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1. Introduction 

In a Nordic climate, space heating (SH) and domestic hot water (DHW) used in buildings 
constitute a considerable part of the total energy use in the country. For 2010, energy used for 
SH and DHW amounted to almost 90 TWh in Sweden which corresponds to 60 % of the energy 
used in the residential and service sector, or almost 24 % of the total final energy use for the 
country [1]. In order to reach energy efficiency goals agreed upon within the EU and within 
each country it is of outmost importance to work with heating and cooling of buildings. Since 
the construction rate of new buildings typically is very low, not only new buildings, but also the 
existing building stock is very important to take into account through renovation projects.  

 

Storing heat and cold with the use of thermal energy storage (TES) can be one way of 
increasing the energy efficiency of a building by opening up possibilities for alternative sources 
of heat or cold through a reduced mismatch between supply and demand. Thermal energy 
storage without the use of specific control systems are said to be passive and different 
applications using passive TES have been shown to increase energy efficiency and/or reduce 
power peaks of systems supplying the heating and cooling needs of buildings, as well as having 
an effect on the indoor climate [2-4]. Results are however not consistent between studies and 
focus tend to be on the reduction of cooling energy or cooling power peaks. In this paper, 
passive TES introduced through an increased thermal mass in the building envelope to two 
single family houses with different insulation standard is investigated with building energy 
simulations. A Nordic climate is used and the focus of this study is both on the reduction of 
space heating demand and space heating power, as well as on reduction of excess temperatures 
in residential single family houses without active cooling systems. Care is taken to keep the 
building envelope characteristics other than the thermal mass equal for all cases so that any 
observations made can be derived to the change in thermal mass. 

 

2. Methods 

A survey of Swedish single family houses was conducted using national statistics [5] on 
construction year, heating system and energy use. Based on the results, typical buildings from 
the existing building stock were defined, and one was used as a subject of the case study based 
on its large fraction of the building stock. Used in the case study is also a representation of a 
modern single family house fulfilling the passive house specifications available in [6]. The 
buildings together with their heating systems have been modeled using the simulation program 
TRNSYS 17 [7] with the IEA SHC Task 32 reference heating system [8] used as a basis for the 
model. External walls with varying degree of thermal mass as passive thermal energy storage 
(both sensible with concrete and latent with phase change materials, PCM) are then added and 
simulated and the effect on a building’s yearly heating need, peak heating power and indoor 
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temperature are investigated. The scope of the study is limited to passive storage in the building 
construction (increased thermal mass on external walls). A sensitivity analysis is conducted on 
the effect of chosen indoor temperature, thickness and placement of the thermal mass as well as 
phase change temperature of the PCM. Also the effect of using shading (internal and external 
blinds) and night ventilation through window opening is investigated.  

Building descriptions 

Statistics show that for single family houses, older buildings constructed up until 1940 
compromise a large part of the building stock in Sweden and also have the highest average 
energy use for heating and domestic hot water [5]. A fictive 1940 single family house was 
defined mainly based on a 1940 building used by Haglund et al. in [9] and this house was used 
as a representation of the existing building stock. As mentioned earlier, also a modern single 
family house fulfilling passive house specifications [6] was used to represent new buildings. 
Key figures for the two buildings are presented in Table 1.  

 

Table 1. Key values for the two simulated buildings 

 1940 building Passive house 
Total heated area [m2] 98 146 
Number of floors 1.5 1 
U-value façade [W/(m2K)] 0.5 0.1 
U-value roof [W/(m2K)] 0.4 0.05 
U-value floor slab [W/(m2K)] 0.6 0.1 
U-value windows [W/(m2K)] 3 0.8 
Heating system Water radiators (high temp) Heating of incoming fresh air 
Ventilation Natural ventilation Heat recovery ventilation 
Air exchange rate [h-1] 0.4 0.5 
Number of inhabitants 3 4 
DHW use [l/day] 200 200 
 

TRNSYS model description 

The model used to simulate the reference building is based on the IEA SHC Task 32 Reference 
Heating System (RHS) [8], where a detailed explanation mainly of the model is available. The 
buildings used in the RHS are represented by a single zone model using TRNSYS Type56 and 
the same was used in this study. Discussions concerning the model in this paper focus on 
changes made to the RHS. The climate data used in this paper is a Nordic climate, represented 
by Stockholm, Sweden. The data used is described in more detail in [8].  

 

The boiler used in the RHS was removed and instead replaced with a simple backup heater in 
the storage tank. This simplification was done with the motivation that the focus in this work is 
on the amount of heat supplied to the building and not how this heat was produced. The heating 
system used in the 1940 building is radiators controlled by a PID-regulator, where the 
convective and radiative gains are used as inputs to the building model. A 750 litre tank is used 
for heating and DHW preparation. The passive house uses a water-air heat exchanger in the 
ventilation system and the required heat enters the building with the fresh ventilation air. The 
ventilation system is also equipped with a heat recovery unit (85 % temperature efficiency) with 
summer mode, meaning that during the summer, if the indoor temperature is one or more 
degrees higher than the set point temperature, the heat recovery is bypassed.  

 

Since active cooling is uncommon in Swedish residential buildings, none of the simulated 
buildings are equipped with a cooling system. Instead, two other methods are implemented in 
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the model to keep the indoor temperature below the desired maximum; shading through 
venetian blinds (internal or external) and passive night ventilation through opening of windows. 
Both methods are described in more detail in [8], but are described here shortly, including some 
changes made. For the shading to be activated, three conditions must be fulfilled; a total global 
solar irradiation on the horizontal of above 300 W/m2, a room temperature of above 23.8 °C and 
an average ambient temperature for the last 24 hours of above 12 °C. If these are fulfilled, the 
south facing windows are shaded to 70 %, corresponding to a blind tilt angle of around 45° for 
flat elements with negligible thickness according to [10]. For the 1940 building, internal blinds 
were used, but for the passive building both internal and external blinds (with equal shading 
factors) were used separately for comparison. Free night ventilation through opening of 
windows can be used during the summer time when the following conditions are met: 

- The time has to be between 21:00 and 08:00 

- The daily average temperature is above 12 °C 

- The room temperature is above 24 °C 

- Ambient temperature is 2 K below the room temperature 

If all the above conditions are met, three windows are opened with a tilt angle of 10°, and the 
increased ventilation, depending on tilt angle, indoor and outdoor temperature, is calculated 
with a separate model in TRNSYS. For the 1940 building, this results in an increase in air 
change rate from 0.4 to ~1.5 h-1 and for the passive house an increase from 0.5 to ~1.7 h-1.   

 

For the simulations using PCM the model Type1270, an individual component released by 
TESS [11], is used. The component models an ideal PCM (constant phase change temperature 
and perfect heat conductivity) and the current version of the model requires identical melting 
and freezing temperatures as well as identical heat capacity for the solid and liquid phase. The 
parameters used for the PCM are largely based on a commercially available wallboard with 
microencapsulated PCM [12]. The commercial wallboard contains 60 % PCM and to 
compensate for the fact that Type1270 models 100 % PCM, the volume used in the simulation 
is reduced 40 % compared to the commercial board (through reduced PCM layer thickness). 
Also, since the heat conductivity is perfect in the PCM model, a 13 mm gypsum board is used in 
front of the PCM layer to give some resistance between the room air and the PCM. The input 
parameters used in Type1270 are a density of 865 kg/m3, latent heat of 114 kJ/kg, thickness of 
3.1 mm (as compared to 5.2 mm for the commercial board), Cp of 3 kJ/kg and a phase change 
temperature of 21.7 °C. Also double thickness (2 boards or 6.2 mm PCM) and phase change 
temperatures of 21.0 and 23.5 °C are investigated.  

 

3. Simulation results and discussion 

To evaluate the two buildings and also be able to compare the results when doing changes in the 
thermal mass, the yearly SH demand, maximum SH power as well as the indoor temperature 
was used as reference. The yearly SH demand is evaluated by calculating the energy delivered 
directly to the space heating circuit. To evaluate the solar contribution, also the passive solar 
gains are calculated by running the simulation with the solar radiation turned off and comparing 
to the results with normal solar radiation. This is to ensure that only the usable solar gains (solar 
gains that can be used to lower the energy demand) are taken into account. 

 

To evaluate the potential for reducing the peak heating demand, the maximum required space 
heating power is used. The indoor temperature is used as reference for the indoor comfort. Since 
the lowest allowable temperature is decided by the heating system, and the means to keep this 
temperature are provided, only excess temperatures are used as comparison. As mentioned, 
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there are some rather simple measures available in the model to keep the temperature in the 
building down (shading through internal/external venetian blinds and/or opening of windows 
during the night) but to evaluate how large an impact the thermal mass alone can have on the 
(excess) temperatures, results for the base reference case are given for the case with no active 
measures to lower the indoor temperature during hot periods. For the base reference case, a 
desired indoor temperature range of 20-24 °C and no measures to lower the indoor temperature 
are used. The results for the two reference buildings are presented in Table 2. 

 

Table 2. Yearly figures for the two buildings in the reference case 

  1940 building Passive house 
Total backup energy used [kWh] (kWh/m2,yr) 19950 (204) 5660 (39) 
Space heating demand (tank drawout) [kWh] 
(kWh/m2,yr) 16020 (163) 2320 (16) 

Solar gain contribution [kWh/m2,yr] 63 21 
Maximum space heating power [kW] 5.9 1.8 
Time with indoor temperature over 24 °C [hr] 600 2700 
 

Impact of shading, night ventilation and desired indoor temperature range 

Before conducting simulations with an increased thermal mass, the two buildings were 
simulated with shading and night ventilation and in the case of the 1940 house, also with two 
additional desired indoor temperature intervals, 21-23 °C and 19-25 °C. For these two cases, the 
set point of the heating system is changed up or down 1 °C, while for the upper limit the cooling 
measures (blinds and night ventilation) starts 1 °C earlier or later. Results from simulations of 
the 1940 house are shown in Table 3. Comparing the different combinations with shading, night 
ventilation and other indoor temperature intervals, the SH demand is unaffected by the use of 
shading and night ventilation for T(19-25), slightly increased for T(20-24) when using internal 
shading and further increased for T(21-23). The reason for this is likely because shading starts 
earlier, already at 22.8 °C for T(21-23), which limits the passive solar contribution during the 
heating season. This is also seen in the solar contribution, which has a notable difference for 
T(21-23). It is also clear that the time with excess temperatures can be drastically decreased by 
using window shading. The use of night ventilation is not as efficient although combining night 
ventilation with shading does decrease the time further. The time with an indoor temperature 
above 26 °C can be almost eliminated, while the time with a temperature above the desired 
maximum temperature (23, 24 or 25 °C) still is rather high even after using shading and night 
ventilation. 

 

Table 3. Simulation results for different combinations of shading with internal blinds (IS), night ventilation (V) and 
different temperature intervals (T(…)), for the 1940 house. 

1940 building 
SH demand 
[kWh/m2,yr] 

Solar 
contribution 
[kWh/m2,yr]

Max. SH 
power [kW]

Time with temp. 
above desired [hr] 

Time with 
temp. above 
26 °C [hr] 

T(20-24) (ref) 163 63 5.9 600 156 
IS, T(20-24) 164 63 5.9 209 12 
V, T(20-24) 163 63 5.9 457 98 
IS, V, T(20-24) 164 63 5.9 182 7 
T(21-23) 176 65 6.1 1132 166 
IS, V, T(21-23) 178 63 6.1 396 2 
T(19-25) 151 60 5.7 311 154 
IS, V, T(19-25) 151 60 5.7 94 12 
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As for the required space heating power, the maximum power used by the heating system is 5.9 
kW for the reference case. Changing the set point temperature by one degree up or down 
increases or decreases the peak by 0.2 kW showing that the heating power is largely unaffected. 
The total heating demand is increased or decreased by an almost equal amount (around 7 %) 
when increasing/decreasing the set point temperature by one degree. According to the Swedish 
Energy Agency [13], as a rule of thumb lowering the indoor temperature by one degree will 
save 5 % of the heating cost which is in the same order as the results in this study.  

 

Results for the passive house are presented in Table 4. Shading with either internal or external 
blinds as well as night ventilation were simulated. When using internal blinds, night ventilation 
is more effective in lowering the indoor temperature than shading which is opposite to the result 
for the 1940 building. There is however a significant improvement in the indoor temperature if 
external blinds are used instead. But even when combining external blinds with night 
ventilation, there is still a significant time with indoor temperatures above 24 °C. However, 
temperatures above 26 °C are greatly reduced. As for the 1940 building, both the SH demand 
and the required SH power remain more or less unchanged. 

 

Table 4. Simulation results for different combinations of shading with internal blinds (IS), shading with external 
blinds (ES) and night ventilation (V) for the passive house. The temperature interval used is 20-24 °C for all cases. 

Passive 
house 

SH demand 
[kWh/m2,yr] 

Solar contribution 
[kWh/m2,yr] 

Max. SH 
power [kW]

Time with temp. 
above 24 °C [hr] 

Time with temp. 
above 26 °C [hr]

Ref 16 21 1.9 2700 1692 
IS 16 21 1.9 2087 832 
ES 16 21 1.8 984 159 
V 16 21 1.8 2001 749 
IS, V 16 21 1.9 1463 247 
ES, V 16 21 1.9 679 28 
 

Changing the thermal mass and the impact of doing so 

Using the thermal mass of a building as a passive thermal energy storage can potentially 
decrease the SH need [14] [15] and decrease the temperature swings [3] in buildings. To 
evaluate the potential of adding thermal mass to the 1940 reference building, several variations 
of the external walls are used: adding a 5 or 10 cm concrete layer on the inside, adding a 10 cm 
concrete layer on the outside or changing the entire wall construction to be mainly concrete. For 
the passive house, only one alternative is used: a concrete wall construction replacing the light 
wood construction in the reference passive house. The insulation and the thickness of other 
layers are adjusted to ensure that the U-value of the wall is equal for all walls (and equal to the 
reference building). To ensure this, the “Max. heat load calculation” tool in TRNBUILD (the 
visual building interface used in TRNSYS) is used. This tool shows the heat load required to 
uphold a certain indoor temperature during steady state conditions. If the U-value and the 
required heat load both remain constant between the different wall constructions, it is assumed 
that the walls, apart from the thermal mass, are comparable. The results in Table 5 (U-value for 
the wall is taken from TRNBUILD) shows that this is the case. Also shown in the table is a 
value for the external wall capacitance, Cw, (here used as a measure for the thermal mass) 
calculated for the external wall containing i number of layers according to Eq. 1.  

 
 

Eq. 1  

 

In this study, the net floor area is kept constant and any variation in the wall thickness results in 
a gross area change, also shown in Table 5 for all wall types. The largest difference in gross area 
for the 1940 house is between the all concrete construction and the reference (~7 % larger for 
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the concrete house). In the passive house the difference between the reference and the concrete 
house is also 7 %, again the concrete house having the larger gross area.  

Table 5. U-value and capacitance for the external walls (Cw) and maximum heat load for the buildings with different 
external wall construction as well as the net and gross area. 

1940 building 
Net floor 
area [m2] 

Gross area 
[m2] 

U-value 
[W/m2K] 

Max. heat 
load [kW] Cw [MJ/K] 

1940 reference 98 111 0.513 5.41 36 
5 cm concrete on inside 98 113 0.513 5.40 47 
10 cm concrete on inside 98 116 0.513 5.40 60 
10 cm concrete on outside 98 116 0.513 5.41 58 
All concrete construction 98 119 0.513 5.41 71 
Passive house      
Passive reference 146 172 0.103 2.33 15 
Passive concrete 146 184 0.103 2.33 97 
 
Results from the simulations with varying thermal mass are presented in Table 6. For the 1940 
house, it can be noted that while adding thermal mass to the inside of the external wall affects 
the result, increasing the thermal mass further (by increasing the concrete thickness from 5 to 10 
cm) only changes the result slightly. Increasing the thermal mass only on the outside of the 
external wall has no impact on the result. This behaviour is also noted by Ståhl [3] who 
concludes that there is an upper limit to the internal wall layer thickness that can contribute to 
the active heat capacity of the wall. The optimal (or maximum) thickness is close to the so 
called periodic penetration depth, which for concrete is 15 cm according to Ståhl [3].  

Table 6. Simulation results for different external wall constructions using 5 or 10 cm concrete on the inside 
(5/10cmi), 10 cm concrete on the outside (10cmo) or an all concrete construction. Temperature interval is 20-24 °C. 

1940 building 
SH demand 
[kWh/m2,yr] 

Max. SH 
power [kW] 

Time with temp. 
above 24 °C [hr] 

Time with temp. 
above 26 °C [hr] 

1940 reference  163  5.92  600  156 

1940 5cmi  163  5.90  537  119 

1940 10cmi  162  5.90  492  103 

1940 10cmo  163  5.91  601  156 

1940 all concrete  163  5.93  499  103 

Passive house         

Passive reference  16  1.81  2700  1692 

Passive concrete  15  1.73  2485  1755 
 

Next, investigating the SH demand shows that increasing the thermal mass on the inside of the 
external walls show a small reduction in SH demand and this is consistent for both the 1940 
house and the passive house. The change is however small, ~1-3 %. This result differs from the 
result obtained by Norén et al. [15], where an increase in thermal mass in a small multifamily 
building was investigated through simulation and calculation. Norén et al. found that the 
specific space heating requirement could be lowered by up to 30 % (depending on window type 
and calculation method). A closer look reveals several differences that may explain the 
difference in results. Firstly, in the study by Norén et al. the gross area is kept constant instead 
of the net floor area as in this study. The difference in net floor area between the light and heavy 
building in [15] is 8 %, compared to a 7 % difference in the gross area in this study (as seen in 
Table 5). To evaluate the impact of this, the passive house was simulated both with an increased 
and decreased floor area. Results show that reducing the net floor area by 10 % will lower the 
space heating requirement by only 7 % meaning that the specific space heating requirement will 
increase when reducing the area. The difference between the studies can therefore not be 
explained through the different ways of handling the area. Secondly, in the study by Norén et al. 
[15] thermal mass was added not only the external walls, but also to the internal walls giving 
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larger area with high thermal mass exposed to the interior. To investigate this, the passive house 
was simulated with the internal walls (185 m2) changed from wood and gypsum to concrete. 
While this indeed had a small impact on the SH demand, again the difference was very small.  

Isakson and Kellner [14] have also investigated increased thermal mass in buildings with 
building energy simulation, both single family houses and an office building. Unlike this study, 
the thermal mass was added to the floor instead of the walls. Heating and cooling was added 
entirely through the supply air. The conclusion was that the potential for energy saving was 
small in the single family house with low internal gain, which is consistent with this study, but 
considerable in the office building with high internal gain. Kalema et al. [16] have made a 
comparison between six different simulation programs, looking at the effect of increased 
thermal mass in a single family house in Nordic climate. For the single family house when 
comparing the extra light-weight building with the concrete building, the effect of thermal mass 
is ~4 %, or 3 kWh/m2,yr, on space heating demand and 30-50 %, or 4 kWh/m2,yr, on cooling 
demand. However, only by changing the floor from a light construction to a massive concrete 
slab reduced the reduction in space heating to only “a few percent” [16], which agrees well with 
this study since the floor of both the 1940 building and the passive house are concrete slabs.  

 

 Summarizing the above, it can be said that results differ much between the different studies, 
however only in the study by Norén et al. [15] was a large reduction in SH demand presented 
while the results from Isakson and Kellner [14] and Kalema et al. [16] seem to agree that only a 
small reduction in SH demand can be achieved in dwellings through increased thermal mass. 
Especially internal gains play an important role, which is also discussed by Ståhl [3].  

 

For the maximum space heating power in Table 6, there are some small variations, but the 
largest difference is found in the indoor temperature. For the 1940 house, temperatures above 
the desired (24 °C) can be reduced by almost 20% when adding 10 cm concrete on the inside of 
the external wall and the time with temperatures over 26 °C is reduced by more than 30 %. 
Compared to using shading however, the reduction in excess temperatures is small since the use 
of internal shading could reduce temperatures over 26 °C with over 90 %. The passive house 
shows a much smaller percentage change with only 8 % reduction of time with temperatures 
above desired. However, even though the total time with temperatures exceeding the desired is 
reduced, time with temperatures over 26 °C is increased. It is evident that when using no other 
means to lower the indoor temperature, an increased thermal mass can hinder the building from 
cooling down during the night rather than help in keeping the temperature down.  
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Figure 1. Duration curve of the 760 hours with highest indoor temperature for the reference passive house, several 
combinations with internal shading (IS), external shading (ES) and night ventilation (V) as well as increased thermal 
mass with concrete and PCM with a phase change temperature of 23.5 °C. 
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To show the indoor temperatures in the passive house in more detail, a duration curve of the 760 
hours with the highest indoor temperature for different cases is presented in Figure 1. As 
discussed earlier, shading has a major impact on the indoor temperature and also night 
ventilation helps in keeping the excess temperatures down. When also increasing the thermal 
mass with concrete in the external walls, it is possible to keep the temperature below 26 °C 
during the entire year. Also PCM can help in keeping the excess temperatures to a minimum, 
but this is highly dependent on the phase change temperature, as discussed further on. 

Adding PCM to the external walls 

In order to determine if increased thermal mass through latent storage in a small temperature 
range has a different behavior than an increase of sensible heat storage over the whole 
temperature range, the addition of a PCM layer to the external wall is simulated for the passive 
house with external shading and night ventilation active. As explained in the model description, 
an ideal PCM is used in the simulations. To determine if the addition of the PCM component 
itself has an effect on the wall behavior, both a steady state simulation as well as a full year 
simulation comparing the passive house with the standard wall and with the PCM component 
added were conducted. The PCM material is made inactive by setting the phase change 
temperature to 40 °C. For the steady state test, all internal gains and solar irradiation are set to 0 
and all external temperatures are set to -20 °C. Since the available heating power is limited, this 
results in a constant indoor temperature below the set point. For the standard wall, the indoor 
temperature stabilized at 16.06 °C and when adding the PCM model the temperature became 
16.10 °C. This is expected since a physical PCM layer is introduced, increasing the resistance of 
the wall. The wall properties were slightly changed in order to get an equal 16.06 °C steady 
state temperature for the inactive PCM wall. Also in the full year simulation the two walls show 
good agreement with a difference of under 1 % for the SH demand, maximum SH power and 
time with temperatures above 24 °C, proving that the component Type1270 itself does not affect 
the wall behavior significantly.  

 

 Simulations with PCM added to the inside of all external walls using three different phase 
change temperatures (21.0, 21.7 and 23.5 °C) as well as two different PCM amounts 
corresponding to one or two wallboards are conducted. Regarding the storage capacity, one 
PCM wallboard added to the entire external wall area (excluding windows) corresponds to 62 
MJ of latent heat storage capacity, which can be compared to the wall capacitance increase 
when changing from standard to the concrete wall which is 82 MJ/K (Table 5). Similar to 
increasing the concrete thickness however, doubling the PCM amount turned out to have only a 
small additional effect on the result. Shown in Figure 2 is the result for the simulations using the 
larger PCM amount (two boards) together with results for the 1940 building and the passive 
house with concrete. The figure shows the change in % between the buildings with increased 
thermal mass and the corresponding buildings with a light construction. The buildings compared 
are the 1940 house with internal shading and with or without 10 cm concrete on the inside and 
the passive house with external shading and ventilation with the light weight wall versus either 
the concrete wall or two PCM wallboards with a phase change temperature of 21.0, 21.7 or 23.5 
°C. The results clearly show that the phase change temperature has a significant impact on the 
result. A low phase change temperature close to the heating system set point leads to a relatively 
large reduction in space heating demand and a low reduction in excess temperatures as 
compared to a PCM with the phase change temperature close to the upper temperature limit (for 
a more detailed temperature comparison, a duration curve for the 23.5 °C PCM is included in 
Figure 1). One explanation for this is that the different PCMs might be active during different 
parts of the year. It is likely that the PCM wall with a melting point of 21 °C is active during the 
winter, storing heat from internal gains and therefore reducing the space heating demand. The 
PCM wall with a high melting point however, is active during the summer and helps in keeping 
excess temperatures down. The same reasoning explains why the maximum space heating 
power remains unaffected when using PCM with a higher phase change temperature. 
Comparing the results side by side however, shows that using a concrete construction for the 
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passive house wall leads to a larger reduction in space heating demand and maximum space 
heating power and almost as large reduction in excess temperatures. 
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Figure 2. Change in % when comparing buildings with increased thermal mass to the corresponding building with 
low thermal mass. 

 

4. Conclusions 

Simulations of the reference buildings show that times with excess temperatures are high, 
especially for the passive house, but it is clear that this number can be reduced greatly by using 
simple measures such as shading with blinds. For the passive house it is essential to use external 
blinds, preferably in combination with passive night ventilation, to keep excess indoor 
temperatures to a minimum. An increased thermal mass of the external walls has an effect on 
the space heating demand, required space heating power as well as the indoor temperature. For 
the 1940 building with internal shading there is only a small reduction (~1 %) in the SH demand 
and required SH power while the indoor temperatures above 24 °C can be reduced by almost 12 
% by adding 10 cm concrete to the inside of the external wall. The placement of the thermal 
mass is however important and should be as close to the inside of the building as possible since 
only the thermal mass in a limited part of the wall can be utilized passively. In the passive house 
with external shading and night ventilation, there is a larger percentage reduction overall when 
changing to a concrete construction for the external wall, ~4-5 % for SH demand and SH power 
and almost 20 % for indoor temperatures above 24 °C. When using a PCM to increase the 
thermal mass, the phase change temperature is an important factor and should be chosen close to 
the maximum desired indoor temperature if the aim is to lower excess temperatures or close to 
the heating system set point if the aim is lowered heating demand. Although both concrete and 
PCM yield similar results, the advantage in using PCM rather than increasing the sensible heat 
storage is that only a small amount is necessary (between 5-10 mm used in this study). This 
makes it possible to easily increase the thermal mass of already existing buildings. It is however 
important to remember that the PCM used in this study was ideal which means the results 
presented represent the best possible results obtainable under the applied conditions. In reality 
factors such as temperature range of the phase change, heat conductivity in the PCM material, 
sub cooling effects etc are important and would affect the outcome.  
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For future studies, different kinds of buildings with other profiles for internal gains and 
heating/cooling requirement, such as an office building or a shopping mall, would be good to 
investigate. Not only passive systems, but also active storage systems (especially for cooling) 
could then be evaluated. Also a more advanced control system, for example with weather 
prediction, could have a larger potential for energy savings and this is worth investigating.   
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