. The building without PCM has a lot of thermal mass in concrete

− The PCM has from other studies shown to have a greater impact on

light weight buildings. In this study, PCM has been compared to a heavy

weight concrete building with high thermal mass. The high thermal mass

from concrete stabilize the temperature fluctuations, so the effect from

PCM is lower.

4. PCM has a lower conductivity than concrete

− The implementation of PCM results in less exposed concrete. As concrete

both has high thermal mass and high thermal conductivity (compared to

PCM), it manages to respond faster than PCM to small changes in the

mean air temperature.

5. High ventilation rate

− Even though the ventilation rate of 6m3/m2 is as described in NS3031

for historical buildings, the mean air temperature is highly dependent on

the temperature of the ventilated air. If the PCM was implemented in

a model with VAV ventilation, the reduction could possibly be higher.

With high ventilation at all time (as for CAV systems), the temperature

in the ventilated air will affect the mean air temperature in a large extend.

4.4 Energy consumption and peak energy demand

As the HMwall model was not investigated further, there are no results in this thesis

that gives reason to discuss the moisture buffering effect on the energy consumption
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and peak energy demand. The effect from implementing PCM on the energy con-

sumption and peak energy demand can be discussed based on the results from the

whole building case study.

The energy consumption is highly dependent on the indoor environment. If the

PCM had managed to stabilize the indoor environment in a great extent, it would

probably be reflected on the energy consumption. Many of the topics discussed

in chapter 4.3 are therefore also relevant when discussing the energy consumption.

This will not be repeated here.

As mentioned earlier, the ventilation system was not dimensioned completely when

this study was carried out. The results found in this thesis is therefore not a final

answer to how PCM can affect the energy consumption and peak energy demand in

the Viking Ship Museum. Changes in the temperature, changes in the heating or

cooling systems, changes in the ventilation system or night time cooling are some of

the factors that will affect the effect of PCM. Based on the temperatures and the

HVAC systems used in the model, it can be seen from the results that the energy

consumption was reduced by less than 1% when PCM was implemented.

As described in chapter 1.3.2, Han and Taylor (2016) found a reduction of the

energy consumption from 1.3-17.0% when PCM was added internally on a wall

existed of gypsum, lightweight concrete, insulation and brick. In difference to the

case study carried out in this thesis, the PCM was implemented on gypsum instead

of heavyweight concrete. Concrete has a higher heat capacity than gypsum, i.e. the

building had a higher thermal mass. It is therefore considered as reasonable that

the implementation of PCM in this thesis had a lower impact than in the study by

Han and Taylor (2016). Becker (2014) on the other hand found no improvement

on the energy consumption by implementing PCM in a heavyweight building. Even

though the reduction of the energy consumption in the Viking Ship Museum is low

by implementing PCM, there has been found some effect.

When looking at the peak energy demand for the entire building, a reduction of

0.06% was found from the implementation of H22C22, and a reduction of 0.26%

with H21C21. As mentioned earlier, this is the peak energy demand for the entire

building, and not for the ”Gokstad” exhibition room alone. As described in chapter

1.3.2, Halford and Boehm (2007) found a reduction of the peak cooling load of 11-

15% in a heavy weight building by implementing PCM. The results found in this

thesis showed no effect on the peak effect for cooling, as the reduction was found for

heating.
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5 — Conclusion

As presented in chapter 1.4, there are three research questions to be answered in

this conclusion.

Does IDA ICE provide valid models for simulating the effects of moisture

buffering and PCM?

IDA-ICE has developed models for simulating both moisture buffering (i.e. HMwall

model) and PCM (i.e. PCM model). During the validations presented in this thesis,

a conclusion for the validity has been made. Both from the validation of the HMwall

model by EQUA AB and the validation carried out in this thesis, the HMwall model

was found to only be valid when simulating mineral materials as concrete. The PCM

model on the other hand was both by Cornaro et al. (2017) and the validation carried

out in this thesis found to be valid.

Can moisture buffering and PCM improve the indoor environment in the

Viking Ship Museum?

As the HMwall model was found invalid for simulating building components with

other materials than concrete, the study of how moisture buffering can improve the

indoor environment has not been carried out. During the validation of the HMwall

model, the concrete walls was shown to only give a small dampening effect, but this

has as mentioned not been investigated further.

Both from the single zone study and for the whole building case study, the PCM

was shown to give some stabilization effect of the indoor environment. Due to the

high thermal mass in the Viking Ship Museum, the additional stabilization effect of

implementing PCM is low. The PCM implemented had low thermal conductivity

compared to concrete and as a result, the daily fluctuations of the mean air temper-

ature was not absorbed fast enough in the PCM. The simulated PCMs only used

about 6% of the potential of the latent heat when looking at the energy absorbed

and released during 24 hours. As a conclusion, the implementation of PCM in the

”Gokstad” exhibition room has limited improvement the environment in the zone.

89



Can moisture buffering and PCM reduce the total energy consumption

and peak energy demands for HVAC in the Viking Ship Museum?

From the whole building case study, the energy consumption was shown to be slightly

reduced when implementing PCM. The reduction of the energy consumption for the

HVAC systems was less than 1% for the ”Gokstad” exhibition room, which are

comparable to the results from Becker (2014). Becker (2014) found no reduction in

the energy consumption by implementing PCM boards in a heavyweight building.

As the ventilation systems were all connected to the same boiler, it was not possible

to find the peak energy demand for the ”Gokstad” exhibition room alone. Even so,

it was shown a small reduction in the peak energy demand for ”fuel heating” when

the whole building was investigated. The highest reduction for ”fuel heating” was

found to be as low as 0.26% for the PCMs implemented. Based on other research,

as Halford and Boehm (2007), the reduction in peak energy demand found in this

thesis is low.

As a conclusion, the implementation of PCM in the ”Gokstad” exhibition room has

almost no improvement on the energy use and peak energy demand.
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6 — Further Work

The results presented in this thesis have focused in a great extent on how IDA

ICE handles moisture buffering and PCM. As the HMwall model was found to have

limitations in the validity, another software should be selected in order to investigate

the potential of moisture buffering. The PCM model was found valid in this study,

but there has still not been any validation of how the PCM model handles the

hysteresis of PCM.

The PCM implemented in the Viking Ship Museum was implemented internally

on the concrete surfaces and the results showed that the PCM does not use its

potential. Further work should look into implementing PCM in surfaces with higher

temperature fluctuations. This could for instance be in solar exposed surfaces, which

reaches a higher temperature during daytime. There are several commercialized

products that could have been investigated, as for instance GLASSX glazing systems.

There are several other techniques than moisture buffering and PCM that could

have a greater impact on the indoor environment. This thesis has not been focusing

on other techniques than the two mentioned, but new technologies as smart windows

or ventilated double skin facades could for instance been investigated. EQUA has

a built-in model for the ventilated double skin facade and are currently working

on an add-in for simulating smart windows (e.g. electrochromic or photochromic).

Both of these technologies could have an impact on the indoor environment, energy

consumption and peak energy demand.
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