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a b s t r a c t 

The extensive use of thermal insulation in low-energy dwellings makes them susceptible to heat trapping 

in warmer periods. Construction elements with dynamically adjustable thermal transmittance properties, 

so-called dynamic insulation systems, can be a promising solution for reducing this overheating prob- 

lem, while simultaneously lowering the energy consumption for heating. In this paper, the performance 

of a novel type of closed-loop forced convective dynamic insulation system is investigated. A simula- 

tion model to predict the performance of the dynamic insulation is developed in EnergyPlus. First results 

show that a ninefold higher U-value can be achieved in comparison with the insulating state of the sys- 

tem. Multiple case studies have been analysed to study the behaviour and performance of the system. It 

was found that the dynamic insulation system can reduce the energy consumption and increase the in- 

door thermal comfort of a typical residential building, while using less auxiliary energy than comparable 

passive cooling systems, such as night ventilation. Applying dynamic 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, the closed-loop dynamic insulation system can obviate 

the need for an active cooling system in the climates of Helsinki, Amsterdam and Stuttgart. 

© 2018 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license. 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

.1. Background 

Increased use of thermal insulation forms a key element of leg-

slation and ensuing design guidelines that intend to reduce the

nvironmental footprint of the built environment. With an empha-

is on minimizing heat losses in winter, the widespread application

f thermal insulation has proven to be very effective in the tran-

ition towards low-energy buildings in moderate to cold climates

1–3] . However, in modern-day building design, also some draw-

acks of highly-insulated buildings are increasingly becoming ap-

arent, as they can lead to heat trapping, with indoor overheating

4,5] or higher cooling demands [6,7] as a negative side-effect. 

Over the course of a year, there are several periods in which it

ould be beneficial to have a large heat flux across the building

nvelope, rather than isolating indoor conditions from the exterior

nvironment [8–13] . This happens not only during cool summer

ights when the ambient can act as a heat sink, but also on sunny
∗ Corresponding author. 
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inter days, when solar irradiance absorbed on the building’s exte-

ior can contribute to reducing heating energy demand. Construc-

ion elements with dynamically adjustable thermal transmittance

roperties could thus be a promising solution for reducing the en-

rgy consumption of buildings while improving the quality of the

ndoor environment [14] . 

In the recent past, several of these so-called dynamic insulation

ystems have been proposed, for both opaque and translucent fa-

ades. An overview of the characteristics of some of these systems

s given by Favoino et al. [15] . This information is reinterpreted and

xtended with other literature, to present an updated overview as

s shown in Table 1 . ‘Mechanism’ describes how the dynamic be-

aviour of the insulation is controlled. ‘Measurement method’ indi-

ates how λ, the U-value or the R-value is determined. ‘Simulation

ethod’ describes if and how building energy simulations are ex-

cuted. ‘Performance indicator’ shows the performance indicators

sed for the analyses. ‘Performance increase’ gives the increase of

he performance indicator in comparison with the reference case

sed in the particular study. 

Most of the technologies presented in Table 1 have been de-

eloped in the form of research prototypes or small-scale demon-

tration projects. In addition, multiple computational studies have
nder the CC BY-NC-ND license. ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Nomenclature 

ACH Air changes per hour ([1/ h ]) 

α Constant f or assymetrical split round com f ort 

region ( [ −] ) 

C p Specific heat ([ J / kgK ] 

C.O.P . Coe f f icient of per f ormance ( [ −] ) 

E auxiliary Auxiliar y ener gy consumption of system 

( [ kW h el /a ] ) 

g − v alue T otal solar energy t ransmit tance ( [ −] ) 

k Conductivity ([ W / mK ]) 

λ Thermal conductivity ([ W / mK ]) 

˙ m Mass flow rate ([ kg / s ]) 

N fan Number of instal l ed fans ( [ −] ) 

P fan Energy consumption of a single fan ([ W ]) 

Qv ; 10; spec In f ilt rat ion rate at 10 Pascal pr essur e di f f er ence 

( [ d m 

3 /s m 

2 ] ) 

R Thermal resistance ([ m 

2 K / W ] 

R − sol ( 0 ◦) Sol ar re f l ectance perpendicul ar to the gl ass 

( [ −] ) 

ρ Density ([ kg / m 

3 ]) 

t Time ([ h ]) 

T − sol ( 0 ◦) Solar transmittance perpendicul ar to the gl ass 

( [ −] ) 

T − v is ( 0 ◦) V isible t ransmit tance perpendicul ar to the gl ass 

( [ −] ) 

T e, ref Running mean outdoor temperature ([ °C ]) 
T lower Lower boundary temperature of the com f ort 

region ( [ ◦C ] ) 

T n Environmental temperature ([ °C ]) 
T neutral Thermal neutral temperature ([ °C ]) 
T upper U pper boundary temperature of the com f ort 

region ( [ ◦C ] ) 

U Thermal transmittance ([ W / m 

2 K ]) 

w Width of the comfort region ([ °C ]) 

been carried out to study the effectiveness of dynamic insula-

tion using simple switchable insulation models in a technology-

independent way [16–19] . All these studies came to similar con-

clusions: dynamic insulation can reduce the energy demand of a

building, increase comfort and thereby prevent extra energy con-

sumption for cooling. The practical uptake of dynamic insulation

systems in the actual building stock is, however, still very limited. 

1.2. Closed-loop forced convective dynamic insulation 

The research activities that are reported in this article focus on

a novel type of closed-loop forced convective dynamic insulation

system [33] , here referred to as Active Insulation System (AIS). The

system uses a structure of air ducts on the front and backside of

the insulation panel in combination with two low-voltage fans to

actuate an air flow. The system is sealed with aluminium foil on

both sides to create a closed system. Fig. 1 shows an exploded view

and simplified section of AIS. 

When AIS is in the off-state (i.e. the fans are off), it acts as

a regular insulation panel because the stagnant air contributes to

achieving a high thermal resistance. However, when the fans are

switched on, the insulation layer gets bypassed, thereby promoting

heat exchange between inside and outside. 

AIS is a relatively low-tech solution, especially when compared

to some of the other ideas for making variable thermal insulation

( Table 1 ). This increases chances for market adoption, because it is

compatible with existing ways of working in the construction sec-

tor [34] . At present, only little is known about the technical per-
ormance potential of AIS. Such insights are necessary for making

ensible cost-benefits analyses, and to provide directions for mov-

ng the research and development process into areas with high po-

ential [35] . 

.3. Research objective and paper outline 

Since AIS is a newly developed dynamic insulation system, its

erformance potential is not yet known. This makes it difficult to

ompare the performance of AIS with other systems. The objective

f this paper is therefore to investigate and assess the performance

f AIS in the built environment. 

In Section 2 of this paper, the development of the modelling

nd simulation strategy used in this research is described together

ith the verification of the model in a case with known boundary

onditions. Section 3 describes four different case studies done us-

ng the simulation model, focussing on a comparison with different

assive cooling measures, façade constructions, climates (Stuttgart,

ermany; Amsterdam, the Netherlands; Helsinki, Finland; Lisbon,

ortugal) and two different rooms. Finally, in Section 4 , the con-

lusions of this research are summarized. 

. Development of a modelling and simulation strategy 

.1. System description and requirements 

The working principle on which AIS relies is heat transfer by

eans of air circulation in a closed system with one warm and one

old side wall. The AIS element is typically installed in a multi-

ayer envelope construction, such that heat transferred by the air

ill be exchanged with the surfaces that are in direct contact with

IS. 

AIS is designed to either block or increase the heat transfer

hrough the façade construction of a building. The enhanced heat

ransfer is achieved by activating the fan in the system when a cer-

ain temperature difference between indoor and outdoor occurs. If

here is no potential for useful heating or cooling through the en-

elope, the fan is off and the system is inactive. The combination

f still air and a low conductivity material result in a high thermal

esistance in off-mode. 

Due to its possibility to function as both a heating system and a

ooling system, it is evident that the control of AIS should change

ver time as a function of outdoor conditions. For heating, the acti-

ation should be based on an increased surface temperature due to

olar radiation or a high outside temperature. If cooling is desired,

ctivation should be based on a low outdoor (surface) temperature

r possible radiation to the sky. The indoor conditions should be

onitored continuously to determine if the desired conditions are

et. If this is the case, the system should be deactivated to re-

uce auxiliary energy consumption, regardless of the outdoor con-

itions. 

This study examines the performance of AIS on two levels:

açade and room level. The performance aspects of interest depend

n the level at which the system is investigated. On façade level, it

s desired to make a detailed analysis of the heat transfer through

nd energy storage in the construction, to determine the influence

f AIS on the energy balance. On room level, performance of the

ystem should be analysed based on performance indicators such

s heating demand, cooling demand, auxiliary energy use and over-

eating of the building. 

It is generally not straightforward to model the behaviour of dy-

amic façade systems such as AIS in whole-building performance

imulation tools [36] . Most previous simulation studies have there-

ore used simplified approaches to account for the changing ther-

al properties of dynamic insulation systems. In the few studies

hat change thermal properties during simulation run-time, this
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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/m ²K] R-value [m ²K/W] 

Convection (air) Parietodynamic wall – Void Space 

Dynamic Insulation (VSDI) 

– 0.092–0.20 5.00–10.87 Solidworks Flow Simulation – – – [20] 

Permeodynamic wall (Breathing 

Wall) 

– – 0.01–0.21 4.75–10 0.0 0 1D Analytical Model CO 2 emissions 

[kgCO 2 /m ²] 

– 4–17% [21] 

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/m ²year] 

2) Operative temp. 

exceedance 

Ludwigshafen, 

Germany 

1) 10% 

2) 635 hours 

[ 22 , 23 ] 

Air-permeable building envelope 

components with ventilation 

– – – – Home-made Matlab model 

using FDM 

Indoor temperature Cairo, Naples, Munich 3–7% [24] 

Convection (liquid) Bi-directional thermodiode Test facility setup with 

thermocouples 

0.062–0.360 0.62–3.60 1 0.28–1.61 1 Analytical heat transfer 

model 

– Los Alamos, New 

Mexico 

– [25] 

Low and high conductivity fluid 

tanks 

– 0.018–0.640 0.90–3.23 2 0.31–1.11 2 Analytical heat transfer 

model 

– – – [26] 

Varying pressure 

(gas) 

Variable conductance vacuum 

insulation (VCI) 

Laboratory test bench scale 

model 

0.020–0.188 3 1.00–9.40 0.11–1.0 – – – – [27] 

Adsorption/deabsorption of 

hydrogen 

Scale model measurements 0.003–0.170 0.15–8.50 3 0.12–6.67 3 1-D thermal model 

solar-air façades 

Solar energy gain 

[kWh/m ²] 

Würzburg, Germany 150 kWh/m ² [28] 

Variable pressure on aerogel blanket Guarded Heat Flow Meter 0.011–0.017 – – Computer simulation Weighted energy 

usage [kWh/m ²] 

Göteborg, Sweden 20% [29] 

Variable pressure on fumed silica 

(VIP) 

Guarded Heat Flow Meter 0.007–0.019 – – Computer simulation Weighted energy 

usage [kWh/m ²] 

Göteborg, Sweden 20% [29] 

Varying surface 

interaction (gas) 

Variation on the number of layers of 

air 

Mathematical model 0.032–1.769 4 0.14–7.69 0.13–7.2 – – – – [30] 

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) 

0.40 0–1.20 0 – – – – – – [31] 

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% 

[32] 

1. Thickness used in calculations = 10 cm 

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

3. Thickness used in calculations = 20 mm 

4. The displayed R-values can only be reached with a thickness of the total construction of 23 cm (air layers and structure) 
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Fig. 1. Exploded view and section of AIS. 
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was generally achieved by either changing the total thermal resis-

tance or the thermal conductivity of a specific layer [15,16,18,22] . 

When AIS is in the ‘on’ state, it is often not sufficient to rep-

resent the AIS layer using a very low thermal resistance, because

such an approach would disregard the fact that the air circulation

in AIS can sometimes function as an active heat exchanger. The

heat transfer rate of AIS depends, among other factors, on the mass

flow rate of the air and channel diameter. Moreover, research has

shown that dynamic thermal storage effects are an important fac-

tor to consider when analysing the performance of dynamic insu-

lation systems [15] . These requirements for performance prediction

of AIS have led to the development of the simulation model that

is further described in Section 2.2 . 

2.2. Model description 

The whole-building performance simulation tool EnergyPlus

(v8.6.0) is used to model the performance of AIS. Starting point

of the implementation is the existing Ventilated Slab model devel-

oped by Chae and Strand [37] . Ventilated Slabs and AIS both func-

tion on the principle of forced convection through hollow cores in

a construction 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 con-

trol meets the current requirements as it allows for dynamic con-

trol based on e.g. outdoor climate conditions. 

The Ventilated Slab model is part of the standard EnergyPlus

distribution. Apart from the hollow core slab, it contains connec-

tions with an air handling unit, an outside air mixer, and heating

and cooling coils. The hollow core slab consists of parallel air cav-

ities used for the circulation of air. Heat exchange takes place be-

tween the air and the slab, which allows for storage of thermal

energy in the slab. When the heat reaches the surface of the slab

through transient conduction, the whole system acts as a low tem-

perature radiative slab. 

The Ventilated Slab model prevents unwanted heating/cooling

behaviour by comparing the air inlet temperature with the slab

temperature. If the direction of the occurring heat flow would be

opposite from the desired heat flow, the system shuts off the air

flow and thus prevents further heat exchange. A second check is in

place to verify if surface temperatures drop below the dew-point

temperature of the zone and if this is the case, the system shuts

off to avoid condensation. 

Even though there are many similarities between the imple-

mented Ventilated Slab model and AIS, there are also a few ma-

jor differences. The modifications that were made in the Ventilated

Slab model to represent the characteristics of AIS are presented in
ig. 2 . First of all, AIS is divided into two parts: an indoor side and

utdoor side (step 1). In the Ventilated Slab model, this can be

odelled as two separate slabs that are connected in series (step

). Finally, the heating and cooling coil and outdoor air mixer are

emoved, as AIS does not use conditioned outside air, resulting in

 closed system with two ventilated slabs in series and a supply

an to control air circulation (step 3). 

The Ventilated Slab model uses a modified heat balance so that

 heat source/sink can be implemented in the construction ele-

ent. This source/sink term is caused by air flowing through the

ores, from one side of the slab to the other, and its value depends

n the temperature difference between the air in the cores and the

nterior temperature of the slab. The same modelling method has

een used before for hydronic radiant systems, and was extensively

alidated [38] . 

Because of the source/sink implementation, only one ventilated

lab can be assigned to a surface. To implement AIS in the Ven-

ilated Slab model, the system needs to be modelled as two sep-

rate surfaces. The first surface is equipped with the indoor side

f the system and the second surface with the outdoor side of the

ystem. The zone that is created in-between the two surfaces is

odelled as a cavity with stagnant air, with the remaining surfaces

odelled with a massless high thermal resistance insulation mate-

ial to ensure minimal losses in this zone. 

A schematic thermal resistance diagram of a typical wall (1)

nd a wall equipped with AIS (2) is shown in Fig. 3 . If the fan of

IS is off, the system behaves exactly the same as a typical wall.

he main difference between the two situations is the heat being

ransferred by AIS between point 1 and 3. As a result of this heat

ransfer, the temperature at point 3 (T 3 ) will be relatively similar

o the temperature at point 1 (T 1 ). This actually represents the by-

assing of the thermal resistance of AIS (R cond, 2 and R cond, 3 ). 

.3. Quality assurance – preliminary simulation studies 

.3.1. Façade syst em charact erization (U-value) 

Before conducting building-level dynamic simulations, the

odel implementation is verified in a case with known boundary

onditions. For this purpose, the U-value of AIS is numerically de-

ermined by mimicking a hot box situation in compliance with EN-

SO 8990 [39] . The calculations are done using the AIS specifica-

ions in Table 2 . The total thickness of the system is 160 mm. Mod-

lling limitations of EnergyPlus do not allow high conductive thin

aterials in a structure in combination with an internal source

urface. Instead, the outer layer of the system consisting of alu-

inium foil is modelled as a very thin (1 mm) layer of EPS insula-

ion. 
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Fig. 2. Schematic process of implementation of AIS using the Ventilated Slab model. 

Fig. 3. Thermal resistance diagram of (1) a typical wall and (2) a wall equipped with AIS. 

Table 2 

Characteristics of the different components in AIS. 

Component Specification 

Insulation material EPS insulation 

λ= 0.033 W/mK 

ρ = 30 kg/m ³
c p = 1500 J/kgK 

Hollow Channels Channel diameter: 0.005 m 

Channel spacing: 0.01 m 

Channel length 0.8 m 

Channels per side: 20 

System Fan Fan: 50 × 10 mm 5 Volt 

Mass flow: 0.0047 m ³/s ( = 10 cfm) 

Motor efficiency = 0.95 

Pressure rise = 0 Pa 
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Two hot box simulations are performed, one when the system

s off and one when the system is on. The off-state results in a pre-

icted U-value of 0.185 W/m ²K; this value is identical to the value

btained by hand calculations following the assumptions in the ISO

tandard. When the fans are activated, the U-value of the slab in-

reases to 1.657 W/m ²K and thus a ninefold increase of the heat

xchange rate. 

.3.2. Control considerations 

The model as described before has shown to be able to ade-

uately predict the behaviour of AIS in both the inactive and active

ituation. An additional aspect to check is whether the operation

ogic (i.e. control strategies) of the original Ventilated Slab model

s also suitable for AIS. An in-depth study to investigate this issue

s reported in Appendix I . From this study, it can be concluded that
ith a slight modification in the EnergyPlus source code, to bypass

 check that causes unwanted deactivation of the system, and a

ual setpoint strategy based on outdoor surface temperature, the

ontrol system is suited for predicting the performance of AIS. 

. Results analysis and discussion 

.1. Introduction 

In this section, several case studies are described and the re-

ults of these will be discussed. Table 3 shows the characteristics

f the different case studies. As can be seen, only one parameter

s varied at a time to enable the investigation of only that param-

ter. The first case study compares AIS with different commonly

sed passive cooling systems, while the second case study focuses



414 S.J.M. Koenders et al. / Energy & Buildings 173 (2018) 409–427 

Table 3 

Setup of the case studies done in this research. 

Parameter \ section 3.3 3.4 3.5 3.6 

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 

Table 4 

Envelope characteristics of the reference building. 

Envelope part Properties Comment 

Facade R-Value: 6.00 m ²K/W Boundary conditions: outdoor 

Ground floor R-Value: 5.00 m ²K/W Boundary conditions: ground 

Internal Floor R-Value: 0.32 m ²K/W Boundary conditions: adiabatic 

Windows U-Value glass: 0.70 W/m ²K 
U-Value frame: 2.40 W/m ²K 
g-Value: 0.501 

Boundary conditions: outdoor 

Shading External blinds Lowered if solar radiation > 350 W/m ²

Table 5 

Characteristics and control strategies of the studied passive cooling measures. 

Passive Cooling Characteristics Control Strategy 

Night Ventilation 1 ACH per hour 06:0 0–24:0 0 T ambient 〈 T operative,inside & T operative,inside 〉 25 °C 
3 ACH per hour 0 0:0 0–06:0 0 T ambient 〈 T operative,inside & T surface 〉 22 °C & T ambient > 10 °C 
5 ACH per hour 

Shading HR-LT screen: T-sol = 0.1 R-sol = 0.8 Lowered at 250 W/m ²
Overhang 1.0 m –

Overhang 1.5 m –

AIS 25% effective surface Lower setpoint heating = 20 °C 
50% effective surface Higher setpoint heating = 22 °C 

Lower setpoint cooling = 22 °C 
100% effective surface Higher setpoint cooling = 24 °C 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Graphical representation of the different comfort regions of the thermal 

neutral model used for dwellings. 
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on the applicability of AIS in different façade constructions. Perfor-

mance of AIS in different climates and in different type of rooms is

studied in the third and fourth case study, respectively. Each sec-

tion describes the method of the case study and is followed by the

results and discussion. 

3.2. Description of the base model 

A typical detached residential building [40] is used to anal-

yse the impact of AIS on energy use and indoor overheating risk.

Table 4 presents a brief overview of the building envelope charac-

teristics. A full specification of the building characteristics, internal

loads and occupancy profiles is given in Appendix II . Based on rec-

ommendations from earlier research [23] , the weather conditions

used for the simulations are from a continental climate, in this

case Stuttgart, Germany. The base case building does not have an

air conditioning system, as a goal of the research is to study the

effect of AIS on overheating during the summer. 

3.3. Comparison of passive cooling measures 

3.3.1. Method description 

The passive cooling measures that are compared in this study

are shown in Table 5 . Night ventilation is modelled using a fixed

air change rate per hour. The control strategy for night ventilation

is based on an extensive literature study [41] . These setpoints en-

sure cooling during night-time, but also prevent overcooling of the

room. The shading system used is a highly reflective, low transmit-

tance shading screen, with an activation setpoint of 250 W/m ² inci-

dent irradiance. Overhangs are placed at the east and south facing

windows, having an extension on both sides of the window. 
In reality, an AIS panel consists of a static part and an active

art ( Fig. 1 ). The active part is the actual heat exchanging sur-

ace with the air ducts and fan, whereas the static part consists

f regular insulation around the mounting points. To take the im-

act of this static and dynamic part into account, three simulations

re done with different active surface areas, respectively 100%, 50%

nd 25%. Table 6 shows how the characteristics of the system are

hanging with a different effective surface percentage. 

.3.1.1. Performance indicators. For comfort evaluation, the adaptive

hermal comfort model for dwellings described by Peeters et al.

42] is used. This adaptive model links the indoor comfort temper-

ture to the outdoor temperature and allows for higher tempera-

ures during summer, as shown in Fig. 4 . Research [42] has shown

hat a 90% acceptance is reached with an allowed comfort region
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Table 6 

Characteristics of AIS for different effective surface percentages. 

Effective Surface percent 

System part 100% 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 

Number of Channels [-] 585 130 295 65 145 32 

Effective surface area [m ²] 7.46 4.97 3.76 2.48 1.85 1.22 

Mass flow rate [m ³/s] 0.146 0.097 0.073 0.049 0.037 0.024 

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

Fig. 5. 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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f 5 °C and a 80% acceptance with an comfort region of 7 °C. The

omfort region is split asymmetrically around the thermal neutral

emperature in a 70–30% rate [42] . Assessment of the exceedance

ours will be done for both the 90% and 80% acceptance bound-

ries for a specific period of the year, namely March until Novem-

er. These are the months with temperatures that can lead to over-

eating of the dwelling. Combining this with assessing only the

ours with presence, comfort will be assessed for 4675 hours per

ear. 

The primary energy consumption to achieve the predicted heat-

ng demand will be calculated for the different cases, as one of the

enefits of AIS is the expected reduction in heating demand. A wa-

er/air heat pump with a COP of 3.0 is considered. The price per

nit of energy is €0.18/kWh for electrical energy, based on typical

onsumer prices [43] . 

.3.2. Results and discussion 

Thermal comfort 

Fig. 5 compares comfort conditions in the living room for the

ifferent cases, where exceedance hours of the comfort bound-

ries of 80% and 90% acceptance are shown. Already at a low ef-

ective surface area of AIS, the amount of exceedance hours can

e reduced significantly. With 25% effective surface area, only 75

xceedance hours above the 80% acceptance range occur. Increas-

ng the effective surface area to 100%, decreases the exceedance

ours to zero. Similar results show for night ventilation with an

ir change rate of 5. However, a constant air change rate of 5 is

elatively hard to achieve due to the fact that natural night venti-

ation is influenced by, among other things, temperature difference,

ind speed and pressure differences [44] . Adding static shading el-

ments or changing the control of the automated shading systems

oes have some effect against overheating, but the small change in

xceedance hours indicates that for this case, overheating in sum-

er is more affected by internal gains than solar radiation. It is

orth noting that the base case scenario also has shading systems

nstalled, but that the activation threshold is different. 
Temperature distribution living room 

As AIS and night ventilation show similar effects in terms

f decreasing the number of overheating hours, a detailed study

as performed for a summer period (13 August–18 August). From

ig. 6 a, it can be seen that the operative temperature in the liv-

ng room does not deviate much between the different AIS cases,

nd is similar to the temperatures achieved with night ventila-

ion. A comparison of the indoor surface temperature, on the other

and, shows a much bigger difference between the two measures

 Fig. 6 b). By cooling the thermal mass directly, AIS can achieve

ower surface temperatures for all cases. The graph shows that, as

ime progresses, AIS can actually reduce the surface temperature,

hile the surface temperature stays roughly similar when using

ight ventilation. 

Heating demand 

From Fig. 7 , it can be seen that the annual specific heating de-

and of the living room decreases when using AIS. Night ventila-

ion does not result in a decrease and changing the shading mea-

ures only increases the heating demand. In comparison with any

f the cases, AIS can reduce the heating demand with 16% −22%,

epending on the amount of effective surface area of AIS. This is a

esult of transferring heat to the living room on sunny winter days

hen the outside surface heats up due to solar radiation. 

Auxiliary energy consumption 

Of all compared cases, AIS and night ventilation based on me-

hanical ventilation use auxiliary energy. The power of a small

an used in the AIS panel is estimated at 0.5 W. For night venti-

ation, the energy consumption is based on the power output of

 commonly used residential heat-recovery ventilation system: 12,

4 and 156 Watt for 1 ACH, 3 ACH and 5 ACH respectively [45] .

uxiliary energy consumption of the fans can be calculated with

ollowing equation 

 auxiliary = P fan ∗ N fan ∗ t (1) 

Where E auxiliary is the annual auxiliary electrical energy con-

umption, P fan is the power of one fan, N fan is the total number of
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Fig. 6. (a) Operative temperature in the living room for the AIS and night ventilation cases. (b) Inside surface temperature of the south facade for the AIS and night 

ventilation cases. Note that the outside surface temperature in summer can go up to 60 °C, as is visualized in e.g. Fig. 13 . 

Fig. 7. Heating demand in the living room for the different simulated cases. In green, blue and orange are all different variants for AIS, night ventilation and shading 

respectively. 
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fans installed and t is the amount of time the system is activated.

Using this equation to calculate the auxiliary energy consumption,

it shows that AIS uses between 19 kWh el and 66 kWh el auxiliary

energy yearly. Night ventilation uses significantly more auxiliary

energy as a result of the much higher power of the fan, between

31 kWh el and 289 kWh el per year. 

Energy costs 

With the auxiliary energy consumption, the overall yearly en-

ergy is calculated. The primary energy demand for heating is cal-

culated based on the specifications of the heating system and the

annual specific heating demand. The total annual energy costs are

shown in Fig. 8 , specified for heating and auxiliary energy. 

From the results it can be seen that even though AIS uses aux-

iliary energy to achieve a reduced heating demand and improved

thermal comfort conditions, it has the lowest yearly costs. In com-

parison with mechanical night ventilation, where thermal comfort

is similar or in some cases better than AIS, AIS uses significantly

less auxiliary energy. These auxiliary energy costs for night venti-

lation can be neglected if natural ventilation is used. However, the
imulated constant ventilation rate is not achievable with natural

entilation, as building parameters and varying weather conditions

nfluence the ventilation rate of natural night ventilation. 

.4. Comparing different façade structures 

.4.1. Method description 

Previous research suggests that the amount and position of

hermal mass in a construction is a very important factor when as-

essing the performance of building envelopes [15,46] . Five differ-

nt construction types are studied here, differing in the location of

hermal mass, but having the same overall thermal resistance. Ab-

reviations are used to designate the amount of thermal mass: HW

tands for heavyweight and implies thermal mass present, while

W stands for lightweight and no significant thermal mass present.

or example: HW_HW describes a façade structure in which AIS

s positioned between a heavyweight external and internal con-

truction element. The interior slabs of the façade structure also

etermine if the ground floor and internal floor are modelled as
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Fig. 8. Annual energy costs for the living room with a heat pump installed. A division between the costs for heating and the auxiliary energy is made. 

Fig. 9. The façade construction of the base case for the different structures studied. 
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eavyweight or lightweight. The different configurations as shown

n Fig. 9 are compared to a base case where no AIS is applied. A

ist of the material properties can be found in Appendix III . The

ase case dwelling has night ventilation with an air change rate of

. 

Thermal comfort will be assessed using the model from Peeters

t al. [42] . Comfort will be assessed during hours with presence

rom March until November, for the comfort boundaries of a 90%

nd 80% acceptance case. The annual specific heating demand of

he living room will be determined and compared to a situation

ithout AIS. 

To study in detail what the effect of the location and amount

f thermal mass on the heat transfer through the construction is,

 detailed study of the heat transfer through the construction is

ade. The heat transferred by AIS for five consecutive days is stud-

ed during a summer period for both the HW_HW case and the

W_HW case. A typical summer week is chosen with enough cool-

ng potential during the night. 

.4.2. Results and discussion 

Thermal comfort 

Fig. 10 shows the exceedance hours of the comfort boundaries

uring the assessed period. A comparison is made between the

ase case with night ventilation and the AIS case. For the HW_HW,

W_LW and LW_LW case, the thermal comfort is very compara-

le with the base case. Only the LW_HW and LW_HW_Retro façade

onstruction show a thermal comfort improvement in comparison

ith night ventilation. The LW_HW has no exceedance hours of

he 80% acceptance boundary and only 44 exceedance hours of the

0% acceptance boundary. 
The façade constructions with low effective thermal mass have

ignificant overheating issues which is a result of the lack of ther-

al storage capacity. Cooling at night has only little effect, as the

ndoor temperature increases quickly due to solar gains and inter-

al gains during the next day. The HW_HW façade structure has

hermal mass on the outside, which actually limits the cooling po-

ential of the system. The thermal mass is warmed up during the

ay due to solar radiation, but cannot be cooled down sufficiently

uring the night. 

Heating demand 

In Fig, 11 , the heating demand for the night ventilation and AIS

ases for each façade construction are compared. Only the cases

ith a lightweight outer façade structure result in a significant re-

uction of the heating demand of approximately 20%. The direct

onnection to the outdoor conditions and quickly rising exterior

urface temperature are responsible for the fact that these cases

ead to a large heating energy reduction potential of AIS. 

Influence of thermal mass 

The results show that only the LW_HW and LW_HW_Retro case

esult in a reduction of the heating demand and a significant im-

rovement in thermal comfort conditions. A detailed study of the

nfluence of thermal mass on the outside of the structure is per-

ormed for a summer week, by plotting the heat flows through

he façade structure over time. This comparison uses the hot box

ethod as described before, to be able to concentrate only on the

ffect of construction type on heat flow and temperatures. 

Fig. 12 shows the heat flow of the HW_HW case (left) and the

emperature profile over the construction (right), during a summer

eriod. It shows a relatively large positive heat flow at the mo-

ent the system activates, resulting in heating instead of cooling.



418 S.J.M. Koenders et al. / Energy & Buildings 173 (2018) 409–427 

Fig. 10. 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 AIS case. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 11. Comparison of the heating demand in the living room for the night ventila- 

tion (red) and AIS (green) case for the studied façade structures. (For interpretation 

of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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Cooling occurs after a certain period of time as the heat transfer

direction reverses by dropping below zero. This is in line with the

temperature profile across the construction. The moment the sur-

face temperature drops below the indoor temperature, the system

activates. However, the temperature at the surface that is in con-

tact with the AIS layer, is still approximately 29 °C. This is a higher

temperature than the indoor temperature and, as a result, a posi-

tive heat flow occurs. There is a significant temperature difference

between the outside surface temperature and the temperature at

the location of AIS, up to 8 °C. 
Fig. 12. Left: Heat transferred by AIS for the HW_HW structure during a typical summ

positive heat flows are undesirable. 

Right: The temperature gradient over the HW_HW construction from inside to outside. Th

interpretation of the references to color in this figure legend, the reader is referred to the
Fig. 13 shows the heat flow (left) and the temperature pro-

le over the construction (right) for the LW_HW construction. The

oment AIS activates, a negative heat flow occurs and thus the

nternal zone is cooled. In comparison with the HW_HW case,

he maximum heat transfer is larger, 15–20 W/m ² in comparison

ith 10 W/m ² respectively. The temperature profiles over the con-

truction also show that the outside surface temperature of the

W_HW case drops significantly slower than that of the LW_HW

ase. As a result, AIS can be activated for a longer period in the

W_HW case. With a lightweight outside construction, tempera-

ure differences of 25 °C can be seen during the day, while a heavy-

eight construction attenuates this difference to 10 °C. 

Control algorithm 

The occurrence of heat flows in the wrong direction indicates

hat the control algorithm does not function optimal for a HW out-

oor structure. Instead of controlling based on the outdoor surface

emperature, the algorithm is adjusted so that it activates based

n the temperature of the layer adjacent to AIS, which is the sim-

lated temperature at the inside of the masonry. This is done using

he validated built-in possibility of EnergyPlus for determining the

emperature at a specific layer of the construction when using low

emperature radiant systems. 

Fig. 14 shows the resulting heat flows after adaptation of the

ontrol algorithm. No positive heat flows occur and the system ac-

ivates only if the temperature on the inside of the masonry drops

elow the indoor temperature. This results in relatively short acti-

ation periods, as is indicated with the dashed blue line in Fig. 14 .

The results in terms of thermal comfort and heating demand of

he living room do not differ significantly with the updated con-
er week. AIS runs in cooling mode, thus negative heat flows are desirable, while 

e dashed red line indicates the position where AIS would normally be located. (For 

 web version of this article.) 
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Fig. 13. Left: Heat transferred by AIS for the LW_HW structure during a typical summer week. AIS runs in cooling mode, thus negative heat flows are desirable, while 

positive heat flows are undesirable. 

Right: The temperature gradient over the LW_HW construction from inside to outside. The dashed red line indicates the position where AIS would normally be located. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 14. Heat transferred by AIS for the HW_HW structure, with the adjusted con- 

trol algorithm. AIS runs in cooling mode, thus negative heat flows are desirable, 

while positive heat flows are undesirable. 
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rol strategy. Over 750 and 10 0 0 exceedance hours for the HW_HW

nd HW_LW case respectively still indicate a poor performance.

imilar results can be seen for the heating demand, where the de-

iations are around 0.5 kWh th /m ² annually. 

Even with the adapted control algorithm, the performance of all

ituations with a thermal heavy outer structure does not change

ignificantly. The detailed heat flow study showed that the ampli-

ude of the temperature fluctuations is dampened by the thermal

ass and a time shift in occurrence of the minimum and maxi-

um temperatures can be seen. Overall, this results in a shorter

ctivation time and a lower potential. Applying AIS does not result

n significant performance increase in this case. 

Even though the present results show strong limitations to the

se of AIS in certain situations, the results are in line with earlier

esearch on controllable insulation and different façade structures.

in et al. [18] concluded that placing the controllable insulation ex-

ernally to the thermal mass increases the energy saving poten-

ial of the adaptive insulation system to the greatest extent, while

omfort improvements are possible only if a sufficient amount of

hermal mass is present. 

.5. AIS in different climates 

.5.1. Method description 

Previous comparison studies in this article used the TMY

eather data for Stuttgart (heating degree days (HDD): 2340, cool-
ng degree days (CDD): 106). Next to Stuttgart, the performance

f AIS in the climates of Amsterdam (Netherlands), Helsinki (Fin-

and) and Lisbon (Portugal) is also studied. Helsinki experiences

 heating dominated climate (HDD: 3603, CDD: 28), while Lisbon

as little need for heating (HDD: 639, CDD: 227) and Amsterdam

as a milder climate (HDD: 2021, CDD: 33). Three different situa-

ions will be compared: a base case with night ventilation (1 ACH),

 case with AIS applied and a case with active cooling. The set-

oints for cooling will be the upper boundary conditions of the

0% and 90% acceptance criteria of the comfort model described

efore. This will show what performance increase can be achieved

ith AIS, but also what savings can be achieved in comparison

ith active cooling. 

.5.2. Results and discussion 

The indoor thermal comfort in different climates for the four

ifferent simulation cases is shown in Fig. 15 . For all different cli-

ates, AIS can reduce the number of exceedance hours signifi-

antly in comparison with the 1 ACH night ventilation case. Even

or Lisbon, which is a cooling dominated climate, a reduction of

he exceedance hours of 80% can be seen. All climates except Lis-

on have a maximum of around 100–150 exceedance hours of the

0% acceptance boundary. With a cooling setpoint similar to the

0% acceptance boundary, a large amount of exceedance hours of

he 90% acceptance boundary remains, while the amount of ex-

eedance hours with AIS are much lower. Although it was not in-

estigated in detail, this finding indicates that a combination of

IS with active cooling could under some circumstances also be

 viable option. Lowering the cooling setpoint to the 90% accep-

ance boundary results in no exceedance hours in both acceptance

anges, while AIS still has some exceedance hours. 

Fig. 16 shows the energy costs for heating, cooling and auxiliary

nergy. Looking at the energy costs for heating for the different cli-

ates, it can be seen that AIS can reduce the heating demand in

ll climates. For all climates, the absolute reductions are between

.5 and 3.0 kWh th /m ² a. For a heating dominated climate such as

elsinki, this corresponds to only a reduction of 4%. The lower

vailable solar irradiance and lower outdoor temperatures result in

 much smaller potential for reducing the heating demand. 

As AIS is a passive system, all cases with AIS do not have any

osts for cooling. Even though there are no costs for cooling in

isbon when AIS is applied, still a large amount of exceedance

ours remain. When 150 exceedance hours of the 90% acceptance

oundary are considered to be acceptable, Stuttgart, Amsterdam

nd Helsinki do not need a cooling system. Apart from lower in-

estment costs, this can also result in a reduction of the total en-

rgy demand between 5 and 20 kWh /m ²a, thereby saving be-
th 
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Fig. 15. Thermal comfort in the living room expressed as the amount of hours the acceptance boundary is exceeded. A comparison is made between active cooling systems, 

AIS and night ventilation for four different climates. 

Fig. 16. 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17. Thermal comfort in the bedroom and attic room for a case with night ven- 

tilation and AIS. 
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tween €6 and €30 per m 

2 per year. For Lisbon, a cooling system

is still needed as the amount of exceedance hours is still signifi-

cant. 

3.6. AIS applied in an attic room and bedroom 

3.6.1. Method description 

Previous simulation studies were applied to a room charac-

terised as living room. As AIS can be applied to a complete

dwelling, performance data of rooms with other internal loads and

user profiles is needed. The rooms being studied are a bedroom on

the first floor and an attic room, both on the east façade. Presence

of occupants in a bedroom is mainly during the night, while pres-

ence in a living room is mainly during the day. To study the possi-

bility of using AIS in a roof construction, the attic room is studied.

Characteristics and the full specifications of both rooms, including

occupancy profiles, lighting and appliance profiles and specifica-

tions of AIS per surface can be found in Appendix IV . 

3.6.1.1. Performance indicators. For the assessment of the thermal

comfort, the criteria for bedrooms as described by Peeters et al.

[42] are used. 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 Novem-

ber. 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 en-
rgy consumption of the system will be determined based on the

mount and time of activation of the system. 

.6.2. Results and discussion 

Fig. 17 shows the exceedance hours of the 80% and 90% accep-

ance criteria. As can be seen, only the bedroom with night ven-

ilation has a significant amount of remaining exceedance hours,

p to 250 hours. For both rooms, AIS can reduce the exceedance

ours to (nearly) zero. While the result of the living room showed

hat AIS performed much better than night ventilation, the differ-

nce is negligible for the attic room. A large part of the attic room
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Fig. 18. The heating demand in the bedroom and attic room for a case with night 

ventilation and a case with AIS. 
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nvelope consists of a lightweight roof construction, minimizing

he overall thermal mass of the room. As a result, the effect of

he thermal mass acting as a low temperature radiative system is

uch smaller. In this case, direct cooling becomes more important

han a delayed response, reducing the additional benefit of AIS. Us-

ng AIS to cool the thermal mass is still effective as can be seen

rom the comparison of night ventilation and AIS in the bedroom. 

Even though the performance in terms of thermal comfort is

imilar, AIS can still reduce the heating demand with approxi-

ately 30% as can be seen from Fig. 18 . 

. Concluding remarks 

In this research, a newly developed dynamic insulation system

or low-energy buildings based on forced convective heat transfer

s studied. A computational model is developed to simulate the

erformance of AIS and multiple case studies are carried out to

ompare the performance of AIS in different situations. 

First analyses of the application of AIS in a representative

uilding envelope construction showed that a low U-value of

.185 W/m ²K can be achieved in off-mode and a U-value of

.657 W/m ²K in on-mode. Applying AIS in a case study resulted in

2–90% less comfort exceedance hours, depending on the effective

urface area applied. Similar results were seen with higher night

entilation rates. However, AIS also reduced the specific annual

eating demand with 16–22%, while using 75% less auxiliary en-

rgy than night ventilation. The results showed that it is important

o choose an appropriate host construction for AIS. The system per-

orms best for a façade construction with a lightweight outer struc-

ure and heavyweight inner structure. A heavyweight outer struc-

ure limits the potential of the system significantly as the thermal

ass reduces the amplitude of maximum and minimum tempera-

ures and causes a delay in occurrence of these temperatures. AIS

an be applied in climates ranging from Lisbon to Helsinki, increas-

ng both thermal comfort and decreasing the heating demand. An

ctive cooling system is not needed in Stuttgart, Amsterdam and

elsinki, if a small amount of exceedance hours are accepted. The

eneficial effect of cooling the thermal mass with AIS is reduced

hen applied to a bedroom, but still a reduction of 30% for the

eating demand can be achieved. 

This study has shown some positive prospects of the AIS build-

ng envelope system on the basis of detailed building performance

imulations. Most attention was given to technical aspects such as

eductions in energy consumption and improved thermal comfort

onditions. 

Additional strengths and opportunities arise from the decou-

ling of night cooling and fresh air supply, leading to the possi-

ility to install the system in places where the option of opera-
le windows would usually be discarded, such as neighbourhoods

ith high environmental noise levels [47] or poor outdoor air qual-

ty [48] . AIS is moreover relatively easy to install, suitable for en-

elope refurbishments, and has little impact on the architectural

ppearance of the façade. However, before AIS can become a com-

etitive product in the market, there are several technical and non-

echnical barriers that need to be addressed. 

For example, it is difficult to calculate the payback time of a

echnology such as AIS. Based on reductions in energy costs only,

he higher capital costs may not be recovered in a short enough

imeframe. On the other hand, improvements in thermal comfort

re difficult to be expressed in monetary terms, and the avoided

osts of installing air-conditioning equipment are seldom included

hen making decisions about the design of a building envelope. 

Another issue that should be addressed with care is the risk

or condensation. During summer nights, the temperature at the

nterior side of the AIS construction might drop below the dew-

oint temperature, leading to potential condensation. Similar to

ontrol strategies for radiant cooling panels [49,50] , the develop-

ent of condensation-free control strategies for AIS is a neces-

ary step in the upcoming phases of the research and develop-

ent process. In addition, there is also a risk for local thermal

ridges. When the system is in the off-state, a path of low ther-

al resistance is created near the position of the fan. This config-

ration can cause non-uniform temperatures and can create point

hermal bridges [51,52] , with unwanted heat losses, condensation

nd potential mould growth as negative side-effects. Further inves-

igations are necessary to determine the extent of this risk, and to

esign a careful product with thermal breaks to minimize the ef-

ect. 

onflict of interest 

None. 

ppendix I. – Control considerations 

ntroduction 

The original control algorithm in the model was developed for

ollow core ventilated slabs. To investigate if this algorithm be-

aves correctly for the case of AIS under dynamic indoor and

utdoor conditions, a simulation with typical meteorological year

TMY) weather data is carried out. 

The model used for this simulation is built in such a way that

nly the effect of AIS is taken into account. This is done by setting

p the model similar as in the hot box simulation ( Section 2.3.1 ).

o internal gains are implemented and there is no ventilation or

nfiltration in the zone. The dynamic outdoor environment is taken

rom the TMY weather file of Amsterdam, the Netherlands. The

uilt-in control algorithm is set to regulate the operative tempera-

ure of the zone. Setpoints for heating and cooling are 15 °C and

7.5 °C respectively. As the hot box has no internal loads, these

etpoints will allow for a good analysis of the functioning of the

odel. 

To analyse the behaviour of the system in-depth, two series

f days are chosen: a period with heat gains from solar radiation

24/3 until 26/3) and a period where removal of heat due to low

ight temperatures occurs (17/7 until 19/7). 

ehaviour with built-in control mechanism 

Figs. A1 and A2 show the results for the spring period and sum-

er period, respectively. For the spring period, activation occurs

f the outside surface temperature exceeds the operative tempera-

ure. The system deactivates if the heating setpoint is reached or
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Fig. A1. Behaviour of AIS during periods with heat gains and the resulting temper- 

atures on several key points of the structure and system. 

Fig. A2. Behaviour of AIS during periods with potential for cooling and the result- 

ing temperatures on several key points of the structure and system. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A4. Behaviour of AIS with the new control algorithm during periods with heat 

gains. 

Fig. A5. Behaviour of AIS with the new control algorithm during periods with cool- 

ing potential. 
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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 opera-

tive temperature. However, because the system has only one set-

point for heating and one for cooling, and it has a very low ther-

mal storage capacity, the system rapidly activates and deactivates

around the setpoints. 

Optimizing the control algorithm 

A new control algorithm is designed, to avoid the unwanted

rapid fluctuations. The control algorithm for AIS is written in the

Energy Management System of EnergyPlus, using the EnergyPlus

Runtime Language (Erl). The existing control algorithm has the fol-

lowing characteristics: 

– A low and high setpoint for cooling and heating can be set in

the program ‘SetTemp’. 

– ‘SetMode’ checks if the system should heat or cool based on

zone operative temperature. 
Fig. A3. Capture of the internal check in the Ventilated Slab module that checks th
– Activation occurs based on the surface temperature of AIS and

ensures a correct direction of the heat flow. 

Furthermore, the Ventilated Slab module has an internal check

o see if the heat flow goes the desirable way. The most important

art of this check is shown in Fig. A3 . Detailed analysis of the data

howed that this internal check is the reason why the system de-

ctivates at certain times even though there is still cooling/heating

otential. The source code of this module is therefore adapted in

nergyPlus and this internal check is removed. 

ehaviour with new control algorithm 

A new control algorithm with dual temperature setpoints is de-

igned and simulated using the adapted source code. Figs. A4 and

5 show the results for the spring and summer period respec-

ively. The dual setpoint method for heating allows for heating up

o 17.5 °C. If this temperature is reached, the system shuts down, in

ccordance with the control algorithm. For cooling the algorithm

orks similarly, but with a different setpoint. The number of ac-
e direction of the heat flow and determines if the system should deactivate. 
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Table A1 

Dimensions of the base case build- 

ing living room [40] . 

Living room Value Unit 

Width 5.99 m 

1 

Depth 4.30 m 

1 

Height 2.63 m 

1 

Surface area 25.75 m ²
Volume 67.75 m ³

Small Window 

Height 1.50 m 

1 

Width 1.00 m 

1 

Surface area 1.50 m ²
Large Window 

Height 2.40 m 

1 

Width 4.80 m 

1 

Surface area 11.52 m ²

O

 

r  

0  

r  

t  

s  

(  

w  

s  

p  

h

ivation moments during the heating period is drastically reduced,

rom 458 to 12 switching moments. Similar results can be seen for

he cooling period. With less activations of the system, but a sim-

lar performance, it would suggest that the new control algorithm

ses the potential of the outside conditions more efficiently. 

ppendix II. – Base case building specifications 

eometry 

Geometrical information about the base case dwelling is pre-

ented in Fig. A6 , Fig. A7 and Table A1 . 

aterials and constructions 

Details about material properties and construction types are

resented in Tables A2–A5 . 

nternal loads and gains 

The internal loads, lighting and occupancy of the living room is

ased on the research of Plas [53] . In this research it is described

hat the reference dwelling has internal heat gains for lighting and

ppliances of respectively 1.4 and 3.4 W/m ² on average. However,

t also states that these values are for an average for the whole

welling, in reality these loads are not evenly distributed over

he dwelling. As a result, the correct internal gain in the living

oom for lighting is 9.76 W/m ². The internal gain from appliances is

4.1 W/m ² for the living room. These values match the 100% values

f the schedules as composed by Plas and depicted in Fig. A8 . The

mount of persons in the living room is set to 4 persons, which

epict a family which is often at home. 
Fig. A6. Front, rear and side view of the reference dwelling. Highligh

Fig. A7. Ground floor, first floor and attic of the base case dwelling. Hig
thers 

The infiltration rate of the base case dwelling is based on the

estrictions for the qv;10;spec value for NZEB dwellings, namely

.400 dm ³/s m ². Based on the surface area of the living room, this

esults in an air change rate of 0.08 for the living room [53] . Ven-

ilation rates for the dwelling are set at 1.5 dm ³/s per m ² of floor

urface, using a mechanical ventilation system with heat recovery

75% efficient) and summer bypass. An ideal load heating system

ill cover the heating demand of the room for winter periods. The

ystem has a setpoint of 20 °C from 06:00 until 23:00 and a set-

oint of 18 °C for all other hours. This resembles the setback of the

eating system during night-time. 
ted in green is the living room used for the simulations [40] . 

hlighted in green is the living room used for the simulations [40] . 
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Table A2 

Characteristics of the materials used for the base case building [53] . 

Material Thermal conductivity [W/mK] Density [kg/m ³] 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 20 0 0 840 

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 A3 

The thickness and R-value of the different construction layers for the constructions of the base case building 

as determined by [53] and a lightweight variant of these structures. 

Heavyweight Thickness R-value Lightweight Thickness R-value 

[mm] [m ²K/W] [mm] [m ²K/W] 

Ground floor Ground floor 

Re – 0.04 Re – 0.04 

Mineral wool 160 4.57 Wood and insulation 220 4.69 

Hollow-core slab floor 150 0.18 Flooring 12.5 0.07 

Floor screed 50 0.05 Floor screed 50 0.05 

Ri – 0.13 Ri – 0.13 

R total 4.97 R total 4.98 

Internal floor Internal floor 

Re – 0.04 Re – 0.04 

Wide slab floor 180 0.09 Wood floor 120 0.19 

Floor screed 50 0.05 Floor screed 50 0.05 

Ri – 0.13 Ri – 0.13 

R total 0.31 R total 0.41 

External wall External wall 

Re – 0.04 Re – 0.04 

Masonry, brick 5 0.01 Masonry, brick 5 0.01 

Mineral wool 188 5.37 Mineral wool 188 5.37 

Masonry, brick 100 0.14 Wood structure 85 0.47 

Air cavity 40 0.18 Gypsum plastering 5 0.01 

Masonry, limestone 120 0.12 Ri – 0.13 

Gypsum plastering 5 0.01 R total 6.03 

Ri – 0.13 

R total 6.00 

Table A4 

Glazing properties for the windows 

[53] . 

Triple glazing Value Unit 

Total thickness 44 mm 

1 

U-value 0.70 W/m ²K 
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/m ²K 

Table A5 

Absorptance and emissivity [53] . 

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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ppendix III. – Different Façade Structures 

Table A6 . 

ppendix IV. – Bedroom and Attic Room Specifications 

eometry 

Drawings of the bedroom and attic room are presented in

ig. A9 and Fig. A10 s. 

Tables A7 and A8 show the characteristics of both rooms and

he specification of AIS applied to the different surfaces. 

Internal loads in the both the bedroom and the attic room

re corresponding to the loads determined by Plas [53] . This re-

ults in 10.4 W/m ² for lighting and 26.05 W/m ² for electric equip-

ent. Combined with the schedules used for lighting and appli-

nces from Fig. A11 , this results in the corresponding internal loads

ver the day. For both rooms, a presence of 2 instead of 4 people

s considered. Infiltration is kept at the same level as calculated

or the living room, resulting in an air change rate of 0.08 due to

nfiltration. Ventilation in the both rooms is set at 0.9 dm ³/sm ². 
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Table A6 

Material properties of the materials used for the comparison of different façade structures. 

Material Thermal conductivity [W/mK] Density [kg/m ³] Specific heat [J/kgK] 

AIS 0.033 30 1500 

Air Cavity Equivalent R-value of 0.18 m ²K/W 

Wood Siding 0.15 550 1880 

Mineral Wool 0.035 35 840 

OSB Finishing 0.30 600 1880 

Masonry, brick 0.70 1800 840 

Gypsum plastering 0.52 1300 840 

Masonry, limestone 1.00 20 0 0 840 

Fig. A8. Graphical representation of the schedules for occupancy, lighting and appliances in the living room [53] . 

Fig. A9. 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 [54] . 

Fig. A10. Floor plan of the reference dwelling. Highlighted in orange is the bedroom and in red the attic room used for the simulations [54] . 
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Table A7 

Overview of the characteristics of both rooms. 

Characteristic Value Unit 

Bedroom surface area 16.4 m ²
Attic room surface area 23.8 m ²
R-Value façade 6.00 m ²K/W 

R-Value roof 7.00 m ²K/W 

U-Value glazing 0.70 W/m ²K 
Internal load lighting (100%) 10.4 W/m ²
Internal load appliances (100%) 26.1 W/m ²
Ventilation rate 0.9 dm ³/sm ²
Heating setpoint 18 °C 
Setback temperature 16 °C 

Table A8 

Specifications of AIS applied to the different surfaces of the simulation cases. 

Situation North/South East Roof-North Roof-South 

Bedroom 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 m ²) 50% ( = 6.4 m ²) – –

Attic Room 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 m ²) 50% ( = 5.9 m ²) 50% ( = 7.4 m ²) 50% ( = 8.25 m ²) 

Fig. A11. Graphical representation of the schedules used for occupancy, lighting and appliances for both the bedroom and attic room. 
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