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Abstract 

Contemporary building envelopes are becoming adaptive 

and multifunctional in order to further improve the energy 

efficiency of buildings. However, the selection and 

characterization of building façade components are still 

based on traditional metrics – a steady-state U-value and 

g-value, which does not provide information on the 

improved thermal performance of adaptive building 

envelopes. Therefore, much effort is invested in the 

development of new dynamic performance metrics. This 

paper presents the development of a new dynamic thermal 

performance metric Ú, which is determined from 

numerical results of the building construction thermal 

response (the inner surface heat flux and the air 

temperature difference data) at the Sol-air outdoor 

boundary conditions. The results of the analysis have 

shown that by adaptive building construction the new 

metric Ú is lower than the construction U-value; it 

decreases with the decreased daily heat transfer and with 

the increased specific heat capacity. Further research and 

development of the proposed Ú metric is needed for 

adaptive building constructions with low U-value and at 

boundary conditions, which result in the daily heat gains. 

Introduction 

A building envelope represents the dividing line between 

the indoor and outdoor environment. In a traditional form, 

this is a static element, which, if properly thermally 

insulated, strongly hinders the utilization of the potential 

of the outdoor and indoor environment, and thus the 

possibility of further reduction of the energy use in 

buildings. It is therefore recognized by the professionals 

as the key element for achieving the energy and climate 

goals set in the EU. In recent years, a lot of effort has been 

invested in the research and development of the 

multifunctional and adaptive building envelopes, which 

enables greater exploitation of energy potential of the 

outdoor environment and thus significantly improves 

buildings’ energy efficiency, while at the same time 

provides improved living comfort in buildings and in the 

urban environment. However, one of the greatest 

challenges is the selection of metrics, which would, in a 

simple, understandable and useful way, present their 

thermal response and energy performance. 

Thermal performance of traditional – static and opaque – 

building envelope element is characterized with thermal 

transmittance or U-value; a basic indicator, which is 

calculated at steady-state conditions. This metric is the 

basic parameter (for opaque building constructions), used 

in engineering tools for buildings’ energy performance 

calculations, using monthly (and even hourly) calculation 

methods (Verbeke and Audenaert, 2018). It is also often 

the only building construction parameter in regression 

models for prediction of energy use in buildings (Lam et 

al., 2010). It is therefore not surprizing that U-value is a 

basic performance metric, used when comparing or 

selecting different constructions. It is also a performance 

metric, which is easily recognized by building designers, 

stakeholders and experts (Arkar et al., 2018; Favino et al., 

2016). As demonstrated by several researches (Alterman 

et al., 2012; de Gracia et al., 2011), static U-value does 

not present a good indicator for actual energy need for 

building heating or cooling, as it does not encompass the 

dynamic thermal properties of building’s construction. 

Favino et al. (2016) also established that U-value is not as 

useful in presenting the benefit of adaptive and 

multifunctional building constructions. 

To characterize the thermal performance of 

multifunctional and adaptive building envelopes, 

researchers proposed several tailored, non-standardized 

performance metrics. To further emphasize the enhanced 

thermal performance of adaptive building envelope 

construction, ‘effective’ (also dynamic or equivalent) 

thermal transmittance is often determined using realistic 

or idealised dynamic boundary conditions, including solar 

irradiance on the building construction (Arkar et al., 

2018a; Bellamy, 2014; Bianco et al., 2017; Favino et al., 

2016; Reilly and Kinnane, 2017). Less indicative, but 

presenting the same characteristic, are for example 

reduction of heat losses (Arkar et al., 2018b) or dynamic 

benefit (Moody and Sailor, 2013). Alterman et al. (2012) 

proposed a dynamic thermal performance metric called T-

value, which is tailored for free-floating indoor 

conditions. T-value is determined from diurnal outer and 

inner surface temperature plot, which has a typical ellipse 

shape. T-value is defined as an angle of ellipse principle 

axes. As demonstrated, the T-value reflects construction’s 

insulation and thermal mass properties. The literature 

review further reveals that periodic thermal transmittance 

and decrement factor, determined according to standard 

EN ISO 13786 or using extended admittance method, are 

most often used to evaluate building construction’s 

dynamic thermal properties at periodic outdoor boundary 

conditions (Černe and Medved, 2005; de Gracia et al., 

2011; Gasparella et al., 2011; Thiele et al., 2017). 
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However, this analytical method is only appropriate for 

building constructions composed of materials with 

constant thermo-physical properties. Although there were 

some attempts to use thermal admittance method for 

adaptive building constructions (Thiele et al., 2017), it 

could be concluded that further development of dynamic 

performance metrics is required for building 

constructions, incorporating phase change material 

(PCM) and other adaptive and multifunctional envelopes. 

This study presents the attempt of development of a new 

and relatively simple dynamic thermal performance 

metric, suitable for adaptive, as well as standard, building 

envelopes. The metric was developed based on the critical 

evaluation of the T-value metric and considering the basis 

of thermal admittance method. To evaluate dynamic 

thermal performance of adaptive envelopes, numerical 

simulations, using validated finite element numerical 

model, was used. New metric, which was developed and 

evaluated, was marked as Ú and proposed for further 

consideration and development. The development of new 

metric and a case study analyses are presented for a 

building construction with a PCM layer. 

Methods 

Dynamic thermal performance metric development 

For the assessment of building construction dynamic 

thermal characteristics, metrics, specified within standard 

EN ISO 13786:2017, prevails. One of the most often used 

in analyses is periodic thermal transmittance (Ynm), here 

within marked as Up, which is defined as a ratio of 

complex inner surface heat flux q̂i and complex amplitude 

of ambient air temperature; considering constant indoor 

air temperature and sinusoidal outdoor air temperature 

variation. Several simple software tools exist, made 

according to analytical thermal admittance method, which 

enable building designers relatively fast and simple 

analyses of building constructions dynamic properties. 

Building construction’s periodic thermal transmittance Up 

can be also determined from numerical thermal response 

results as: 

 Up = (q̇i,max – q̇i,min)/(Te,max – Te,min) (1) 

where q̇i is the inner surface heat flux and Te is the ambient 

air temperature. The same result is obtained as if 

calculated with complex matrixes. Obtained results are 

the same for any amplitude of ambient air temperature 

(Ae) and any average ambient air temperature (Te,av). 

Practically, the same Up is also obtained if ‘Sol-air’ 

temperature is used as the outdoor boundary condition. 

This means that Up could not give any indication on 

energy, required to maintain specified indoor air 

temperature conditions. As it is evident from equation (1) 

and demonstrated later in Figure 1, the Up actually 

indicates to inner surface heat flux variation. It should 

also be noted that Up does not allow indoor air 

temperature variation. In case of temperature dependent 

material properties or other adaptive properties, Up can be 

precisely determined only from numerical results of the 

construction thermal response. 

Another metric, the dynamic temperature response – T-

value, introduced by Alterman et al. (2012), takes into 

account diurnal thermal response of building 

construction. So it does not encompass just daily max and 

min value, as in case of Up (equation (1)). T-value is 

derived from diurnal outer and inner surface temperature 

variation. The T-value metric has the unit of temperature, 

which is less indicative. It also requires normalisation, 

which additionally complicates the evaluation of building 

constructions. 

New dynamic performance metric Ú is determined from 

the diurnal inner surface heat flux (q̇i) and indoor and 

outdoor air temperature difference (Te-Ti) data. As 

demonstrated in Figure 1, in the case of sinusoidal 

outdoor boundary conditions, the inner surface heat flux 

forms an elliptical shape on the q̇i/dT chart. The shape 

depends on the construction’s specific heat capacity C. In 

the special case of a "no mass" construction  

(C = 0 kJ/m²K), the ellipse flattens to a line (red dots in 

Figure 1). Linear fit to these data (y = a + b·x), considering 

air temperature difference Te - Ti as independent variable 

and inner surface heat flux q̇i as dependent variable, gives 

intercept value of 0 and the slope which equals the 

construction’s U-value.  

Linear regression is one of the simplest statistics that 

presents relation between two variables. Linear regression 

can handle any boundary conditions and any shape of 

obtained q̇i – dT numerical data, which are not elliptical 

in case of adaptive building construction or at real 

(measured) boundary conditions. Therefore, for real 

building constructions, linear fit to numerical data was 

used (y = b·x), considering forced intercept trough the 

origin (a = 0). Slope of the line with zero intercept was 

selected as the new building construction dynamic 

performance metric. It has the unit of thermal 

transmittance and is marked in this paper as Ú. 

 

Figure 1: Diurnal inner surface heat flux variation of a 

building construction with U = 0.6 W/m²K and different 

specific heat capacity C; boundary conditions: Ti = 20 

°C, Ai = 0 K, Te,av = 0 °C, Ae = 10 K. 

As it is evident from Figure 1 and Table 1, the Ú value 

decreases with increasing building construction specific 

heat capacity C. It is close to the construction U-value (0.6 

W/m²K) in case of lightweight building construction and 
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reduces for slightly more than 10% in case of 

heavyweight building construction. The Up reduces much 

more (Table 1) and indicates more to thermal response 

dynamics and not to the energy related characteristics of 

building construction. 

Table 1: Ú and Up values for case-study construction 

presented in Figure 1. 

 Ú  (W/m²K) Up  (W/m²K) 

C = 0 kJ/m²K 0.60 0.60 

C = 35 kJ/m²K 0.576 0.524 

C = 350 kJ/m²K 0.529 0.059 

Building construction and boundary conditions 

To further evaluate new building constructions’ dynamic 

performance metric Ú, a case study building construction 

was selected. The building construction has a U-value of 

0.4 W/m²K, which represents a moderately thermally 

insulated outer wall. Thermal insulation layer is placed on 

the outer side of the wall. Specific heat cp of wall material 

varies in analysis according to set building construction 

overall specific heat capacity C. This is a case study 

construction with constant thermo-physical properties. A 

case study adaptive building construction has the same U-

value and additional 2 cm thick PCM layer on inner side 

of the construction. A PCM with a narrow 2 K melting 

temperature range and a latent heat of fusion of 100 kJ/kg 

is assumed for analyses. In the numerical model, phase 

change process is modelled considering apparent specific 

heat for the PCM. The apparent specific heat of the PCM 

was approximated using two polynomial equations and 

anticipating no hysteresis. 

In the analysis, dynamic boundary conditions were 

considered, as presented in Figure 2. On the outer side, a 

Sol-air temperature boundary conditions were used, 

considering different average daily ambient air 

temperature Te,av, amplitude of ambient air temperature 

variation of 5 K (Ae = 5 K) and an incident solar radiation 

profile with a daily solar irradiation H of 2.5 kWh/m²day. 

 

Figure 2: Indoor and outdoor temperature and solar 

radiation boundary conditions adopted for analysis; a 

case with Te,av = 10 °C; parameters that do not change: 

Ti = 20 °C, Ai = 0 K, Ae = 5 K, H = 2.5 kWh/m²day. 

 Tsol-air = Te + s·G/he (2) 

Tsol-air (2) was calculated considering solar absorption s 

of 0.7 and outer surface heat transfer coefficient he of 25 

W/m²K. Constant indoor air temperature of 20 °C was 

considered in all simulations, as shown in Figure 2. 

Results  

A validated transient one-dimensional heat transfer 

numerical model (Arkar et al., 2018a) with a time step of 

15 min was used for numerical analysis. Three days with 

the same boundary conditions were used in simulation; 

the first two days were required to obtain appropriate 

initial conditions, while the simulation results of the third 

day was used for dynamic metrics calculation. Beside Up 

and Ú metrics, daily heat losses qi (3), calculated from the 

daily inner surface heat flux values, was also determined:  

 qi = q̇i·dt) (3)

In the first analysis, thermal response of homogeneous 

wall (without PCM layer) with C = 100 kJ/m²K at 

different outdoor air boundary conditions (Te,av of 10 °C, 

5 °C and 0 °C) was determined. Results are presented in 

Figure 3. It can be seen that due to non-sinusoidal outdoor 

Tsol-air boundary conditions, the shape of inner surface heat 

flux is not elliptical as in Figure 1. Higher (negative) heat 

flux toward the ambient is observed at lower average 

ambient air temperatures (higher temperature 

differences). Linear regression trough the origin gives the 

Ú values of 0.199 W/m²K, 0.294 W/m²K and 0.339 

W/m²K at temperature differences Ti - Te,av of 10 K, 15 K 

and 20 K respectively. The periodic thermal transmittance 

Up value is 0.186 W/m²K at all three different boundary 

conditions. From Figure 3 and presented results it could 

also be concluded that with increasing temperature 

differences Ti - Te,av, the daily heat losses, as well as the Ú 

value, increase. 

 

Figure 3: Daily variation of inner surface heat flux q̇i 

and linear regression trough the origin lines for a 

homogeneous wall at three different Tsol-air boundary 

conditions (2); U = 0.4 W/m²K, constant thermo-

physical properties of wall layers. 

The Ú values, as well as Up values, were determined for 

homogeneous building construction of different specific 

heat capacities and for different outdoor Tsol-air boundary 

conditions by varying the average ambient air temperature 
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Te,av. Results are presented in Figure 4. The results showed 

that the Ú value depends on the building construction’s C 

value and on boundary conditions. Meanwhile, the Up 

value is not affected by boundary conditions. Correlation 

between the Ú values and the construction daily heat 

losses qi is presented in Figure 5. It can be seen that it 

would be possible to derive some regression model, 

however, the model would need to include information on 

building construction specific heat capacity C. From the 

presented results, it can be concluded that for 

homogeneous building constructions, composed of layers 

with constant thermo-physical properties, the Ú metric 

provides more relevant information on the building 

construction thermal performance than the Up metric. 

 

Figure 4: New dynamic thermal performance metric Ú 

and periodic thermal transmittance Up values at 

different outdoor Tsol-air boundary conditions; dT = Ti - 

Te,av; wall with U = 0.4 W/m²K. 

 

Figure 5: Correlation between Ú and daily heat losses qi 

determined at different boundary conditions; wall with U 

= 0.4 W/m²K. 

As the primary goal is to develop a dynamic thermal 

performance metric for adaptive and multifunctional 

building constructions, an analysis was also made for such 

construction. A construction with a PCM layer, which 

ensures an adaptive thermal response, was used for the 

analysis. Thermal response of such adaptive building 

construction, considering three different PCM peak 

melting temperatures, is presented in Figure 6. Red dots 

are presenting the inner surface heat flux in case when 

there is no phase change in the PCM layer, due to 

improper PCM phase change temperature range. In case 

of PCM with Tm = 20.5 °C, only a part of the latent heat 

can be exploited, as can be concluded from calculated q̇i 

values (Figure 6). The third PCM, with optimal peak 

melting temperature of 19 °C, enables latent heat 

accumulation and in this way considerably increases 

specific heat capacity of adaptive building construction, 

which can be seen from the calculated thermal response. 

Linear regression lines (Figure 6) or determined Ú values 

(Table 2) indicate on improved dynamic thermal response 

due to the phase change process within the building 

construction. 

Table 2: Ú and Up values for adaptive building 

construction (case-study presented in Figure 6). 

 Ú  (W/m²K) Up  (W/m²K) 

Tm >> Te 0.341 0.297 

Tm = 20.5 °C 0.326 0.254 

Tm = 19 °C 0.273 0.025 

 

Figure 6: Daily variation of inner surface heat flux q̇i 

and linear regression trough the origin lines for an 

adaptive building construction with a PCM layer with 

different peak melting temperature Tm; U = 0.4 W/m²K; 

Te,av = 6 °C. 

Further analysis was performed for different outdoor  

Tsol-air boundary conditions (different Te,av) and 

considering different peak melting temperatures of the 

PCM layer of adaptive building construction. Lightweight 

construction with specific heat capacity of 50 kJ/m²K was 

selected for the analysis. Calculated Ú and Up values are 

presented in Figure 7. Latent heat accumulation or phase 

change process can easily be noticed from Up results, as it 

was found that Up value does not depend on boundary 

conditions. Nevertheless, improved thermal response can 

also be recognized from presented Ú results, which also 

depends on used boundary conditions, if only results at 

selected boundary conditions are compared. The results 

indicate that improved dynamic thermal response is 

obtained if PCM with peak melting temperature of 19 °C 

or 20 °C is used. At some boundary conditions, a PCM 

with Tm = 21 °C, also performs well. 
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Figure 7: Ú and Up values of adaptive building 

construction with PCM layer with different peak melting 

temperatures Tm at different outdoor Tsol-air boundary 

conditions; U = 0.4 W/m²K, C = 50 kJ/m²K.  

The dynamic performance metric values and construction 

daily heat losses were compared next. The results are 

presented in Figure 8.  

 

 

Figure 8: Correlation between Ú or Up and daily heat 

losses qi determined at different boundary conditions; U 

= 0.4 W/m²K, C = 50 kJ/m²K.  

The dots with a dashed line present the case of static 

building construction (no phase change in PCM layer). 

The dots without the line present adaptive building 

construction with PCM with suitable Tm. From the 

presented Ú-qi results it could be estimated which PCM 

undergoes complete phase change process and for which 

PCMs boundary conditions enable only partial utilization 

of the latent heat of fusion. In analogy with Figure 5, the 

effective C could be determined for adaptive building 

construction. It would also be possible to compare static 

and adaptive construction or evaluate ‘adaptiveness’ of 

construction thermal response. From the Up-qi chart 

(Figure 8 bottom) no such comparison or correlation can 

be derived.  

Conclusion 

Thermal performance of a building depends on dynamics 

of internal and solar heat gains, as well as on the dynamic 

thermal response of building constructions. In the case of 

adaptive and multifunctional building constructions, the 

thermal response can be much different than by traditional 

building constructions. Nevertheless, current building 

design approach is still governed by construction’s U-

value, which is a static building construction’s parameter, 

widely recognized by building designers, stakeholders 

and experts. The starting point of this research was 

therefore the development of a new dynamic performance 

metric, which would be easily recognized among 

professional public and would include information on 

building construction’s dynamic thermal response and 

energy performance. 

Development of proposed Ú metric was based on the T-

value indicator, which considers daily thermal response of 

building construction at real boundary conditions. 

However, instead of a surface temperature, the inner 

surface heat flux was selected as parameter, which is also 

used for U-value and periodic thermal transmittance 

calculation. As adaptive building envelopes enable 

greater solar energy utilization, the sol-air temperature 

was selected as the outdoor boundary condition. The 

proposed Ú dynamic thermal performance metric has the 

unit of the U-value. Its value is obtained from the linear 

fit through the origin to daily thermal response data.  

Performed analysis demonstrated that developed Ú metric 

is associated with the building construction U-value. It 

equals the construction U-value in case of "no mass" 

construction. It decreases with the increased building 

construction specific heat capacity. By adaptive building 

constructions, it further decreases with the enhanced 

thermal response. It depends on boundary conditions and 

decreases with decreased daily heat transfer. As 

demonstrated in the analysis, the Ú metric can indicate on 

static or adaptive performance of building construction. 

In further development of the proposed dynamic 

performance metric Ú, there is a need to define the exact 

boundary conditions and explore the possibility of using 

real boundary conditions and measured thermal response 

of adaptive building envelopes. This would allow the 

evaluation of processes of adaptive building 

constructions, that are more difficult to model with the 
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numerical models (PCM hysteresis and subcooling, plants 

evapotranspiration of green envelopes, etc.). The metric 

needs further development also in terms of testing of 

statistical significance of obtained results, as well as on 

results interpretation and correlation to static U-value and 

construction or building energy performance. 
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