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A B S T R A C T  

Increased use of thermal insulation forms a key element of legislation and ensuing design 

guidelines that intend to reduce the environmental footprint of the built environment. The 

widespread application of thermal insulation has proven to be very effective in the transition 

towards low-energy buildings. However, research has shown that well insulated dwellings, such 

as Passive Houses, have the tendency to trap heat during summer. Over the course of a year, there 

are several periods in which it would be beneficial to have a large heat flux across the building 

envelope, rather than isolating indoor conditions from the exterior environment. Construction 

elements with dynamically adjustable thermal transmittance properties, so-called dynamic 

insulation, can be a promising solution for reducing this overheating problem, while 

simultaneously reducing the energy consumption. The research activities in this thesis focus on 

a novel type of closed-loop forced convective dynamic insulation system, called Active Insulation. 

As Active Insulation is a newly developed dynamic insulation system, the performance and 

characteristics of the system still need to be determined. The aim of this research is to investigate 

and assess the performance of Active Insulation in the built environment. 

The first part of this research focusses on the development of a simulation model to predict 

the performance of Active Insulation. A simulation model in EnergyPlus was developed using the 

Ventilated Slab module as a basis. Verification of the model showed that the built-in control 

algorithm was not sufficient enough to model the complex behaviour of the system and thus a 

new control algorithm was written. The results showed that the model can adequately predict the 

behaviour for both yearly and daily situations. Using the early design specifications of Active 

Insulation, the first results showed that the U-value of the system is 0.185 W/m²K in off-mode 

and 1.657 W/m²K in on-mode. 

The second part of this research uses this model to study the performance of Active Insulation 

in different situations by means of multiple case studies. Different passive cooling measures, 

façade constructions, climates and types of rooms are evaluated for a detached dwelling, in order 

to assess the performance of Active Insulation on multiple key performance indicators. A 

sensitivity analysis for the design parameters of Active Insulation is done to assess the influence 

of design parameters on multiple key performance indicators. 

It is found that Active Insulation can reduce the energy consumption and increase the indoor 

thermal comfort, while using less auxiliary energy than comparable passive cooling systems, such 

as night ventilation. Applying Active Insulation to a façade construction with a heavyweight 

interior partition and lightweight exterior partition resulted in the best performance. If a small 

period of thermal discomfort is allowed, Active Insulation can remove the need of an active 

cooling system in the climates of Helsinki, Amsterdam and Stuttgart.  
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N O M E N C L A T U R E  

𝐴𝐶𝐻 Air changes per hour [1/ℎ] 

𝐴𝐺𝐶 Annual gas consumption [𝑚3/𝑎] 

𝛼 Constant for asymmetrical split round comfort region [−] 

𝐶𝑝 Specific heat [𝐽/𝑘𝑔𝐾] 

𝐶. 𝑂. 𝑃. Coefficient of performance [−] 

𝐷 Diameter of channels [𝑚] 

𝐸 Emissivity [−] 

𝐸𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦  Auxiliary energy consumption of system [𝑘𝑊ℎ𝑒𝑙/𝑎] 

𝐸𝐻.𝑃. Annual energy consumption heat pump [𝑘𝑊ℎ𝑒𝑙/𝑎] 

𝜖 Heat exchanger effectiveness [−] 

𝑔 − 𝑣𝑎𝑙𝑢𝑒 Solar heat gain coefficient [−] 

ℎ𝑟 Radiant surface coefficient [𝑊/𝑚²] 

𝜂𝐶.𝐵. Efficiency condensing boiler [%] 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙  Total efficiency of facade structure [%] 

𝜂𝑠𝑜𝑙𝑎𝑟 𝑔𝑎𝑖𝑛  Solar absorption efficiency at outside surface [%] 

𝜂𝑠𝑦𝑠𝑡𝑒𝑚 Efficiency of Active Insulation system [%] 

𝑘 Conductivity [𝑊/𝑚𝐾] 

𝐿 Length channels [𝑚] 

𝐿𝐻𝑉𝑁𝑎𝑡𝑢𝑟𝑎𝑙 𝐺𝑎𝑠 Lower heating value natural gas [31.65 𝑀𝐽/𝑚³] 

𝜆 Thermal conductivity  [𝑊/𝑚𝐾] 

�̇� Mass flow rate [𝑘𝑔/𝑠] 

𝜇 Viscosity of air [𝑁𝑠/𝑚²] 

𝑁𝑓𝑎𝑛 Number of installed fans [−] 

𝑁𝑇𝑈 Number of transfer units [−] 

𝑁𝑢 Nusselt number [−] 

𝑃𝑓𝑎𝑛  Energy consumption of a single fan [𝑊] 

𝑞 Density of heat flow [𝑊/𝑚²] 

�̇� 𝐴𝐼,𝑜𝑢𝑡𝑠𝑖𝑑𝑒,𝑑𝑎𝑖𝑙𝑦  Daily heat extracted by Active Insulation at outer surface [𝑊ℎ/𝑚²𝑑𝑎𝑖𝑙𝑦] 

�̇� 𝐴𝐼,𝑖𝑛𝑠𝑖𝑑𝑒,𝑑𝑎𝑖𝑙𝑦  Daily heat dissipated by Active Insulation at inner surface [𝑊ℎ/𝑚²𝑑𝑎𝑖𝑙𝑦] 

�̇� 𝑖𝑛𝑠𝑖𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑑𝑎𝑖𝑙𝑦  Daily inward heat flow at inside surface [𝑊ℎ/𝑚²𝑑𝑎𝑖𝑙𝑦] 

𝑄𝐻𝑒𝑎𝑡𝑖𝑛𝑔  Annual heating demand [𝑘𝑊ℎ𝑡ℎ/𝑎] 

�̇� 𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑑𝑎𝑖𝑙𝑦  Daily inward heat flow at outside surface [𝑊ℎ/𝑚²𝑑𝑎𝑖𝑙𝑦] 

𝑄𝑣; 10; 𝑠𝑝𝑒𝑐 Infiltration rate at 10 Pascal pressure difference [𝑑𝑚3/𝑠𝑚²] 
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𝑅 Thermal resistance [𝑚2𝐾/𝑊] 

𝑅 − 𝑠𝑜𝑙 (0°) Solar reflectance perpendicular to the glass [−] 

𝑅𝑒 Reynolds number [−] 

𝜌 Density [𝑘𝑔/𝑚³] 

𝜎 Stefan-Boltzmann constant [5.67 ∗ 10−8 𝑊/𝑚2𝐾4] 

𝑡 Time [ℎ] 

𝑇 − 𝑠𝑜𝑙 (0°) Solar transmittance perpendicular to the glass [−] 

𝑇 − 𝑣𝑖𝑠 (0°) Visible transmittance perpendicular to the glass [−] 

𝑇𝑎  Air temperature [°𝐶] 

𝑇𝑒,𝑟𝑒𝑓  Running mean outdoor temperature [°𝐶] 

𝑇𝑙𝑜𝑤𝑒𝑟  Lower boundary temperature of the comfort region [°𝐶] 

𝑇𝑛 Environmental temperature [°𝐶] 

𝑇𝑛𝑒𝑢𝑡𝑟𝑎𝑙  Thermal neutral temperature [°𝐶] 

𝑇𝑟 Mean radiant temperature [°𝐶] 

𝑇𝑠 Surface temperature [°𝐶] 

𝑇𝑢𝑝𝑝𝑒𝑟  Upper boundary temperature of the comfort region [°𝐶] 

𝑈 Thermal transmittance [𝑊/𝑚²𝐾] 

𝛷 Heat flow rate [𝑊] 

𝑤 Width of the comfort region [°𝐶] 
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1 .  I N T R O D U C T I O N  

1.1. Problem description 

Almost 40% of the total energy use of the European Union can be addressed to the built 

environment, outgrowing the industrial and transport sector. While the built environment sector 

is still expanding, it is likely that the energy demand of this sector will only grow. As improving 

energy efficiency and reducing energy demand are promising, fast, cheap and safe solutions to 

mitigate climate change, applying this to the largest consuming energy sector will be a big step 

forward (Sorrell, 2015). Legislation for reducing the energy demand and increasing energy 

efficiency is regulated by the Energy Performance of Building Directive recast 2010/31/EU (EU, 

2010). This legislation demands that all new buildings built after 2020 have to be “Nearly Zero-

Energy Buildings” and that CO2 emissions are reduced with 20% in comparison with 1990. 

The building envelope is the largest part of a building and is also the main design variable in 

regulating the energy use and comfort of a building (Jin & Overend, 2014). As a result, legislation 

focusses on decreasing the heat transfer through building envelopes. One of the building concepts 

focussing on decreased heat transfer is the Passive House concept, using high insulation values 

and airtightness (Passivhaus-Institut, 2015). Increased insulation reduces the unwanted heat 

transfer via the building envelope, but can also reduce the beneficial heat transfer via the building 

envelope. Both McLeod, Hopfe & Kwan (2013) and Toledo, Cropper & Wright (2016) showed that 

Passive House dwellings and new highly insulated dwellings had a risk of heat trapping in the 

summer and thus causing overheating. Furthermore, buildings with high internal gains and/or 

solar gains can lead to heat trapping with a too high insulation level. Increasing the insulation 

level of a building can lead to anti-insulation behaviour: increasing energy consumption with 

increasing insulation level due to larger cooling  demand (Chvatal & Corvacho, 2009; Friess, 

Rakhshan, & Davis, 2017). 

A study from 2014  monitored two Welsh Passive Houses for 2 years to determine its 

performance in the usage period (Ridley, Bere, Clarke, Schwartz, & Farr, 2014). The results from 

this study showed that dwellings failed to meet the comfort criteria from several legislations, 

including the standards from the Passive House Planning Package (PHPP), as shown from Figure 

1. Severe overheating of the dwelling was measured during this period.  

 

Figure 1: Comfort performance of the monitored dwellings in comparison with the comfort criteria from 3 standards 
(Ridley et al., 2014). 
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Measurements and analysis of 8 Danish Passive Houses showed similar results: several 

dwellings fail to meet the comfort criteria set by the applicable legislation. As stated by the 

research: “Common to nearly all the houses is the fact that they fail to meet the (…) criteria of an 

indoor temperature of +26°C for a maximum of 100 hours and an indoor temperature of +27°C 

for a maximum of 25 hours, respectively.” The paper also states that only 3 of 8 houses meet the 

requirements for comfort set by the Passive House Institute (Larsen, Jensen, & Daniels, 2011). 

A global survey was executed by Friess, Rakhshan & Davis (2017) to get a better 

understanding of which climates result in this anti-insulation effect. Buildings located in the 

Köppen climate zone Csa (Mediterranean climate, mild winters and hot summers) and Csb (mild 

winter and dry warm summers) have a high risk of overheating in the summer and as a result an 

increased total energy demand for the building. A second indicator for this anti-insulation 

behaviour are Degree Days. Buildings with less than 2000 Heating Degree Days and between 

2000 and 5000 Cooling Degree Days are likely to have an increased cooling demand (Friess et al., 

2017). 

It is clear that applying higher thermal insulation levels to a building is not always the optimal 

solution for reducing the energy consumption of the building. If the thermal transmittance of the  

insulation of a building could be changed based on certain outdoor conditions, it could be used as 

a passive cooling measure (Park, Srubar, & Krarti, 2015; Pflug et al., 2014). One example of such 

a situation is bypassing the thermal insulation during summer nights. A low U-value of the 

insulation reduces the heat transfer through the building envelope when heating is needed, while 

a high U-value can lead to heat transfer from indoor to outdoor when the outdoor temperature is 

lower than the indoor temperature.  

Currently there are several of these dynamic insulation systems being developed, for both 

opaque and translucent façades. An overview of dynamic insulation systems is given by Favoino, 

Jin & Overend (2017) and Homem (2016). The information from these two comparisons is 

combined and extended with other literature to give a complete overview as shown in Table 1. 

‘Mechanism’ describes how the dynamic behaviour of the insulation is controlled. ‘Measurement 

method’ gives an explanation how λ, the U-value or the R-value is determined. ‘Simulation 

method’ describes how building simulations are executed. ‘Performance indicator’ shows the 

performance indicators used for the simulations. ‘Performance increase’ gives the increase of the 

performance indicator in comparison with the reference case used in the particular study.  

Multiple studies have been executed on the efficiency and usage of dynamic insulation, using 

simple switchable insulation models. All studies came to similar conclusions: dynamic insulation 

can reduce the energy demand of a building, increase comfort and thereby prevent anti-insulation 

behaviour. Simulation of an office building in Switzerland  showed that savings around between 

15% and 30% on cooling energy could be reached when internal gains are 50 W/m² and even 

higher savings with higher internal gains (Bionda, Menti, & Manz, 2014). Residential buildings in 

three distinct US climates with dynamic insulation showed to have the potential to reduce cooling 

energy with 35% (Park et al., 2015). Office buildings in the temperate climate of Ludwigshafen 

could decrease the total energy demand with 50% and at the same time increase comfort with 

50% if dynamic insulation is used in combination with a model predictive control system (Jin, 

Favoino, & Overend, 2017).  
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Table 1: Overview of dynamic insulation systems based on available literature. 

Mechanism  Description 
Measurement 
method 

Range of dynamic control 

Simulation 
method 

Performance 
indicator 

Climate 
used 

Performance 
increase Reference 

Lambda 
[W/mK] 

U-value 
[W/m²K] 

R-value 
[m²K/W] 

Convection (air) 

Parietodynamic wall – 
Void Space Dynamic 
Insulation (VSDI) 

--- 0.022 0.092 - 0.20 5.00 – 10.87 
Solidworks Flow 
Simulation 

--- --- ---  (Imbabi, 2012) 

Permeodynamic wall 
(Breathing Wall) 

--- --- 0.01 - 0.21 4.75 – 100.00 
1D Analytical 
Model 

CO2 emissions 
[kgCO2/m²] 

--- 4 – 17% (Imbabi, 2006) 

Translucent Dynamic 
Insulation System: Façade 
element with switchable 
insulation (FESU) 

Thermal 
conductivity 
measuring with 
guarded hot plate 

--- 0.70 - 1.90 0.53 – 1.43 TRNSYS 

1) Total energy use 
[kWh/m²year]  
2) Operative temp. 
exceedance 

Ludwigshaf
en, 
Germany 

1) 10%  
2) 635 hours 

(Pflug et al., 2014; 
Pflug, Bueno, Siroux, & 
Kuhn, 2017) 

 
Air-permeable building 
envelope components 
with ventilation 

--- --- --- --- 
Home-made 
Matlab model 
using FDM 

Indoor temperature 
Cairo, 
Naples, 
Munich 

3-7% 
(Ascione, Bianco, De 
Stasio, Mauro, & 
Vanoli, 2015) 

Convection 
(liquid) 

Bi-directional 
thermodiode 

Test facility setup 
with thermocouples  

0.062 - 0.360 0.62 – 3.601 0.28 – 1.611 
Analytical heat 
transfer model 

-- 
Los Alamos, 
New Mexico 

-- 
(Varga, Oliveira, & 
Afonso, 2002) 

Low and high 
conductivity fluid tanks 

--- 0.018 - 0.640 0.90 – 3.232 0.31 – 1.112 
Analytical heat 
transfer model 

--- --- --- 
(Al-Nimr, Asfar, & 
Abbadi, 2009) 

Varying 
pressure (gas) 

Variable conductance 
vacuum insulation (VCI) 

Laboratory test 
bench scale model 

0.020 – 0.1883 1.00 - 9.40 0.11 – 1.0 --- --- --- --- 
(Benson, Potter, & 
Tracy, 1994) 

Adsorption/deabsorption 
of hydrogen 

Scale model 
measurements 

0.003 - 0.170 0.15 – 8.503 0.12 – 6.673 

1-D thermal 
model solar-air 
façades 

Solar energy gain 
[kWh/m²] 

Würzbug, 
Germany 

150 kWh/m² 
(Horn, Hetfleisch, & 
Stark, 2003) 

Variable pressure on 
aerogel blanket 

Guarded Heat Flow 
Meter 

0.011 - 0.017 --- --- 
Computer 
simulation 

Weighted energy 
usage [kWh/m²] 

Göteborg, 
Sweden 

20% 
(Berge, Hagentoft, 
Wahlgren, & Adl-
Zarrabi, 2015) 

Variable pressure on 
fumed silica (VIP) 

Guarded Heat Flow 
Meter 

0.007 - 0.019 --- --- 
Computer 
simulation 

Weighted energy 
usage [kWh/m²] 

Göteborg, 
Sweden 

20% (Berge et al., 2015) 

Varying surface 
interaction (gas) 

Variation on the number 
of layers of air 

Mathematical model 0.032 - 1.7694 0.14 – 7.69 0.13 – 7.2 --- --- --- --- 
(Kimber, Clark, & 
Schaefer, 2014) 

Varying mean 
free path 

Change in temperature to 
vary the direction of 
carbon nanotubes 
suspension in liquid 

Thermal constants 
analyser using 
transient plane 
source method (TPS) 

0.400 - 1.200 --- --- --- --- --- --- 
(Wu, Feng, Sunden, & 
Wadsoe, 2014) 

Movable 
insulation 

Thermocollect: movable 
insulation panel 

--- --- --- --- 
In-house 
developed 
simulation model 

1) Heating demand 
2) Cooling demand 
[kWh/a]  

Vienna, 
Austria 

1) 22%  
2) 64% 

(Burdajewicz, 
Korjenic, & Bednar, 
2011) 

1. Thickness used in calculations = 10cm 

2. The gap thickness used on each side is 10mm, so 20mm thickness total 

3. Thickness used in calculations = 20mm 

4. The displayed R-values can only be reached with a thickness of the total construction of 23cm (air layers and structure) 
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1.2. Active Insulation 

In this research, the dynamic insulation system that will be studied is Active Insulation, 

developed by P&H Advisors. It is a dynamic insulation system based on forced convective heat 

transfer, acting as a heat exchanger between indoor and outdoor. The system is comparable with 

the dynamic insulation system studied by Pflug et al. (2014), but is an opaque insulation system 

instead of a translucent system. Active Insulation uses a structure of air ducts on the front and 

backside of the panel in combination with one or two low voltage fans for forced convection 

(InnoEnergy; P&H-Adviseurs). The system is sealed with aluminium foil on both sides to create a 

closed system. Figure 2 shows an exploded view and section of Active Insulation. 

 

Figure 2: Exploded view and section of Active Insulation (P&H-Adviseurs). 

The system is designed to allow for passive cooling during summer nights, but also passive 

heating during winter days with high solar radiation. Passive cooling is possible due to the 

temperature difference between indoor and outdoor, whereas Active Insulation can enhance the 

normal heat transfer from indoor to outdoor. During sunny winter days, solar radiation heats up 

the outside surface construction, whereas Active Insulation can effectively increase the heat 

transfer to the indoor, reducing the heating demand of the building. Preliminary 1-dimensional 

studies showed that Active Insulation has the potential to reduce the heating demand of a building 

with approximately 30%. During summer periods, Active Insulation reduced the amount of 

cooling days with roughly 90% (P&H-Adviseurs).  

The system can be applied to opaque façade structures, but does not increase the total 

thickness of the façade in comparison with traditional insulation material. Due to the fact that 

Active Insulation has night cooling decoupled from fresh air supply, it has multiple advantages 

over openable windows: there is no security risk due to the lack of openings, the system can be 

applied in noisy urban environments, there is no risk of discomfort due to draught and it is also 

suitable for areas with strong air pollution. 
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1.3. Research objective 

Even though some simplified performance studies have been done, there is lack of a verified 

performance indication of the Active Insulation system. Building Performance Simulations (BPS) 

can be used for further research into the performance of innovative building envelope systems, 

such as Active Insulation (Hensen, Loonen, Archontiki, & Kanellis, 2015). BPS take the dynamic 

influence of occupants, climate and systems into account and can therefore support development 

of a product in the research and design phase. Clearly, simple static simulations or calculations 

are not sufficient to determine the performance of Active Insulation. Furthermore, having no 

verified performance indications makes it impossible to compare Active Insulation with other 

passive cooling systems to determine its additional value. The investigation and assessment of 

the performance of the dynamic insulation system Active Insulation is therefore the main 

objective of this research. 

The simulation of a dynamic insulation system is currently not implemented as a standard 

function in current Building Performance Simulation tools. Most of recent researches into this 

topic have implemented simplified controls, based on the limitations of the simulation programs 

used. As Active Insulation has a dynamic behaviour based on outdoor conditions, it is important 

to correctly model this in a BPS tool. Implementation of Active Insulation in current Building 

Performance Simulation software and verifying the results of these simulations is the first step of 

this research.  

If the model is verified and it behaves correctly, the performance of Active Insulation can be 

compared to other passive cooling measures. A comparison should show if Active Insulation 

performs better, worse or similar to commonly used passive cooling strategies. Studying the 

performance of the system with different types of structures should determine for what types of 

building façades the system is applicable. To determine in what cases Active Insulation can be 

applied, multiple buildings or rooms with different characteristics will be assessed. This should 

give an indication in what situations Active Insulation can be applied to improve the performance 

of the building. Current design of Active Insulation is based on early design specifications and 

experience from its developers. Knowing the effect of different parameters on the performance 

of the system could help optimizing future designs of Active Insulation. Therefore, the influence 

of different design parameters and control strategies on the performance will be studied. 

Parallel to these simulations, a full-scale demonstrator project is currently planned to be used 

for performance monitoring of Active Insulation. Simulations can help design the demonstrator 

to ensure an optimal potential for Active Insulation. Furthermore, simulations can determine 

optimal design strategies for this specific case and determine which parameters need to be 

measured. These considerations will be reported to the company and can be used for future 

research and monitoring of the measurements.  
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1.4. Research methods 

The first step in this research will be to determine the performance indicators that will be 

used to assess the model that will be built. After this, a conceptual model that represents the 

implementation of  Active Insulation on a whole-building level will be made. From this conceptual 

model, an actual simulation model will be built in the building energy simulation program 

EnergyPlus (version 8.6.0.).  

After the final simulation model is built, a verification study of the model will be executed. 

This study should show if the system performs according to the expectations set. The first 

verification will be done to see if the physical behaviour of the model is correct and gives correct 

results for the thermal transmittance of the model. Secondly, a verification will be done to study 

the actual dynamic behaviour and performance of the system. This will be done by simulating 

several different periods with different simulation timesteps. A yearly simulation will be executed 

to study whole year performance on an hourly level. This simulation will show if the model 

behaves correctly for different climate conditions over the year. A detailed study will be done 

over several days with a minutely timestep to analyse the behaviour of the system in detail. The 

switching moments of Active Insulation and temperature distributions throughout the system 

will be analysed to see if no irregularities occur.  

With this verified and adequately behaving simulation model, several case studies will be 

executed. The performance of Active Insulation will be compared with different types of passive 

cooling systems and different types of façade structures. For these simulations, a representative 

dwelling will be used as a reference for all case studies. A parameter study for the design 

parameters of Active Insulation will be done with the same reference dwelling. Different 

reference rooms and buildings will be simulated with Active Insulation to determine in what 

cases Active Insulation can enhance the performance. Figure 3 gives a schematic overview of the 

order of the steps and methods used in this research to achieve the main goal. 

 

Figure 3: Schematic overview of the steps within this research. 

  

Step 1: Model Development

• Requirements and conceptual model

• Model Building in EnergyPlus

• Verification of the model

Step 2: Case Study 
Development

• Reference dwelling

• Potential Active Insulation

• First comparison static insulation

Step 3: Comparison Study

• Different passive cooling measures

• Different façade constructions

• Different types of rooms

Step 4: Parametric Study

• Sensitivity analysis design parameters

• Weather data control algorithms

• Different climate  conditions

Step 5:  Supporting 
Demonstrator Project

• Demonstrator dwelling analysis

• Heat flow study
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1.5. Thesis outline 

In this thesis the investigation into and the assessment of the performance of Active Insulation 

is described. This is done using a dynamic building simulation model. The development and 

verification of this model is described in chapter two. With this simulation model, several case 

studies are executed. These case studies focus on comparing Active Insulation with different 

passive cooling measures, different façade constructions, different climates and two different 

types of rooms. The methodology of these case studies is described in chapter three, whereas the 

results are discussed in chapter four. In chapter five the demonstrator project for Active 

Insulation will be described and several studies to its performance and behaviour are described. 

Finally, in chapter six, the conclusions of this research are described as well as recommendations 

for future research.  
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2 .  D E V E L O P M E N T  O F  A  M O D E L L I N G  A N D  

S I M U L A T I O N  S T R A T E G Y  F O R  A C T I V E  

I N S U L A T I O N  

2.1. System description and requirements 

The physical principle of the Active Insulation is heat transfer by circulating air in a closed 

system. Air is not used for ventilation of any zones and is also not conditioned by a HVAC system 

to meet any requirements. The heat transferred by the air will be exchanged with the surfaces 

directly connected to Active Insulation. These surfaces will then function as heat sinks in the case 

of cooling, or low temperature radiative surfaces in the case of heating. Active Insulation 

functions based on forced convection, meaning that the system has a fan that can be controlled 

by a control system e.g. Building Management System. This fan determines if the air in the system 

circulates or not, resulting in a higher heat transfer rate if the system is on.  

Active Insulation is designed to cool a building during summer and heat it during winter. 

Cooling in summer will occur due to a high temperature difference between the indoor and 

outdoor environment and night-time radiation to the sky. The increased heat transfer from Active 

Insulation should result in a decrease in indoor temperature. Heating during winter periods can 

only occur if there is enough solar radiation to heat up the outside surface to a considerable 

temperature. If this requirement is met, Active Insulation can transfer this heat to the indoor 

environment by activating the fan. If these requirements are not met, the fan is off and the system 

is not active. The combination of still air and a low conductivity material result in a high thermal 

resistance in off-mode. 

Due to the fact that Active Insulation has the potential to function as a heating system or 

cooling system based on outdoor conditions, it is clear that control should be dynamic over time 

with the outdoor conditions. For heating, the activation should be based on an increased surface 

temperature due to solar radiation or a high outside temperature.  If cooling is needed, activation 

should be based on a low outdoor (surface) temperature or possible radiation to the sky. 

As is typical with a system for heating and cooling, activation should be based on temperature 

setpoints. Cooling should only occur if the dwelling requires cooling and vice versa for heating. 

The indoor conditions should be assessed continuously to see if the set requirements are met. If 

this is the case, the system should deactivate, regardless of the outdoor conditions.  

Next to the requirements on how the model should behave, there are also requirements on 

what level of detail the model should perform. This study is not focussing on the actual detailed 

performance of Active Insulation using for example CFD studies, but focusses on the performance 

of Active Insulation on façade and room level. Performance aspects of the model need to be 

depending on the level at which the system is simulated. On façade level, it should be possible to 

make a detailed analysis of the heat transfer through and storage in the construction to determine 

the influence of Active Insulation on the energy balance.  
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On room and whole building level, performance of the system should be analysed based on 

energy performance indicators such as heating and cooling demand. Next to energy performance, 

it should also be possible to assess the thermal comfort and overheating of a room or the whole 

building during a specified period.  

Simply implementing the enhanced heat transfer of Active Insulation in cooling or heating 

mode with a low R-value of the insulation layer, does not represent this adequately enough. The 

heat transfer rate of Active Insulation is likely to be depending on a lot more parameters than just 

material properties of the insulation layer. Mass flow rate, effective surface area, channel 

diameter and system temperature are likely to be parameters that influence the performance of 

Active Insulation. As a result, simplifying the model by using a switchable R-value of the insulation 

layer would not result in a detailed and accurate enough model of Active Insulation for the 

purpose of this research.  
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2.2. Model setup and choosing simulation software 

Modelling and simulation of dynamic insulation systems is currently still a complex task: 

there are currently no building simulation models available for the different technologies and the 

influence of dynamic insulation extends over multiple physical domains (Favoino et al., 2017). As 

there is not a simple way to model a dynamic insulation system in BPS tools, the simulation 

method of several recent studies into dynamic insulation and façade components have been 

compared. Park et al. (2015) developed a dynamic insulation model which switches the thermal 

resistance of the insulation material based on temperature and cooling and/or heating demand. 

However, the model can only adapt the RSI-value of the system to a fixed low value or a fixed high 

value. Other research  used a similar method, but determined the U-value of the system with 

laboratory research (Pflug et al., 2014). As described before, changing the R-value of the 

insulation material is not sufficient enough for the dynamic behaviour of Active Insulation. 

Next to simply changing the R-value of the construction, recent research uses predictive 

models that change the R-value to parameter depending values. However, these methods includes 

multiple control layers, optimization algorithms and the use of several BPS tools to determine the 

optimal settings of the dynamic insulation system (Favoino et al., 2017). Even though this method 

is superior the ones described before, this method still cannot fully model the complex behaviour 

of Active Insulation. This method is regarded as too complex to implement and not fully matured. 

Homem (2016) used a predefined switching schedule for changing the R-Value of the 

insulation material in a construction. Next to this, a method was used that can change the state of 

a construction layer based on a written control algorithm. The different states of the construction 

layers can be defined by the user himself and the algorithm can be made as complex as needed. 

This allows for a much more dynamic control of a system than a predefined schedule. The method 

showed too much uncertainty on how information for different states is transferred to the next 

time step, and showed spatial discretization and nodal placement scheme problems.  

As can be concluded from the studies above, there is not one correct way of implementing the 

complex behaviour of  dynamic insulation systems in BPS tools. Furthermore, the range and types 

of dynamic insulation systems are only increasing and each type functions on different 

fundamental principles. Implementation of these systems is therefore not straightforward and 

should be evaluated per case. In this research the simulation software used to model the dynamic 

insulation system is EnergyPlus. This whole building energy simulation software is among other 

things capable of handling complex detailed modelling situations, overriding built-in behaviour 

and has heat balance-based solutions. Furthermore, the source code of the system is open-source, 

allowing for adjustments to be made to the source code if desired. 

For this research a modified model of the Ventilated Slab system developed by Chae & Strand 

(2013) is implemented. The Ventilated Slab model and the Active Insulation system both function 

on the principle of forced convection through channels in a material. Activation of the system can 

be based on different temperatures (indoor and outdoor), mass flow rates in the system or 

predefined schedules. Using the temperature based control allows for dynamic control based on 

e.g. outdoor climate conditions. The next chapter gives an extensive explanation of the Ventilated 

Slab model and how this model is adapted to fit the characteristics of Active Insulation.  
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2.3. Model description 

The Ventilated Slab model is developed by Chae and Strand (2013) and is currently a standard 

built-in component in EnergyPlus. It contains an air handling unit with an outside air mixer, 

heating and cooling coils, a supply fan and a hollow core slab. The hollow core slab consists of 

parallel air cavities used for the circulation of air. Heat is being exchanged between the air and 

the slab, which allows for storage in the slab. When the heat reaches the surface of the slab, the 

whole system acts as a low temperature radiative slab. The model gives the user full control of 

the air that will be ventilated through the hollow cores. Outside air can be mixed with return air 

and can be heated or cooled by the installed coils, depending on the user’s preferences. This 

conditioned air is then delivered evenly to the parallel core cavities of the hollow core slab.  After 

the air has travelled through the hollow cores, there are three options for the handling of the air. 

These options are described as “slab only”, ”slab and zone”, and “series slabs”. 

The “slab only” option, Figure 4 (a),  returns the exhaust air of the slab directly back to the 

outdoor air mixer, the air is not entering the zone or mixing with the zone air. In the “slab and 

zone” option, Figure 4 (b), the exhaust air of the slab is entering the zone and is mixed with the 

zone air before returning to the mixer. The “series slabs” option, Figure 4 (c), allows for coupling 

of multiple slabs in multiple zones, after which the air is directly returned to the mixer.  

One of the other key features of this model is the prevention of unwanted behaviour. It does 

this by preventing heating when cooling is needed and vice versa. The system checks the air inlet 

temperature with the slab temperature. If an opposite heat flow occurs from the desired heat 

flow, the system shuts off the air flow and thus any heat transfer. The second feature is preventing 

condensation on the surface. The system checks if the surface temperature drops below the dew-

point temperature of the zone and if this is the case, the system shuts off the air flow and thus any 

heat transfer. 

 

Figure 4: The different options for the ventilated slab model. (a) "slab only" (b) "slab and zone" (c) "series slabs" (Chae & 
Strand, 2013). 
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Even though there are a lot of similarities between the Ventilated Slab model and the Active 

Insulation system, there are also a few major differences. First of all, Active Insulation acts as a 

heat exchanger. When using the Ventilated Slab model, this could be modelled as two ventilated 

slabs in series. Secondly, Active Insulation does not use any outside air, it is a closed circuit 

system. And thirdly, there are no active heating or cooling components present in the Active 

Insulation system. 

The implementation of Active Insulation in the Ventilated Slab model is shown in Figure 5. 

First of all, the Active Insulation is split into two parts: an indoor side and outdoor side (step 1). 

In the ventilated slab model this can be modelled as two separate slabs connected in series (step 

2). Finally, the heating and cooling coil and outdoor air mixer are removed, resulting in two 

ventilated slabs in series with a supply fan (step 3). 

The slab in this model has a modified heat balance so that a heat source/sink can be 

implemented in the wall. This source/sink is the air travelling through the cores and its function 

depends on the temperature difference between the air in the cores and the room. Using this 

modelling method has been used before and is validated throughout studies (Scheatzle, 2006). As 

a result of implementation of the source/sink, only one ventilated slab can be assigned to a 

surface (wall, roof or floor). 

So, to implement Active Insulation in the Ventilated Slab model, a single surface equipped 

with Active Insulation needs to be modelled as two separate surfaces. The first surface is 

equipped with the indoor side of the system and the second surface with the outdoor side of the 

system. The zone that is created in between the two surfaces is modelled fully adiabatic to ensure 

minimal losses in this zone. A schematic representation of the implementation of this model in a 

room is shown in Figure 6. 

 

Figure 5: Schematic process of implementation of Active Insulation in the Ventilated Slab model. 
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Figure 6: Schematic representation of the final model. 

Figure 7 shows the schematic resistance diagram of a typical wall (1) and a wall equipped 

with Active Insulation (2). If the fan of the Active Insulation system is off, the system behaves 

exactly the same as a typical wall. The main difference between the two situations is the heat 

being transferred by Active Insulation between point 1 and 3. As a result of this heat transfer, the 

temperature in point 3 (T3) will be relatively similar to the temperature in point 1 (T1). This 

actually represents the bypassing of the thermal resistance of Active Insulation (Rcond, 2 & Rcond, 3). 

 

Figure 7: Schematic resistance diagram of (1) a typical wall and (2) a wall equipped with Active Insulation. 

  



   

Master Thesis | S.J.M. Koenders  Page | 14  
 

2.4. Quality assurance – preliminary simulation studies 

2.4.1. Air cavity verification 

The implementation of Active Insulation in EnergyPlus results in a cavity in the system 

modelled as an in-between zone, as shown in Figure 6. To better understand how EnergyPlus 

handles this cavity in the system, several simulations are conducted. The U-value of several 

simple wall structures with a cavity are compared for several situations. A hand-calculated U-

value using the NEN 1068 (2012) (thermal resistance of buildings) is considered the reference 

value. Next, a hot box simulation complying with NEN-EN-ISO 8990 (1996) is executed with 

several setups of the cavity. 

1. The wall structure is modelled as is standard in EnergyPlus, with the cavity modelled as 

a ‘Material:AirGap’. 

2. The wall structure is modelled with the cavity as an in between adiabatic zone with no 

further adjustments. 

3. The wall structure is modelled with the cavity as an in between adiabatic zone with no 

internal surface resistances. 

4. The wall structure is modelled with the cavity as an in between adiabatic zone with fixed 

internal surface resistances as described in the NEN 1068. 

To ensure that handling of the cavity is correct for all types of situations, multiple wall 

structures with a cavity are simulated. The wall structures are chosen in such a way that the U-

value can be calculated by hand simply, but still represent structures commonly used. The four 

structures that are simulated are shown in Figure 8. 

 

Figure 8: Structures that will be simulated for determining the correct handling of thermal properties of a cavity. 
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The thermal transmittance of a wall structure can be determined with a hot box experimental 

setup. In this research the main goal is not to determine the U-value of a system, but to build a 

simulation model that can adequately simulate the behaviour and performance of the Active 

Insulation system. The hot box setup is therefore simulated in EnergyPlus, using the NEN-EN-ISO 

8990 as a guideline. Due to the fact that a simulation program is used and the properties of the 

hot box can be set, a calibrated hot box setup can be used. Flanking losses and losses through the 

hot box can be neglected by adjusting the properties of these materials. 

 

To determine the thermal transmittance, and thus U-value, of the total structure as stated in 

EN-ISO 8990, the following steps and calculations should be made: 

 Determine the heat flow (Φ) and heat flow density (q), directly following from the input in 

EnergyPlus; 

 Determine surface, radiant and air temperatures of the hot and cold zone, following from the 

simulation results; 

 Using equation ( 1 ), the radiant surface coefficient, based on radiant temperature and Stefan-

Boltzmann constant, can be determined: 

ℎ𝑟 = 4 ∙ 𝜎 ∙ 𝑇𝑟
3          ( 1 ) 

 Correct the radiant surface coefficient for the emissivity of the surface materials with 

equation ( 2 ): 

𝐸ℎ𝑟 = 𝐸 ∙ ℎ𝑟          ( 2 ) 

 Determine the convective surface coefficients from the simulation results; 

 Calculate the environmental temperatures with equation ( 3 ): 

𝑇𝑛 =
𝑇𝑎∙

Φ

𝐴
+𝐸ℎ𝑟∙(𝑇𝑎−𝑇𝑟)∙𝑇𝑠

Φ

𝐴
+𝐸ℎ𝑟∙(𝑇𝑎−𝑇𝑟)

         ( 3 ) 

 Using the environmental temperatures and the heat flux, the U-value of the structure can be 
determined using equation ( 4 ). With equation ( 5 ) and ( 6 ) the surface resistances for the 
hot zone and cold zone can be determined: 

𝑈 =
Φ

A∙(𝑇𝑛1−𝑇𝑛2)
          ( 4 ) 

𝑅𝑠1 =
A∙(𝑇𝑛1−𝑇𝑠1)

Φ
           ( 5 ) 

𝑅𝑠2 =
A∙(𝑇𝑛2−𝑇𝑠2)

Φ
           ( 6 ) 
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Simulation setup 

The properties of the materials used for the simulation of the wall structures are shown in 

Table 2. According to the NEN-EN-ISO 8990, the hot box should minimize  flanking losses and 

transfer losses through the hot box. In EnergyPlus there is an option of creating a material with 

no mass and a fixed thermal resistance. The walls, floor and roof of the hot box have a resistance 

of 25.175 m²K/W with no thermal storage available in them so that these losses can be neglected. 

For all simulations, a hot box with a size of 1.5 x 1.5 x 1.5 m³ is used in accordance with the 

minimum requirements for a calibrated hot box as stated in the NEN-EN-ISO 8990, resulting in a 

transfer area of 2.25m². 

 
Table 2: Material properties used for the simulations (DGMR, 2005). 

Material ρ [kg/m³] Cp [J/kgK] λ [W/mK] 

Sand-lime brick 1900 840 0.9 

Masonry 1800 840 1.0 

Concrete 2500 840 2.0 

EPS insulation 20 1470 0.035 

Mineral Wool 35 840 0.040 

Gypsum Stucco 1300 840 0.5 

 
The cold box side is outfitted with an ‘Ideal Load’ system, which keeps this side of the system 

at a constant temperature of 1°C. The meter side of the box is outfitted with an electric heater 

whose power is determined in an iterative process. The power output is chosen in such a way 

that an equilibrium state is reached in the meter box. With the results from this simulated steady 

state, the U-value of the system can be determined. 

The four cavity cases as described before are simulated with exactly the same settings except 

for the way the cavity is modelled.  The cavities are modelled with the following setup: 

1. Hot Box simulation, implementing the cavity as an air gap with the thermal resistance of 

0.17 m²K/W (NEN, 2012); 

2. Hot Box simulation, implementing the cavity as an adiabatic in-between zone. The indoor 

surface convection algorithm that will be used in this zone is TARP. This algorithm 

calculates the variable natural convection based on temperature differences; 

3. Hot Box simulation, implementing the cavity as an adiabatic in-between zone, with fixed 

very high convective surface coefficients for the surfaces in this zone. hsurf = 999 W/m²K, 

resulting in a minimal surface resistance; 

4. Hot Box simulation, implementing the cavity as an adiabatic in-between zone with fixed 

convective surface coefficients, similar as indoor surface coefficients as used in R-value 

hand calculations (hsurf = 7.7 W/m²K). 
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Verification 

The results of the simulations are shown in Table 3 (absolute U-value) & Table 4 (relative to 

reference case). The calculations of the U-value of the different structures according to the NEN 

1068 can be found in Appendix I – Hand Calculation U-value. From the results it can be seen that 

simulation of the hot box measurement setup is a validated way to determine the U-value of 

different constructions. Differences between the calculated U-values and simulated U-values are 

in all cases below ±3%. This is in accordance with the NEN-EN-ISO 8990 which states that when 

testing homogeneous specimens in accordance with this International Standard, an accuracy 

within 5 % can be achieved (NEN, 1996). As a result, the hot box simulation setup can be used to 

determine U-Values of dynamic insulation system in both on- and off-mode in an early design 

process. Improvements to the design of dynamic insulation systems can be made based on early 

simulation results. 

 
Table 3: U-values of the four different structures in four different cases. 

U-Value [W/m²K] 

Reference: 

Calculated 

(NEN 1068) 

Case 1: 

 

Hot Box 

Case 2: 

 

Cavity as Zone 

Case 3: 

No surface 

resistance 

Case 4: 

Fixed surface 

coefficient 

Retrofit wall 0.247 0.244 0.243 0.251 0.248 

Cavity wall 0.325 0.321 0.316 0.341 0.326 

Cavity wall low 0.866 0.864 0.844 1.023 0.901 

Separation wall 1.533 1.575 1.556 2.180 1.724 

 
Table 4: Relative difference between the simulation results and the reference U-value. 

Relative 

difference [%] 

Reference: 

Calculated 

(NEN 1068) 

Case 1: 

 

Hot Box 

Case 2: 

 

Cavity as Zone 

Case 3: 

No surface 

resistance 

Case 4: 

Fixed surface 

coefficient 

Retrofit wall 0.0 - 1.2 - 1.6 1.6 0.4 

Cavity wall 0.0 - 1.2 - 2.8 4.9 0.3 

Cavity wall low 0.0 - 0.2 - 2.5 18.1 4.0 

Separation wall 0.0   2.7   1.5 42.2 12.5 

 
The different ways of simulating the cavity of a structure show very different results. Simply 

modelling the cavity as an in-between zone (case 2) results in U-values which deviate no more 

than ±3% for all structures. This is again in accordance with the NEN-EN-ISO 8990. Modelling the 

cavity with surfaces with very high convective coefficients (case 3), and thus no resistance, results 

in very large deviations from the reference case. With an increasing U-value, the deviation 

becomes larger up to 42.2%. Modelling the cavity with a fixed surface coefficient (case 4) closely 

corresponds to the results of the structures with a low U-value, but for higher U-values the 

deviations increase significantly. It can be seen that modelling the cavity as a zone with no further 

adjustments to the surface resistances leads to the best overall results for all cases. 
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2.4.2. Façade system characterization 

U-value 

With the hot box model as described in the previous chapters, the U-Value of the actual Active 

Insulation system can be determined. For this, several assumptions have been made, based on 

the early design of the product. The assumptions and specifications of the components of the 

Active Insulation system are shown in Table 5. The total thickness of the system will be 160 mm. 

Originally, the Active Insulation system would be closed off with a thin aluminium foil to ensure 

a closed system. However, due to modelling limitations of EnergyPlus, the outer layer of Active 

Insulation cannot be modelled as a thin aluminium foil. High conductive thin materials cannot be 

used in combination with an internal source surface. Instead a very thin layer (1mm) of EPS 

insulation is modelled as the outer layer of the system. 

 
Table 5: Characteristics of the different components in the Active Insulation system. 

Component  Specification Source 

Insulation material 
Isobouw PolystucHR EPS insulation 

λ = 0.033 W/mK 

ρ = 30 kg/m³ 

cp = 1500 J/kgK 
(IsoBouw)  

Air channels 
Channel diameter : 0.005 m 

Channel spacing: 0.01 m 

Channel length 0.8 m 

Channels per side: 20 channels 
(InnoEnergy) 

System Fan 
Computer fan: 50 x 10 mm 5 Volt 

Mass flow: 0.0047 m³/s ( = 10 cfm) 

Motor efficiency = 0.95 

Pressure rise = 0 Pa 
(FrozenCPU.com) 

 
With these settings, the thermal transmittance and thermal resistance of the Active Insulation 

system is determined. A hand calculation and hot box simulation is done for the situation where 

the system is off and a hot box simulation for when the system is on. The results from the 

simulation are shown in Table 6. Due to the low thermal conductivity of the EPS insulation, Active 

Insulation has a low U-value when the system is off. However, when the fan is activated and air 

circulation through the panel is occurring, the U-Value increases with almost 800%, resulting in 

a very low insulating structure with a high heat transfer. These first results show that the 

potential of Active Insulation is promising. It should be noted that increasing the effective surface 

area of Active Insulation, the area which has the air ducts, results in higher U-values. With the 

specifications as mentioned in Table 5, only 0.24 m² of effective Active Insulation is applied on a 

surface of 2.25 m².  

 
Table 6: The thermal transmittance and thermal resistance of the Active Insulation system, for both on and off situation. 

Situation U-Value [W/m²K] R-Value [m²K/W] 

Active Insulation system OFF 0.185 5.405 

Active Insulation system ON 1.657 0.604 

 

  



   

Master Thesis | S.J.M. Koenders  Page | 19  
 

Heat gain efficiency 

Next to characterizing the system with a U-value if the system is on or off, the system can also 

be characterized by determining its efficiency in gaining heat from solar radiation. Detailed heat 

fluxes throughout the whole structure are needed to determine this efficiency. To reduce the 

influence of any other parameters, an adapted TMY weather file of Amsterdam is used for this 

simulation. The outside temperature has a fixed value to exclude influence of a fluctuating 

temperature on the heat transfer in the structure. Several fixed temperatures are studied, to 

determine the effect of outside temperature on efficiency. A typical sunny day was chosen to 

determine the efficiency of Active Insulation. Table 7 shows the characteristics of this day. 

 
Table 7: Weather data specifications for the simulation. 

  Data specification 

Location Amsterdam 

Date 5 June 00:00 – 24:00 

Global Horizontal Irradiation 7426 Wh/m² daily 

Direct Normal Irradiation 7459 Wh/m² daily 

Diffuse Horizontal Irradiation 2148 Wh/m² daily 

Outdoor conditions 0°C – 5°C – 10°C – 15°C – 20°C 

 
To determine the efficiency of the system, four daily heat flows through the structure are 

analysed: the heat flow at the outer surface (�̇�𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑑𝑎𝑖𝑙𝑦), the heat flow at the interface 

where Active Insulation extracts the heat from the outer layer (�̇�𝐴𝐼,𝑜𝑢𝑡𝑠𝑖𝑑𝑒,𝑑𝑎𝑖𝑙𝑦), the heat flow at the 

interface where Active Insulation transfers the heat to the inner layer (�̇�𝐴𝐼,𝑖𝑛𝑠𝑖𝑑𝑒,𝑑𝑎𝑖𝑙𝑦)  and the heat 

flow at the inner surface (�̇�𝑖𝑛𝑠𝑖𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑑𝑎𝑖𝑙𝑦). Several efficiencies of the structure will be 

determined. Solar heat gain efficiency (𝜂𝑠𝑜𝑙𝑎𝑟 𝑔𝑎𝑖𝑛) determines the efficiency between the absorbed 

solar radiation and the extracted heat. The system efficiency (𝜂𝑠𝑦𝑠𝑡𝑒𝑚) determines the efficiency 

over the heat transferred by air in the Active Insulation system. Overall efficiency (𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙) 

determines the efficiency between the heat absorbed at the outer surface and what is actually 

transferred to the inside. Figure 9 represents a graphical representation of the heat flows and 

efficiencies.  

 

Figure 9: Graphical representation of locations of the heat flows and efficiencies. 
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The solar gain efficiency can be determined by dividing the daily heat gains at the outer 

surface over the daily heat extraction of Active Insulation at the outer surface: 

 

𝜂𝑠𝑜𝑙𝑎𝑟 𝑔𝑎𝑖𝑛 =
Q̇𝐴𝐼,𝑜𝑢𝑡𝑠𝑖𝑑𝑒,𝑑𝑎𝑖𝑙𝑦 

Q̇𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑑𝑎𝑖𝑙𝑦
∗ 100%      ( 7 ) 

 
The system efficiency can be determined by dividing the daily heat extraction flux of Active 

Insulation at the outer surface over the daily heat gain flux of Active Insulation at the inner 

surface: 

 

𝜂𝑠𝑦𝑠𝑡𝑒𝑚 =
Q̇𝐴𝐼,𝑖𝑛𝑠𝑖𝑑𝑒,𝑑𝑎𝑖𝑙𝑦 

Q̇𝐴𝐼,𝑜𝑢𝑡𝑠𝑖𝑑𝑒,𝑑𝑎𝑖𝑙𝑦
∗ 100%        ( 8 ) 

 
The overall efficiency of the system can be determined by dividing the daily heat flux at the 

outer surface over the daily heat flux at the inner surface: 

 

𝜂𝑜𝑣𝑒𝑟𝑎𝑙𝑙 =
Q̇ 𝑖𝑛𝑠𝑖𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑑𝑎𝑖𝑙𝑦 

Q̇ 𝑜𝑢𝑡𝑠𝑖𝑑𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑑𝑎𝑖𝑙𝑦
∗ 100%       ( 9 ) 

 
For this specific case, the results from the simulation are shown in Table 8, expressed in daily 

heat flow values into the zone. The simulation is done for both a case where Active Insulation will 

is inactive and a case where Active Insulation is activated if the outdoor surface temperature 

reaches a value above the indoor operative temperature, for all indicated outdoor temperatures. 

Results indicate a significant increase in heat transferred to the inside when the Active Insulation 

system is activated. 

 
Table 8: Daily heat flow in the structure for both a situation where Active Insulation is inactive and active. 

June 5, Amsterdam 

�̇� 𝒐𝒖𝒕𝒔𝒊𝒅𝒆 𝒔𝒖𝒓𝒇𝒂𝒄𝒆,𝒅𝒂𝒊𝒍𝒚 

[Wh/m² daily] 

�̇� 𝑨𝑰,𝒐𝒖𝒕𝒔𝒊𝒅𝒆,𝒅𝒂𝒊𝒍𝒚 

[Wh/m² daily] 

�̇� 𝑨𝑰,𝒊𝒏𝒔𝒊𝒅𝒆,𝒅𝒂𝒊𝒍𝒚 

[Wh/m² daily] 

�̇� 𝒊𝒏𝒔𝒊𝒅𝒆 𝒔𝒖𝒓𝒇𝒂𝒄𝒆,𝒅𝒂𝒊𝒍𝒚 

[Wh/m² daily] 

0°C 
Active Ins.  OFF 2749.4 0.0 0.0 29.0 

Active Ins.  ON 2749.4 303.3 298.9 298.7 

5°C 
Active Ins.  OFF 2749.3 0.0 0.0 35.2 

Active Ins.  ON 2749.3 336.3 331.5 335.0 

10°C 
Active Ins.  OFF 2749.3 0.0 0.0 42.1 

Active Ins.  ON 2749.3 374.6 369.3 376.5 

15°C 
Active Ins.  OFF 2749.3 0.0 0.0 49.8 

Active Ins.  ON 2749.3 419.3 413.4 424.4 

20°C 
Active Ins.  OFF 2749.9 0.0 0.0 59.0 

Active Ins.  ON 2749.9 472.3 465.6 483.6 
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With the above metioned equations, the efficiencies of the system can be determined with the 

given heat flows. The system efficiency of the Active Insulation is constant at 98.5% for all 

temperatures. However, the solar gain efficiency is increasing with an increasing temperature. 

This is due to the fact that the difference between the surface temperature and the air 

temperature decrease, resulting in lower convective losses from the surface. The overall 

efficiency is mainly determined by the solar gain efficiency and thus also increases with 

temperature, as can be seen from Figure 10.  

 

Figure 10: With a fixed global horizontal irradiation and an increasing outside temperature, the overall efficiency of the 
Active Insulation façade increases. The solar radiation is more effectively transferred at higher temperatures. 

From the results it shows that characterizing the Active Insulation system with one U-value 

or heat gain efficiency is not possible. The system is dynamic in such a way that its performance 

is influenced by dynamic weather data, but also design parameters. However, the results do give 

an indication of the range of the U-value and the heat gain efficiency. Case study simulations will 

need to show the actual performance increase of Active Insulation for a specific situation.   
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2.4.3. Control considerations 

The model as described before has shown to be able to adequately predict the behaviour of 

Active Insulation in both the inactive and active situation. However, these two situations are very 

specific cases where the influence of a dynamic outside environment is minimized. To further 

investigate if the built in control algorithm behaves correctly and adequately predicts the 

behaviour of the model when dynamic outdoor conditions are present, an annual dynamic 

simulation is made. 

The model used for this simulation is built in such a way that only the effect of Active 

Insulation and no other building parameters is taken into account. This is done by setting up the 

model similar as in the hot box simulation. All external surfaces are adiabatic and have no mass 

and thus no thermal storage. No internal gains are implemented and there is no ventilation or 

infiltration in the zone. The size of the zone is 1.5 x 1.5 x 1.5 m³ and has a transfer surface of 2.25 

m². The dynamic outdoor environment is simulated based on a TMY weather file of Amsterdam. 

The internal control algorithm allows for control based on the operative temperature of the zone 

and two setpoints: one setpoint for heating and one for cooling. The system will activate if the 

operative temperature of the zone is below the heating setpoint or above the cooling setpoint and 

if the direction of the heat transfer is correct. The heating setpoint for this simulation is set at 

15°C due to the fact that Active Insulation is a passive system and the zone has no internal loads. 

Cooling behaviour will be activated if the operative temperature exceeds 17.5°C. These may not 

be realistic setpoint temperatures, but will allow for a good analysis of the functioning of the 

model. 

 
Behaviour with built-in control mechanism 

The first results of the whole year simulation are shown in Figure 11. The operative 

temperature of the zone if Active Insulation is inactive is represented by the green line, which 

functions as a reference. With the built in control algorithm and the system active, the resulting 

operative temperature of the zone is represented by the red line. Between January and May the 

contribution of Active Insulation can be seen by an increase in operative temperature, up to the 

heating setpoint of 15°C. Similar results are seen for the period November until December. 

Furthermore, between June and September the operative temperature is up to 5°C lower. 

 

Figure 11: Yearly operative temperature of the interior zone for a case with and without Active Insulation.  
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To analyse the behaviour of the system correctly, two series of days are chosen where the 

results are studied in detail. One period is chosen during spring, from 24 March until 27 March, 

where heat gains from solar radiation occur. The other period will be during summer, from 17 

July until 20 July, where removal of heat due to low night temperatures occur. Figure 12 and 

Figure 13 show the results for respectively the spring period and summer period.  

 

Figure 12: Behaviour of Active Insulation during periods with heat gains and the resulting temperatures on several key 
points of the structure and system. 

 

 

Figure 13: Behaviour of Active Insulation during periods with heat removal and the resulting temperatures on several 
key points of the structure and system. 
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From both figures it can be seen that Active Insulation activates at the correct moment. For 

the spring period, activation happens if the outside surface temperature exceeds the operative 

temperature of the zone. The system deactivates if the heating setpoint is reached or if the surface 

temperature drops below the operative temperature. For summer periods the behaviour is 

exactly opposite: activation occurs if the outside surface temperature drops below the operative 

temperature. However, due to the fact that the system has only one setpoint for heating and one 

for cooling and it has a very low thermal mass, the system keeps fluctuating around the setpoints. 

The system rapidly activates and deactivates, which is not very likely and also undesirable. Due 

to the fact that the system has one setpoint, the full potential of certain days is not used. 

 
Optimizing the control algorithm 

From the first results it appeared that the model behaves correctly, but the control algorithm 

could be improved to optimize the system. The system activates and deactivates frequently 

around the setpoint. Furthermore, full potential of the outside conditions is not being used due to 

the single setpoint limitation. The new control algorithm should therefore implement a low and 

high setpoint for both heating and cooling to minimize the amount of times the system is switched 

on/off. This would also allow for better use of the heat removal/gain potential. 

The control algorithm for the Active Insulation system will be written in the Energy 

Management System of EnergyPlus, which allows for a way to develop custom control and 

modelling routines for EnergyPlus models. To write these control algorithms, a programming 

language called EnergyPlus Runtime Language (Erl) is used. The complete code as implemented 

in EnergyPlus can be found in Appendix II – Erl Code Control Algorithm, a short description is 

given below. 

Furthermore, the Ventilated Slab module in EnergyPlus has an internal check to see if the heat 

flow goes the correct way, to prevent heat additions when cooling is required and vice versa. The 

most important part of this check is shown in Figure 14. Detailed analysis of the data showed that 

this internal check turned out to be the reason why the system deactivates at certain times even 

though there is still cooling/heating potential. The source code of this module is adapted in 

EnergyPlus and this internal check is removed.  

 

Figure 14: Capture of the internal check in the Ventilated Slab module that checks the direction of the heat flow and 
determines if the system should deactivate. 

 
Description of new control algorithm 

The user can set both the low and high setpoints for cooling and heating in the program 

‘SetTemp’, allowing also for a deadband. After this, the program executes ‘SetMode’, which checks 

if it should run the heating or cooling program, based on the operative temperature of the zone. 
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If the heating program is executed, the system will heat up to the high heating setpoint. If this 

temperature is reached, the heating setpoint will be set to the low heating setpoint and the mass 

flow of the system is turned off. When this lower temperature is reached, the setpoint is again set 

to the high temperature and the mass flow is turned on if the outside surface temperature is above 

the current room temperature. 

The program behaves exactly the same for cooling, but now the system will first cool to the 

low cooling setpoint. After this temperature is reached, the setpoint is set to the high cooling 

temperature and the mass flow is turned off. 

 
Behaviour with new control algorithm 

The new control algorithm allows two setpoint temperatures for both heating and cooling. 

Similar to the simulation with the built-in control algorithm, the low heating setpoint is set at 

15°C and the high heating setpoint is 17.5°C. For cooling the high setpoint is 17.5°C and the low 

setpoint is 15°C.   

As can be seen from Figure 15, the difference in operative temperature in comparison with 

the previous algorithm is not significant, temperature differences of 0.2°C are possible. However, 

the amount of activation cycles of the system does show a big difference. A reduction of 42% can 

be seen in comparison with the built-in control algorithm. Less activations of the system, but 

similar operative results, suggest that the new control algorithm is more efficient in using the 

potential of the outside conditions.  

 

Figure 15: Yearly operative temperature of the interior zone and activation moments for the Active Insulation system 
with the new control algorithm. 

Especially when looking at the daily results of the simulations, the difference between the two 

control algorithms can be seen. The dual setpoint method for heating allows for heating up to 

17.5°C. If this temperature is reached, the system shuts down, in accordance with the control 

algorithm. When the lower setpoint of 15°C is reached, the system turns back on, but only if the 

outside surface temperature is high enough. As can be seen from Figure 16, the amount of times 

the system activates and deactivates can be reduced drastically. For the heating period the 

amount of activations decreases from 458 to 12 switching moments, a reduction of 97%. 
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For cooling, similar results can be seen in Figure 17. The system activates if the high setpoint 

of 17.5°C is reached and cooling will occur if there is potential and as long as the lower setpoint 

of 15°C is not reached. The amount of activations is reduced from 467 to 10 switching moments, 

a reduction of almost 98%. From these results it can be concluded that the new control algorithm 

reduces the amount of switching moments and makes better use of the potential cooling/heating 

due to the outside conditions.  

 

Figure 16: Behaviour of Active Insulation with the new control algorithm during periods with heat gains. 

 

 

Figure 17: Behaviour of Active Insulation with the new control algorithm during periods with heat removal.  
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2.5. Summary 

The results in this chapter showed that Active Insulation can be modelled using the Ventilated 

Slab model developed by Chae & Strand. However, several adjustments need to be made to this 

model before using the model for any simulations on the performance of Active Insulation.  

 The heating coil, cooling coil and outdoor air mixer should be removed or deactivated 

from the Ventilated Slab system, as Active Insulation has no air conditioning system. 

 A façade structure should be modelled as two separate walls, separated by a small cavity, 

as a result of design limitations of EnergyPlus. Each wall will have one half of the Active 

Insulation system. 

 The extra cavity that is formed by implementation of Active Insulation in the Ventilated 

Slab model is simulated correctly by EnergyPlus and should be considered as a normal 

cavity used in a façade structure with a R-value of 0.18 m²K/W.  

 A new control algorithm should be written in EnergyPlus as the built-in control algorithm 

of the Ventilated Slab is not sufficient. In this research, a high and low setpoint for both 

heating and cooling is implemented, combined with an activation based on the outdoor 

surface temperature.  

 The control loop for the direction of the heat flow should be deleted from the source code 

of the Ventilated Slab module. This loop appeared to be the reason of incorrect 

deactivation of the system. As a result, the developer version of EnergyPlus needs to be 

used, using the adapted source code of the Ventilated Slab module. 

 

Results of the verification showed that, with the adjustments as stated above applied, the 

model behaves correctly. The new control algorithm reduces the amount of switching moments 

significantly, while resulting in a similar performance. Using the early design specifications of 

Active Insulation, the first results showed that the U-value of the system is 0.185 W/m²K if Active 

Insulation is off and 1.657 W/m²K if Active Insulation is on.  

  



   

Master Thesis | S.J.M. Koenders  Page | 28  
 

3 .  C A S E  S T U D Y  D E S C R I P T I O N  

Further simulations in this research will be made using a representative dwelling in the 

Netherlands. These reference dwellings designed by Agentschap NL represent typical Dutch 

dwellings, which can be used for building performance simulations in an early design stage 

(Agentschap NL - Ministerie van Economische Zaken, 2013). A detached house is chosen for this 

research due to the fact that it has a high building envelope surface area to implement Active 

Insulation in and research showed that detached dwellings are one of the dwellings which have 

the highest risk and are most sensitive to overheating during summer (Hamdy & Hensen, 2015). 

Due to the fact that only the potential and performance of a dynamic insulation material is 

studied, it is sufficient to model only the living room. This is a representative room with 

significant internal loads and occupancy.  

Next to the geometry of the building, also the type of structures used, the internal loads, 

equipment, heating schedules etc. need be determined. A previous master thesis by Plas (2017) 

also used this dwelling for a case study and determined all building characteristics for this specific 

dwelling based on extensive literature research. This research intends to study the performance 

and behaviour of a dynamic insulation system. Earlier research (Pflug et al., 2017) showed that 

the Typical Meteorological Year (TMY) weather files used for these kind of simulations should be 

from a continental climate. It concluded that these climates are the most appropriate due to the 

fact that it is an heating-dominated climate with significant cooling in case of high gains, has 

significant irradiance levels for passive solar heating and large enough temperature variations 

between day and night for night cooling. For this study, the continental climate will be 

represented by a weather file of Stuttgart (Germany).  

The reference building will be outfitted as a NZEB, due to the fact that research  showed that 

these building have a high potential of overheating during summer (McLeod et al., 2013; Toledo 

et al., 2016). A quick overview of the building envelope characteristics can be found in Table 9. A 

full specification of the building characteristics, construction structures, internal loads and 

occupancy profiles can be found in Appendix III – Base Case Building Specifications. 

 
Table 9: Envelope characteristics of the reference building. 

 

 

 

 

Envelope part  Properties Comment 

Façade R-Value: 6.00 m²K/W Boundary conditions: outdoor 

Ground floor R-Value: 5.00 m²K/W Boundary conditions: ground 

Internal Floor R-Value: 0.32 m²K/W Boundary conditions: adiabatic 

Windows 

U-Value glass: 0.70 W/m²K 

U-Value frame: 2.40 W/m²K 

G-Value: 0.501  

Boundary conditions: outdoor 

 

Shading External blinds Lowered if solar radiation 350 W/m² 
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An ideal load system for heating will determine the heating demand of the living room. The 

room will not have any cooling systems, as a goal of the research is to study the effect of Active 

Insulation on overheating during the summer. Equipping the room with a cooling system would 

neglect the potential of Active Insulation. The reference model is verified in the Amsterdam 

climate to ensure it meets the requirements of a Dutch NZEB. The verification can be found in 

Appendix IV – Base Case Building Verification. 

In the following chapters, the methods used for multiple case studies using this dwelling will 

be described. Section 3.1 describes a potential study to investigate the possible effectiveness of 

Active Insulation. A comparative case study between Active Insulation and different passive 

cooling measures is described in section 3.2. In section 3.3 the method of determining the effect 

of thermal mass on the performance of Active Insulation is explained. The effect of changing the 

design parameters and control algorithm is described in section 3.4. Finally, the application of 

Active Insulation in two different type of rooms is described in section 3.5. Table 10 gives an 

overview of the characteristics of the different case studies. 

 
Table 10: Overview of the different case studies and the changing parameters. 

  

Parameter\ 

chapter 3.2 3.3 3.4 3.5 

Climate Stuttgart Stuttgart Variable Stuttgart 

Façade structure LW_HW Variable LW_HW LW_HW 

Room Living room Living room Living room Variable 

Air-conditioning No No Yes No 

Passive cooling Variable Night ventilation 1 ACH Night ventilation 1 ACH Night ventilation 1 ACH 
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3.1. Potential study 

For the potential study, the effect of Active Insulation on heating demand and hours with high 

temperatures will be studied by comparing the results with the results from the reference case 

living room. All opaque surfaces of the façade will be outfitted with Active Insulation. This results 

in an effective surface area of 7.85 m², 5.76 m² and 7.85 m² of Active insulation for respectively 

the North, East and South façade. Next to the reference heavy weight structure, also a light weight 

structure is studied. An overview of the constructions can be found in Appendix III – Base Case 

Building Specifications.  

By applying Active Insulation to the façade, the structure of the construction will change. The 

mineral wool insulation which is present in the façade structure for the reference case, will be 

replaced with Active Insulation. All other layers of the construction will be kept the same. As a 

result, the whole Active Insulation module should have a total R-value of 5.37 m²K/W. The 

structure of the new façade construction for both the heavy weight reference situation and the 

light weight case is shown in Table 11. The ‘Air cavity (as zone)’ is present due to the way Active 

Insulation is modelled in EnergyPlus, as discussed in chapter 2.4.1.  

The setpoints for the Active Insulation system will be set in such a way that it allows for 

enough cooling during summer period, but also decreases the heating demand in winter period. 

Heating will have a low setpoint of 18°C and a high setpoint of 20°C. The low setpoint is similar 

to the setback temperature of the heating system. To ensure optimal use of Active Insulation, the 

system is allowed to be active until an indoor temperature of 22°C is reached. Setpoint values for 

cooling will be 22°C and 24°C for respectively the low and high setpoint.  

 
Table 11: The new structure of the façade constructions with Active Insulation included as insulation layer. 

 

 

  

Heavy weight     Lightweight 

External Wall 

Thickness 

[mm] 

R-value 

[m²K/W] 

Re - 0.04 

Masonry, brick 5 0.01 

Active Insulation 85 2.58 

Air cavity (as zone) - 0.18 

Active Insulation 85 2.58 

Masonry, brick 100 0.14 

Air cavity 40 0.18 

Masonry, limestone 120 0.12 

Gypsum plastering 5 0.01 

Ri - 0.13 

 Rtotal 5.97 

 

External Wall 

Thickness 

[mm] 

R-value 

[m²K/W] 

Re - 0.04 

Masonry, brick 5 0.01 

Active Insulation 85 2.58 

Air cavity (as zone) - 0.18 

Active Insulation 85 2.58 

Wood structure 85 0.47 

Gypsum plastering 5 0.01 

Ri - 0.13 

 Rtotal 6.00 
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Performance indicators 

The results of the simulations will be compared using several performance indicators that are 

based on energy consumption and summer comfort. Energy consumption will be compared based 

on the annual heating demand per surface area for the living room. Summer comfort will be 

compared based on the amount of hours a certain temperature limit is exceeded. This is a 

simplification of an actual comfort study, but due to the fact that this is only a potential study, this 

should give an indication of how Active Insulation influences the summer comfort. Two 

temperature limits will be compared: 25°C and 28°C. Next to these performance indicators, also 

the amount of time the Active Insulation system is active during the year will be compared. 
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3.2. Comparing passive cooling measures 

The passive cooling systems that will be studied will be based on commonly used strategies 

for dwellings: night ventilation and shading systems. 

 
Night ventilation 

In reality, the air change rate of natural ventilation depends on several parameters such as 

wind speed, pressure difference, temperature differences and size of the openings. However, to 

prevent needless complexity of the model, night ventilation will be simulated as a fixed air change 

rate per hour. Sheltered dwellings are likely to achieve a lower air change rate of natural 

ventilation than a countryside dwelling. Therefore three different air change rates will be 

simulated: 1, 3 and 5 air changes per hour.  

Based on the extensive literature  on cooling strategy, the threshold temperatures and 

controls for opening the windows are set (Holmes & Hacker, 2007). A difference in control 

strategy is made for daytime, from 06:00 until 24:00, and night-time, from 00:00 until 06:00. 

During the day the following criteria need to be met for the windows to open: 

 
 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 < 𝑇𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒,𝑖𝑛𝑠𝑖𝑑𝑒        ( 10 ) 

 𝑇𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒,𝑖𝑛𝑠𝑖𝑑𝑒 > 25°𝐶        ( 11 ) 

 
Windows will be opened if the operative temperature in the living room exceeds 25°C and the 

outdoor temperature is lower than the indoor temperature. A deadband of 2°C is built in to avoid 

that the windows are opened and closed in fast succession. As a results, the windows will close if 

the indoor operative temperature is below 23°C. For night-time, there is no presence in the living 

room and therefore different thresholds are set for the windows to be opened.  

 
 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 < 𝑇𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑒,𝑖𝑛𝑠𝑖𝑑𝑒        ( 12 ) 

 𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒 > 22°𝐶         ( 13 ) 

 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 > 10°𝐶         ( 14 ) 

 
The windows are opened if the ambient temperature is below the operative temperature, but 

only if the indoor surface temperature is above 22°C. Furthermore, the ambient temperature 

should always be above 10°C. These setpoints ensure cooling during night-time, but also prevent 

overcooling of the room. 
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Shading 

The reference building is already equipped with a shading system which lowers at a certain 

solar radiation threshold. This consists of an external blind system which lowers at 350 W/m², 

outfitted at the east and south facing windows. Due to the fact that an exterior blind system still 

transmits a part of direct solar radiation, an alternative solution for this is could be an external 

screen with only diffuse transmission. The screen used is a high reflective, low transmittance 

shading screen. Reflectance of the screen is 0.8, while transmittance is as low as 0.1. The threshold 

for lowering the shading screen is set at 250 W/m², allowing for earlier lowering of the shading 

system.  

Secondly, a permanent shading system implemented as overhangs above the windows will be 

compared. These overhangs will be placed at the east and south facing windows, directly above 

the window. The first overhang will have a length of 1 m and an extension on both side of the 

window of 0.5 m. The second overhang will have a similar extension to the sides, but has a depth 

of 1.5 m. 

 
Active Insulation 

In the potential study, a 100% effective surface area of Active Insulation was assumed. This 
would result in the most optimum situation where all opaque surfaces are outfitted with Active 
Insulation. However, in reality an Active Insulation panel consists of a static part and a dynamic 
part. The dynamic part is the actual dynamic insulation with the air ducts and fan, whereas the 
static part is the rest of the normal EPS insulation with no air ducts. To take this static and 
dynamic part into account, two more simulations will be done with less effective surface area of 
Active Insulation, respectively 50% and 25%.  

Table 12 shows how the characteristics of the system are changing with a different effective 

surface percentage. 

 
Table 12: Characteristics of the Active Insulation system for different effective surface percentages. 

System part 

 

100% 

Effective Surface percent 

50% 

 

25% 

Surface orientation N & S E N & S E N & S E 

Channel diameter [m] 0.005 0.005 0.005 0.005 0.005 0.005 

Channel spacing [m] 0.010 0.010 0.010 0.010 0.010 0.010 

Channel length [m] 0.850 2.550 0.850 2.550 0.850 2.550 

Amount of channels [-] 585 130 295 65 145 32 

Effective surface area [m²] 7.46 4.97 3.76 2.48 1.85 1.22 

Mass flow rate [m³/s] 0.1461 0.0974 0.073 0.0487 0.037 0.0244 

Amount of Fans [-] 31 21 16 10 8 5 

 
The control setpoints for Active Insulation are similar to the one used in the potential study. 

Setpoints for heating are 20°C and 22°C for respectively the low and high heating setpoint. 

Cooling setpoints are set to 22°C and 24°C for respectively the low and high cooling setpoint. 
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Performance Indicators 

A comparison between the different passive cooling measures will be made based on multiple 

performance criteria: thermal comfort, indoor temperature profile, heating demand and auxiliary 

energy consumption. 

For comfort, the adaptive thermal comfort model described by Van der Linden et al. (2006) 

and the adaption by Peeters et al. (2009) to make this model usable for dwellings is used. A short 

description of the thermal model with the needed equations to calculate the comfort regions can 

be found in Appendix V – Thermal Neutral Model. Assessment of the different cases will be done 

based on the amount of time the comfort lays within boundaries for both a 90% and 80% 

acceptance case and the amount of time the comfort exceeds these boundaries. An acceptance of 

90% is conform comfort class A, while an 80% acceptance is described as comfort class B.  

To meet the requirements of class A or class B, there cannot be any exceedance of the comfort 

boundaries for the specific class. For all hours during the studied period, the temperature should 

lay within the comfort boundaries (Van Der Linden et al., 2006). Comfort will be assessed for a 

specific period of the year, namely March until November. These are the months with 

temperatures that can lead to overheating of the dwelling. Furthermore, assessment will only be 

done when the living room is occupied, which is from 06:00 until 23:00. As a result, comfort will 

be assessed over 4675 hours.  

The indoor temperature profile will be compared to see the short-term effect of different 

passive cooling measures. Both the operative temperature and indoor surface temperature will 

be compared from 13 August until 18 August. This is a period with an outdoor temperature above 

25°C for 4 consecutive days, with a peak to 35°C. However, temperatures during the night are 

around 15°C, allowing for a significant cooling potential. All cases start with same temperature 

profile on 13 August, namely that of the night ventilation case with 1 air change rate per hour. 

The effect of different measures can then be studied by the deviation in temperature over time. 

Active Insulation has the potential to decrease the heating demand of the dwelling due to heat 

gaining in winter periods as a result of increased solar gains. This is one of the strengths of this 

system and therefore the annual specific heating demand of the dwelling will be compared for the 

different cases. To relate this directly to energy consumption, the primary energy needed for this 

heating demand will be calculated. Two different types of heating systems are considered: a 

water/air heat pump and a traditional condensing boiler. The COP of the heat pump is depending 

on a lot of factors such as inlet temperature and ambient temperature. To simplify this, an 

assumption for the COP value is made based on commonly seen COP values for heat pumps in 

dwellings. The price per unit of energy is determined with the data from Centraal Bureau voor 

Statistiek for the consumer prices from July until December 2015 (CBS & Eurostat, 2016). Table 

13 shows the characterization of the heating systems used for the comparison of the primary 

energy consumption, including the energy prices. 
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Table 13: Characterization of the heating system used for comparing primary energy consumption, including the price 
per unit of energy. 

Heating system Energy type COP / Efficiency Price per unit 

Heat pump Electricity 3.0 € 0.18 / kWh (CBS & Eurostat, 2016) 

Condensing boiler Natural gas 107% (over lower heating value) € 0.75 / m³ (CBS & Eurostat, 2016) 

 
For the heat pump, the electrical energy consumption of the heat pump to fulfil the heating 

demand can be calculated using equation 15: 

 

 𝐸𝐻.𝑃. =
𝑄𝐻𝑒𝑎𝑡𝑖𝑛𝑔

𝐶.𝑂.𝑃.
          ( 15 ) 

 
Where 𝐸𝐻.𝑃. is the annual electrical energy consumption of the heat pump, 𝑄𝐻𝑒𝑎𝑡𝑖𝑛𝑔 is the 

annual thermal heating demand and 𝐶. 𝑂. 𝑃. is the Coefficient Of Performance of the heat pump. 

For the condensing boiler, the amount of gas needed to fulfil the heating demand can be 

calculated using equation 16: 

 

  𝐴𝐺𝐶 =
𝑄𝐻𝑒𝑎𝑡𝑖𝑛𝑔

𝐿𝐻𝑉𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 ∗ 𝜂𝐶.𝐵.
         ( 16 ) 

 
Where 𝐴𝐺𝐶 is the annual natural gas consumption of the condensing boiler, 𝑄𝐻𝑒𝑎𝑡𝑖𝑛𝑔 is the 

annual thermal heating demand, 𝐿𝐻𝑉𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠 is the Lower Heating Value of natural gas and 𝜂𝐶.𝐵. 

is the efficiency of the condensing boiler.  

Next to the heating demand, the energy consumption of the passive cooling system will be 

determined. This energy consumption is the auxiliary energy that is needed for the system to 

reach the performance that is simulated. Auxiliary energy consumption will be expressed in 

electrical energy usage. In general, the annual auxiliary energy consumption of Active Insulation 

can be calculated using equation 17: 

 
 𝐸𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦 = 𝑃𝑓𝑎𝑛 ∗ 𝑁 ∗ 𝑡         ( 17 ) 

 
Where 𝐸𝑎𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦 is the annual auxiliary electrical energy consumption, 𝑃𝑓𝑎𝑛 is the power of 

one fan, 𝑁 is the total amount of fans installed and 𝑡 is the amount of time in hours the system is 

activated. 
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3.3. Comparing different façade constructions 

The different structures that will be studied will only differ in location of thermal mass, the 

thermal resistance of the whole façade structure will be kept similar for all simulations. Each case 

is described by a “XX_YY” abbreviation, where XX is the external partition of the façade structures 

and YY is the internal partition of the façade structure. Abbreviations for the presence or absence 

of thermal mass are made: HW stands for heavy weight and implies thermal mass present, while 

LW stands for light weight and no thermal mass present. For example: HW_HW describes a façade 

structure with a heavy weight external and internal leaf. The exact construction of the different 

façade structures can be found in Appendix VI – Different Façade Structures. Table 14 shows the 

different configurations for the façade structures and the corresponding ground floor and 

internal floor setup. The internal partition of the façade structure determines if the ground floor 

and internal floor are heavy weight or lightweight. 

  
 Table 14: Different configurations of the façade, ground floor and internal floor for the simulations. 

 
 

 
 
 

The different configurations will be compared to a base case where no Active Insulation is 

applied. In this way, the performance increase or decrease as a result of  applying Active 

Insulation  can be studied. The different façade structures used in the base case are shown in 

Figure 18. 

 

Figure 18: The façade construction of the base case for the different structures studied. 

The base case for this simulation will be the living room of the dwelling as described in the 
beginning of this chapter. Instead of having no passive cooling whatsoever, the dwelling will 
have night ventilation with an air change rate of 1. The control of this system is the same as 
described in chapter 3.2. For the cases where Active Insulation is applied, a 50% effective 
surface area of Active Insulation is assumed. The exact specifications and dimensions of the 
system are shown in  

Table 12. Control of Active Insulation is similar as described in chapter 3.2. 

 Simulation configuration 

Façade structure HW_HW LW_HW LW_HW_Retro HW_LW LW_LW 

Ground floor HW HW HW LW LW 

Internal floor HW HW HW LW LW 
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Performance Indicators 

A comparison between the different façade structures will be made based on multiple 

performance criteria: thermal comfort, heating demand and detailed heat balance. 

Thermal comfort will be assessed with the exact same method as described in the 

performance indicators part of the previous chapter. The thermal comfort model used is 

developed by Van der Linden et al. (2006) and is adapted by Peeters et al. (2009)to make this 

model usable for dwellings. Assessment of the different cases will be done based on the amount 

of time the comfort lays within boundaries for both a 90% and 80% acceptance case and the 

amount of time the comfort exceeds these boundaries. Comfort will be assessed from March until 

November, only when the living room is occupied.  

Similar as to the comparison study of the passive cooling measures, the heating demand of 

the living room will be assessed. The annual specific heating demand of the living room will be 

determined and compared for the different façade structures. As stated before, a comparison will 

be made between a situation with and without Active Insulation. 

To study in detail what the effect of the location and amount of thermal mass on the heat 

transfer through the construction is, a detailed study of the heat transfer through the construction 

will be made. The heat transferred by Active Insulation for 5 consecutive days will  be studied 

during a summer period for both the HW_HW case and the LW_HW case. A typical summer week 

is chosen with enough cooling potential during the night. Assessment will be done from August 3 

until August 8. Furthermore, the temperature gradient over the structure for a static situation 

will be determined to see the effect of thermal mass.  
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3.4. Parametric study Active Insulation 

All simulations are made with the specifications of Active Insulation based on early design 

parameters. To help further develop the product, an parametric study will be done to determine 

the influence of certain design parameters, different control strategies and different climates. 

 
Design parameters 

Within the design of Active Insulation, there are three main design parameters that can be 

changed: the channel diameter and spacing, mass flow rate of a fan and the effective surface area. 

Furthermore, the emissivity of the outer most layer of the construction is a parameter which can 

be influenced by the designer. To study the effect of these design parameters on the performance 

of Active Insulation, a sensitivity analysis is made. Multiple simulations are made, where each 

time one of the design parameters is increased and decreased with 25% and 50% compared to a 

baseline. The exact specifications of the different configurations can be found in Table 15, as well 

as the baseline.  

 
Table 15: Design specifications of Active Insulation for the different simulations. 

Design variant -50% -25%  Baseline +25% +50% 

Channel diam. & 
spacing 

0.005 m 
0.010 m 

0.0075 m 
0.015 m 

0.010 m 
0.020 m 

0.0125 m 
0.025 m 

0.015 m 
0.030 m 

Mass flow rate 
per fan 

0.0024 m³/s 0.0035 m³/s 0.0047 m³/s 0.0059 m³/s 0.0071 m³/s 

Effective surface 
area 

25% 37% 50% 63% 75% 

Emissivity 0.35 0.53 0.70 0.87 1.00 

 
For the effective surface area, multiple parameters change, such as the total amount of fans 

used and thus the total mass flow rate. Each of the cases is specified in Table 16, with the reference 

case being the 0% design variant. As can be seen from the table, the amount of channels changes 

and as a result also the amount of fans and the overall mass flow rate. Each of these cases still 

have the design parameters from the reference case in Table 15, except for the effective surface 

area. 

 
Table 16: Exact specification of the Active Insulation for the different effective surface areas. 

Design variant -50% -25% Baseline +25% +50% 

Effective surface [%] 25% 37% 50% 63% 75% 

Surface orientation N & S E N & S E N & S E N & S E N & S E 

Amount of channels [-] 145 32 220 49 295 65 370 81 445 98 

Channel Length [m] 0.85 2.55 0.85 2.55 0.85 2.55 0.85 2.55 0.85 2.55 

Effective surface [m²] 1.85 1.22 2.8 1.87 3.76 2.48 4.72 3.10 5.67 3.74 

Mass flow rate [m³/s] 0.037 0.024 0.055 0.037 0.073 0.049 0.093 0.061 0.110 0.073 

Amount of Fans [-] 8 5 12 8 16 10 20 12 24 15 
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Control strategies 

The current control strategy of Active Insulation is based on outside surface temperatures of 

several surfaces. Even though control based on these temperatures shows very good results, the 

surface temperature of different surfaces is in many actual projects not available. As a result, 

multiple sensors needs to be placed to determine this for each specific case, making this control 

algorithm very difficult or costly to install in actual projects. Different variants of the control 

algorithm will focus on controlling the activation of Active Insulation based on data that is more 

easily available for all sorts of projects. 

Analysis of the results showed that the surface temperature of a structure is mainly 

depending on the outside temperature and the direct solar radiation. As a result, the new control 

algorithm will use available solar radiation and outside temperature from the weather file as 

control parameters. In actual projects, this data can easily be gathered by a weather station. 

Three different control algorithms for heating are studied. The first control algorithm controls 

all orientations based on the outside temperature or the direct solar radiation available. This 

allows for activations during cold winter days with significant solar radiation, but also warm 

spring days with low solar radiation. The control is according to equation 18: 

 
𝐷𝑖𝑟𝑒𝑐𝑡𝑆𝑜𝑙𝑎𝑟 >  200 𝑊/𝑚² 𝒐𝒓 𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟 >  (𝑂𝑝𝑇𝑒𝑚𝑝𝑍𝑜𝑛𝑒 +  1)  ( 18 ) 

 
Instead of controlling all orientations with Active Insulation with the same control algorithm, 

the second control algorithm only activates the south façade based on the solar radiation. All 

other façades only activate based on the outdoor temperature. For heating the control will 

therefore be according to equations 19 and 20. 

 
𝑺: 𝐷𝑖𝑟𝑒𝑐𝑡𝑆𝑜𝑙𝑎𝑟 >  200 𝑊/𝑚² 𝒐𝒓 𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟 >  (𝑂𝑝𝑇𝑒𝑚𝑝𝑍𝑜𝑛𝑒 +  1)  ( 19 ) 

𝑵 & 𝑬: 𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟 >  (𝑂𝑝𝑇𝑒𝑚𝑝𝑍𝑜𝑛𝑒 +  1)      ( 20 ) 

 
The third control algorithm has an orientation depending activation based on the azimuth of 

the sun. If the direct radiation can reach the surface and is above a certain threshold, the system 

will activate. This threshold is determined with an iterative procedure based on the comparison 

between the ‘optimal’ control algorithm based on surface temperatures. Equation 21 and 22 show 

the activation based on solar position for the east and south façade respectively. Equation 23 

shows again the activation based on a high outdoor temperature.   

 
𝑬: 0° <  𝑆𝑜𝑙𝑎𝑟𝐴𝑧𝑖𝑚𝑢𝑡ℎ <  180°  &  𝐷𝑖𝑟𝑒𝑐𝑡𝑆𝑜𝑙𝑎𝑟 >  350 𝑊/𝑚²   ( 21 ) 

𝑺: 90° <  𝑆𝑜𝑙𝑎𝑟𝐴𝑧𝑖𝑚𝑢𝑡ℎ <  270° & 𝐷𝑖𝑟𝑒𝑐𝑡𝑆𝑜𝑙𝑎𝑟 >  150 𝑊/𝑚²   ( 22 ) 

𝑵, 𝑬 & 𝑺: 𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟 >  (𝑂𝑝𝑇𝑒𝑚𝑝𝑍𝑜𝑛𝑒 +  1)     ( 23 ) 
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For cooling, activation will be similar for all cases and control algorithms. Activation is based 

on direct solar radiation, diffuse solar radiation and outdoor temperature. Equation 24 & 25 show 

the rules on which activation of the system is determined. Activation occurs only if all three 

conditions apply, assuring that the system does not activate if the outdoor temperature is low, 

but a significant amount of solar radiation is available. The temperature threshold for activation 

is 1°C lower than the indoor operative temperature to ensure that there is potential for cooling. 

 
𝑇𝑜𝑢𝑡𝑑𝑜𝑜𝑟 <  (𝑂𝑝𝑇𝑒𝑚𝑝𝑍𝑜𝑛𝑒 − 1)       ( 24 ) 

& 𝐷𝑖𝑟𝑒𝑐𝑡𝑆𝑜𝑙𝑎𝑟 <  150 𝑊/𝑚2  &  𝐷𝑖𝑓𝑓𝑢𝑠𝑒𝑆𝑜𝑙𝑎𝑟 <  150 𝑊/𝑚²   ( 25 ) 

 
Climate 

Comparison studies in this research used the weather data from Stuttgart as Pflug et al.  

(2017) showed this continental climate is most useful to determine the potential of dynamic 

insulation systems. To increase the market potential of Active Insulation, it would be necessary 

to know how the system performs in other climates.  

Next to Stuttgart, the Amsterdam climate will be studied, as this is the capital of the land of 

origin of this research. Even though Amsterdam is situated very close to the coast and Stuttgart 

lays completely inland, both Amsterdam and Stuttgart have a Marine West Coast Climate 

according to the Köppens climate classifications.  

Helsinki (Finland) will be studied as this is a heating dominated climate with not a significant 

cooling demand during summer. It is interesting to see if Active Insulation can still lower the 

heating demand with the lower solar radiation available during winter. The final climate that will 

be simulated is that of Lisbon (Portugal), with little to no need for heating. An overview of the 

average Heating Degree Days (HDD) and Cooling Degree Days (CDD) of the climates can be found 

in Table 17. The degree days indicate the demand of energy needed to heat or cool a building.  

For all cases a comparison is made between a reference case with night ventilation with an 

air change rate of 1 per hour and Active Insulation. In this way, the performance increase for each 

climate can be compared to see if Active Insulation performs better or worse in a specific climate. 

Furthermore, each of the cases is compared with a system with active cooling. The setpoints for 

cooling is the upper boundary conditions of the 80% and 90% acceptance criteria. This results in 

a setpoint schedule per climate, as the mean running outdoor temperature determines the 

setpoints. A comparison with active cooling should show if the dwelling still needs a cooling 

system to reach an acceptable thermal comfort. 

 
Table 17: The HDD's and CDD's for all climates, determined according to the European Environment Agency (EEA) 

standards (Baumert & Selman, 2003). Data shows the average HDD and CDD over 5 years.  

Climate Stuttgart Amsterdam Helsinki Lisbon 

Heating Degree 
Days (15.5°C) 

2340 2021 3603 639 

Cooling Degree 
Days (22°C) 

106 33 28 227 
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Performance indicators 

The changing design parameters will be compared based on thermal comfort, heating demand 

and auxiliary energy consumption. 

Thermal comfort will be assessed with the exact same method as described in the 

performance indicators part of the previous chapter. The thermal comfort model used is 

developed by  Van der Linden et al. (2006) and is adapted by Peeters et al. (2009) to make this 

model usable for dwellings. Assessment of the different cases will be done based on the amount 

of time the comfort lays within boundaries for both a 90% and 80% acceptance case and the 

amount of time the comfort exceeds these boundaries. Comfort will be assessed from March until 

November, only when the living room is occupied.  

Similar as to the comparison study of the passive cooling measures, the heating demand of 

the living room will be assessed. The annual specific heating demand of the living room will be 

determined for each case. Furthermore, the auxiliary energy consumption of the system will be 

determined based on the amount and time of activation of the system.  

For each of these performance indicators, a sensitivity analysis will be made to show the effect 

of changing the design parameters with the indicated amounts. This will result in a graph that 

shows which of the design parameters has the biggest influence. 
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3.5. Active Insulation in different rooms 

Previous simulation studies used the living room from the reference dwelling of the RVO. 

However, this room has a very specific user profile and internal load specification. As Active 

Insulation will be applied to a full dwelling, performance data of rooms with other loads and user 

profiles is needed. In this case, two different types of rooms are studied. The first is a bedroom on 

the east façade of the dwelling and the second an attic room, also on the east façade. The bedroom 

is simulated as it has a completely different occupant profile in regard with the living room. 

Presence of occupants is mainly during the night, while presence in the living room is mainly 

during the day. To study the possibility of using Active Insulation in a roof construction, the attic 

room is studied. Characteristics of both rooms can be found in Table 18 and the full specifications, 

including occupancy profiles, lighting and appliance profiles and specifications of Active 

Insulation per surface can be found in Appendix VII – Bedroom And Attic Room Specifications. 

 
Table 18: Overview of the characteristics of both rooms. 

Characteristic Value Unit 

Bedroom surface area 16.4 m² 

Attic room surface area 23.8 m² 

R-Value façade 6.00 m²K/W 

R-Value roof 7.00 m²K/W 

U-Value glazing 0.70 W/m²K 

Internal load lighting (100%) 10.4 W/m² 

Internal load appliances (100%) 26.1 W/m² 

Ventilation rate 0.9 dm³/sm² 

Heating setpoint 18 °C 

Setback temperature 16 °C 

 
Each of the rooms is compared for two cases: a base case with night ventilation of 1 ACH and 

a case with Active Insulation applied (50% effective surface area). Similar to cases before, the 

setpoints of Active Insulation for heating are set 2°C above the normal heating setpoints. The 

cooling setpoints for Active Insulation are 23°C and 26°C for the lower and higher setpoint.  

 
Performance indicators 

For the assessment of the thermal comfort, the criteria as described in Appendix V – Thermal 

Neutral Model will be used. However, as the rooms that will be simulated are bedrooms and not 

living rooms, the criteria differ. The thermal neutral temperature in a bedroom can be calculated 

based on the four equations shown below. 

 
 𝑇𝑛,𝑏𝑟 = 16°𝐶 𝑓𝑜𝑟 𝑇𝑒,𝑟𝑒𝑓 < 0°𝐶        ( 26 ) 

 𝑇𝑛,𝑏𝑟 = 0.23 ∗ 𝑇𝑒,𝑟𝑒𝑓 + 16°𝐶 𝑓𝑜𝑟 0°𝐶 ≤  𝑇𝑒,𝑟𝑒𝑓 < 12.6°𝐶    ( 27 ) 

 𝑇𝑛,𝑏𝑟 = 0.77 ∗ 𝑇𝑒,𝑟𝑒𝑓 + 9.18°𝐶 𝑓𝑜𝑟 12.6 ≤ 𝑇𝑒,𝑟𝑒𝑓 < 21.8°𝐶    ( 28 ) 

 𝑇𝑛,𝑏𝑟 = 26°𝐶 𝑓𝑜𝑟 𝑇𝑒,𝑟𝑒𝑓 ≥ 21.8°𝐶       ( 29 ) 
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Where 𝑇𝑛,𝑏𝑟 is the thermal neutral temperature for a bedroom in °C and 𝑇𝑒,𝑟𝑒𝑓 the mean 

running outdoor temperature in °C. From this thermal neutral temperature, the upper and lower 

boundary temperatures can be calculated using formula 30 and 31.  

 
 𝑇𝑢𝑝𝑝𝑒𝑟 = 𝑚𝑖𝑛 (26°𝐶, 𝑇𝑛,𝑏𝑟 + 𝑤 ∗ 𝛼)       ( 30 ) 

 𝑇𝑙𝑜𝑤𝑒𝑟 = 𝑚𝑎𝑥 (16°𝐶, 𝑇𝑛,𝑏𝑟 − (1 − 𝛼) ∗ 𝑤)       ( 31 ) 

 
As before, thermal comfort is assessed during hours with presence in the rooms. Both rooms 

being bedrooms, the time of assessment is from 23:00 until 06:00, from March until November. 

This results in a total amount of 1925 hours being assessed. Similar to the case studies before, the 

heating demand of the room will be assessed. The annual specific heating demand of the room 

will be determined for each case. Furthermore, the auxiliary energy consumption of the system 

will be determined based on the amount and time of activation of the system.  
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4 .  R E S U L T S  A N D  D I S C U S S I O N  

4.1. Potential study 

The results from the heavyweight reference case are compared with the situation where 

Active Insulation is applied to the building envelope. Yearly simulations are made to compare the 

energy demand and summer comfort for both cases. Figure 19 shows the operative temperature 

in the living room during the year. The reference case has very high temperatures in the summer 

period, especially during July and August. According to Figure 20, the temperature limit of 25°C 

is exceeded for almost 2400 hours of the year, while the temperature limit of 28°C is exceed for 

more than 1200 hours a year. This indicates a significant overheating problem during summer 

periods. These exceedances expected in this case since there are no measures for reducing the 

indoor temperature during summer nights, except for the heat recovery ventilation bypass. 

 

Figure 19: Temperature in the living room for the reference situation with no Active Insulation (red line) and the 
situation with Active Insulation applied (green line). The moments Active Insulation is activated are indicated by the 

mass flow rate of the system per orientation. 

Applying Active Insulation to the building envelope results in a significant decrease in 

operative temperature during summer periods, as shown in Figure 19. Temperature differences 

of 10°C occur between the reference situation and the situation with Active Insulation. 

Exceedance of the temperature limit of 25°C decreases with 60%, while for 28°C a decrease of 

95% is possible. To achieve this, Active Insulation is activated for 17-20% of the time during a 

year, mainly during the summer period to cool down the living room. 

 

Figure 20: The amount of hours the temperature of the living room exceeds the limit. Both heavy weight and light weight 
situations with and without Active Insulation are depicted. 
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Figure 20 shows that similar results can be seen for the lightweight situation. For the both 

temperature limits, the amount of hours drop significantly. However, the decrease is slightly less 

than for the heavyweight situation. For 25°C the amount of hours that exceed the limit decreases 

with 52%, while for 28°C a decrease of 73% occur.  

Regarding the heating demand of the living room, a slight decrease in annual energy demand 

can be seen. For the heavyweight situation, the annual heat demand decreases form 17.9 kWh/m² 

to 14.0 kWh/m², a decrease of 21%. The lightweight situation performs less with a decrease in 

annual heating demand from 18.4 kWh/m² to 16.2 kWh/m².  

 
Heavy weight and lightweight 

A comparison of two typical hot summer days is made to study the difference between the 

heavyweight and lightweight situation. In both cases, Active Insulation is applied and the 

comparison is made between the operative temperature in the living room over the period of 22 

August until 24 August. Figure 21 shows that for these days the temperature between the two 

cases can differ up to 2.5°C. During this whole period, the lightweight situation has a higher 

operative temperature in the living room than the heavyweight situation. 

This can be explained by the difference in thermal mass between both situations. The 

lightweight situation has no thermal mass and therefore the indoor temperature fluctuates 

significantly during the day. Solar gains and internal gains during the day result in an increase of 

more than 5°C in operative temperature. However, during night-time Active Insulation can 

quickly cool down the zone as a result of having no thermal mass. The heavyweight case has 

enough thermal mass that damping of the indoor temperature occurs. The fluctuations during the 

day are therefore much smaller, about 2.5°C. As a result, the operative temperature during the 

day is lower for the heavyweight case than for the lightweight case.  

 

Figure 21: Comparison of the operative temperature in the living room for the heavy weight and light weight situation 
with Active Insulation applied.  
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4.2. Comparing passive cooling measures 

 
Thermal comfort 

The comfort of the living room is assessed for both the 80% acceptance band and the 90% 

band. For each of the situations, the operative temperature is plotted against the outside 

reference temperature, as is shown in Figure 22. This gives a visual representation of how the 

temperature in the living room is distributed throughout the assessed period. It also shows the 

percentage of time the temperature falls in a certain range of acceptance. The graphs for each of 

the different situations can be found in Appendix VIII – Comfort Graphs Passive Cooling Measures. 

 

Figure 22: Comfort assessment in the living room when 25% effective surface area of Active Insulation is applied. The 
small bar graph shows the percentage of time the temperature falls within a certain acceptance range.  

The comfort in the living room is compared for the different cases in Figure 23 & Figure 24. 

The first figures shows the percentage of time the temperature falls within the set comfort 

boundaries and the second figure gives the exceedance of the upper limit of these comfort 

boundaries. 

From Figure 23 it can be seen that several situations perform very well and some perform 

very bad. The cases with night ventilation of 3 and 5 ACH and cases with more than 50% Active 

Insulation applied result in the operative temperature falling within the 80% and 90% acceptance 

range for 100% and 95% of the time respectively. Furthermore, it can be seen that the percentage 

of time within the 90% acceptance boundary increases if more effective surface area of Active 

Insulation is applied. All shading cases perform very bad reaching the comfort criteria only 70% 

and 80% of the time, for the 80% and 90% boundary respectively.  
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Figure 23: Percentage of time the operative temperature in the living room falls within the 80% or 90% comfort criteria 
for the different passive cooling measures. 

In Figure 24 the amount of hours the comfort boundaries of 80% and 90% acceptance are 

exceeded are shown. Even at a low effective surface area of Active Insulation, the amount of 

exceedance hours can be reduced significantly. With 25% effective surface area, the 80% 

acceptance range is exceeded for less than 75 hours over the year. The living room will reach in 

none of the cases a comfort class A, while for two cases the criteria for comfort class B are met. 

With 100% effective surface area of Active Insulation or an air change rate of 5, the living room 

meets the requirements of comfort class B. However, having a constant air change rate of 5 is 

relatively hard to achieve due to the fact that night ventilation is influenced by, among other 

things, temperature difference, wind speed and pressure difference. It is therefore likely that the 

results for night ventilation are more optimistic than in reality. However, Active Insulation 

functions mainly on the temperature difference between indoor and outdoor. It is therefore more 

likely that actual results would match better with simulated results.  

 

Figure 24: Amount of time the operative temperature in the living room exceeds the 80% or 90% comfort criteria for the 
different passive cooling measures.  
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Temperature distribution living room 

Applying Active Insulation or night ventilation results in few exceedance hours of the comfort 

boundaries, depending on the effective surface area and air change rate. A detailed study has been 

done for a summer period to see the difference in behaviour of Active Insulation and night 

ventilation. From Figure 25 it can be seen that the operative temperature in the living room does 

not deviate much between the different Active Insulation cases. However, the night  ventilation 

case shows a large difference, especially at the end of the period. A higher air change rate per hour 

allows for faster cooling of the indoor temperature, which can be seen in Figure 25. All Active 

Insulation cases have a similar temperature gradient as the night ventilation case with 3 ACH.  

 

Figure 25: Operative temperature gradient in the living room for the Active Insulation and night ventilation cases. 

When comparing the indoor surface temperature of the south façade, a bigger difference in 

temperature can be seen in Figure 26. The surface temperature is lower for all Active Insulation 

cases due to the fact that Active Insulation cools the thermal mass directly. Night ventilation 

lowers the indoor air temperature, which result in less effective cooling of the thermal mass. The 

difference in surface temperature can be up to 4°C. 

 

Figure 26: Inside surface temperature gradient of the south façade for the Active Insulation and night ventilation cases. 
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Heating demand 

The annual heating demand of the living room is shown in Figure 27. From the results it can 

be seen that using night ventilation results in no change of the heating demand. This system is 

only used for cooling the indoor air with cooler outdoor air. The system further more does not 

influence the solar gains or internal gains and thus the heating demand is constant. 

Applying any form of extra shading results in an increased heating demand. An overhang of 

1.5 meters results in the highest heating demand of roughly 20 kWhth/m² annually. This is the 

result of missed solar gains during spring and autumn and the heating system has to activate 

earlier and/or more often.  

The heating demand is lowest if Active Insulation is applied, with a 100% effective surface 

area performing best. In comparison with any of the night ventilation cases, Active Insulation can 

reduce the heating demand with 16%-22%, depending on the amount of effective surface area of 

Active Insulation. This is a result of transferring heat to the living room on sunny winter days 

when the outside surface heats up due to solar radiation. Active Insulation is the only system that 

can achieve a reduction in the heating demand of all passive cooling systems compared.  

 

Figure 27: Heating demand in the living room for the different simulated cases. In green, blue and orange are all 
different variants for Active Insulation, night ventilation and shading respectively. 

 
Auxiliary energy consumption 

Of all compared cases, Active Insulation and night ventilation based on mechanical ventilation 

use auxiliary energy. Active Insulation uses fans to circulate the air. Each panel has a fan, which 

uses a small amount of energy. The power of 1 small fan is estimated at 0.5 Watt, which is in line 

with the specification of a standard 50mm computer fan (FrozenCPU.com). For the night 

ventilation, the energy consumption is based on the power output of a commonly used HR-

ventilation system in dwellings (Itho-Daalderop). For each of the simulated cases of Active 

Insulation and night ventilation, the specifications and final auxiliary energy consumption are 

shown in Table 19. 
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From the results it shows that using 25% effective surface area of Active Insulation results in 

an energy consumption of just over 19 kWhel annually. Increasing the effective surface area to 

50% and 100% results in an annual energy consumption of 35 kWhel and 66 kWhel respectively. 

To put this into context: the case with 100% effective surface area uses a similar amount of energy 

as a 40 watt lightbulb which is turned on for 1650 hours a year. Night ventilation uses 

significantly more auxiliary energy as a result of the much higher power of the fan. 

 
Table 19: Auxiliary energy consumption for the different Active Insulation cases. 

Simulation case 

Façade 

Orientation 

Nfan 

[-] 

Pfan  

[W] 

Time active 

[h] 

Eauxiliary 

[kwhel/a] 

Active Insulation 25% 

North 8 0.5 1729 6.9 

East 5 0.5 1738 4.3 

South 8 0.5 2014 8.1 

Active Insulation 50% 

North 16 0.5 1562 12.5 

East 10 0.5 1586 7.9 

South 16 0.5 1850 14.8 

Active Insulation 100% 

North 31 0.5 1492 23.1 

East 21 0.5 1515 15.9 

South 31 0.5 1767 27.4 

Night ventilation 1 ACH - - 12 2569 30.8 

Night ventilation 3 ACH - - 74 2034 150.5 

Night ventilation 5 ACH - - 156 1855 289.4 

 
Energy Costs 

The primary energy consumption for each case is determined based on the heating demand 

of the living room and the specification of the heating system. With this primary energy 

consumption, the costs for heating the dwelling can be determined. Including the costs for the 

auxiliary energy consumption, the total annual energy costs can be calculated, shown in Figure 

28. The calculations of these costs can be found in Appendix IX – Calculation Energy Costs Passive 

Cooling Measures. 

 

Figure 28: Annual energy costs for the living room with a heat pump installed (solid colours) or a condensing boiler 
(chequered colours). A division between the costs for heating and the auxiliary energy costs is made. 
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From the results it can be seen that the energy costs for heating are only reduced in the case 

of Active Insulation. However, a small amount of auxiliary energy for reducing the heating 

demand and increasing summer comfort is needed. For both the situation with a heat pump or a 

condensing boiler installed, Active Insulation with 25% effective surface area has the lowest 

costs. At higher effective surface area percentages, the contribution of auxiliary energy is much 

higher, resulting in higher costs than most other passive cooling measures. This is especially 

beneficial for achieving a certain energy demand such as required for Nearly Zero Energy 

Buildings (in Dutch: “Bijna Energie Neutrale Gebouwen” - BENG). NZEB’s have an overall energy 

demand requirement of 25 kWh/m². As Active Insulation can reduce both heating demand and 

create a comfortable indoor climate with much less auxiliary energy use than night ventilation, 

this system has a much higher potential for achieving the requirements of NZEB’s. 

In comparison with night ventilation, where thermal comfort is similar or in some cases even 

better than Active Insulation, Active Insulation uses a lot less auxiliary energy if mechanical 

ventilation is used. Costs can be up to 3 times as high in comparison with Active Insulation, while 

a similar performance is reached. These auxiliary energy costs for night ventilation can be 

neglected if natural ventilation is used. However, the simulated performance as shown before is 

based on a constant ventilation rate, which is not achievable with natural ventilation. Building 

parameters and weather influences all affect the ventilation rate of night ventilation when natural 

ventilation is used. The actual performance of night ventilation based on natural ventilation will 

likely be worse than the results presented here.   
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4.3. Comparing different façade constructions 

 
Thermal comfort 

For each of the different cases, a visual representation of the temperature distribution within 

the living room is made. For the Active Insulation HW_HW case the graph is shown in Figure 29.  

It also shows the percentage of time the temperature falls in a certain range of acceptance. Graphs 

for all situations can be found in Appendix X – Comfort Graphs Different Façade Structures. 

 

Figure 29: Comfort assessment in the living room with the HW_HW façade structure and Active Insulation applied. The 
small bar graph shows the percentage of time the temperature falls within a certain acceptance range. 

The thermal comfort for the different cases is compared based on the exceedance of the 

acceptance limit of 80% and 90%. Figure 30 shows the exceedance hours of the comfort 

boundaries during the assessed period. Per studied structure, a comparison is made between the 

reference case (night ventilation with 1 ACH) and the Active Insulation case. From these results 

it shows that for HW_HW, HW_LW and LW_LW the thermal comfort of night ventilation and Active 

Insulation is very comparable. Differences are seen between the cases, but these are smaller than 

2.5% of the total assessed time. Only the LW_HW and LW_HW_Retro façade structure show an 

increase in thermal comfort in comparison with night ventilation. Especially the LW_HW case 

performs very well, with all hours within the 80% acceptance boundary and only 44 hours above 

the 90% acceptance boundary.  
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The LW_LW façade structure has significant exceedance hours as a result of the lack of 

thermal mass. Cooling during the night has very little effect, as the indoor temperature increases 

quickly due to solar gains and internal gains during the day. For the HW_LW façade structure, the 

thermal mass on the outside actually limits the cooling of the living room. As the thermal mass is 

warmed up during the day due to solar radiation, it cannot be cooled down significantly during 

the night, leading to increased temperature during the day. Similar result can be seen for the 

HW_HW façade structure. However, exceedance hours in this case are lower due to the internal 

thermal mass that can be cooled down by the night ventilation or Active Insulation. 

 

Figure 30: Thermal comfort assessment of the living room for the studied façade structures. Both the exceedance of the 
80% (orange) and 90% (green) acceptance range is shown. Solid colors show the results for the night ventilation case, 

while the transparent colors show the results of the Active Insulation case. 

 
Heating demand 

For all cases, the annual specific heating demand of the living room is determined. In Figure 

31 the heating demand for the night ventilation and Active Insulation case for each façade 

construction is compared. For the HW_HW, HW_LW and LW_LW façade constructions the heating 

demand is very similar for both the night ventilation and Active Insulation case. However, using 

a light weight outer façade structure results in a significant lowering of the heating demand. For 

both cases, a reduction of approximately 20% in annual specific heating demand can be seen. 

 

Figure 31: Comparison of the heating demand in the living room for the night ventilation (red) and Active Insulation 
(green) case for the studied façade structures. 

 



   

Master Thesis | S.J.M. Koenders  Page | 54  
 

Influence of thermal mass 

Previous result show that only the LW_HW and LW_HW_Retro case result in a reduction of 

the heating demand and a significant increase in thermal comfort. This would suggest that a fully 

light weight structure or a structure with thermal mass on the outside is not preferable in 

combination with Active Insulation. A thermal light structure is known for resulting in high 

fluctuations of the indoor temperature. The results from the potential study already showed that 

the operative temperature can be lowered to the same level of a thermal heavy structure, but the 

lack of thermal mass results in higher operative temperatures during the day. Therefore, only the 

influence of thermal mass on the outside will be studied more into detail.  

The influence of thermal mass on the outside of the structure is studied in detail for a summer 

week. Heat flows through the façade structure are studied to determine the difference between 

the HW_HW and LW_HW constructions. This is done by using the Hot Box model as described in 

chapter 2.4.1. Using this method, only the influence of the construction on the heat flow can be 

determined. Figure 32 & Figure 33 show the heat transferred by Active Insulation for the HW_HW 

and LW_HW case respectively. The results for the HW_HW case show that every time Active 

Insulation activates, a relatively large positive heat flow through the structure is noted. This 

indicates that Active Insulation is heating the zone instead of cooling. After a certain amount of 

time, the heat transfer drops below zero and Active Insulation starts cooling. This could indicate 

that the average temperature of the thermal mass is higher than the outside surface temperature, 

as this is the only way a positive heat flow is possible. 

 

Figure 32: Heat transferred by Active Insulation for the HW_HW structure during a typical summer week. Active 
Insulation runs in cooling mode, thus negative heat flows are desirable, while positive heat flows are undesirable. 

Figure 33 shows that the this positive heat flow does not occur for the LW_HW construction. 

The moment Active Insulation activates, a negative heat flow occurs and thus the internal zone is 

cooled. As a result, the maximum heat transfer through the construction is roughly 15-20 W/m². 

For the HW_HW case, the maximum heat transfer does not exceed 10 W/m². Temperature 

profiles also show that the outside surface temperature of the LW_HW case drops significantly 

slower than that of the HW_HW case. As a result, the time Active Insulation is on is much larger. 
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Figure 33: Heat transferred by Active Insulation for the LW_HW structure during a typical summer week. Active 
Insulation runs in cooling mode, thus negative heat flows are desirable, while positive heat flows are undesirable. 

To verify the assumption of the non-uniformly distributed temperature over the external 

thermal mass, a simulation to determine the temperature gradient over the structure is executed. 

For this, the heat balance algorithm in EnergyPlus needs to be changed from Conduction Transfer 

Function (CTF) to Conduction Finite Difference Method (CondFD). Using the CondFD method 

allows for plotting the temperature at a certain interval through the structure. However, the 

Ventilated Slab model used for modelling Active Insulation does not allow the CondFD method to 

be used. As a result, only a temperature gradient through the structure with static insulation can 

be simulated. To achieve this, the Active Insulation is again replaced with a corresponding amount 

of mineral wool with the same R-Value. The indoor temperature has in both cases a starting value 

of 25°C, to study the difference between the two constructions with similar starting conditions.  

Figure 34 and Figure 35 show the temperature gradient throughout the façade structure of 

the HW_HW and LW_HW construction respectively. Comparing both figures, it can be seen that 

the fluctuations of the outside surface temperature for the LW_HW construction are much bigger 

than those of the HW_HW structure. With a light weight outside construction, a maximum 

temperature difference of 25°C can be seen during the day, while a heavy weight construction 

damps this difference to 10°C. Furthermore, there is a significant temperature difference between 

the outside surface temperature and the temperature at the location of Active Insulation when a 

heavy weight construction is used. A temperature difference of 8°C can be noted, depending on 

the time of the day.  

From Figure 32 it can be seen that Active Insulation is activated at 02:00 on August 5 as the 

surface temp drops below the indoor temperature. At this time, the temperature at the surface of  

Active Insulation is still approximately 29°C, as can be seen by Figure 34. This is a larger 

temperature than the indoor temperature and as a result a positive heat flow should occur, which 

corresponds to the results from the heat transfer analysis. After a couple of hours, the direction 

of the heat flow through the structure changes from positive to negative. Around 06:00 the 

outside surface temperature is approximately 19 °C and the temperature at the surface of Active 

Insulation is roughly 24°C. Both are smaller than the indoor temperature, resulting in a negative 

heat flow and extraction of heat from the indoor zone. 
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Figure 34: The temperature gradient over the HW_HW construction from inside to outside. The dashed red line indicates 
the location where Active Insulation would normally be located. 

As can be seen from Figure 35, the temperature at the surface of Active Insulation does not 

differ significantly from the outside surface temperature for a LW_HW construction. Furthermore 

it shows that the surface temperature is low for a relatively long period during the day. An outside 

surface temperature below 20°C can be seen for roughly 18 hours during the day, while for the 

HW_HW case the outside surface temperature only drops below 20°C for 10 hours. The 

combination of these results leads to a higher negative heat flow and for a longer period. 

 

Figure 35: The temperature gradient over the LW_HW construction from inside to outside. The dashed red line indicates 
the location where Active Insulation would normally be located. 
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Control Algorithm 

The results from the comparison indicate that the control algorithm for a HW outdoor 

structure does not function optimal. To let the algorithm control correctly, it should activate 

based on the surface temperature on the inside of the masonry, as indicated in Figure 36. Based 

on the previous results, the control algorithm is adjusted and now activates the system based on 

the simulated temperature between the masonry and cavity layer. This is done using the validated 

built-in possibility of EnergyPlus for determining the temperature at a specific layer of the 

construction when using low temperature radiant systems. 

 

Figure 36: Current location of the surface temperature used for activation of Active Insulation and the optimal location 
of the surface temperature. 

With this new control algorithm, again a detailed heat flow study is done for the HW_HW case 

during the same period as before. Figure 37 shows that the activation of Active Insulation occurs 

during the correct moments: if the temperature at the inside of the masonry drops below the 

indoor temperature. Positive heat flows do not occur anymore, confirming that the control 

algorithm works. In comparison with the old control algorithm, a similar cooling potential can be 

seen. Heat transfer from the zone stays roughly between 5-10 W/m². Similarly, short activation 

periods can be seen. This is a result of the lower amplitude of the activation temperature (dashed 

blue line in Figure 37) and the shift in occurrence of the maximum and minimum temperatures. 

 

Figure 37: Heat transferred by Active Insulation for the HW_HW structure, with the adjusted control algorithm. Active 
Insulation runs in cooling mode, thus negative heat flows are desirable, while positive heat flows are undesirable. 
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The overall performance of the different façade constructions, including the new control 

algorithm, are shown in Figure 38 and Figure 39. From the results it shows that there is a slight 

performance increase in the thermal comfort during summer. However, the overall performance 

is still bad, with more than 750 and 1000 comfort exceedance hours for the HW_HW and HW_LW 

case respectively. Similar results can be seen for the heating demand. There is a very small 

performance increase in comparison with the ‘old’ control algorithm. In comparison with the 

night ventilation case, no significant performance increase can be seen. 

 

Figure 38: Thermal comfort assessment of the living room for the studied façade structures, including the results from 
applying the new control algorithm. Both the exceedance of the 80% (orange) and 90% (green) acceptance range is 

shown. The results of the new control algorithm are indicated with the chequered bars. 

 

 

Figure 39: Specific heating demand in the living room for the studied façade structures, including the results from 
applying the new control algorithm.  

Even with the adapted control algorithm, the performance of all situation with a thermal 

heavy outer structure does not change significantly in comparison with night ventilation. One of 

the reasons for this is the reduced potential of the system. The system activates based on the 

surface temperature on the inside of the masonry. The detailed heat flow study showed that the 

amplitude of the temperature fluctuations is dampened by the thermal mass and a shift in 

occurrence of the minimum and maximum temperatures can be seen. Overall, this results in a 

shorter activation time and a lower potential. As a result, applying Active Insulation does not 

result in significant performance increase.   
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Discussion 

Even though the results from the comparison are showing strong limitation to the use of 

Active Insulation in certain situations, the results are in line with earlier research on controllable 

insulation and different façade structures. Jin et al. (2017) used several different façade 

constructions which are comparable to the constructions used in this research. Table 20 gives a 

subjective comparison of the performance indication between this research and the research of 

Jin et al. The indications range from ++ (large performance increase) to –– (large performance 

decrease, with 0 indicating no performance decrease or increase. From the comparison it can be 

seen that the results from both research projects match very well and similar trends are seen for 

using different façade constructions.  

Jin et al. (2017) concluded that “placing the controllable insulation externally to the thermal 

mass increases the energy saving potential of the adaptive insulation system to the greatest 

extent. While comfort improvements are possible only if a sufficient amount of thermal mass is 

present.” Similar results have been seen in this research, indicating that the location and 

placement of thermal mass is a design parameter that has a significant influence on the overall 

performance of dynamic insulation systems.   

 
Table 20: Comparison of the results of this research with the results from Jin et al. (2017). The grading ranges from  ++ to 

– with ++ indicating a large increase in performance and –– a large decrease in performance. 

Façade structure 

Results 

      Heating                     

Demand                Comfort 

Results Jin et al. 

      Heating 

Demand                Comfort 

HW_HW 0 0 – – – – 

LW_HW + + + + + + + 

HW_LW + – + + 

LW_LW + – + – 

 
The results from the heat transfer in the different constructions only strengthens this 

conclusion. Table 21 shows the heat transferred by Active Insulation from August 3 until August 

7. A difference is made between positive, negative and net heat transfer. It shows that the cooling 

potential of a LW_HW construction is up to 3 times as high as that of a HW_HW construction, even 

with the new optimized control.  

 
Table 21: Heat transferred in the different constructions during the studied summer period. 

 LW_HW HW_HW HW_HW New Control 

Net heat removal [Wh] - 666.3 - 202.3 - 204.6 

Net heat addition [Wh] 5.9 57.9 1.4 

Net Heat Transfer [Wh] - 660.4 - 144.3 - 203.2 
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4.4. Parametric study Active Insulation 

4.4.1. Design Parameters 

Absolute results of all simulations can be found in Appendix XI – Results Parameter Study. In 

this chapter only the most interesting results will be discussed. 

 
Thermal comfort 

The thermal comfort is determined for all different design parameters and is shown in Figure 

40. Figure 40 shows the exceedance hours of the 90% acceptance upper comfort boundary. 

Effective surface area of the system seems to have the biggest influence on this performance, 

increasing from 150 hours to 500 hours when the effective surface area is reduced with 50%. If 

the effective surface area of Active Insulation is reduced, the area which can transfer heat from 

the dwelling to the outside is also smaller. As a result, the cooling capacity reduces and thus more 

exceedance hours of the comfort boundaries can be seen. Lowering the mass flow rate of the 

system results in more exceedance hours as the air speed in the system is lower. A lower air speed 

in the system means a lower heat transfer as the heat exchanger effectiveness is directly affected 

by a lower air mass flow. 

 

Figure 40: The sensitivity analysis for the upper exceedance hours of the 90% acceptance comfort boundary for the 
different design parameters. 

Furthermore, it can be seen that the channel size & spacing also has a large influence, but only 

on the -25% and -50% case. All other cases have similar results, which is contrary to what is 

expected. A detailed look into the Ventilated Slab module in EnergyPlus shows the following 

influence of the channel diameter on the performance of the system: 

 

𝑅𝑒 =
4∗�̇�

𝜋∗𝜇∗𝐷
          ( 32 ) 

 
Where 𝑅𝑒 is the Reynolds number, �̇� the mass flow rate in kg/s, 𝜇 the viscosity in Ns/m² and 

D the diameter of the channels in m. From this equation, it follows that the Reynolds number is 

dependent on the channel diameter if all other parameters stay the same, which applies for this 

situation. 
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For a laminar flow, the Reynolds number should be below 2300. In all other cases the flow 

can be considered as turbulent. For a laminar flow, the Nusselt Number (𝑁𝑢) is a fixed value, 

while for turbulent flows the Nusselt number needs to be calculated with the Colburn Equation. 

From equation (27) and (28) it can be seen that the Nusselt number directly influences the 

Number of Transfer Units (𝑁𝑇𝑈) and therefore also the heat exchanger effectiveness (𝜖). 

 

𝑁𝑇𝑈 =
𝜋∗𝑘∗𝑁𝑢∗𝐿

�̇�∗𝑐𝑝
         ( 33 ) 

𝜖 = (1 − 𝑒−𝑁𝑇𝑈) ∗ �̇� ∗ 𝑐𝑝        ( 34 ) 

 
Where 𝑘 is the conductivity of air in W/mK, 𝐿 the length of the channel in m and 𝑐𝑝 the specific 

heat of air in J/kgK. Analysing the results, it shows that the -25% and -50% case lead to a turbulent 

air flow, while all other cases result in a laminar air flow. From Figure 41 it can be seen that the 

heat flow of the -25% and -50% case are indeed larger than all other cases, as a result of the 

increased Reynolds number. With a higher heat transfer rate, the system can cool more 

effectively, resulting in less overheating hours.  

 

Figure 41: The heat flow during a summer period for the simulation cases with different channel sizes. 
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Heating demand 

Figure 42 shows the sensitivity analysis of the specific heating demand in the living room for 

the different design parameters. The emissivity and absorptance of the outer construction layer 

is one of the biggest factors that influences the heating demand, even more than the effective 

surface area of Active Insulation. With a higher absorptance and emissivity, the outer 

construction layer can absorb the radiant energy more effectively, leading to a higher potential 

for heating. A lower absorptance leads to more reflection of radiant energy, less energy absorbed 

by the construction and thus a lower heat transfer. 

 

Figure 42: The sensitivity analysis for the annual specific heating demand in the living room for the different design 
parameters. 

Again it can be seen that smaller channels lead to an increased performance. As stated before, 

the air flow changes from laminar to turbulent with smaller channel diameters. This results in an 

increased heat transfer, which in this case leads to a decreased specific heating demand. 

Increasing the mass flow rate of the system results in a lower heating demand as the air speed in 

the system is higher. A higher air speed in the system means a higher heat transfer as the heat 

exchanger effectiveness is directly affected by a higher air mass flow. This leads to a similar 

performance increase as increasing the emissivity or lowering the channel diameter.  

 
Auxiliary Energy Consumption 

The sensitivity analysis for the auxiliary energy consumption of the system is shown in Figure 

43. Increasing or decreasing the effective surface area is the design parameter that has the biggest 

influence on the auxiliary energy consumption. This is due to the fact that with a higher effective 

surface area, the amount of fans that are used increase. With roughly similar hours of activation, 

the auxiliary energy consumption will increase with an increasing effective surface area and vice 

versa. 
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Figure 43: The sensitivity analysis for the auxiliary energy consumption of the system for the different design parameters. 

Both increasing the mass flow rate and decreasing the channel diameter lead to a reduced 

auxiliary consumption. As seen and explained before, both situations result in an enhanced heat 

transfer rate. From Figure 43 it can also be concluded that this performance increase is achieved 

with less hours of activation, as the auxiliary energy consumption is also reduced. Changing the 

emissivity and absorptance of the outer construction layer does not have a significant influence 

on the auxiliary energy consumption.   
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4.4.2. Control algorithm 

The three different control algorithm variants are simulated and compared with the reference 

control algorithm which activates based on outdoor surface temperature. A quick recap of the 

three different control algorithms is given below: 

 Control V1: All orientations at once. Solar radiation and temperature threshold. 

 Control V2: North and east: temperature threshold. South façade: Solar radiation and 

temperature threshold. 

 Control V3: Individual control per orientation based on solar azimuth. Threshold for 

solar radiation based on comparison with surface temperature control. 

Results of the different control algorithms on four different performance indicators can be 

found in Table 22. The surface temperature control is the ‘optimal’ control algorithm, the 

reference to which the other control algorithms will be compared. Hours of exceedance of the 

80% acceptance boundary does not change, as the amount of hours stays zero for all algorithms. 

A very slight deviation of maximum 4% can be seen for the exceedance hours of the 90% 

acceptance boundary.  

However, regarding the specific heating demand and auxiliary energy consumption, larger 

deviations can be seen. Especially the first control algorithm shows strong deviations. The specific 

heating demand increases significantly and a slight increase in auxiliary energy consumption can 

be seen. A detailed study into the results showed that in this case activation of certain façades 

occur even though no heating potential is available. This is a result of the controlling of all façades 

at once: if the direct solar radiation is above the set threshold the system activates Active 

Insulation in all façades. As the north façade does not receive any significant solar radiation, the 

surface temperature seldom will be higher than the indoor temperature. This has as a result that 

the north façade will cool the room while the south façade will heat the room and thus a higher 

heating demand is needed.  

 
Table 22: The performance of the different control strategies for different performance indicators compared to the 

reference control algorithm. 

Control Algorithm 

Control surface 

temperature 
Control V1 Control V2 Control V3 

Exceedance hours  

90% acceptance [h] 
145 151 151 148 

Exceedance hours  

80% acceptance [h] 
0 0 0 0 

Specific heating demand 

[kWhth/m²a] 
15.1 19.4 15.5 15.6 

Auxiliary energy 

consumption [kWhel/a] 
32.4 34.0 29.0 29.7 
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For both the second and third control algorithm only small differences with the surface 

temperature control can be seen. Most important, a lowering in the auxiliary energy consumption 

of approximately 10% can be seen. Both control algorithms ensure a certain potential for heating 

or cooling to ensure incorrect activation of the system is minimized. This results in less activation 

moments than the algorithm with the surface control, as this algorithm activates the system even 

if there is only a small heating or cooling potential. 

From Table 22 it can be concluded that control algorithms based on weather data which is 

widely available can also be used to control Active Insulation. The second control algorithm, 

where only the south façade is controlled based on solar radiation and the rest is controlled based 

on outdoor temperature, performs best for this type of building. There is a very small increase of 

the amount of exceedance hours and specific heating demand, but also a decrease in the auxiliary 

energy consumption of the system.   
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4.4.3. Climate 

Thermal comfort 

Figure 44 shows the thermal comfort a situation for the two active cooling systems, night 

ventilation and a situation with Active Insulation. For all different climates, Active Insulation can 

reduce the amount of exceedance hours significantly, while applying night ventilation results in 

a significant amount of exceedance hours. Even for Lisbon, which is a cooling dominated climate, 

the amount of exceedance hours of the 80% acceptance comfort boundary can be reduced from 

over 1250 to just under 250. 

In Figure 44, it can be seen what the remaining amount of exceedance hours are if active 

cooling systems are applied. With a cooling setpoint similar to the 80% acceptance boundary, a 

large amount of exceedance hours in the 90% acceptance category still occur, while the amount 

of exceedance hours with Active Insulation are much lower. When the setpoint for cooling is set 

to the 90% acceptance boundary, no exceedance hours in both acceptance ranges occurs, while 

Active Insulation still has exceedance hours. For Stuttgart, Amsterdam and Helsinki the amount 

of exceedance hours lays between 75 and 150, while Lisbon has around 750 exceedance hours. 

These remaining exceedance hours occur throughout the year and are not bound to a specific 

outdoor temperature.  

 

Figure 44: The exceedance hours of the 80% and 90% acceptance criteria for the two active cooling systems, Active 
Insulation and night ventilation for four different climates. 

 
Heating demand 

Looking at the heating demand of the living room for the different climates in Figure 45, it can 

be seen that Active Insulation can reduce the heating demand in all climates. For all climates the 

absolute reductions lay between 1.5 and 3.0 kWhth/m² a. For Lisbon this means that the heating 

demand is halved by applying Active Insulation. However, for a heating dominated climate such 

as Helsinki, a reduction of only 4% can be seen on the heating demand. This is a result of the lower 

available solar irradiance and lower outdoor temperatures. In a heating dominated climate, a 

reduction in heating demand is desirable, but only a small reduction can be achieved as a result 

of the limited potential. 
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All of the cases where Active Insulation is applied do not have any cooling demand as Active 

Insulation cools the living room. In the cooling dominated climate of Lisbon, the cooling demand 

is many times larger than the heating demand. Even though Active Insulation results in no cooling 

demand, it is also the situation with the largest remaining exceedance hours. Completely opposite 

is the heating dominated climate of Helsinki, where the heating demand is multiple times larger 

than the cooling demand. When 150 exceedance hours of the 90% acceptance boundary is 

accepted, this would mean that the living room in Stuttgart, Amsterdam and Helsinki does not 

need a cooling system. Depending on the climate, this saves between 5 and 20 kWhth/m² yearly. 

For Lisbon, a cooling system is needed as the amount of exceedance hours is still significant. None 

of the rooms with night ventilation would meet this criteria of 150 exceedance hours, showing 

that night ventilation cannot reduce the overheating during summer enough.  

 

Figure 45: The specific heating and cooling demand of the living room. A comparison is made between two active cooling 
systems, night ventilation and Active Insulation for four different climates. 

 
Energy Costs 

The energy costs for each of the situations is determined, based on using a heat pump for both 

heating and cooling. Night ventilation is assumed to be mechanical, resulting in an auxiliary 

energy consumption of the ventilation system. Stuttgart, Amsterdam and Helsinki could do 

without a cooling system, which can result in energy savings between €6 and €30 yearly. Due to 

the fact that Lisbon still needs a cooling system, the yearly energy costs will be relatively high. For 

Helsinki the energy costs will also be high, mainly due to the fact that the heating demand is high 

and Active Insulation can only reduce this for a small part. 

 

Figure 46; The yearly energy costs specified for heating, cooling and auxiliary energy. A comparison is made between 
active cooling systems, Active Insulation and night ventilation for four different climates  
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4.5. Active Insulation in different rooms 

 
Thermal comfort 

Thermal comfort in the bedroom and attic room is assessed for a total of 1925 hours during 

the period from March until November. Figure 47 shows the exceedance hours of the 80% and 

90% acceptance criteria. As can be seen, only the bedroom with night ventilation has a significant 

amount of remaining exceedance hours, up to 250 hours. If Active Insulation is applied to the 

bedroom, the exceedance hours drop to zero for the 80% acceptance criteria and around 10 for 

the 90% acceptance criteria. The attic room has only a very small amount of exceedance hours 

with night ventilation applied and no exceedance hours when Active Insulation is applied. While 

the result of the living room showed that Active Insulation performed much better than night 

ventilation, the results for the attic room show the opposite. A large part of the attic room 

envelope consists of a lightweight roof construction, minimizing the overall thermal mass of the 

room. As a result, the effect of the thermal mass acting as a low temperature radiative system is 

much smaller. Thermal comfort is being assessed during the hours in which both night ventilation 

and Active Insulation are active, showing that for the attic room direct cooling is most important. 

Using AIS to cool the thermal mass in the bedroom is still effective as can be seen from the 

comparison of night ventilation and Active Insulation in the bedroom. 

 

 

Figure 47: Thermal comfort in the bedroom and attic room for a case with night ventilation and Active Insulation. 

 
 Heating demand & energy costs 

The specific annual heating demand for the bedroom and the attic room is shown in Figure 

48a. In both cases, Active Insulation can reduce the heating demand with approximately 30%. 

The attic room has a larger surface area and a larger envelope area, resulting in an higher overall 

heating demand. Yearly energy costs for the different cases is shown in Figure 48b. Even though 

night ventilation in the attic room results in a similar performance for thermal comfort, the 

heating demand is still higher and thus the yearly energy costs also. It also shows that the 

auxiliary energy needed for passive cooling is larger for night ventilation than Active Insulation 

in all cases. 
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Figure 48: a) The heating demand in the bedroom and attic room for a case with night ventilation and Active Insulation. 
b) The corresponding yearly energy costs for the different simulations. 

 
Detailed heat transfer study 

Based on these results, a detailed study into the performance of Active Insulation in the attic 

room is done. The effectiveness of Active Insulation applied in a roof construction is studied by 

comparing heat flows through the construction. Figure 49 shows the overall heat transfer of the 

different surfaces for a period in February and a period in August. From this figure it can be seen 

that in the period where Active Insulation is contributing to heating, the south orientated roof has 

the biggest contribution. The east and south façade have a similar contribution, while the east 

façade has a much larger surface area than the south façade. As the heating potential is mainly 

depending on the solar radiation, these results meet the expectations. In the summer period both 

roof partitions and the east façade contribute similarly to cooling the room. As the cooling 

potential has a direct relation with the outside temperature, it corresponds to the expectations 

that the surfaces with the largest area contribute most. 

 

Figure 49: Heat transferred by Active Insulation for all surfaces of the attic room during a period where Active Insulation 
is in heating mode (winter) and a period where Active Insulation is in cooling mode (summer). 
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In Figure 50 the heat transfer per surface area is shown. Whereas the overall heat transfer 

showed that the south façade has only a relatively small contribution to heating the room, this 

figure shows that the effective heat transfer per surface area is larger for the south façade than 

for the south orientated roof. Similar results can be seen for cooling: all surfaces have a similar 

heat transfer per area.  

 

Figure 50: Heat transferred per m² by Active Insulation for all surfaces of the attic room during a period where Active 
Insulation is in heating mode (winter) and a period where Active Insulation is in cooling mode (summer). 

It can be concluded that for heating the south façade and south orientated roof are most 

efficient, followed by the east façade. As surface area of the envelope part plays a significant role, 

surfaces with a large area have a bigger influence on the performance than small surface areas. 

For cooling it can be concluded that the cooling efficiency is similar for all surfaces, and as a result 

surfaces with a large surface area are more beneficial. Based on these findings a retrofit option is 

studied, where only the roof is outfitted with Active Insulation.  

Figure 51 shows the results of this simulation study in comparison with the earlier results for 

the attic room. It can be seen that there is only a minor increase in both exceedance hours and 

energy consumption. In line with the expectations, the surface area of the roof is that large that 

the influence of the façades is minimized. It can be concluded that retrofitting a roof with Active 

Insulation is a viable option, if the ratio of surface are between façades and roof is large enough. 

 

Figure 51: Thermal comfort en energy costs for the retrofit option where only the roof is outfitted with Active Insulation 
compared to the previous results for the attic room.  
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5 .  D E M O N S T R A T O R  P R O J E C T  H A P E R T  

In parallel to this research, a full scale demonstrator project is being developed in Hapert 

(North-Brabant, the Netherlands). Active Insulation will be installed in the façades, roof and floor 

of this building. This research tends to support the design of measurements and experiments in 

the full scale demonstrator project by use of preliminary building performance simulations. As 

certain design parameters of the demonstrator project have not yet been established, the results 

of the simulations can help in making informed and meaningful choices. The simulations can help 

the design of the demonstrator project on object level (e.g. which façade construction should be 

used, what internal gains are allowed), procedure level (e.g. should a heating system be applied) 

and measurement level (e.g. which sensors are needed to get useful data). An additional benefit 

of modelling the demonstrator project in Hapert is that the model can be used for calibration and 

validation.  

5.1. Building description 

A quick overview of the building characteristics can be found in Table 23. A full building 

description is given in Appendix XII – Demonstrator Project Hapert. The building is divided into 

two zones: the ground floor, being modelled as a living room, and the first floor, being modelled 

as a bedroom. The building will be modelled with an ‘ideal load heating system’ to determine the 

remaining heating demand in the building in all situations. Internal heat gains for lighting, 

appliances and people will be variable as the effect of these will be studied. For all simulations 

that will be made, a TMY weather file of Amsterdam will be used. 

 
Table 23: Building characteristics of the demonstrator project in Hapert. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Building part Characteristics 

Envelope characteristics Façade: 7.00 m²K/W | Ground floor: 6.25 m²K/W | Roof: 7.00 m²K/W 

Windows Glass: 1.00 W/m²K | Frame: 2.40 W/m²K | G-Value: 0.52 

Door Door: 2.10 W/m²K 

Infiltration 0.625 dm³/sm² ≈ 0.12 ACH 

Ventilation 0.9 dm³/sm² 

Heating system 
Ground floor: setpoint 20°C (setback 18°C) 

First floor: setpoint 18°C (setback 16°C) 

Active Insulation 

switching strategy 

Applied effective surface area: 33% 

Ground floor: heating setpoint 22°C (setback 20°C) 

First floor: heating setpoint 20°C (setback 18°C) 

Ground floor: cooling setpoint 24°C 

First floor: cooling setpoint 26°C 
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5.2. Method 

Multiple studies are done to examine the behaviour and performance of the demonstrator 

project in different situations. This includes a free running simulation to study the effect of Active 

Insulation in the demonstrator project, changing internal loads to determine the influence on the 

performance of Active Insulation, the effect of an open door on the indoor temperature and 

cooling potential of Active Insulation and a detailed heat flow study. Below, the methods of each 

of these studies are described. 

 
Free running 

First of all, the potential of Active Insulation for the demonstrator project is determined. 

Therefore, the building will have no ventilation system, no heating system and no internal loads 

for this simulation. In this way, the behaviour of Active Insulation can be studied and indications  

about remaining heating demand and/or cooling demand can be made. This should also show if 

the design of the demonstrator project allows for effective use of Active Insulation or limits the 

potential of Active Insulation.  

 
Internal loads 

Internal loads will likely affect the performance of Active Insulation for both reducing the 

heating demand and exceedance hours of the comfort boundaries. With increased internal loads, 

the overall heating demand of the building will reduce, but it is also more likely to overheat during 

summer. This study should show if there are limitations for the internal loads in the demonstrator 

project and what the effect of higher internal loads is on the performance of Active Insulation. For 

this, multiple levels of internal loads are determined based on literature and assumptions, shown 

in Table 24. For each simulation, two occupancy levels for both zones are studied: two persons 

for both the living room and the bedroom or four persons in the living room and two in the 

bedroom. Schedules for lighting, appliances and presence are kept similar to the ones used by 

Plas (2017). 

 
Table 24: The different internal load levels used for the simulations, with the division between lighting and appliances 

specified. 

Internal Load Lighting Appliances Reference 

3.4 W/m² 0.7 W/m² 2.7 W/m² Plas (2017) 

6.0 W/m² 1.25 W/m² 4.75 W/m² EPW standard 

10.0 W/m² 2.0 W/m² 8.0 W/m² Assumption 

15.0 W/m² 3.0 W/m² 12.0 W/m² Assumption 

20.0 W/m² 4.0 W/m² 16.0 W/m² Assumption 
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Openable door 

The demonstrator building represents a typical garage/shed with a large front door. The 

influence of opening this door for a longer period during a day will be studied to capture the 

influence of occupant behaviour. During summer, it is likely that occupants open a door to allow 

for a larger air flow. This study should show what the effect of opening a door on the performance 

of Active Insulation is. Assessment of the indoor temperature and indoor surface temperatures 

will be done from August 1 until August 4. This is a period with outdoor temperatures above 30°C 

for multiple consecutive days. It is assumed that the large door on the south façade will also 

function as a terrace door during summer and will be fully opened from 10:00 until 20:00. The 

resulting air change rate of opening the door is assumed at 10 ACH. For these simulations, the 

internal loads are set to the base value of 3.4 W/m² total, with 2 persons being present in the attic 

room and ground floor. 

 
Heat flow study 

By studying the heat flows in detail, the contribution of each Active Insulation surface on the 

building’s energy balance can be determined. Furthermore, any problems that have to do with 

the building characteristics can be determined early. Heat flows will be analysed for a winter 

period, where Active Insulation functions as a heating system, and a summer period, where Active 

Insulation functions as a cooling system. The winter period is from March 24 until March 27 and 

the summer period from August 2 until August 5. For each of these periods, Active Insulation will 

be turned off the first two days to study the difference between a situation with static insulation 

and Active Insulation. The overall heat flow into each zone and the contribution of each surface 

to this will be determined. For this, the internal loads are set to the base value of 3.4 W/m² total, 

with 2 persons being present in the attic room and ground floor. 
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5.3. Results and discussion 

Free running 

A comparison for the indoor operative temperature is made between a case with and without 

Active Insulation. The results in Figure 52 show that a case with Active Insulation has a higher 

operative temperature during winter and a lower operative temperature during summer period. 

In general it can be seen that the operative temperature of the ground floor is lower than the 

temperature in the attic room during most of the year. Results indicate that the demonstrator 

project needs a heating system as the indoor operative temperature during winter is too low. 

 

Figure 52: Comparison of the operative temperature in the ground floor and attic room for a case with and without 
Active Insulation.  

The upper and lower exceedance hours of the comfort boundaries are shown in Table 25. As 

can be seen, Active Insulation reduces both the lower exceedance hours and upper exceedance 

hours. In line with the results of the operative temperature, results of the exceedance hours 

indicate that the demonstrator project needs a heating system to increase the comfort during 

winter. These results indicate that the design of the building will not result in a significant 

overheating problem. Case studies using the reference dwelling of the RVO showed that Active 

Insulation is much more effective in reducing exceedance hours than reducing the heating 

demand. Depending on the effect of internal loads on overheating, the design does not allow the 

full the potential of Active Insulation to be used. Increasing the ratio of transparent surfaces to 

opaque surfaces on the south and west façade will likely contribute to a higher overheating risk. 

 

Table 25: Comparison of the exceedance hours of the lower and upper comfort boundaries for a case with and without 
Active Insulation. 

 

Simulation 

 Lower exceedance 

hours 80%  

Lower exceedance 

hours 90%  

Upper exceedance 

hours 90%  

Upper exceedance 

hours 80%  

Ground Floor 
 OFF 2568 2775 108 0 

ON 1782 2126 0 0 

Attic Room 
OFF 893 985 71 36 

ON 525 638 2 1 
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Internal loads 

From the results shown in Figure 53 it can be concluded that increasing the internal loads of 

both rooms leads to a reduced heating demand. With the maximum internal load of 20 W/m² and 

4 persons, the heating demand will be reduced with approximately 50% in comparison with the 

situation with the lowest internal load. One would expect that with this increased internal load, 

the chance of overheating in both zones would grow significantly. However, results showed that 

Active Insulation can reduce the exceedance hours to zero for all cases. Figure 54 shows the 

amount of exceedance hours for both the ground floor and attic room when the highest internal 

load is applied. The comparison between a case with and without Active Insulation (A.I.) shows 

that overheating would be a problem if Active Insulation was not applied. This indicates that the 

internal load in the demonstrator project is mainly important for reducing the overall heating 

demand, while Active Insulation can reduce any negative effects on overheating. To allow for the 

full potential of Active Insulation to be used, significant internal loads should be applied. At too 

low internal gains, the building will not have a significant overheating problem, minimizing the 

benefit of applying Active Insulation.  

 

Figure 53: The effect of increasing internal gains on the overall heating demand of the ground floor and attic room. 

 

Figure 54: The effect of increasing internal gains on the thermal comfort in the attic room. 
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Figure 55 shows the auxiliary energy consumption of the system with increasing internal 

loads. Only very small differences can be seen, as the auxiliary energy consumption stays between 

25 and 30 kWhel per year. A detailed look into the results shows that for low internal loads Active 

Insulation mainly functions as a heating system as overheating is not a problem. However, at 

higher internal loads the contribution of Active Insulation as a heating system gets smaller, but 

the amount of moments Active Insulation functions as a cooling system increases.  

 

Figure 55: The effect of increasing internal gains on the auxiliary energy consumption of Active Insulation for the ground 
floor and attic room. 

 
Heat flows 

The overall net heat transfer from all surfaces in a zone is shown in Figure 56 and Figure 57 

for the ground floor and attic room respectively. A total of four days is analysed, where Active 

Insulation is only active for the last two days. Heat transfer at the outer surface, at the inner 

surface and heat transferred by Active Insulation is plotted separately. From Figure 56 it can be 

seen that the heat transfer by Active Insulation at the ground floor is very similar to the heat 

transfer at the outer surface. A very small delay can be seen due to the heat capacity of the outer 

construction layer. At peak moments a heat transfer of 2 kW and -1.5 kW can be achieved for the 

winter period and summer period respectively. However, the amplitude of the heat transfer at 

the inner surface is much lower and the direction of the heat flow is often opposite. During the 

winter period a maximum heat transfer of 500 W can be seen, while the maximum heat transfer 

in the summer period is approximately -750 W. 

Both of these phenomena are an effect of using a thermal heavy material in the interior façade 

construction. Due to the high heat capacity, it takes some time before the thermal mass is 

completely warmed up. After this, the thermal mass will act as a low temperature radiant heating 

system resulting in a much lower amplitude of the heat transfer, while the duration of the positive 

heat flow is bigger. Similarly, the time it takes for the thermal mass to warm up causes a delay in 

the direction of the heat flow in comparison with the heat transferred by Active Insulation.   
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Figure 56: The net heat transfer of all surfaces of the ground floor during a winter and summer period. 

The results for the attic room show that the heat transfer at the outer surface is much higher 

than for the ground floor. However, as can be seen from Figure 57, the heat transferred by Active 

Insulation is lower. Abrupt endings of the heat transferred by Active Insulation indicate that the 

indoor setpoints are reached and the system is shut off. The maximum heat transfer during the 

winter period is approximately 1.5 kW, while the maximum in the summer period lays around 1 

kW. Furthermore, little to no effect on the heat transfer at the inner surface is seen. Based on these 

results, the heat transfer per surface is analysed for the attic room.  

 

Figure 57: The net heat transfer of all surfaces of the attic room during a winter and summer period. 

Figure 58 shows the heat transfer per surface for the ground floor and attic room. For the 

ground floor, all heat flows have a similar direction at a similar moment. As a result of the slow 

cooling of the thermal mass, the inner surface starts cooling during the day. For the attic room, it 

can be seen that the heat flow at the inner surface for the north and south façade is exactly the 

opposite direction of the heat flow for the east and west façade, resulting in a very small net heat 

transfer. The east and west surface are both lightweight roof constructions, while the north and 

south façade are both constructions with a thermal heavy inner partition.  
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As the temperature in the attic room is relatively high during the day, the thermal mass is also 

warm. During the night, the outdoor temperature is low and all surfaces start cooling. For the roof 

construction, this has a direct effect on the indoor temperature. The façade constructions keep 

having a positive heat flow towards the zone as the thermal mass first needs to fully cool down. 

Around noon, the thermal mass is cooled down enough and starts cooling the room. However, 

due to solar radiation and outdoor temperature, a positive heat flow occurs for the roof 

constructions.  

 

Figure 58: The heat transfer specified per surface for the ground floor and attic room during a summer period. 

As the attic room has both a significant opaque façade surface and roof surface and has a 

combination of a thermal heavy and thermal light construction, the potential of Active Insulation 

is limited as the heat flows of all surfaces cancel each other out. The resulting net heat flow of 

nearly zero reduces the amplitude of temperature fluctuations in the attic room. As comfort in 

the attic room is being assessed during night, the direct cooling effect of Active Insulation is more 

important for thermal comfort than the indirect cooling by a low temperature thermal mass.  

The measurement campaign in the demonstrator project could study if it is more efficient to 

place Active Insulation only in the roof constructions, than to apply Active Insulation to both roof 

and façade constructions. This effect could be studied by measuring the heat flows, surface 

temperatures and air temperature in a situation with all surfaces active and a situation with only 

the roof surface active. Future application of Active Insulation in roof constructions could study 

the effect of adding thermal mass to the roof construction (e.g. Phase Change Materials), delaying 

the heat transfer through the structure in a similar way as seen in the façade constructions. This 

would result in a similar heat flow profile as seen in Figure 58 for the ground floor. 
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Openable door 

The influence of opening the door in the south façade on the indoor temperature is studied 

during a summer period. Analysis of the results is shown in Figure 59. When the door is closed 

during this period, the operative temperature stays below 26°C for all days. Temperatures of all 

surfaces are very similar, except for the south façade which is slightly cooler. If the door is opened 

during the last two days of the period, an increase in indoor operative temperature of 1.5°C can 

be seen. Similarly, increased surface temperatures can be seen. However, the operative 

temperature and surface temperatures during the night are very similar to the situation with the 

door kept close. This indicates that Active Insulation has enough cooling potential to cool the 

room as long as there is a large enough temperature difference with outside, even with higher 

indoor temperatures. During heat waves, in which the night temperature does not drop 

significantly, opening a door could lead to long term increased indoor temperatures. In these 

cases, the door should be kept close as there is no cooling potential to reduce the temperature.  

 

Figure 59: Temperature in the living room on the ground floor for a case with the door closed and a case with the door 
fully opened (assuming an achieved air change rate of 10). 
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6 .  C O N C L U S I O N S  A N D  F U T U R E  W O R K   

In this research a newly developed dynamic insulation material based on forced convective 

heat transfer is studied. The main goal of this research is to assess the performance potential of 

Active Insulation on multiple key performance indicators. A computational model is developed to 

simulate the performance of Active Insulation and multiple case studies are executed to compare 

the performance of Active Insulation in different situations. The following conclusions can be 

made from this study: 

 By adapting the Ventilated Slab module in Energy Plus and developing a control 

algorithm for activation of the system, the behaviour of Active Insulation can be 

simulated adequately. The new control algorithm is needed for reducing the amount 

of activation moments and ensuring correct directions of heat flows. Using the early 

design specifications of Active Insulation, the first results showed that the U-value of 

the system is 0.185 W/m²K in off-mode and 1.657 W/m²K in on-mode. 

 

 Applying Active Insulation to a reference dwelling resulted in 72-90% less 

exceedance hours, depending on the effective surface area applied. Similar results 

were seen with higher night ventilation rates. Similar results were seen with night 

ventilation using air change rates of 3 or larger. However, Active Insulation can also 

reduce the specific annual heating demand with 16-22%, while using 75% less 

auxiliary energy than night ventilation to achieve this performance.  

 

 Active Insulation shows the biggest performance increase for a façade construction 

with a lightweight outer structure and heavyweight inner structure. A heavyweight 

outer structure limits the potential of the system significantly as the thermal mass 

reduces the amplitude and causes a delay in occurrence of maximum and minimum 

temperatures. The HW_HW case results in a heat flow 50% lower than the heat flow 

in the LW_HW case.  

 

 The emissivity of the outer layer of the construction has a large influence on the 

heating demand of the dwelling, but less on the thermal comfort. Increasing the 

effective surface area of Active Insulation does increase the thermal comfort with 50% 

and reduces the heating demand with 5%, but at a cost of approximately 25% higher 

auxiliary energy consumption.  

 

 A control algorithm based on solar radiation and outdoor temperature can achieve 

similar results for a LW_HW façade construction as a surface temperature activated 

control algorithm, while reducing the auxiliary energy consumption with 10%. It has 

also shown that only the south façade has a benefit of solar radiation based activation.  
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 Active Insulation can be applied in climates ranging from Lisbon to Helsinki, reducing 

the heating demand and increasing thermal comfort. As a result, an active cooling 

system is not needed in Stuttgart, Amsterdam and Helsinki, if 150 exceedance hours 

are accepted. The heating demand is in all climates lowered with approximately 3 

kWhth/m² per year; a reduction of 50% for Lisbon, but only 4% for the climate of 

Helsinki. 

 

 Due to the shift in presence from day time to night time, the cooling potential of Active 

Insulation is similar to that of night ventilation for the attic room. Active Insulation 

can reduce the heating demand with approximately 30% for a bedroom. A detailed 

study showed that the large surface area of the roof allows for a retrofit option where 

only the roof is outfitted with Active Insulation, while keeping similar indoor 

conditions and heating demand. 

 

 The level of internal loads in the demonstrator mainly affect the heating demand and 

not so much the overheating hours. A door can be opened during the day as the 

cooling capacity of Active Insulation is high enough that it can compensate for the 

higher operative temperature. It should be noted that the combination of a 

lightweight roof construction and a heavyweight façade construction results in a low 

net heat transfer, limiting the effect of Active Insulation.  

 

This research has mainly focussed on developing a simulation model that can adequately 

predict the behaviour of Active Insulation and executed multiple case studies to compare the 

performance of Active Insulation in different situations. From the analysis of the results, but also 

due to the limitations of this research, several issues for future research were identified. 

While the Ventilated Slab module is verified and validated for its purpose and application, the 

model should be calibrated and validated for modelling Active Insulation. The development of 

Active Insulation is still ongoing and a full scale demonstrator project is being built at the moment 

of this research. Future research should first of all focus on calibrating and validating the model 

with results from measurements at the demonstrator project. Active Insulation is currently 

modelled with early design specifications, but it is more than likely that the final product has 

different specifications. Calibration and validation of the model to actual data results in a more 

accurate and widely applicable model for Active Insulation.  

Next to applying Active Insulation to a façade or roof construction, it can also be applied to a 

floor construction in connection with ground or air. In this research an attempt was made to 

model the effect of Active Insulation applied to a floor construction in contact with the ground. 

However, the ground model used in EnergyPlus did not function correctly with the Active 

Insulation model. Using fixed monthly calculated ground temperatures resulted in an unlimited 

heat sink, which is unrealistic as the ground temperature should fluctuate with the direction of 

the heat flow. Secondly, a finite difference method was used for calculating the ground 

temperatures, which resulted in increasingly colder ground temperatures regardless of the 

direction of the heat flow. Due to limitations of this research, a solution for this problem was not 
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found. Modelling the temperature distribution in the ground in a three dimensional way could 

accurately mimic the dispersion of heat in the ground. This would especially be beneficial for the 

cooling potential of Active Insulation.  

This research has used the reference dwelling from the RVO for all case studies. As Active 

Insulation can be applied to almost any opaque construction with insulation, it has the potential 

to be applied to many types of buildings with large opaque surface areas, e.g. theatres and 

industrial halls. As these types of buildings have very different user profiles, internal loads and 

characteristics in comparison with a dwelling, future research could focus on what the effect of 

applying Active Insulation to these types of building is. Increasing knowledge on the possible 

applications of Active Insulation can increase the market potential.  

The current application of Active Insulation is modelled as two separate internal sources. 

EnergyPlus allows only one internal source per construction, resulting in an extra zone modelled 

as a cavity between two constructions. The amount of surfaces in the model increases 

significantly, making the model much more complex and less user friendly. The possibility of 

modelling Active Insulation as a heat exchanger that can be applied to a surface would make the 

model much more user friendly, reduce errors made by users and likely also increase the accuracy 

of the model.  

Building Integrated Photovoltaics (BIPV) are being implemented more and more in buildings 

as a source of renewable energy. Many of these system show a lowered efficiency if the 

temperature of the system rises. Active Insulation removes heat from the surface of a 

construction when it is in heating mode, lowering the maximum temperature. It would be 

interesting to investigate the possibilities of a combination of a BIPV system with Active 

Insulation, as a combination of these two can enhance each other’s performance.  

As climate change is likely to result in higher environmental temperatures, the risk of 

overheating would increase for well insulated buildings. Currently, research is using weather data 

from climate change scenarios to study the effect of this climate change on for example energy 

consumption or thermal comfort. It would be interesting to see if the effect of Active Insulation 

on comfort and energy consumption in these situations.  
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A P P E N D I X  I  –  H A N D  C A L C U L A T I O N  U -

V A L U E  

Table A1: Hand calculation of the U-value of different constructions used for the verification of the model. 

Dutch cavity wall     Dutch cavity wall (low insulation) 

 

Material Thickness 
[m] 

Lambda 
[W/mK] 

R-value 
[m²K/W] 

Rs,in - - 0.13 

Masonry 0.1 1.0 0.10 

Cavity 0.02 - 0.17 

Mineral Wool 0.1 0.04 2.50 

Concrete 0.1 2.0 0.05 

Rs,in - - 0.13 

  Rtotal 3.08 

  U-value 0.325 

 

Retrofit wall      Separation Wall 

 

 

 

 

 

  

Material Thickness 
[m] 

Lambda 
[W/mK] 

R-value 
[m²K/W] 

Rs,in - - 0.13 

Concrete 0.1 2.0 0.050 

Cavity 0.02 - 0.17 

Mineral Wool 0.025 0.04 0.625 

Concrete 0.1 2.0 0.05 

Rs,in - - 0.13 

  Rtotal 1.16 

  U-value 0.866 

Material Thickness 
[m] 

Lambda 
[W/mK] 

R-value 
[m²K/W] 

Rs,in - - 0.13 

Sand-lime brick 0.1 0.9 0.11 

Mineral Wool 0.05 0.04 1.25 

Cavity 0.02 - 0.17 

Masonry 0.1 1.0 0.1 

EPS insulation 0.075 0.035 2.14 

Gypsum stucco 0.01 0.5 0.02 

Rs,in - - 0.13 

  Rtotal 4.05 

  U-value 0.247 

Material Thickness 
[m] 

Lambda 
[W/mK] 

R-value 
[m²K/W] 

Rs,in - - 0.13 

Sand-lime brick 0.1 0.9 0.11 

Cavity 0.05 - 0.17 

Sand-lime brick 0.1 0.9 0.11 

Rs,in - - 0.13 

  Rtotal 0.652 

  U-value 1.533 
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A P P E N D I X  I I  –  E R L  C O D E  C O N T R O L  

A L G O R I T H M  

EnergyManagementSystem:Sensor, 

    OpTempZone,                 !- Name 

    ZoneINT,                    !- Output:Variable or Output:Meter Index Key Name 

    Zone Operative Temperature;    !- Output:Variable or Output:Meter Name 

 

EnergyManagementSystem:Sensor, 

    SurfTemp,                   !- Name 

    ZoneAI-ExtSouth,            !- Output:Variable or Output:Meter Index Key Name 

    Surface Outside Face Temperature;   !- Output:Variable or Output:Meter Name 

 

EnergyManagementSystem:Actuator, 

    SystemMassFlowRate,          !- Name 

    AI-FAN,                      !- Actuated Component Unique Name 

    Fan,                         !- Actuated Component Type 

    Fan Air Mass Flow Rate;      !- Actuated Component Control Type 

 

EnergyManagementSystem:ProgramCallingManager, 

    ActiveInsulationControl,     !- Name 

    AfterPredictorBeforeHVACManagers,    !- EnergyPlus Model Calling Point 

    SetMode;                     !- Program Name 1 

 

EnergyManagementSystem:ProgramCallingManager, 

    StartingSetPoints,           !- Name 

    BeginNewEnvironment,        !- EnergyPlus Model Calling Point 

    SetTemp;                     !- Program Name 1 

 

EnergyManagementSystem:Program, 

    SetTemp,                     !- Name 

    SET ControlTempCoolingHigh = 20,    !- Program Line 1 

    SET ControlTempCoolingLow = 17.5,    !- Program Line 2 

    SET ControlTempHeatingHigh = 17.5,    !- A4 

    SET ControlTempHeatingLow = 15,    !- A5 

    SET HeatingTemp = ControlTempHeatingHigh,   !- A6 

    SET CoolingTemp = ControlTempCoolingLow;   !- A7 
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EnergyManagementSystem:Program, 

    SetMode,                     !- Name 

    IF OpTempZone < HeatingTemp,     !- Program Line 1 

    RUN Heating,                 !- Program Line 2 

    RETURN,                      !- A4 

    ELSEIF OpTempZone > CoolingTemp,    !- A5 

    RUN Cooling,                 !- A6 

    RETURN,                      !- A7 

    ENDIF;                       !- A8 

 

EnergyManagementSystem:Subroutine, 

    Heating,                     !- Name 

    IF OpTempZone < (HeatingTemp - 0.1),    !- Program Line 1 

    SET HeatingTemp = ControlTempHeatingHigh,   !- Program Line 2 

    IF SurfTemp > OpTempZone,    !- A4 

    SET SystemMassFlowRate = 1.0,     !- A5 

    ELSEIF SurfTemp < OpTempZone,     !- A6 

    SET SystemMassFlowRate = 0.0,     !- A7 

    ENDIF,                      !- A8 

    RETURN,                      !- A9 

    ELSEIF OpTempZone > (HeatingTemp - 0.1),   !- A10 

    SET HeatingTemp = ControlTempHeatingLow,   !- A11 

    SET SystemMassFlowRate = 0.0,     !- A12 

    ENDIF,                       !- A13 

    RETURN;                      !- A14 

 

EnergyManagementSystem:Subroutine, 

    Cooling,                     !- Name 

    IF OpTempZone > (CoolingTemp + 0.1),    !- Program Line 1 

    SET CoolingTemp = ControlTempCoolingLow,   !- Program Line 2 

    IF SurfTemp < OpTempZone,    !- A4 

    SET SystemMassFlowRate = 1.0,     !- A5 

    ELSEIF SurfTEmp > OpTempZone,     !- A6 

    SET SystemMassFlowRate = 0.0,     !- A7 

    ENDIF,                       !- A8 

    RETURN,                      !- A9 

    ELSEIF OpTempZone < (CoolingTemp + 0.1),   !- A10 

    SET CoolingTemp = ControlTempCoolingHigh,   !- A11 

    SET SystemMassFlowRate = 0.0,     !- A12 

    ENDIF,                       !- A13 

    RETURN;                      !- A14 
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A P P E N D I X  I I I  –  B A S E  C A S E  B U I L D I N G  

S P E C I F I C A T I O N S  

Geometry 

Figure A1: Front, rear and side view of the reference dwelling. Highlighted in green is the living room used for the 
simulations (Agentschap NL - Ministerie van Economische Zaken, 2013). 

 

Figure A2: Ground floor, first floor and attic of the base case dwelling. Highlighted in green is the living room used for the 
simulations (Agentschap NL - Ministerie van Economische Zaken, 2013). 

Table A2: Dimensions of the base case building living room (Agentschap NL - Ministerie van Economische Zaken, 2013). 

Living room Value Unit 

 Width 5.99 m1 

 Depth 4.30 m1 

 Height 2.63 m1 

 Surface area 25.75 m² 

 Volume 67.75 m³ 

 

Small Window 
  

 Height 1.50 m1 

 Width 1.00 m1 

 Surface area 1.50 m² 

 

Large Window 
  

 Height 2.40 m1 

 Width 4.80 m1 

 Surface area 11.52 m² 
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Materials and constructions 

Table A3: Characteristics of the materials used for the base case building (Plas, 2017). 

Material Thermal conductivity [W/mK] Density [kg/m³] Specific heat [J/kgK] 

Mineral Wool 0.035 35 840 

Hollow-core slab floor 0.85 1800 840 

Wide slab floor 1.90 2500 840 

Masonry, brick 0.70 1800 840 

Masonry, limestone 1.00 2000 840 

Floor screed 0.95 1900 840 

Gypsum plastering 0.52 1300 840 

Wood structure 0.18 800 1880 

Wood floor 0.63 130 1880 

Wood and insulation 0.047 105 1880 
    

 Table A4: The thickness and R-value of the different construction layers for the constructions of the base case building as 
determined by (Plas, 2017) and a light weight variant of these structures. 

 Table A5: Glazing properties for the windows (Plas, 2017).  Table A6: Absorptance and emissivity of surfaces. 

Triple glazing Value Unit 

Total thickness 44 mm1 

U-value 0.70 W/m²K 

g-value 0.501 - 

T-sol (0°) 0.387 - 

R-sol (0°) 0.270 - 

T-vis (0°) 0.643 - 

Frame U-value 2.40 W/m²K 

Ground floor 

Thickness 

[mm] 

R-value 

[m²K/W] 

Re - 0.04 

Mineral wool 160 4.57 

Hollow-core slab floor 150 0.18 

Floor screed 50 0.05 

Ri - 0.13 

 Rtotal 4.97 

Internal floor   

Re - 0.04 

Wide slab floor 180 0.09 

Floor screed 50 0.05 

Ri - 0.13 

 Rtotal 0.31 

External wall   

Re - 0.04 

Masonry, brick 5 0.01 

Mineral wool 188 5.37 

Masonry, brick 100 0.14 

Air cavity 40 0.18 

Masonry, limestone 120 0.12 

Gypsum plastering 5 0.01 

Ri - 0.13 

 Rtotal 6.00 

 

Ground floor 

Thickness 

[mm] 

R-value 

[m²K/W] 

Re - 0.04 

Wood and insulation 220 4.69 

Flooring 12.5 0.07 

Floor screed 50 0.05 

Ri - 0.13 

 Rtotal 4.98 

Internal floor   

Re - 0.04 

Wood floor 120 0.19 

Floor screed 50 0.05 

Ri - 0.13 

 Rtotal 0.41 

External wall   

Re - 0.04 

Masonry, brick 5 0.01 

Mineral wool 188 5.37 

Wood structure 85 0.47 

Gypsum plastering 5 0.01 

Ri - 0.13 

 Rtotal 6.03 

 

 

Heavy weight     Light weight 

Surface Absorptance Emissivity 

Façade 0.7 0.9 

Internal walls 0.3 0.9 

Ceiling 0.2 0.9 

Floor 0.7 0.9 

Window frame 0.6 0.9 
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Internal loads & gains 

The  internal loads, lighting and occupancy of the living room is based on the research of Plas 

(2017). In this research it is described that the reference dwelling has internal heat gains for 

lighting and appliances of respectively 1.4 and 3.4 W/m² on average. However, it also states that 

these values are for an average for the whole dwelling, in reality these loads are not evenly 

distributed over the dwelling. As a result, the correct internal gain in the living room for lighting 

is 9.76 W/m². The internal gain from appliances is 24.1 W/m² for the living room. These values 

match the 100% values of the schedules as composed by Plas (2017)  and depicted in Figure A3. 

The amount of persons in the living room is set to 4 persons, which depict a family which is often 

at home. This describes the most undesirable situation for overheating: high internal gains from 

people and often present in the room.  

 

Figure A3: Graphical representation of the schedules for occupancy, lighting and appliances in the living room (Plas, 
2017). 

 
Others 

The infiltration rate of the base case dwelling is based off the restrictions for the qv;10;spec 

value for NZEB dwellings, namely 0.400 dm³/s m². Based on the surface area of the living room, 

this results in an air change rate of 0.08 for the living room (Plas, 2017). Ventilation rates for the 

dwelling are set at 1.5 dm³/s per m² of floor surface, using a mechanical ventilation system with 

heat recovery (75% efficient) and summer bypass. An ideal load heating system will cover the 

heating demand of the room for winter periods. The system has a setpoint of 20°C from 06:00 

until 23:00 and a setpoint of 18°C for all other hours. This resembles the setback of the heating 

system during night-time.  
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A P P E N D I X  I V  –  B A S E  C A S E  B U I L D I N G  

V E R I F I C A T I O N  

A verification simulation of the base case buildings is executed to ensure that it is represents 

a NZEB dwelling with overheating problems during summer periods. For this, the base case 

dwelling is simulated in the Amsterdam climate, without Active Insulation applied. According to 

the standards for a NZEB, the energy demand should be below 25 kWh/m² (EU, 2010). The 

requirements for primary energy consumption and share of renewables will not be checked, as 

that is not possible for this simulation. 

According to the description of the base case dwelling, the thermal heavy structure as 

described in Appendix III – Base Case Building Specifications will be used. The setpoint for the 

ideal load heating system is set to 22°C with a setback temperature of 18°C (Plas, 2017).  

Following this setup, the building has an energy demand of 24.7 kWh/m² for heating. Since 

the building only has a heating system, the total energy demand of the building is the same, which 

is just below the requirement for a NZEB.  

Regarding the summer comfort, a significant amount of overheating hours can be seen during 

summer periods. Figure A4 shows the temperature in the living room and the outside 

temperature over the year. From May until September the temperature in the living room often 

exceeds the temperature limit of 25°C. Over the year the temperature limit of 25°C is exceeded 

for 1978 unweighted hours. Exceedance of the temperature limit of 28°C occurs for 459 hours of 

the year. This indicates a significant overheating problem during summer periods. These 

exceedances are too high for any Dutch dwelling, but is expected in this case since there are no 

measures for reducing the indoor temperature during summer nights, except for the heat 

recovery ventilation bypass. This is intentional so that different passive cooling strategies can be 

compared to each other. 

 

 

Figure A4: Temperature in the living room for the base case as described by the RVO. The orange line indicates the 
temperature limit of 25°C and the red line indicates the temperature limit of 28°C. The black dotted lines indicate the low 

setpoint and high setpoint of the heating system.  
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A P P E N D I X  V  –  T H E R M A L  N E U T R A L  M O D E L  

The comfort model used in this research to evaluate the performance of different cases is 

described by Peeters et al. (2009) and Van Der Linden (2006). The adaptive model links the 

comfort temperature to the outdoor temperature and allows for higher temperatures during 

summer due to higher outdoor temperatures. The neutral temperature 𝑇𝑛𝑒𝑢𝑡𝑟𝑎𝑙 at which a 100% 

acceptance is reached is determined based on the running mean outdoor temperature 𝑇𝑒,𝑟𝑒𝑓 . This 

temperature is depend on the arithmetic average of the specific day and three days before this 

specific day. Each specific day has a weight to the running mean outdoor temperature as can be 

seen in equation A1: 

  

 𝑇𝑒,𝑟𝑒𝑓 =
𝑇𝑡𝑜𝑑𝑎𝑦+0.8∗𝑇𝑡𝑜𝑑𝑎𝑦−1+0.4∗𝑇𝑡𝑜𝑑𝑎𝑦−2+0.2∗𝑇𝑡𝑜𝑑𝑎𝑦−3

2.4
     ( A1 ) 

 𝑇𝑛𝑒𝑢𝑡𝑟𝑎𝑙 = 0.06 ∗ 𝑇𝑒,𝑟𝑒𝑓 + 20.4°𝐶 𝑓𝑜𝑟 𝑇𝑒,𝑟𝑒𝑓 < 12.5°𝐶     ( A2 ) 

 𝑇𝑛𝑒𝑢𝑡𝑟𝑎𝑙 = 0.36 ∗ 𝑇𝑒,𝑟𝑒𝑓 + 16.63°𝐶 𝑓𝑜𝑟 𝑇𝑒,𝑟𝑒𝑓 ≥ 12.5°𝐶    ( A3 ) 

 
Using equation 16 and 17, the thermal neutral temperature can be calculated for the living 

room. The upper and lower limit of the comfort region are calculated using the thermal neutral 

temperature, an allowed comfort region 𝑤 [°𝐶] and a constant 𝛼 [≤ 1] describing the possible 

asymmetrical split around the comfort temperature: 

 

 𝑇𝑢𝑝𝑝𝑒𝑟 = 𝑇𝑛𝑒𝑢𝑡𝑟𝑎𝑙 + 𝑤 ∗ 𝛼        ( A4 ) 

 𝑇𝑙𝑜𝑤𝑒𝑟 = 𝑚𝑎𝑥( 18°𝐶, 𝑇𝑛𝑒𝑢𝑡𝑟𝑎𝑙 − 𝑤 ∗ (1 − 𝛼))       ( A5 ) 

  

Research (Peeters et al., 2009) has shown that an 90% acceptance (Class A) is reached with 

an 𝑤 of 5°C and an 80% acceptance (Class B) with an 𝑤 of 7°C. Due to the fact that people desire 

a slightly warmer sensation, the comfort region is split asymmetrically around the thermal 

neutral temperature in a 70-30% rate, resulting in an 𝛼 of 0.7 (Peeters et al., 2009). 

 

Figure A5: Graphical representation of the different comfort regions of the thermal neutral model used for dwellings. 
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A P P E N D I X  V I  –  D I F F E R E N T  F A Ç A D E  

S T R U C T U R E S  

Table A7: Characteristics of the different façade structures used for the comparison study, including their R-Value. 

Façade structure HW_HW 

Thickness 

[mm] 

Lambda 

[W/mK] 

R-value 

[m²K/W] 

Re - - 0.04 

Masonry, brick 100 0.70 0.14 

Air cavity 30 - 0.18 

Active Insulation 85 0.033 2.58 

Cavity (as zone) 20 - 0.18 

Active Insulation 85 0.033 2.58 

Masonry, limestone 120 1.00 0.12 

Gypsum plastering 5 0.52 0.01 

Ri - - 0.13 

 Rtotal  5.96 

 

 

Façade structure LW_HW 

Thickness 

[mm] 

Lambda 

[W/mK] 

R-value 

[m²K/W] 

Re - - 0.04 

Masonry, brick 5 0.70 0.01 

Active Insulation 90 0.033 2.73 

Cavity (as zone) 20 - 0.18 

Active Insulation 90 0.033 2.73 

Masonry, limestone 120 1.00 0.12 

Gypsum plastering 5 0.52 0.01 

Ri - - 0.13 

 Rtotal  5.95 

 

 

Façade structure 

LW_HW_Retro 

Thickness 

[mm] 

Lambda 

[W/mK] 

R-value 

[m²K/W] 

Re - - 0.04 

Masonry, brick 5 0.70 0.01 

Active Insulation 85 0.033 2.58 

Cavity (as zone) 20 - 0.18 

Active Insulation 85 0.033 2.58 

Masonry, brick 100 0.70 0.14 

Air cavity 40 - 0.18 

Masonry, limestone 120 1.00 0.12 

Gypsum plastering 5 0.52 0.01 

Ri - - 0.13 

 Rtotal  5.97 

 

  

Façade structure HW_LW 

Thickness 

[mm] 

Lambda 

[W/mK] 

R-value 

[m²K/W] 

Re - - 0.04 

Masonry, brick 100 0.70 0.14 

Air cavity 30 - 0.18 

OSB finishing 12.5 0.30 0.04 

Active Insulation 85 0.033 2.58 

Cavity (as zone) 20 - 0.18 

Active Insulation 85 0.033 2.58 

OSB finishing 12.5 0.30 0.04 

Gypsum plastering 5 0.52 0.01 

Ri - - 0.13 

 Rtotal  5.92 

Façade structure LW_LW 

Thickness 

[mm] 

Lambda 

[W/mK] 

R-value 

[m²K/W] 

Re - - 0.04 

Wood siding 18 0.15 0.12 

Air cavity 30 - 0.18 

OSB finishing 12.5 0.30 0.04 

Active Insulation 85 0.033 2.58 

Cavity (as zone) 20 - 0.18 

Active Insulation 85 0.033 2.58 

OSB finishing 12.5 0.30 0.04 

Gypsum plastering 5 0.52 0.01 

Ri - - 0.13 

 Rtotal  5.90 
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A P P E N D I X  V I I  –  B E D R O O M  A N D  A T T I C  R O O M  

S P E C I F I C A T I O N S  

Geometry

 

Figure A6: Front, rear and side view of the reference dwelling. Highlighted in orange is the bedroom and in red the attic 
room used for the simulations (Agentschap NL - Ministerie van Economische Zaken, 2013). 

 

Figure A7: Floor plan of the reference dwelling. Highlighted in orange is the bedroom and in red the attic room used for 
the simulations (Agentschap NL - Ministerie van Economische Zaken, 2013). 

 
Table A8 shows the specifications of Active Insulation applied to the different surfaces for 

both the bedroom and Attic room. In all cases, an effective surface area of 50% is assumed. 

 
Table A8: Specifications of Active Insulation applied to the different surfaces of the simulation cases. 

 Situation North/South East Roof-North Roof-South 

B
e

d
ro

o
m

 

Amount of Channels [-] 220 500 - - 

Channel Length [m] 0.85 0.85 - - 

Amount of Fans [-] 11 25 - - 

Mass Flow Rate [kg/s] 0.052 0.118 - - 

Effective Area [%] 50% (= 2.9 m²) 50% (= 6.4 m²) - - 

      

A
tt

ic
 R

o
o

m
 Amount of Channels [-] 120 460 580 640 

Channel Length [m] 0.85 0.85 0.85 0.85 

Amount of Fans [-] 6 23 29 32 

Mass Flow Rate [kg/s] 0.028 0.108 0.136 0.150 

Effective Area [%] 50% (= 1.65 m²) 50% (= 5.9  m²) 50% (= 7.4 m²) 50% (= 8.25 m²) 
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Internal loads in the both the bedroom and the attic room are corresponding to the loads 

determined by Plas (2017). This results in 10.4 W/m² for lighting and 26.05 W/m² for electric 

equipment. Combined with the schedules used for lighting and appliances from Figure A8, this 

results in the corresponding internal loads over the day. For both rooms, a presence of 2 instead 

of 4 people is considered. Infiltration is kept at the same level as calculated for the living room, 

resulting in an air change rate of 0.08 due to infiltration. Ventilation in the both rooms is set at 

0.9 dm³/sm², as is in compliance with the Dutch Building Code. 

 

Figure A8: Graphical representation of the schedules used for occupancy, lighting and appliances for both the bedroom 
and attic room. 
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A P P E N D I X  V I I I  –  C O M F O R T  G R A P H S  P A S S I V E  

C O O L I N G  M E A S U R E S  

 

Figure A9: Comfort assessment in the living room when no passive cooling measures are applied. 

 

 

 

Figure A10: Comfort assessment in the living room when natural ventilation and night purging with 1 ACH is applied. 

 



 

Master Thesis | S.J.M. Koenders  Page | A 13  
 

 

Figure A11: Comfort assessment in the living room when natural ventilation and night purging with 3 ACH is applied. 

 

 

 

Figure A12: Comfort assessment in the living room when natural ventilation and night purging with 5 ACH is applied. 
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Figure A13: Comfort assessment in the living room when a high-reflective low-transmittance shading device is used with 
a setpoint of 250 W/m² for lowering the device. 

 

 

 

Figure A14: Comfort assessment in the living room when an overhang of 1 meter is used on the south and east windows. 
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Figure A15: Comfort assessment in the living room when an overhang of 1.5 meter is used on the south and east windows. 

 

 

 

Figure A16: Comfort assessment in the living room when 25% effective surface area of Active Insulation is applied. 
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Figure A17: Comfort assessment in the living room when 50% effective surface area of Active Insulation is applied. 

 

 

 

Figure A18: Comfort assessment in the living room when 100% effective surface area of Active Insulation is applied. 
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A P P E N D I X  I X  –  C A L C U L A T I O N  E N E R G Y  C O S T S  

P A S S I V E  C O O L I N G  M E A S U R E S  

 

Heat pump with COP of 3.0 

Table A9: Energy consumption and corresponding costs for the living room during a year if a heat pump with a COP of 3 
is installed to fulfil the heating demand. 

 

 

Condensing boiler with efficiency of 107% 

Table A10: Energy consumption and corresponding costs for the living room during a year if a condensing boiler is 
installed to fulfil the heating demand. 

  

Passive cooling measure 

Annual 

heating 

demand 

[kWhth/a] 

Energy 

Consumption 

heating 

[kWhel/a] 

Energy 

Costs 

Heating 

[€/a] 

Auxiliary 

Energy 

Consumption 

[kWhel/a] 

Energy 

Costs 

Auxiliary 

[€/a] 

Total 

Energy 

Costs 

[€/a] 

Base Case (No passive cooling) 461.6 153.9 27.7 0 0 27.7 

Night Ventilation 1ACH 463.4 154.5 27.8 30.8 5.5 33.4 

Night Ventilation 3ACH 466.6 155.5 28.0 150.5 27.1 55.1 

Night Ventilation 5ACH 468.0 156.0 28.1 289.4 52.1 80.2 

Shading HR-LT 250W/m² 492.7 164.2 29.6 0 0 29.6 

Overhang 1 meter 497.9 166.0 29.9 0 0 29.9 

Overhang 1.5 meter 513.9 171.3 30.8 0 0 30.8 

Active Insulation 25% 390.2 130.1 23.4 19.3 3.5 26.9 

Active Insulation 50% 372.3 124.1 22.3 35.2 6.3 28.7 

Active Insulation 100% 360.9 120.3 21.7 66.4 12.0 33.6 

 

Passive cooling measure 

Annual 

heating 

demand 

[kWhth/a] 

Energy 

Consumption 

heating 

[m³gas/a] 

Energy 

Costs 

Heating 

[€/a] 

Auxiliary 

Energy 

Consumption 

[kWhel/a] 

Energy 

Costs 

Auxiliary 

[€/a] 

Total 

Energy 

Costs 

[€/a] 

Base Case (No passive cooling) 461.6 49.2 36.9 0 0 36.9 

Night Ventilation 1ACH 463.4 49.4 37.0 30.8 5.5 42.6 

Night Ventilation 3ACH 466.6 49.7 37.3 150.5 27.1 64.4 

Night Ventilation 5ACH 468.0 49.9 37.4 289.4 52.1 89.5 

Shading HR-LT 250W/m² 492.7 52.5 39.4 0 0 39.4 

Overhang 1 meter 497.9 53.1 39.8 0 0 39.8 

Overhang 1.5 meter 513.9 54.8 41.1 0 0 41.1 

Active Insulation 25% 390.2 41.6 31.2 19.3 3.5 34.7 

Active Insulation 50% 372.3 39.7 29.8 35.2 6.3 36.1 

Active Insulation 100% 360.9 38.5 28.8 66.4 12.0 33.6 
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A P P E N D I X  X  –  C O M F O R T  G R A P H S  D I F F E R E N T  

F A Ç A D E  S T R U C T U R E S  

 

Figure A19: Comfort assessment in the living room with the HW_HW façade structure and night ventilation applied. 

 

 

 

Figure A20: Comfort assessment in the living room with the LW_HW façade structure and night ventilation applied. 
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Figure A21: Comfort assessment in the living room with the LW_HW_Retro façade structure and night ventilation applied. 

 

 

 

Figure A22: Comfort assessment in the living room with the HW_LW façade structure and night ventilation applied. 
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Figure A23: Comfort assessment in the living room with the LW_LW façade structure and night ventilation applied. 

 

 

 

Figure A24: Comfort assessment in the living room with the HW_HW façade structure and Active Insulation applied. 
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Figure A25: Comfort assessment in the living room with the LW_HW façade structure and Active Insulation applied. 

 

 

 

Figure A26: Comfort assessment in the living room with the LW_HW_Retro façade structure and Active Insulation applied. 
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Figure A27: Comfort assessment in the living room with the HW_LW façade structure and Active Insulation applied. 

 

 

 

Figure A28: Comfort assessment in the living room with the LW_LW façade structure and Active Insulation applied. 
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A P P E N D I X  X I  –  R E S U L T S  P A R A M E T E R  S T U D Y  

  

Table A11: Absolute and relative results from the parameter study for the design of Active Insulation. In some cases, the 
relative change cannot be calculated as the base value is 0. This is indicated with an infinite change (∞%). 

 

  

  Absolute results  Relative change  

 Simulation Case - 50% - 25% Base + 25% + 50%  - 50% - 25% Base + 25% + 50% 

M
A

S
S

 F
L

O
W

 R
A

T
E

 

Heating demand [kWhth/m²a] 15.39 15.18 15.09 14.17 14.02  +2.0% +0.6% 0.0% -6.1% -7.1% 

Auxiliary energy [kWhel/m²a]  35.11 33.06 32.43 27.41 26.76  +8.3% +1.9% 0.0% -15.5% -17.5% 

Upper exceedance 80% acceptance [h] 4 0 0 0 0  ∞% 0.0% 0.0% 0.0% 0.0% 

Lower exceedance 80% acceptance [h] 6 6 6 7 8  0.0% 0.0% 0.0% +16.7% +33.3% 

Upper exceedance 90% acceptance [h] 266 183 145 34 36  +83.4% +26.2% 0.0% -76.6% -75.2% 

Lower exceedance 90% acceptance [h] 26 27 24 38 47  +8.3% +12.5% 0.0% +58.3% +95.8% 

          
   

 Simulation Case - 50% - 25% Base + 25% + 50%  - 50% - 25% Base + 25% + 50% 

 C
H

A
N

N
E

L
 S

IZ
E

 &
 S

P
A

C
IN

G
 

Heating demand [kWhth/m²a] 14.21 14.32 15.09 15.09 15.09  -5.8% -5.1% 0.0% +0.0% +0.0% 

Auxiliary energy [kWhel/m²a]  28.04 28.83 32.43 32.47 32.53  -13.5% -11.1% 0.0% +0.1% +0.3% 

Upper exceedance 80% acceptance [h] 0 0 0 0 0  0.0% 0.0% 0.0% 0.0% 0.0% 

Lower exceedance 80% acceptance [h] 7 7 6 6 6  +16.7% +16.7% 0.0% 0.0% 0.0% 

Upper exceedance 90% acceptance [h] 44 39 145 147 149  -69.7% -73.1% 0.0% +1.4% +2.8% 

Lower exceedance 90% acceptance [h] 35 37 24 24 24  +45.8% +54.2% 0.0% 0.0% 0.0% 

  

         
   

 Simulation Case - 50% - 25% Base + 25% + 50%  - 50% - 25% Base + 25% + 50% 

E
F

F
E

C
T

IV
E

 S
U

R
F

A
C

E
 A

R
E

A
 

Heating demand [kWhth/m²a] 16.01 15.50 15.09 14.80 14.44  +6.1% +2.7% 0.0% -1.9% -4.3% 

Auxiliary energy [kWhel/m²a]  19.19 26.68 32.43 37.64 41.22  -40.8% -17.7% 0.0% +16.1% +27.1% 

Upper exceedance 80% acceptance [h] 52 4 0 0 0  ∞% ∞% 0.0% 0.0% 0.0% 

Lower exceedance 80% acceptance [h] 6 6 6 6 8  0.0% 0.0% 0.0% 0.0% +33.3% 

Upper exceedance 90% acceptance [h] 480 262 145 79 43  +231.0% +80.7% 0.0% -45.5% -70.3% 

Lower exceedance 90% acceptance [h] 29 26 24 24 41  +20.8% +8.3% 0.0% 0.0% +70.8% 

       
 

     
 Simulation Case - 50% - 25% Base + 25% + 50%  - 50% - 25% Base + 25% + 50% 

E
M

IS
S

IV
IT

Y
 

Heating demand [kWhth/m²a] 16.92 15.91 15.09 14.58 13.94  +12.1% +5.4% 0.0% -3.4% -7.6% 

Auxiliary energy [kWhel/m²a]  35.13 33.07 32.43 31.99 31.66  +8.3% +2.0% 0.0% -1.4% -2.4% 

Upper exceedance 80% acceptance [h] 0 0 0 0 0  0.0% 0.0% 0.0% 0.0% 0.0% 

Lower exceedance 80% acceptance [h] 6 6 6 6 5  0.0% 0.0% 0.0% 0.0% -16.7% 

Upper exceedance 90% acceptance [h] 186 163 145 137 131  +28.3% +12.4% 0.0% -5.5% -9.7% 

Lower exceedance 90% acceptance [h] 38 27 24 22 19  +58.3% +12.5% 0.0% -8.3% -20.8% 
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A P P E N D I X  X I I  –  D E M O N S T R A T O R  P R O J E C T  

H A P E R T  

 

Figure A29: Front view (South), side view (East) and back view (North) of the demonstrator project in Hapert. The 
remaining side view is a fully closed façade and therefore not shown here. 

 

 

Figure A 30: The floorplan of the ground floor and first floor (attic room) of the demonstrator project in Hapert. Ground 
floor and first floor are connected by a vide at the front of the building. 
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Table A 12: Properties of the materials used for the different constructions in the demonstrator project in Hapert. 

 

 

Table A 13: Specifications of Active Insulation per applied surface area for the demonstrator project in Hapert. 

 

Surface 

Applicable 

area [m²] 

Applied surface 

area [m²] 

Number of 

panels [-] 

Number of 

channels [-] 

Channel 

Length [m] 

Mass flow 

rate [kg/s] 

Groundfloor_North 7.99 2.64 10 200 0.85 0.0470 

Groundfloor _East 17.77 5.86 23 460 1.85 0.1081 

Groundfloor_South 2.14 0.71 3 60 2.85 0.0141 

Groundfloor _West 22.60 7.46 29 580 3.85 0.1363 
       

Firstfloor_North 2.64 0.87 3 60 5.85 0.0141 

Firstfloor _East 28.90 9.54 37 740 6.85 0.1739 

Firstfloor _South 4.02 1.33 5 100 7.85 0.0235 

Firstfloor _West 28.90 9.54 37 740 8.85 0.1739 

 

Material Thermal conductivity [W/mK] Density [kg/m³] Specific heat [J/kgK] 

Roof Tile 10 1900 840 

Roof Deck 0.17 700 1880 

Masonry 0.70 1800 840 

Limestone 1.00 2000 840 

Floor screed 0.95 1900 840 

Wide slab floor 1.90 2500 840 

Active Insulation 0.027 30 1470 

Air Cavity R-Value = 0.18 m²K/W   


