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Abstract 

Since the thermal conductivity of the wall is a parameter 

that highly determines the energy performance of the 

building, its proper definition is significant. During the 

heating season, minimalization of the heat transfer seems 

to be the optimal solutions. On the other hand, it can lead 

to an increase in the cooling energy demand. The 

approach presented in the paper is based on the concept 

of dynamic insulation material. The effect of temperature-

dependent thermal conductivity on both heating and 

cooling needs was investigated under variable climatic 

conditions using ESP-r. It was concluded that the dynamic 

changes of thermal conductivity can contribute to the 

decrease of cooling needs even up to 50%. 

Key Innovations 

• Non-linear functions (T) were defined and 

introduced to ESP-r. 

• Analyses were performed for Case 900 building 

under three different climatic conditions: 

Bergen, Bucharest and Abu Dhabi. 

• The best function (T) was determined for each 

location. 

Practical Implications 

The potential for improving the energy performance of a 

building using the passive method has now been fully 

exploited. Dynamic solutions, as well as active energy 

systems, become increasingly popular in research and 

practice. The proposed model and results from the 

analysis provided new information on how changeable 

thermal insulation can act and how it can affect energy 

consumption. 

Introduction 

Dynamic properties of building and system components 

are highly expected regarding overall energy performance 

(Jelle, Gustavsen, and Baetens 2010), future construction 

technology (Berardi et al. 2018) and progressive climate 

change (Zhai and Helman 2019). In the case of heat 

transfer through building construction, two thermal 

properties are technically possible to be adjusted: capacity 

and conductivity, or combined both as a so-called heat 

retention index (Pokorska-Silva, Nowoświat, and 

Fedorowicz 2020). In the case of thermal capacity of 

building construction, opaque (Wijesuriya and Tabares-

Velasco 2021) and transparent (Wieprzkowicz and Heim 

2020) application of phase change materials (PCM) is the 

most promising technology (Kuznik, Johannes, and 

Lamrani 2021). The rise of research studies regarding 

PCM in buildings was noticed during the last two decades 

(Kośny 2015). The main advantage of this technology is 

the possibility of self-regulation according to dynamically 

changing temperature (Khadiran et al. 2016). The natural 

impact of temperature on the thermal conductivity is 

relatively small and mostly concerns insulation materials 

(Khoukhi 2018). On the other hand, a considerable 

change of the thermal conductivity is possible but requires 

the use of an additional active control system (Shekar and 

Krarti 2017). Although this study is devoted to the 

numerical analysis of the effect of changeable thermal 

conductivity, combining active insulation with latent heat 

storage is a challenge for future work (Kishore et al. 

2020). It should be also noted that the dynamic 

characteristics of the building envelope regards not only 

thermal transmittance but solar radiation transmission as 

well. In that case, many other climate adaptive solutions 

can be identified, among others, including optical, air-

flow and electrical domains (Loonen et al. 2013). 

The technical solution of dynamic insulation materials 

(DIM), also named controllable insulation materials 

(CIM) is mainly based on pore (gas filled) structures. The 

regulation might be accomplished in several ways, that is, 

by controlling (a) inner pore gas content or concentration, 

(b) the emissivity of the inner surfaces of the pores, and 

finally (c) the solid-state thermal conductivity of the 

lattice (Jelle, Gustavsen, and Baetens 2010). The gas 

content and concentration as one of the possible solutions 

is done by e.g., chemical reactions or application of the 

electric field. It should be noted that only radical changes 

in the conductivity can lead to a reduction in energy 

consumption. Under some specific conditions thermal 

inertia (Strzałkowski and Garbalińska 2018), as well as a 

structure of the wall (Ibrahim, Ghaddar, and Ghali 2012), 

can lead to decreasing energy demand. However, only 

DIMs have the potential to reduce heating and cooling 

loads in different climates compared to statically high 

insulated walls (Park, Srubar, and Krarti 2015). Without 

any internal loads, the maximum cooling energy savings 

compared to the high insulated wall are estimated to be 

32–39%. In the case of switchable insulation systems 

(SIS) applied to residential roofs can reduce the cooling 

energy use by 30-44% (Dehwah and Krarti 2020). The 

potential of exterior walls application is similar to the 

performance of DIMs varied significantly by climate for 

USA locations, with total energy savings ranging from 
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7% to 42% (Menyhart and Krarti 2017). Moreover, the 

scalable dynamic insulation combined with thermal 

energy storage systems (PCM-DIMS-integrated wall) 

dramatically reduces heat gain in the cooling season and 

heat loss in the heating season (Kishore et al. 2020). 

Depending on the climate, the PCM-DIMS-integrated 

wall could provide a 15–72% reduction in annual heat 

gain and a 7–38% reduction in annual heat loss. 

The simulation approach regarding dynamic insulation 

was presented in some of the papers referred above. One 

of the parameters which determine the overall 

performance of DIM is the control strategies. The initial 

work e.g. (Park, Srubar, and Krarti 2015) or (Shekar and 

Krarti 2017) has investigated a binary R-value control in 

which the thermal resistance of the wall is either “on” or 

“off”. Further research (Rupp and Krarti 2019) 

investigated the improved control strategy by maximizing 

the amount of beneficial heat transfer through the 

envelope using wall surface temperatures, the 

heating/cooling set-point temperature, and the 

temperature in the middle of the wall as parameters. It is 

found that adding a period during which the R-value of 

the wall can vary continuously within a defined range has 

the potential to modestly decrease the heating and cooling 

energy consumption. 

In the presented study, the selected functions of 

conductivity versus material temperature were 

considered. First, more complex functions were proposed 

to ensure greater thermal insulation at external 

temperatures outside the range of thermal comfort. The 

results were compared with constant values of thermal 

conductivity for three extreme climatic conditions. Then, 

the results were compared with rapidly changing values 

of conductivity. The  value considered in this paper 

varied from 0.02 W/mK to 2.00 W/mK. The main goal 

of this study was to determine the function giving the 

lower energy demand in climatic zones characterised by 

cold, mild and hot climatic conditions. 

Case study 

Geometry and construction 

The investigation on the effect of changeable thermal 

conductivity of the insulation layer was performed for the 

basic test building composed of a single rectangular zone 

(Figure 1), based on the Case 900 from ANSI/ASHRAE 

Standard 140-2011 (ANSI/ASHRAE 2011). 

 

Figure 1: Geometry of the considered case. 

The construction of the building partitions was assumed 

as for Case 900 but with variable thermal conductivity of 

the insulation layer built in the walls. Thermal properties 

and composition of subsequent building partitions were 

summarized in Table 1.  

Table 1: Composition and thermal properties of the 

construction. 
 

Layer Thickness 

[m] 

Thermal 

conduct.

[W/mK] 

Thermal 

transm. 

[W/m2K]  

Wall Concrete 

block 

0.100 0.510 0.287-

2.243 

Insulation 0.0615 λ(T) 

Wood 

siding 

0.009 0.140 

Floor Concrete 

slab 

1.130 0.080 0.039 

Insulation 0.040 1.007 

Roof Plasterb. 0.010 0.160 0.318 

Fiberglass  0.118 0.040 

Roof deck 0.019 0.140 

In the analysis, infiltration at the level of 0.5 air change 

per hour and internal heat load with the constant value of 

200 W were set. It was also assumed that the temperature 

in the space will be controlled by the system and kept in 

the range 20-27°C. 

Climatic data 

The analysis was conducted for three locations 

characterized by different climate conditions: 

• Norway, Bergen - cold climate without dry season 

and with cold summers 

• Romania, Bucharest - temperate climate without dry 

season and with warm summers 

• United Arab Emirates, Abu Dhabi – hot desert 

climate 

The data of Typical Meteorological Year (“EnergyPlus - 

Weather Data”) was used. For selected locations, three 

main weather parameters affecting the thermal 

performance of the building were presented in Figures 2-4. 

The basic statistical data of weather conditions in the 

selected location is given in Table 2. 

 

Figure 2: Solar irradiation (direct and diffuse) and 

external temperature in Bergen. 
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Figure 3: Solar irradiation (direct and diffuse) and 

external temperature in Bucharest. 

 

Figure 4: Solar irradiation (direct and diffuse) and 

external temperature in Abu Dhabi 

Table 2: Statistics data of weather conditions in selected 

locations. 

Location Annual 

average 

temperature 

[°C] 

Annual 

direct solar 

irradiation 

[MW/m2] 

Annual 

diffuse solar 

irradiation 

[MW/m2] 

Bergen 7.1 5.33 6.10 

Bucharest 10.8 13.51 8.33 

Abu Dhabi 27.1 27.54 7.28 

 

Thermal conductivity function 

In the first step of investigation, thermal conductivity 

changes with temperature were described in the range of 

temperatures between -20 and 60 °C, by the following 

functions: 

𝜆1(𝑇) = 1.505 + 0.0495𝑇 − 0.0012𝑇2   (1) 

𝜆2(𝑇) = 1.13 + 0.037𝑇 − 0.0009𝑇2   (2) 

𝜆3(𝑇) = 0.755 + 0.0245𝑇 − 0.0006𝑇2   (3) 

𝜆4(𝑇) = 0.515 + 0.0248𝑇    (4) 

𝜆5(𝑇) = 1.505 − 0.0248𝑇    (5) 

𝜆6(𝑇) = 0.02      (6) 

𝜆7(𝑇) = 2.00      (7) 

In this step, it was assumed that the external partitions 

should be characterised by the slow change of thermal 

resistance. In the cases described by equations 1-3, the 

highest thermal resistance is expected when the 

temperature difference between the internal and external 

environment is the highest (Te >> Ti or Te << Ti). In 

temperature range when Ti  Te the thermal protection 

role of the external envelope is not so important. This 

assumption is a modified concept of “point of thermal 

inflexion” proposed by (Masoso and Grobler 2008). In the 

presented case it is assumed that the external envelope 

protects against heat gain and losses that is why only for 

low temperature difference the high conductivity is 

allowed. Another two cases defined by equations 4 & 5 

seem to be useful for cold and hot climates, respectively. 

In case 4 the lowest  value is in case of low external 

temperature, while in case 5 the inverse function is 

assumed. Last two cases, 6 & 7 are proposed as the 

reference, corresponding to high and low level of 

insulation. Graphical representation of the listed functions 

is displayed in Figure 5. 

 

Figure 5: Thermal conductivity functions used in the 

first step of the analysis. 

 

In the second step of the analysis, subsequent set of 

equations describing the change of thermal conductivity 

vs. temperature was investigated: 

 

𝜆8(𝑇) = {
2.00 𝑓𝑜𝑟 𝑇 < 20℃
0.02 𝑓𝑜𝑟 𝑇 ≥ 20℃

    (8) 

𝜆9(𝑇) = {
2.00 𝑓𝑜𝑟 𝑇 < 27℃
0.02 𝑓𝑜𝑟 𝑇 ≥ 27℃

    (9) 

𝜆10(𝑇) = {
0.02 𝑓𝑜𝑟 𝑇 < 20℃
2.00 𝑓𝑜𝑟 𝑇 ≥ 20℃

                (10) 

𝜆11(𝑇) = {
0.02 𝑓𝑜𝑟 𝑇 < 27℃
2.00 𝑓𝑜𝑟 𝑇 ≥ 27℃

                (11) 

𝜆12(𝑇) = {
0.02 𝑓𝑜𝑟 20℃ > 𝑇 ≥ 27℃
2.00 𝑓𝑜𝑟 27℃ > 𝑇 ≥ 20℃

               (12) 
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In the second step of the analysis, it was assumed that the 

(T) function will change rapidly on the boundary of the 

indoor comfort temperature range. That indoor 

temperature was set in the range between 20 and 27C. 

These conditions are acceptable considering the thermal 

comfort and the system is deactivated when the indoor 

temperature is in this range. It should be also noted that 

the actuator temperature is the insulation layer 

temperature which usually differs from the external one. 

Case defined by equations 8 & 9 is dedicated for locations 

with dominant cooling energy demand, while case 10 & 

11 is expected to be efficient for high heating 

requirements (Figures 6a & 6b). The difference of 7 K 

between cases 10 & 11 is not expected to be crucial. 

Moreover, it seems to be more reasonable to recommend 

cases 9 and 10 giving the opportunity to have passive 

heating/cooling of the zone in intermittent periods. The 

last case presented in Figure 6c represents a dynamic 

material which plays a role of a very good insulation in 

temperature outside the range of 20-27C. It means that 

the zone is protected against gains and losses with 

possible heat exchange in the rest of time. Graphical 

representation of all functions listed above is displayed in 

Figure 6. 

 

 

 

 

Figure 6: Thermal conductivity functions used in the 

second step of the analysis for each case: a) λ8(T) and 

λ9(T), b) λ10(T) and λ11(T), c) λ12(T). 

 

Results 

First step of the analysis 

Analysis conducted for the location of Bergen proved the 

fact that in cold climate without dry season and with cold 

summer energy demand for heating is prevailing, despite 

the thermal resistance of the wall. Moreover, it was 

observed that the investigated change of thermal 

conductivity with temperature (cases 1-5) has a slight 

impact on the energy demand. 

 

Figure 7: Energy demand calculated for the first step of 

the analysis for Bergen. 

It should be noted that due to the low range of external 

temperature variations during the year, the thermal 

conductivity oscillates in quite narrow range of values, for 

the defined parabolic functions (Figure 6). 

 

Figure 8: Values of thermal conductivity used in the 

calculations for Bergen for functions: λ1(T), λ2(T) 

and λ3(T). 

Subsequently, investigation of the thermal conductivity 

values obtained for linear functions (Figure 9) confirmed 

that only a small range of values (from assumed 0.02 to 

2.00 W/mK) was used. Based on those observations it 

was concluded that a more precise control of thermal 

resistance can be defined by narrowing down the range of 

temperatures for which the functions λ(T) are defined. It 

was also stated that the decrease of heating energy 

demand can be done most effectively by using the lowest 
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possible λ value, while its correlation with temperature 

can be effective for the cooling period. 

 

Figure 9: Values of thermal conductivity used in the 

calculations for Bergen for functions: λ4(T) and λ5(T). 

 

Similar observations were made for the results obtained 

for the location of Bucharest (Figure 10). Despite the fact 

that thermal conductivity oscillated in a wider range for 

all cases (Figures 11 and 12) its variable values has a 

slight impact on the energy demand. Nevertheless, it was 

observed that the assumption of the very low value of 

thermal conductivity at the level of 0.02 W/mK (case 6) 

in such climatic conditions makes the cooling energy 

demand dominant. It means, in contrary to the 

conclusions made for Bergen, lowering the lambda value 

is not an ideal solution when both heating and cooling 

demands are occurring at the comparable level. In a 

temperate climate without dry season and with warm 

summer it can be expected that a proper definition of the 

thermal resistance of the wall regarding its temperature 

can contribute to the lowering of cooling demand with 

low impact on the heating demands. 

 

 

Figure 10: Energy demand calculated for the first step of 

the analysis for Bucharest. 

 

 

Figure 11: Values of thermal conductivity used in the 

calculations for Bergen for functions: λ1(T), λ2(T) 

and λ3(T). 

 

Figure 12: Values of thermal conductivity used in the 

calculations for Bucharest for functions: λ4(T) 

and λ5(T). 

In contrary to the previous two locations, the energy 

demand in the building in Abu Dhabi is only for cooling, 

despite the assumed thermal properties of the construction 

(Figure 13). 

 

Figure 13: Energy demand calculated for the first step of 

the analysis for Abu Dhabi. 
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It was observed that the values obtained from the defined 

λ(T) functions for the location of Abu Dhabi are varied 

(Figures 14 and 15) but still have a slight impact on the 

cooling energy demand. It was also noticed, contrary to 

the results obtained for Bucharest, that assumption of the 

lowest thermal conductivity (case 6) is beneficial in terms 

of cooling energy. However, comparison of the results 

obtained for cases 3 and 5 show that during the extreme 

hot period of the year, higher values of thermal 

conductivity reduce excessive heat gain more effectively. 

It means that further investigation on the definition of 

λ(T) is needed. 

 

Figure 14: Values of thermal conductivity used in the 

calculations for Abu Dhabi for functions: λ1(T), λ2(T) 

and λ3(T). 

 

Figure 15: Values of thermal conductivity used in the 

calculations for Abu Dhabi for functions: λ4(T) 

and λ5(T). 

Second step of the analysis 

Based on the results of the first part of the analysis, it was 

concluded that thermal conductivity changes should be 

defined in a narrower temperature range, corresponding 

to the range of thermal comfort temperatures. It was also 

observed that extreme values can work most effectively, 

blocking or intensifying the heat exchange when needed. 

Results obtained for the further defined five λ(T) 

functions were compared to the most effective case from 

the first step of the analysis and presented in Figure 16.  

 

 

 

 

Figure 16: Energy demand calculated for the second 

step of the analysis for: a) Bergen, b) Bucharest, 

c) Abu Dhabi. 

For all three locations, the λ(T) function that improves the 

energy performance of the building was found. For the 

locations with both heating and cooling demand (Bergen 

and Bucharest) the most effective is the case with high the 

the thermal conductivity in thermal comfort range and 

low value outside this range (case 12). While for Bergen 

the cooling energy savings are quite small due to low 

demand, for Bucharest thermal conductivity control 

caused a two-fold reduction in cooling energy demand. 

For Abu Dhabi, the most effective strategy was to keep 

the high value of thermal conductivity until reaching the 

cooling set point and for higher temperatures lower its 

value to a minimum (case 9). 
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To deeply investigate the possibility of application of 

thermal conductivity control by temperature, the number 

of times when the λ value switched was determined. 

Additionally, the percentage of time when λ value 

equalled 0.02 W/mK was calculated (Figure 17).  

 

 

 

Figure 17: Number of times when λ value switched and 

the time when material was characterized by the value 

λ=0.02 W/mK for: a) Bergen, b) Bucharest, 

c) Abu Dhabi. 

Based on the data presented in Figure 17 it can be 

observed that for the selected most effective functions for 

all locations, approximately half of the time 

λ=0.02 W/mK. It means that during another half of the 

time the energy performance of the building benefits from 

high thermal resistance. For the analysed three locations 

the number of times when the thermal conductivity was 

switched is highly varied. The higher solar radiation and 

temperature fluctuation, the more dynamic temperature 

changes can be observed in the insulation layer and thus 

thermal properties adjustment. The high values obtained 

for Abu Dhabi location can be justified by the fact that all 

calculations were done with the 5-minute time step, so 

theoretically it was possible to switch the thermal 

properties every 5 minutes. Such a situation might occur 

when the temperature of the insulation layer was 

oscillating around designated boundaries or under highly 

variable thermal conditions caused by high solar radiation 

incident on the external surface of the wall. 

Conclusion 

Based on the presented analysis, the following 

conclusions were made: 

1. Temperature-dependent thermal conductivity 

can be used for the reduction of cooling energy 

demand. 

2. Periodic increase of thermal conductivity has no 

beneficial effect on the the heating energy 

demand; in heating season, high thermal 

resistance is crucial. 

3. The switch of thermal conductivity value should 

be rather sudden than smooth to assure the most 

effective control of heat exchange. 

4. For practical application, the thermal inertia of 

the construction should be increased to avoid too 

often switching of properties. 

5. Definition of the temperature-conductivity 

function should be done with consideration of 

external condition (weather data), indoor 

temperature and the magnitude of 

heating/cooling demands. 
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