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Abstract 8 
The extensive use of thermal insulation in low-energy dwellings makes them susceptible to 9 heat trapping in warmer periods. Construction elements with dynamically adjustable thermal 10 transmittance properties, so-called dynamic insulation systems, can be a promising solution for 11 reducing this overheating problem, while simultaneously lowering the energy consumption for 12 heating. In this paper, the performance of a novel type of closed-loop forced convective dynamic 13 insulation system is investigated. A simulation model to predict the performance of the dynamic 14 insulation is developed in EnergyPlus. First results show that a ninefold higher U-value can be 15 achieved in comparison with the insulating state of the system. Multiple case studies have been 16 analysed to study the behaviour and performance of the system. It was found that the dynamic 17 insulation system can reduce the energy consumption and increase the indoor thermal comfort 18 of a typical residential building, while using less auxiliary energy than comparable passive cooling 19 systems, such as night ventilation. Applying dynamic insulation to a façade construction with a 20 heavyweight interior partition and lightweight exterior partition resulted in the best 21 performance. If a small period of thermal discomfort is allowed, the closed-loop dynamic 22 insulation system can obviate the need for an active cooling system in the climates of Helsinki, 23 Amsterdam and Stuttgart. 24 25 Key words: dynamic insulation, adaptive façade, indoor overheating, low-energy dwellings26 
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Nomenclature 27 
𝐴𝐶𝐻 𝐴𝑖𝑟 𝑐ℎ𝑎𝑛𝑔𝑒𝑠 𝑝𝑒𝑟 ℎ𝑜𝑢𝑟 [1/ℎ] 𝛼 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑓𝑜𝑟 𝑎𝑠𝑠𝑦𝑚𝑒𝑡𝑟𝑖𝑐𝑎𝑙 𝑠𝑝𝑙𝑖𝑡 𝑟𝑜𝑢𝑛𝑑 𝑐𝑜𝑚𝑓𝑜𝑟𝑡 𝑟𝑒𝑔𝑖𝑜𝑛 [−] 𝐶  𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 [𝐽/𝑘𝑔𝐾] 𝐶. 𝑂. 𝑃. 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 [−] 𝐸  𝐴𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑦𝑠𝑡𝑒𝑚 [𝑘𝑊ℎ /𝑎] 𝑔 − 𝑣𝑎𝑙𝑢𝑒 𝑇𝑜𝑡𝑎𝑙 𝑠𝑜𝑙𝑎𝑟 𝑒𝑛𝑒𝑟𝑔𝑦 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 [−] 𝑘 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 [𝑊/𝑚𝐾] 𝜆 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦  [𝑊/𝑚𝐾] 𝑚 𝑀𝑎𝑠𝑠 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 [𝑘𝑔/𝑠] 𝑁  𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝑓𝑎𝑛𝑠 [−] 𝑃  𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑎 𝑠𝑖𝑛𝑔𝑙𝑒 𝑓𝑎𝑛 [𝑊] 𝑄𝑣; 10; 𝑠𝑝𝑒𝑐 𝐼𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑎𝑡 10 𝑃𝑎𝑠𝑐𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 [𝑑𝑚 /𝑠𝑚²] 𝑅 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑟𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 [𝑚 𝐾/𝑊] 𝑅 − 𝑠𝑜𝑙 (0°) 𝑆𝑜𝑙𝑎𝑟 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑎𝑛𝑐𝑒 𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 𝑡𝑜 𝑡ℎ𝑒 𝑔𝑙𝑎𝑠𝑠 [−] 𝜌 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 [𝑘𝑔/𝑚³] 𝑡 𝑇𝑖𝑚𝑒 [ℎ] 𝑇 − 𝑠𝑜𝑙 (0°) 𝑆𝑜𝑙𝑎𝑟 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 𝑡𝑜 𝑡ℎ𝑒 𝑔𝑙𝑎𝑠𝑠 [−] 𝑇 − 𝑣𝑖𝑠 (0°) 𝑉𝑖𝑠𝑖𝑏𝑙𝑒 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 𝑝𝑒𝑟𝑝𝑒𝑛𝑑𝑖𝑐𝑢𝑙𝑎𝑟 𝑡𝑜 𝑡ℎ𝑒 𝑔𝑙𝑎𝑠𝑠 [−] 𝑇 ,  𝑅𝑢𝑛𝑛𝑖𝑛𝑔 𝑚𝑒𝑎𝑛 𝑜𝑢𝑡𝑑𝑜𝑜𝑟 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 [°𝐶] 𝑇  𝐿𝑜𝑤𝑒𝑟 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑚𝑓𝑜𝑟𝑡 𝑟𝑒𝑔𝑖𝑜𝑛 [°𝐶] 𝑇  𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 [°𝐶] 𝑇  𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑛𝑒𝑢𝑡𝑟𝑎𝑙 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 [°𝐶] 𝑇  𝑈𝑝𝑝𝑒𝑟 𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑚𝑓𝑜𝑟𝑡 𝑟𝑒𝑔𝑖𝑜𝑛 [°𝐶] 𝑈 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑡𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 [𝑊/𝑚²𝐾] 𝑤 𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑚𝑓𝑜𝑟𝑡 𝑟𝑒𝑔𝑖𝑜𝑛 [°𝐶] 
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  29 
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1. Introduction 30 
1.1. Background 31 Increased use of thermal insulation forms a key element of legislation and ensuing design 32 guidelines that intend to reduce the environmental footprint of the built environment. With an 33 emphasis on minimizing heat losses in winter, the widespread application of thermal insulation 34 has proven to be very effective in the transition towards low-energy buildings in moderate to cold 35 climates [1–3]. However, in modern-day building design, also some drawbacks of highly-36 insulated buildings are increasingly becoming apparent, as they can lead to heat trapping, with 37 indoor overheating [4,5] or higher cooling demands [6,7] as a negative side-effect. 38 Over the course of a year, there are several periods in which it would be beneficial to have a 39 large heat flux across the building envelope, rather than isolating indoor conditions from the 40 exterior environment [8–13]. This happens not only during cool summer nights when the 41 ambient can act as a heat sink, but also on sunny winter days, when solar irradiance absorbed on 42 the building’s exterior can contribute to reducing heating energy demand. Construction elements 43 with dynamically adjustable thermal transmittance properties could thus be a promising solution 44 for reducing the energy consumption of buildings while improving the quality of the indoor 45 environment [14].  46 In the recent past, several of these so-called dynamic insulation systems have been proposed, 47 for both opaque and translucent facades. An overview of the characteristics of some of these 48 systems is given by Favoino et al. [15]. This information is reinterpreted and extended with other 49 literature, to present an updated overview as is shown in Table 1. ‘Mechanism’ describes how the 50 dynamic behaviour of the insulation is controlled. ‘Measurement method’ indicates how λ, the U-51 value or the R-value is determined. ‘Simulation method’ describes if and how building energy 52 simulations are executed. ‘Performance indicator’ shows the performance indicators used for the 53 analyses. ‘Performance increase’ gives the increase of the performance indicator in comparison 54 with the reference case used in the particular study.  55 Most of the technologies presented in Table 1 have been developed in the form of research 56 prototypes or small-scale demonstration projects. In addition, multiple computational studies 57 have been carried out to study the effectiveness of dynamic insulation using simple switchable 58 insulation models in a technology-independent way [16–19]. All these studies came to similar 59 conclusions: dynamic insulation can reduce the energy demand of a building, increase comfort 60 and thereby prevent extra energy consumption for cooling. The practical uptake of dynamic 61 insulation systems in the actual building stock is, however, still very limited. 62 
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Table 1: Overview of dynamic insulation systems based on available literature. 

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) 
 

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) ---  0.092 - 0.20 5.00 – 10.87 Solidworks Flow Simulation --- --- ---  [20] Permeodynamic wall (Breathing Wall) --- --- 0.01 - 0.21 4.75 – 100.00 1D Analytical Model CO2 emissions [kgCO2/m²] --- 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/m²year]  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 – 3.601 0.28 – 1.611 Analytical heat transfer model -- Los Alamos, New Mexico -- [25] Low and high conductivity fluid tanks --- 0.018 - 0.640 0.90 – 3.232 0.31 – 1.112 Analytical heat transfer model --- --- --- [26] 
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 --- --- --- --- [27] 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] Würzburg, Germany 150 kWh/m² [28] Variable pressure on aerogel blanket Guarded Heat Flow Meter 0.011 - 0.017 --- --- Computer simulation Weighted energy usage [kWh/m²] Göteborg, Sweden 20% [29] Variable pressure on fumed silica (VIP) Guarded Heat Flow Meter 0.007 - 0.019 --- --- Computer simulation Weighted energy usage [kWh/m²] Göteborg, Sweden 20% [29] 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 --- --- --- --- [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) 0.400 - 1.200 --- --- --- --- --- --- [31] 
Movable insulation Thermocollect: movable insulation panel --- --- --- --- In-house developed simulation model 1) Heating demand2) Cooling demand [kWh/a]  Vienna, Austria 1) 22%  2) 64% [32] 
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1.2. Closed-loop forced convective dynamic insulation 63 The research activities that are reported in this article focus on a novel type of closed-loop 64 forced convective dynamic insulation system [33], here referred to as Active Insulation System 65 (AIS). The system uses a structure of air ducts on the front and backside of the insulation panel in 66 combination with two low-voltage fans to actuate an air flow. The system is sealed with 67 aluminium foil on both sides to create a closed system. Figure 1 shows an exploded view and 68 simplified section of AIS. 69  70 

 71 
Figure 1: Exploded view and section of AIS. 72 When AIS is in the off-state (i.e. the fans are off), it acts as a regular insulation panel because 73 the stagnant air contributes to achieving a high thermal resistance. However, when the fans are 74 switched on, the insulation layer gets bypassed, thereby promoting heat exchange between inside 75 and outside. 76 AIS is a relatively low-tech solution, especially when compared to some of the other ideas for 77 making variable thermal insulation (Table 1). This increases chances for market adoption, 78 because it is compatible with existing ways of working in the construction sector [34]. At present, 79 only little is known about the technical performance potential of AIS. Such insights are necessary 80 for making sensible cost-benefits analyses, and to provide directions for moving the research and 81 development process into areas with high potential [35].    82 

1.3. Research objective and paper outline 83 Since AIS is a newly developed dynamic insulation system, its performance potential is not 84 yet known. This makes it difficult to compare the performance of AIS with other systems. The 85 objective of this paper is therefore to investigate and assess the performance of AIS in the built 86 environment.  87 In section 2 of this paper, the development of the modelling and simulation strategy used in 88 this research is described together with the verification of the model in a case with known 89 boundary conditions. Section 3 describes four different case studies done using the simulation 90 model, focussing on a comparison with different passive cooling measures, façade constructions, 91 climates (Stuttgart, Germany; Amsterdam, the Netherlands; Helsinki, Finland; Lisbon, Portugal) 92 and two different rooms. Finally, in section 4, the conclusions of this research are summarized.  93 
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2. Development of a modelling and simulation strategy  94 
2.1. System description and requirements 95 The working principle on which AIS relies is heat transfer by means of air circulation in a 96 closed system with one warm and one cold side wall. The AIS element is typically installed in a 97 multi-layer envelope construction, such that heat transferred by the air will be exchanged with 98 the surfaces that are in direct contact with AIS.  99 AIS is designed to either block or increase the heat transfer through the façade construction 100 of a building. The enhanced heat transfer is achieved by activating the fan in the system when a 101 certain temperature difference between indoor and outdoor occurs. If there is no potential for 102 useful heating or cooling through the envelope, the fan is off and the system is inactive. The 103 combination of still air and a low conductivity material result in a high thermal resistance in off-104 mode. 105 Due to its possibility to function as both a heating system and a cooling system, it is evident 106 that the control of AIS should change over time as a function of outdoor conditions. For heating, 107 the activation should be based on an increased surface temperature due to solar radiation or a 108 high outside temperature.  If cooling is desired, activation should be based on a low outdoor 109 (surface) temperature or possible radiation to the sky. The indoor conditions should be 110 monitored continuously to determine if the desired conditions are met. If this is the case, the 111 system should be deactivated to reduce auxiliary energy consumption, regardless of the outdoor 112 conditions.  113 This study examines the performance of AIS on two levels: façade and room level. The 114 performance aspects of interest depend on the level at which the system is investigated. On façade 115 level, it is desired to make a detailed analysis of the heat transfer through and energy storage in 116 the construction, to determine the influence of AIS on the energy balance. On room level, 117 performance of the system should be analysed based on performance indicators such as heating 118 demand, cooling demand, auxiliary energy use and overheating of the building.  119 It is generally not straightforward to model the behaviour of dynamic façade systems such as 120 AIS in whole-building performance simulation tools [36]. Most previous simulation studies have 121 therefore used simplified approaches to account for the changing thermal properties of dynamic 122 insulation systems. In the few studies that change thermal properties during simulation run-time, 123 this was generally achieved by either changing the total thermal resistance or the thermal 124 conductivity of a specific layer [15,16,18,22]. 125 When AIS is in the ‘on’ state, it is often not sufficient to represent the AIS layer using a very 126 low thermal resistance, because such an approach would disregard the fact that the air circulation 127 in AIS can sometimes function as an active heat exchanger. The heat transfer rate of AIS depends, 128 among other factors, on the mass flow rate of the air and channel diameter. Moreover, research 129 has shown that dynamic thermal storage effects are an important factor to consider when 130 analysing the performance of dynamic insulation systems [15]. These requirements for 131 performance prediction of AIS have led to the development of the simulation model that is further 132 described in Section 2.2. 133 
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2.2. Model description 134 The whole-building performance simulation tool EnergyPlus (v8.6.0) is used to model the 135 performance of AIS. Starting point of the implementation is the existing Ventilated Slab model 136 developed by Chae and Strand [37]. Ventilated Slabs and AIS both function on the principle of 137 forced convection through hollow cores in a construction material. Activation of the system can 138 be based on different temperatures (indoor and outdoor), mass flow rates in the system or 139 predefined schedules. Using the temperature-based control meets the current requirements as it 140 allows for dynamic control based on e.g. outdoor climate conditions. 141 The Ventilated Slab model is part of the standard EnergyPlus distribution. Apart from the 142 hollow core slab, it contains connections with an air handling unit, an outside air mixer, and 143 heating and cooling coils. The hollow core slab consists of parallel air cavities used for the 144 circulation of air. Heat exchange takes place between the air and the slab, which allows for storage 145 of thermal energy in the slab. When the heat reaches the surface of the slab through transient 146 conduction, the whole system acts as a low temperature radiative slab.  147 The Ventilated Slab model prevents unwanted heating/cooling behaviour by comparing the 148 air inlet temperature with the slab temperature. If the direction of the occurring heat flow would 149 be opposite from the desired heat flow, the system shuts off the air flow and thus prevents further 150 heat exchange. A second check is in place to verify if surface temperatures drop below the dew-151 point temperature of the zone and if this is the case, the system shuts off to avoid condensation.  152 Even though there are many similarities between the implemented Ventilated Slab model and 153 AIS, there are also a few major differences. The modifications that were made in the Ventilated 154 Slab model to represent the characteristics of AIS are presented in Figure 2. First of all, AIS is 155 divided into two parts: an indoor side and outdoor side (step 1). In the Ventilated Slab model, this 156 can be modelled as two separate slabs that are connected in series (step 2). Finally, the heating 157 and cooling coil and outdoor air mixer are removed, as AIS does not use conditioned outside air, 158 resulting in a closed system with two ventilated slabs in series and a supply fan to control air 159 circulation (step 3). 160 
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 161 
Figure 2: Schematic process of implementation of AIS using the Ventilated Slab model. 162 The Ventilated Slab model uses a modified heat balance so that a heat source/sink can be 163 implemented in the construction element. This source/sink term is caused by air flowing through 164 the cores, from one side of the slab to the other, and its value depends on the temperature 165 difference between the air in the cores and the interior temperature of the slab. The same 166 modelling method has been used before for hydronic radiant systems, and was extensively 167 validated [38].  168 Because of the source/sink implementation, only one ventilated slab can be assigned to a 169 surface. To implement AIS in the Ventilated Slab model, the system needs to be modelled as two 170 separate surfaces. The first surface is equipped with the indoor side of the system and the second 171 surface with the outdoor side of the system. The zone that is created in-between the two surfaces 172 is modelled as a cavity with stagnant air, with the remaining surfaces modelled with a massless 173 high thermal resistance insulation material to ensure minimal losses in this zone.  174 A schematic thermal resistance diagram of a typical wall (1) and a wall equipped with AIS (2) 175 is shown in Figure 3. If the fan of AIS is off, the system behaves exactly the same as a typical wall. 176 The main difference between the two situations is the heat being transferred by AIS between 177 point 1 and 3. As a result of this heat transfer, the temperature at point 3 (T3) will be relatively 178 similar to the temperature at point 1 (T1). This actually represents the bypassing of the thermal 179 resistance of AIS (Rcond, 2 and Rcond, 3). 180 
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 181 
Figure 3: Thermal resistance diagram of (1) a typical wall and (2) a wall equipped with AIS. 182  183   184 
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2.3. Quality assurance – preliminary simulation studies 185 
2.3.1. Façade system characterization (U-Value) 186 Before conducting building-level dynamic simulations, the model implementation is verified 187 in a case with known boundary conditions. For this purpose, the U-value of AIS is numerically 188 determined by mimicking a hot box situation in compliance with EN-ISO 8990 [39]. The 189 calculations are done using the AIS specifications in Table 2. The total thickness of the system is 190 160 mm. Modelling limitations of EnergyPlus do not allow high conductive thin materials in a 191 structure in combination with an internal source surface. Instead, the outer layer of the system 192 consisting of aluminium foil is modelled as a very thin (1 mm) layer of EPS insulation. 193  194 

Table 2: Characteristics of the different components in AIS. 195 
Component  Specification

Insulation material 
EPS insulation λ = 0.033 W/mK ρ = 30 kg/m³ cp = 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 x 10 mm 5 Volt Mass flow: 0.0047 m³/s ( = 10 cfm) Motor efficiency = 0.95 Pressure rise = 0 Pa  196 Two hot box simulations are performed, one when the system is off and one when the system 197 is on. The off-state results in a predicted U-value of 0.185 W/m²K; this value is identical to the 198 value obtained by hand calculations following the assumptions in the ISO standard. When the fans 199 are activated, the U-value of the slab increases to 1.657 W/m²K and thus a ninefold increase of 200 the heat exchange rate. 201 

2.3.2. Control considerations 202 The model as described before has shown to be able to adequately predict the behaviour of 203 AIS in both the inactive and active situation. An additional aspect to check is whether the 204 operation logic (i.e. control strategies) of the original Ventilated Slab model is also suitable for 205 AIS. An in-depth study to investigate this issue is reported in Appendix I. From this study, it can 206 be concluded that with a slight modification in the EnergyPlus source code, to bypass a check that 207 causes unwanted deactivation of the system, and a dual setpoint strategy based on outdoor 208 surface temperature, the control system is suited for predicting the performance of AIS.  209 
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3. Results analysis and discussion 210 
3.1. Introduction 211 In this section, several case studies are described and the results of these will be discussed. 212 Table 3 shows the characteristics of the different case studies. As can be seen, only one parameter 213 is varied at a time to enable the investigation of only that parameter. The first case study 214 compares AIS with different commonly used passive cooling systems, while the second case study 215 focuses on the applicability of AIS in different façade constructions. Performance of AIS in 216 different climates and in different type of rooms is studied in the third and fourth case study, 217 respectively. Each section describes the method of the case study and is followed by the results 218 and discussion. 219 

Table 3: Setup of the case studies done in this research. 220 

 221 
3.2. Description of the base model 222 A typical detached residential building [40] is used to analyse the impact of AIS on energy use 223 and indoor overheating risk. Table 4 presents a brief overview of the building envelope 224 characteristics. A full specification of the building characteristics, internal loads and occupancy 225 profiles is given in Appendix II. Based on recommendations from earlier research [23], the 226 weather conditions used for the simulations are from a continental climate, in this case Stuttgart, 227 Germany. The base case building does not have an air conditioning system, as a goal of the 228 research is to study the effect of AIS on overheating during the summer.  229  230 

Table 4: Envelope characteristics of the reference building. 231 

 232 
 233 

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

Envelope part  Properties Comment 
Facade 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/m²KU-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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3.3. Comparison of passive cooling measures 234 
3.3.1. Method description 235 The passive cooling measures that are compared in this study are shown in Table 5. Night 236 ventilation is modelled using a fixed air change rate per hour. The control strategy for night 237 ventilation is based on an extensive literature study [41]. These setpoints ensure cooling during 238 night-time, but also prevent overcooling of the room. The shading system used is a highly 239 reflective, low transmittance shading screen, with an activation setpoint of 250 W/m² incident 240 irradiance. Overhangs are placed at the east and south facing windows, having an extension on 241 both sides of the window. 242  243 

Table 5: Characteristics and control strategies of the studied passive cooling measures 244 
 245 
 246 
 247 
 248 
 249 
 250 
 251 
 252  253 In reality, an AIS panel consists of a static part and an active part (Figure 1). The active part is 254 the actual heat exchanging surface with the air ducts and fan, whereas the static part consists of 255 regular insulation around the mounting points. To take the impact of this static and dynamic part 256 into account, three simulations are done with different active surface areas, respectively 100%, 257 50% and 25%. Table 6 shows how the characteristics of the system are changing with a different 258 effective surface percentage. 259 

 260 
Table 6: Characteristics of AIS for different effective surface percentages. 261 

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
Number  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] 0.146 0.097 0.073 0.049 0.037 0.024
Number of Fans [-] 31 21 16 10 8 5

 262 
 263 

Passive Cooling  Characteristics Control Strategy 

Night Ventilation 

1 ACH per hour 06:00 – 24:00 Tambient < Toperative,inside &   Toperative,inside > 25°C 00:00 – 06:00 Tambient < Toperative,inside &   Tsurface > 22°C & Tambient > 10°C 3 ACH per hour 5 ACH per hour 
Shading 

HR-LT screen: T-sol = 0.1 R-sol = 0.8 Lowered at 250 W/m² Overhang 1.0 m - Overhang 1.5 m - 
AIS 

25% effective surface Lower setpoint heating = 20°CHigher setpoint heating = 22°C  Lower setpoint cooling = 22°C Higher setpoint cooling =  24°C  50% effective surface 100 % effective surface 
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Performance Indicators 264 For comfort evaluation, the adaptive thermal comfort model for dwellings described by 265 Peeters et al. [42] is used. This adaptive model links the indoor comfort temperature to the 266 outdoor temperature and allows for higher temperatures during summer, as shown in Figure 4. 267 Research [42] has shown that a 90% acceptance is reached with an allowed comfort region of 5°C 268 and a 80% acceptance with an comfort region of 7°C. The comfort region is split asymmetrically 269 around the thermal neutral temperature in a 70-30% rate [42]. Assessment of the exceedance 270 hours will be done for both the 90% and 80% acceptance boundaries for a specific period of the 271 year, namely March until November. These are the months with temperatures that can lead to 272 overheating of the dwelling. Combining this with assessing only the hours with presence, comfort 273 will be assessed for 4675 hours per year. 274 

 275 
Figure 4: Graphical representation of the different comfort regions of the thermal neutral model used for dwellings. 276 The primary energy consumption to achieve the predicted heating demand will be calculated 277 for the different cases, as one of the benefits of AIS is the expected reduction in heating demand. 278 A water/air heat pump with a COP of 3.0 is considered. The price per unit of energy is €0.18/kWh 279 for electrical energy, based on typical consumer prices [43].  280   281 
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3.3.2. Results and Discussion 282 
Thermal comfort 283 Figure 5 compares comfort conditions in the living room for the different cases, where 284 exceedance hours of the comfort boundaries of 80% and 90% acceptance are shown. Already at 285 a low effective surface area of AIS, the amount of exceedance hours can be reduced significantly. 286 With 25% effective surface area, only 75 exceedance hours above the 80% acceptance range 287 occur. Increasing the effective surface area to 100%, decreases the exceedance hours to zero. 288 Similar results show for night ventilation with an air change rate of 5. However, a constant air 289 change rate of 5 is relatively hard to achieve due to the fact that natural night ventilation is 290 influenced by, among other things, temperature difference, wind speed and pressure differences 291 [44]. Adding static shading elements or changing the control of the automated shading systems 292 does have some effect against overheating, but the small change in exceedance hours indicates 293 that for this case, overheating in summer is more affected by internal gains than solar radiation. 294 It is worth noting that the base case scenario also has shading systems installed, but that the 295 activation threshold is different. 296 

 297 
Figure 5: Amount of time the operative temperature in the living room exceeds the 80% or 90% comfort criteria for the 298 

different passive cooling measures. 299  300 
Temperature distribution living room 301 As AIS and night ventilation show similar effects in terms of decreasing the number of 302 overheating hours, a detailed study was performed for a summer period (13 August – 18 August). 303 From Figure 6a, it can be seen that the operative temperature in the living room does not deviate 304 much between the different AIS cases, and is similar to the temperatures achieved with night 305 ventilation. A comparison of the indoor surface temperature, on the other hand, shows a much 306 bigger difference between the two measures (Figure 6b). By cooling the thermal mass directly, 307 AIS can achieve lower surface temperatures for all cases. The graph shows that, as time 308 progresses, AIS can actually reduce the surface temperature, while the surface temperature stays 309 roughly similar when using night ventilation. 310 
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 311 

 312 
Figure 6a: Operative temperature in the living room for the AIS and night ventilation cases. Figure 6b: Inside surface 313 
temperature of the south facade for the AIS and night ventilation cases. Note that the outside surface temperature in 314 

summer can go up to 60 °C, as is visualized in e.g. Figure 13.  315 
Heating demand 316 From Figure 7, it can be seen that the annual specific heating demand of the living room 317 decreases when using AIS. Night ventilation does not result in a decrease and changing the 318 shading measures only increases the heating demand. In comparison with any of the cases, AIS 319 can reduce the heating demand with 16%-22%, depending on the amount of effective surface 320 area of AIS. This is a result of transferring heat to the living room on sunny winter days when the 321 outside surface heats up due to solar radiation. 322 

 323 
Figure 7: Heating demand in the living room for the different simulated cases. In green, blue and orange are all different 324 

variants for AIS, night ventilation and shading respectively. 325 
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Auxiliary energy consumption 326 Of all compared cases, AIS and night ventilation based on mechanical ventilation use auxiliary 327 energy. The power of a small fan used in the AIS panel is estimated at 0.5 W. For night ventilation, 328 the energy consumption is based on the power output of a commonly used residential heat-329 recovery ventilation system: 12, 74 and 156 Watt for 1 ACH, 3 ACH and 5 ACH respectively [45]. 330 Auxiliary energy consumption of the fans can be calculated with Equation 1: 331  𝐸 𝑃 ∗ 𝑁 ∗ 𝑡         ( 1 ) 332 Where 𝐸  is the annual auxiliary electrical energy consumption, 𝑃  is the power of 333 one fan, 𝑁  is the total number of fans installed and 𝑡 is the amount of time the system is 334 activated. Using this equation to calculate the auxiliary energy consumption, it shows that AIS 335 uses between 19 kWhel and 66 kWhel auxiliary energy yearly. Night ventilation uses significantly 336 more auxiliary energy as a result of the much higher power of the fan, between 31 kWhel and 289 337 kWhel per year.  338  339 
Energy Costs 340 With the auxiliary energy consumption, the overall yearly energy is calculated. The primary 341 energy demand for heating is calculated based on the specifications of the heating system and the 342 annual specific heating demand. The total annual energy costs are shown in Figure 8, specified 343 for heating and auxiliary energy. 344 From the results it can be seen that even though AIS uses auxiliary energy to achieve a 345 reduced heating demand and improved thermal comfort conditions, it has the lowest yearly costs. 346 In comparison with mechanical night ventilation, where thermal comfort is similar or in some 347 cases better than AIS, AIS uses significantly less auxiliary energy. These auxiliary energy costs for 348 night ventilation can be neglected if natural ventilation is used. However, the simulated constant 349 ventilation rate is not achievable with natural ventilation, as building parameters and varying 350 weather conditions influence the ventilation rate of natural night ventilation.  351  352  353 

 354 
Figure 8: Annual energy costs for the living room with a heat pump installed. A division between the costs for heating 355 

and the auxiliary energy is made. 356 
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3.4. Comparing different façade structures 357 
3.4.1. Method description 358 Previous research suggests that the amount and position of thermal mass in a construction is 359 a very important factor when assessing the performance of building envelopes [15,46]. Five 360 different construction types are studied here, differing in the location of thermal mass, but having 361 the same overall thermal resistance. Abbreviations are used to designate the amount of thermal 362 mass: HW stands for heavyweight and implies thermal mass present, while LW stands for 363 lightweight and no significant thermal mass present. For example: HW_HW describes a façade 364 structure in which AIS is positioned between a heavyweight external and internal construction 365 element. The interior slabs of the façade structure also determine if the ground floor and internal 366 floor are modelled as heavyweight or lightweight. The different configurations as shown in Figure 367 9 are compared to a base case where no AIS is applied. A list of the material properties can be 368 found in Appendix III. The base case dwelling has night ventilation with an air change rate of 1. 369 

 370 
Figure 9: The façade construction of the base case for the different structures studied. 371  372 Thermal comfort will be assessed using the model from Peeters et al. [42]. Comfort will be 373 assessed during hours with presence from March until November, for the comfort boundaries of 374 a 90% and 80% acceptance case. The annual specific heating demand of the living room will be 375 determined and compared to a situation without AIS. 376 To study in detail what the effect of the location and amount of thermal mass on the heat 377 transfer through the construction is, a detailed study of the heat transfer through the construction 378 is made. The heat transferred by AIS for five consecutive days is studied during a summer period 379 for both the HW_HW case and the LW_HW case. A typical summer week is chosen with enough 380 cooling potential during the night.  381   382 
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3.4.2. Results and discussion 383 
Thermal comfort 384 Figure 10 shows the exceedance hours of the comfort boundaries during the assessed period. 385 A comparison is made between the base case with night ventilation and the AIS case. For the 386 HW_HW, HW_LW and LW_LW case, the thermal comfort is very comparable with the base case. 387 Only the LW_HW and LW_HW_Retro façade construction show a thermal comfort improvement 388 in comparison with night ventilation. The LW_HW has no exceedance hours of the 80% 389 acceptance boundary and only 44 exceedance hours of the 90% acceptance boundary.  390 

 391 
Figure 10: Thermal comfort assessment of the living room for the studied façade structures. Both the exceedance of the 392 
80% (orange) and 90% (green) acceptance range is shown. Solid colors show the results for the night ventilation case, 393 

while the transparent colors show the results of the AIS case. 394 The façade constructions with low effective thermal mass have significant overheating issues 395 which is a result of the lack of thermal storage capacity. Cooling at night has only little effect, as 396 the indoor temperature increases quickly due to solar gains and internal gains during the next 397 day. The HW_HW façade structure has thermal mass on the outside, which actually limits the 398 cooling potential of the system. The thermal mass is warmed up during the day due to solar 399 radiation, but cannot be cooled down sufficiently during the night. 400  401 
Heating demand 402 In Figure 11, the heating demand for the night ventilation and AIS cases for each façade 403 construction are compared. Only the cases with a lightweight outer façade structure result in a 404 significant reduction of the heating demand of approximately 20%. The direct connection to the 405 outdoor conditions and quickly rising exterior surface temperature are responsible for the fact 406 that these cases lead to a large heating energy reduction potential of AIS. 407   408 
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 409 
Figure 11: Comparison of the heating demand in the living room for the night ventilation (red) and AIS (green) case for 410 

the studied façade structures. 411  412 
Influence of thermal mass 413 The results show that only the LW_HW and LW_HW_Retro case result in a reduction of the 414 heating demand and a significant improvement in thermal comfort conditions. A detailed study 415 of the influence of thermal mass on the outside of the structure is performed for a summer week, 416 by plotting the heat flows through the façade structure over time. This comparison uses the hot 417 box method as described before, to be able to concentrate only on the effect of construction type 418 on heat flow and temperatures. 419 Figure 12 shows the heat flow of the HW_HW case (left) and the temperature profile over the 420 construction (right), during a summer period. It shows a relatively large positive heat flow at the 421 moment the system activates, resulting in heating instead of cooling. Cooling occurs after a certain 422 period of time as the heat transfer direction reverses by dropping below zero. This is in line with 423 the temperature profile across the construction. The moment the surface temperature drops 424 below the indoor temperature, the system activates. However, the temperature at the surface that 425 is in contact with the AIS layer, is still approximately 29°C. This is a higher temperature than the 426 indoor temperature and, as a result, a positive heat flow occurs. There is a significant temperature 427 difference between the outside surface temperature and the temperature at the location of AIS, 428 up to 8°C. 429 

 430 
Figure 12: Left: Heat transferred by AIS for the HW_HW structure during a typical summer week. AIS runs in cooling 431 

mode, thus negative heat flows are desirable, while positive heat flows are undesirable.  432 
Right: The temperature gradient over the HW_HW construction from inside to outside. The dashed red line indicates the 433 

position where AIS would normally be located. 434  435 
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Figure 13 shows the heat flow (left) and the temperature profile over the construction (right) 436 for the LW_HW construction. The moment AIS activates, a negative heat flow occurs and thus the 437 internal zone is cooled. In comparison with the HW_HW case, the maximum heat transfer is larger, 438 15-20 W/m² in comparison with 10 W/m² respectively. The temperature profiles over the 439 construction also show that the outside surface temperature of the HW_HW case drops 440 significantly slower than that of the LW_HW case. As a result, AIS can be activated for a longer 441 period in the LW_HW case. With a lightweight outside construction, temperature differences of 442 25°C can be seen during the day, while a heavyweight construction attenuates this difference to 443 10°C.  444 

 445 
Figure 13: Left: Heat transferred by AIS for the LW_HW structure during a typical summer week. AIS runs in cooling 446 

mode, thus negative heat flows are desirable, while positive heat flows are undesirable.  447 
Right: The temperature gradient over the LW_HW construction from inside to outside. The dashed red line indicates the 448 

position where AIS would normally be located. 449 
Control Algorithm 450 The occurrence of heat flows in the wrong direction indicates that the control algorithm does 451 not function optimal for a HW outdoor structure. Instead of controlling based on the outdoor 452 surface temperature, the algorithm is adjusted so that it activates based on the temperature of 453 the layer adjacent to AIS, which is the simulated temperature at the inside of the masonry. This is 454 done using the validated built-in possibility of EnergyPlus for determining the temperature at a 455 specific layer of the construction when using low temperature radiant systems. 456 Figure 14 shows the resulting heat flows after adaptation of the control algorithm. No positive 457 heat flows occur and the system activates only if the temperature on the inside of the masonry 458 drops below the indoor temperature. This results in relatively short activation periods, as is 459 indicated with the dashed blue line in Figure 14. 460 
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 461 
Figure 14: Heat transferred by AIS for the HW_HW structure, with the adjusted control algorithm. AIS runs in cooling 462 

mode, thus negative heat flows are desirable, while positive heat flows are undesirable. 463 The results in terms of thermal comfort and heating demand of the living room do not differ 464 significantly with the updated control strategy. Over 750 and 1000 exceedance hours for the 465 HW_HW and HW_LW case respectively still indicate a poor performance. Similar results can be 466 seen for the heating demand, where the deviations are around 0.5 kWhth/m² annually. 467 Even with the adapted control algorithm, the performance of all situations with a thermal 468 heavy outer structure does not change significantly. The detailed heat flow study showed that the 469 amplitude of the temperature fluctuations is dampened by the thermal mass and a time shift in 470 occurrence of the minimum and maximum temperatures can be seen. Overall, this results in a 471 shorter activation time and a lower potential. Applying AIS does not result in significant 472 performance increase in this case. 473 Even though the present results show strong limitations to the use of AIS in certain situations, 474 the results are in line with earlier research on controllable insulation and different façade 475 structures. Jin et al. (2017) concluded that placing the controllable insulation externally to the 476 thermal mass increases the energy saving potential of the adaptive insulation system to the 477 greatest extent, while comfort improvements are possible only if a sufficient amount of thermal 478 mass is present. 479   480 
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3.5. AIS in different climates 481 
3.5.1. Method description 482 Previous comparison studies in this article used the TMY weather data for Stuttgart (heating 483 degree days (HDD): 2340, cooling degree days (CDD): 106). Next to Stuttgart, the performance of 484 AIS in the climates of Amsterdam (Netherlands), Helsinki (Finland) and Lisbon (Portugal) is also 485 studied. Helsinki experiences a heating dominated climate (HDD: 3603, CDD: 28), while Lisbon 486 has little need for heating (HDD: 639, CDD: 227) and Amsterdam has a milder climate (HDD: 2021, 487 CDD: 33). Three different situations will be compared: a base case with night ventilation (1 ACH), 488 a case with AIS applied and a case with active cooling. The setpoints for cooling will be the upper 489 boundary conditions of the 80% and 90% acceptance criteria of the comfort model described 490 before. This will show what performance increase can be achieved with AIS, but also what savings 491 can be achieved in comparison with active cooling. 492 
3.5.2. Results and discussion 493 The indoor thermal comfort in different climates for the four different simulation cases is 494 shown in Figure 15. For all different climates, AIS can reduce the number of exceedance hours 495 significantly in comparison with the 1 ACH night ventilation case. Even for Lisbon, which is a 496 cooling dominated climate, a reduction of the exceedance hours of 80% can be seen. All climates 497 except Lisbon have a maximum of around 100-150 exceedance hours of the 90% acceptance 498 boundary. With a cooling setpoint similar to the 80% acceptance boundary, a large amount of 499 exceedance hours of the 90% acceptance boundary remains, while the amount of exceedance 500 hours with AIS are much lower. Although it was not investigated in detail, this finding indicates 501 that a combination of AIS with active cooling could under some circumstances also be a viable 502 option. Lowering the cooling setpoint to the 90% acceptance boundary results in no exceedance 503 hours in both acceptance ranges, while AIS still has some exceedance hours. 504 

 505 
Figure 15: Thermal comfort in the living room expressed as the amount of hours the acceptance boundary is exceeded. A 506 

comparison is made between active cooling systems, AIS and night ventilation for four different climates. 507 Figure 16 shows the energy costs for heating, cooling and auxiliary energy. Looking at the 508 energy costs for heating for the different climates, it can be seen that AIS can reduce the heating 509 demand in all climates. For all climates, the absolute reductions are between 1.5 and 3.0 510 kWhth/m² a. For a heating dominated climate such as Helsinki, this corresponds to only a 511 
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reduction of 4%. The lower available solar irradiance and lower outdoor temperatures result in 512 a much smaller potential for reducing the heating demand.  513 As AIS is a passive system, all cases with AIS do not have any costs for cooling. Even though 514 there are no costs for cooling in Lisbon when AIS is applied, still a large amount of exceedance 515 hours remain. When 150 exceedance hours of the 90% acceptance boundary are considered to 516 be acceptable, Stuttgart, Amsterdam and Helsinki do not need a cooling system. Apart from lower 517 investment costs, this can also result in a reduction of the total energy demand between 5 and 20 518 kWhth/m²a, thereby saving between €6 and €30 per m2 per year. For Lisbon, a cooling system is 519 still needed as the amount of exceedance hours is still significant. 520 

 521 
Figure 16: The yearly energy costs specified for heating, cooling and auxiliary energy. A comparison is made between 522 

active cooling systems, Active Insulation and night ventilation for four different climates 523  524 
3.6. AIS applied in an attic room and bedroom 525 

3.6.1. Method description 526 Previous simulation studies were applied to a room characterised as living room. As AIS can 527 be applied to a complete dwelling, performance data of rooms with other internal loads and user 528 profiles is needed. The rooms being studied are a bedroom on the first floor and an attic room, 529 both on the east façade. Presence of occupants in a bedroom is mainly during the night, while 530 presence in a living room is mainly during the day. To study the possibility of using AIS in a roof 531 construction, the attic room is studied. Characteristics and the full specifications of both rooms, 532 including occupancy profiles, lighting and appliance profiles and specifications of AIS per surface 533 can be found in Appendix IV. 534 
Performance indicators 535 For the assessment of the thermal comfort, the criteria for bedrooms as described by Peeters 536 et al. (2009) are used. As before, thermal comfort is assessed during hours with presence in the 537 rooms. Both rooms being bedrooms, the time of assessment is from 23:00 until 06:00, from March 538 until November. This results in a total amount of 1925 hours being assessed. Similar to the case 539 studies before, the heating demand of the room will be assessed. The annual specific heating 540 demand of the room will be determined for each case. Furthermore, the auxiliary energy 541 consumption of the system will be determined based on the amount and time of activation of the 542 system.  543 
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 544 
3.6.2. Results and discussion 545 Figure 17 shows the exceedance hours of the 80% and 90% acceptance criteria. As can be 546 seen, only the bedroom with night ventilation has a significant amount of remaining exceedance 547 hours, up to 250 hours. For both rooms, AIS can reduce the exceedance hours to (nearly) zero. 548 While the result of the living room showed that AIS performed much better than night ventilation, 549 the difference is negligible for the attic room. A large part of the attic room envelope consists of a 550 lightweight roof construction, minimizing the overall thermal mass of the room. As a result, the 551 effect of the thermal mass acting as a low temperature radiative system is much smaller. In this 552 case, direct cooling becomes more important than a delayed response, reducing the additional 553 benefit of AIS. Using AIS to cool the thermal mass is still effective as can be seen from the 554 comparison of night ventilation and AIS in the bedroom. 555 

 556 
Figure 17: Thermal comfort in the bedroom and attic room for a case with night ventilation and AIS. 557 Even though the performance in terms of thermal comfort is similar, AIS can still reduce the 558 heating demand with approximately 30% as can be seen from Figure 18.  559 

 560 
Figure 18: The heating demand in the bedroom and attic room for a case with night ventilation and a case with AIS.   561 

 562 
4. Concluding remarks 563 
In this research, a newly developed dynamic insulation system for low-energy buildings 564 based on forced convective heat transfer is studied. A computational model is developed to 565 
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simulate the performance of AIS and multiple case studies are carried out to compare the 566 performance of AIS in different situations.  567 First analyses of the application of AIS in a representative building envelope construction 568 showed that a low U-value of 0.185 W/m²K can be achieved in off-mode and a U-value of 1.657 569 W/m²K in on-mode. Applying AIS in a case study resulted in 72-90% less comfort exceedance 570 hours, depending on the effective surface area applied. Similar results were seen with higher 571 night ventilation rates. However, AIS also reduced the specific annual heating demand with 16-572 22%, while using 75% less auxiliary energy than night ventilation. The results showed that it is 573 important to choose an appropriate host construction for AIS. The system performs best for a 574 façade construction with a lightweight outer structure and heavyweight inner structure. A 575 heavyweight outer structure limits the potential of the system significantly as the thermal mass 576 reduces the amplitude of maximum and minimum temperatures and causes a delay in occurrence 577 of these temperatures. AIS can be applied in climates ranging from Lisbon to Helsinki, increasing 578 both thermal comfort and decreasing the heating demand. An active cooling system is not needed 579 in Stuttgart, Amsterdam and Helsinki, if a small amount of exceedance hours are accepted. The 580 beneficial effect of cooling the thermal mass with AIS is reduced when applied to a bedroom, but 581 still a reduction of 30% for the heating demand can be achieved. 582 This study has shown some positive prospects of the AIS building envelope system on the 583 basis of detailed building performance simulations. Most attention was given to technical aspects 584 such as reductions in energy consumption and improved thermal comfort conditions.  585 Additional strengths and opportunities arise from the decoupling of night cooling and fresh 586 air supply, leading to the possibility to install the system in places where the option of operable 587 windows would usually be discarded, such as neighbourhoods with high environmental noise 588 levels [47] or poor outdoor air quality [48]. AIS is moreover relatively easy to install, suitable for 589 envelope refurbishments, and has little impact on the architectural appearance of the façade. 590 However, before AIS can become a competitive product in the market, there are several technical 591 and non-technical barriers that need to be addressed.  592 For example, it is difficult to calculate the payback time of a technology such as AIS. Based on 593 reductions in energy costs only, the higher capital costs may not be recovered in a short enough 594 timeframe. On the other hand, improvements in thermal comfort are difficult to be expressed in 595 monetary terms, and the avoided costs of installing air-conditioning equipment are seldom 596 included when making decisions about the design of a building envelope. 597 Another issue that should be addressed with care is the risk for condensation. During summer 598 nights, the temperature at the interior side of the AIS construction might drop below the dew-599 point temperature, leading to potential condensation. Similar to control strategies for radiant 600 cooling panels [49,50], the development of condensation-free control strategies for AIS is a 601 necessary step in the upcoming phases of the research and development process. In addition, 602 there is also a risk for local thermal bridges. When the system is in the off-state, a path of low 603 thermal resistance is created near the position of the fan. This configuration can cause non-604 uniform temperatures and can create point thermal bridges [51,52], with unwanted heat losses, 605 condensation and potential mould growth as negative side-effects. Further investigations are 606 
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necessary to determine the extent of this risk, and to design a careful product with thermal breaks 607 to minimize the effect.  608   609 
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Appendix I – Control considerations 764 
Introduction 765 The original control algorithm in the model was developed for hollow core ventilated slabs. 766 To investigate if this algorithm behaves correctly for the case of AIS under dynamic indoor and 767 outdoor conditions, a simulation with typical meteorological year (TMY) weather data is carried 768 out. 769 The model used for this simulation is built in such a way that only the effect of AIS is taken 770 into account. This is done by setting up the model similar as in the hot box simulation (Section 771 2.3.1). No internal gains are implemented and there is no ventilation or infiltration in the zone. 772 The dynamic outdoor environment is taken from the TMY weather file of Amsterdam, the  773 Netherlands. The built-in control algorithm is set to regulate the operative temperature of the 774 zone. Setpoints for heating and cooling are 15°C and 17.5°C respectively. As the hot box has no 775 internal loads, these setpoints will allow for a good analysis of the functioning of the model. 776 To analyse the behaviour of the system in-depth, two series of days are chosen: a period with 777 heat gains from solar radiation (24/3 until 26/3) and a period where removal of heat due to low 778 night temperatures occurs (17/7 until 19/7).  779  780 
Behaviour with built-in control mechanism 781 Figure A1 and Figure A2 show the results for the spring period and summer period, 782 respectively. For the spring period, activation occurs if the outside surface temperature exceeds 783 the operative temperature. The system deactivates if the heating setpoint is reached or if the 784 surface temperature drops below the operative temperature. For summer periods, the behaviour 785 is exactly opposite: activation occurs if the outside surface temperature drops below the 786 operative temperature. However, because the system has only one setpoint for heating and one 787 for cooling, and it has a very low thermal storage capacity, the system rapidly activates and 788 deactivates around the setpoints. 789 
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 790 
Figure A1: Behaviour of AIS during periods with heat gains and the resulting temperatures on several key points of the 791 

structure and system. 792 
 793 

 794 
Figure A2: Behaviour of AIS during periods with potential for cooling and the resulting temperatures on several key 795 

points of the structure and system. 796  797 
Optimizing the control algorithm 798 A new control algorithm is designed, to avoid the unwanted rapid fluctuations. The control 799 algorithm for AIS is written in the Energy Management System of EnergyPlus, using the 800 EnergyPlus Runtime Language (Erl). The existing control algorithm has the following 801 characteristics: 802 - A low and high setpoint for cooling and heating can be set in the program ‘SetTemp’. 803 - ‘SetMode’ checks if the system should heat or cool based on zone operative temperature. 804 
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- Activation occurs based on the surface temperature of AIS and ensures a correct direction 805 of the heat flow. 806 Furthermore, the Ventilated Slab module has an internal check to see if the heat flow goes the 807 desirable way. The most important part of this check is shown in Figure A3. Detailed analysis of 808 the data showed that this internal check is the reason why the system deactivates at certain times 809 even though there is still cooling/heating potential. The source code of this module is therefore 810 adapted in EnergyPlus and this internal check is removed.  811 

 812 
Figure A3: Capture of the internal check in the Ventilated Slab module that checks the direction of the heat flow and 813 

determines if the system should deactivate. 814 
 815 
Behaviour with new control algorithm 816 A new control algorithm with dual temperature setpoints is designed and simulated using the 817 adapted source code. Figure A4 and Figure A5 show the results for the spring and summer period 818 respectively. The dual setpoint method for heating allows for heating up to 17.5°C. If this 819 temperature is reached, the system shuts down, in accordance with the control algorithm. For 820 cooling the algorithm works similarly, but with a different setpoint. The number of activation 821 moments during the heating period is drastically reduced, from 458 to 12 switching moments. 822 Similar results can be seen for the cooling period. With less activations of the system, but a similar 823 performance, it would suggest that the new control algorithm uses the potential of the outside 824 conditions more efficiently. 825 

 826 
Figure A4: Behaviour of AIS with the new control algorithm during periods with heat gains. 827  828 
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 829 
Figure A5: Behaviour of AIS with the new control algorithm during periods with cooling potential. 830 
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Appendix II – Base Case Building Specifications 831 
Geometry 832 

Figure A6: Front, rear and side view of the reference dwelling. Highlighted in green is the living room used for the 833 
simulations [40]. 834 

 835 
Figure A7: Ground floor, first floor and attic of the base case dwelling. Highlighted in green is the living room used for the 836 

simulations [40]. 837 
Table A1: Dimensions of the base case building living room [40]. 838 

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 

Materials and constructions 839 
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Table A2: Characteristics of the materials used for the base case building [53]. 840 
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 A3: The thickness and R-value of the different construction layers for the constructions of the base case building as 841 
determined by [53] and a lightweight variant of these structures. 842 

 Table A4: Glazing properties for the windows [53].   Table A5: Absorptance and emissivity [53]. 843 
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 

 844 

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 

Heavyweight     Lightweight 

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 and gains 845 The  internal loads, lighting and occupancy of the living room is based on the research of Plas 846 [53]. In this research it is described that the reference dwelling has internal heat gains for lighting 847 and appliances of respectively 1.4 and 3.4 W/m² on average. However, it also states that these 848 values are for an average for the whole dwelling, in reality these loads are not evenly distributed 849 over the dwelling. As a result, the correct internal gain in the living room for lighting is 9.76 W/m². 850 The internal gain from appliances is 24.1 W/m² for the living room. These values match the 100% 851 values of the schedules as composed by Plas and depicted in Figure A8. The amount of persons in 852 the living room is set to 4 persons, which depict a family which is often at home.  853 

 854 
Figure A8: Graphical representation of the schedules for occupancy, lighting and appliances in the living room [53]. 855 

 856 
Others 857 The infiltration rate of the base case dwelling is based on the restrictions for the qv;10;spec 858 value for NZEB dwellings, namely 0.400 dm³/s m². Based on the surface area of the living room, 859 this results in an air change rate of 0.08 for the living room [53]. Ventilation rates for the dwelling 860 are set at 1.5 dm³/s per m² of floor surface, using a mechanical ventilation system with heat 861 recovery (75% efficient) and summer bypass. An ideal load heating system will cover the heating 862 demand of the room for winter periods. The system has a setpoint of 20°C from 06:00 until 23:00 863 and a setpoint of 18°C for all other hours. This resembles the setback of the heating system during 864 night-time.  865   866 
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Appendix III – Different Façade Structures 867 
Table A6: Material properties of the materials used for the comparison of different façade structures. 868 

Material Thermal conductivity [W/mK] Density [kg/m³] Specific heat [J/kgK]
AIS 0.033 30 1500 

Air Cavity  Equivalent R-value of 0.18 m²K/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 2000 840 
 869  870 

Appendix IV – Bedroom and Attic Room Specifications 871 
Geometry872 

 873 
Figure A9: Front, rear and side view of the reference dwelling. Highlighted in orange is the bedroom and in red the attic 874 

room used for the simulations [54]. 875 

 876 
Figure A10: Floor plan of the reference dwelling. Highlighted in orange is the bedroom and in red the attic room used for 877 

the simulations [54]. 878 Table A7 and Table A8 show the characteristics of both rooms and the specification of AIS 879 applied to the different surfaces. 880 
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Table A7: Overview of the characteristics of both rooms. 881 
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  882 

Table A8: Specifications of AIS applied to the different surfaces of the simulation cases. 883 
 Situation North/South East Roof-North Roof-South 

Be
dr

oo
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) - - 

At
ti

c 
Ro

om
 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)  884 Internal loads in the both the bedroom and the attic room are corresponding to the loads 885 determined by Plas [53]. This results in 10.4 W/m² for lighting and 26.05 W/m² for electric 886 equipment. Combined with the schedules used for lighting and appliances from Figure A11, this 887 results in the corresponding internal loads over the day. For both rooms, a presence of 2 instead 888 of 4 people is considered. Infiltration is kept at the same level as calculated for the living room, 889 resulting in an air change rate of 0.08 due to infiltration. Ventilation in the both rooms is set at 890 0.9 dm³/sm². 891 

 892 
Figure A11: Graphical representation of the schedules used for occupancy, lighting and appliances for both the bedroom 893 

and attic room. 894 
 895 




