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Abstract: Façade elements are a building component that satisfies multiple performance 

parameters. Among other things, “advanced façades” take advantage of hybrid solutions, such as 

assembling laminated materials. In addition to the enhanced mechanical properties that are typical 

of optimally composed hybrid structural components, these systems are energy-efficient, durable, 

and offer lighting comfort and optimal thermal performance, an example of which is the structural 

solution developed in collaboration with the University of Zagreb and the University of Ljubljana 

within the Croatian Science Foundation VETROLIGNUM project. The design concept involves the 

mechanical interaction of timber and glass load-bearing members without sealing or bonding the 

glass-to-timber surfaces. Following earlier research efforts devoted to the structural analysis and 

optimization of thus-assembled hybrid Cross-Laminated Timber (CLT)-glass façade elements, in 

this paper, special focus is given to a thermal and energy performance investigation under ordinary 

operational conditions. A simplified numerical model representative of a full-size building is first 

presented by taking advantage of continuous ambient records from a Live-Lab mock-up facility in 

Zagreb. Afterwards, a more detailed Finite Element (FE) numerical analysis is carried out at the 

component level to further explore the potential of CLT–glass façade elements. The collected 

numerical results show that CLT–glass composite panels can offer stable and promising thermal 

performance for façades similar to national and European standard requirements. 

Keywords: Cross-Laminated Timber (CLT), laminated glass; hybrid façade element; thermal 

performance; energy efficiency; numerical modelling 

 

1. Introduction 

In the last decade, the building construction sector has shown an increased use of load-bearing 

building members composed of timber and glass. The first applications and research efforts (see [1–

4]) were focused on composite beams. Later, the attention of researchers progressively moved 

towards the definition of novel timber–glass solutions for curtain walls and enclosures to cover large 

surfaces and also offer enhanced load-bearing performance in buildings [5,6]. In most cases, the need 

for resistance and ductility under both ordinary design loads and extreme events like earthquakes 

typically resulted in design applications characterized by the use of a continuous (adhesive and/or 

mechanical) connection between a given timber frame and glass infill panels. Typical examples of 

these cellular frame-supported glass panels can be found in Figure 1. 
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(a) (b) 

Figure 1. Examples of timber–glass façade solutions: (a) a typical cross-section of curtain wall detail 

(www.stabalux.com); (b) full-size, adhesively bonded framed panels (from [5]). 

An innovative and promising solution (see Figure 2a and [7–9]) was found in the form of a 

hybrid, full-size, multi-purpose building element composed of a 3.22 × 2.72 m Cross-Laminated 

Timber (CLT) frame and a glass infill.  

The design concept for this hybrid system was developed through the optimal mechanical 

combination of two relatively new constructional materials, CLT and glass. On the one side, it is 

recognized worldwide that wooden buildings can benefit from the versatility of timber and its 

seismic, fire, thermal, and acoustic potential. For CLT, major applications take the form of floor and 

wall panels for high-rise buildings [10,11]. On the other hand, glass has been also increasingly used 

in buildings over the last decade. While glass products are well covered by European standards 

[12,13], harmonised European standards for structural designs are still in preparation [14–16], and 

some design issues can be solved with the support of technical guidelines (see [17–19]). One of the 

most challenging issues for load-bearing glass elements is their thermal performance assessment and 

potential effect on mechanical parameters [20–23]. 

 
  

(a) (b) (c) 

Figure 2. Full-size CLT-glass façade element: (a) front view, (b) CLT-to-glass frame connection detail 

(cross-section), and (c) timber frame corner joint. Figure reproduced from [9] with permission from 

Elsevier, Copyright© license number 4803680633411, April 2020. 

The hybrid panel in Figure 2a was structurally optimized by including a series of b × h = 90 × 

160 mm CLT framing members and two laminated glass plates (Figure 2b). A two-ply 

semi-tempered section was used for each of the glass panels and was obtained by bonding 10 mm 

sheets and a middle 1.6 mm thick EVASAFE® layer. A continuous flexible rubber edge trim was then 

used to seal the interposed air cavity (see Figure 2b) with s = 12.8mm the cavity thickness. The 

mechanical efficiency of the full-size façade system designed in [7–9] was found on friction 

mechanisms only, without the need for adhesive or mechanical connections at the CLT-to-glass 
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interface. Accordingly, the glass layers were designed with trapezoidal polished edges to minimize 

the possible micro-cracks and weak spots under operational conditions. 

The extended full-size experiments reported in [7–9] provide evidence for the material’s good 

load-bearing capacity for static and dynamic loads agreeing with [24], as well as its stability, 

serviceability, resistance, and excellent ability to dissipate input seismic energy. Moreover, it is well 

known that a given façade solution must fulfill a multitude of performance requirements, including 

thermal response, energy efficiency, waterproofness, airtightness, etc. Accordingly, the thermal 

performance characterization for the façade element in Figure 2 was considered in the framework of 

the VETROLIGNUM project (www.grad.unizg.hr/vetrolignum), which is also partly discussed in 

this paper.  

2. Thermal and Energy Efficiency Assessment of Façade Components  

The thermal strategic role of façades is a crucial step in research and design [25], especially for 

non-traditional envelopes that propose the use of new constructional details, for which various 

literature studies can be found in [26–29]. Even more extended calculation efforts may be required 

for the so-called “adaptive” dynamic systems that are subjected to continuous variations in their 

boundary conditions and performance [30]. Among other things, the use of timber in façades has 

been explored both in the form of secondary non-structural cladding elements [31] and as 

load-bearing frames.  

2.1. Reference Thermal Performance Indicators  

For the present study, the EN ISO 13788 standard was followed [32]. This standard is focused 

describing the assessment of the hygrothermal performance of building components and building 

elements. This standard recommends calculating the well-known temperature factor at the internal 

surface fRsi as 

���� =
��� − ����

���� − ����

 (1) 

where Tsi is the temperature of the internal wall surface, Tint is the internal air temperature, and Tout is 

the external air temperature. Tsi strictly depends on the features of the investigated building system 

and can be especially sensitive to thermal bridges. As is known, fRsi should be close to the unit to 

represent optimally insulated buildings. To ensure the occurrence of mould growth and surface 

condensation in dwellings, the fRsi ≥ 0.75 values are commonly accepted in practice. In addition to the 

EN ISO 13788 recommendations, a series of National guidelines are available in several countries 

that recommend minimum limit values for fRsi. These are in the range of fRsi ≥ 0.52 (France), fRsi ≥ 0.65 

(Netherlands), or fRsi ≥ 0.7 for Germany [33]. 

Another relevant parameter is the internal surface resistance, which depends on convection and 

radiation coefficients, air movements in the room, the air and surface temperature distribution in the 

room, and the surface material’s properties. Accordingly, refined and time-consuming numerical 

models of a given room as a whole are essential to account for several aspects such as the thermal 

resistance of the surrounding envelopes, the environmental temperature, the air distribution in the 

room, and the room’s geometry. However, simplified calculation methods or input values 

recommended by the existing guidelines can be used for preliminary estimates. 

In an outdoor climate (temperature and relative humidity), four main parameters control the 

surface condensation and development of fungi [32]: 

 The “thermal quality” of the peripheral elements of a building is represented by thermal 

resistance, thermal bridges, geometry, and internal surface resistance; these are defined by the 

temperature factor on the inner surface, fRsi; 

 The internal humidity, influencing the dew point in the air; 

 The indoor air temperature: A lower room temperature is generally more critical for rooms with 

reduced intermittent heating, or unheated rooms where water vapour can escape from adjacent 

heated rooms; 
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 And heating systems, that affect air movement and temperature distribution. 

However, many problems can arise and should be properly assessed for novel envelope 

systems, such as: 

(a) Mould that can occur when the surface humidity is higher than 80% over several days [33,34]; 

(b) Troubles due to danger of material corrosion: For each part of a heated building, it should be 

checked that the expected fRsi value on the interior surface is less than the maximum allowable 

limit [35,36]; 

(c) A surface temperature that is too low, as resulting from contacting exterior surfaces of heated 

spaces, poor external thermal insulation of building sections, possible thermal bridges, or 

furniture arrangement [37,38]; 

(d) An increase in humidity, as resulting from an increase in the air humidity (at the air contact 

position with the wall) above the recommended design values (i.e., inappropriate use of spaces 

and airflows, see for example [39,40]). 

2.2. Reference Ambient Conditions 

As far as Equation (1) is considered for experimental studies, both the envelope features and the 

climate conditions for a given envelope/region can be responsible for the relevant design decisions 

and classification rules. Köppen’s climate description for the Croatian region [41], for example, 

revealed a moderately warm rainy climate for the largest National area, with the mean monthly 

temperature in the coldest month of the year above −3 °C and below 18 °C (up to 22 °C in the hottest 

periods of the year). 

For the VETROLIGNUM project, field ambient measurements have been monitored since early 

2018 and have provided evidence of typical temperature records (see Figure 3), thus providing 

another parameter to be considered for thermal performance assessment. 

 

Figure 3. Example of meteorological data (selection of outdoor temperature acquisitions) from the 

Municipality of Zagreb (Faculty of Civil Engineering). 

3. Mock-Up Building  

Given the design challenges and requirements summarized in Section 2, this paper 

experimentally and numerically explores the thermal performance and energy efficiency of a 

full-size building prototype that is currently under investigation within the framework of the 

VETROLIGNUM project. A mock-up building prototype including hybrid CLT–glass façade 

elements (herein called the “Live-Lab” facility) was constructed at the beginning of 2018 and is still 

collecting relevant data. 
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The facility (figure 4) consists of a full-sized single space characterized by plan dimensions B = 

3.22 m × W = 2.80 m, with H = 2.8 m as the height. The 3D building is located on the roof of a 

single-story building (not accessible to the public) at the University of Zagreb, Faculty of Civil 

Engineering. The transversal envelopes of the facility (West and East sides) currently consist of CLT–

glass modules, as seen in Figure 2. However, the prototype is assembled in such a way that it allows 

removal of the CLT–glass façade elements (for future re-use in different mock-up configurations) 

and the introduction of solid timber walls (Figure 4a). 

 
(a) 

  
(b) (c) 

Figure 4. Assembly process for the Live-Lab facility at the University of Zagreb (2018): (a) the general 

concept; (b) CLT–glass façade elements and (c) roof installation. 

The geometry and detailing of the main building components were defined on the basis of 

preliminary calculations for the expected load-bearing capacity under ordinary loads. This choice 

resulted in the use of prefabricated panels for the wooden houses to obtain a lightweight framework 

system. In Figure 5, a typical cross-section of the walls, the floor, and the roof panels is shown. The 

constituent layers include: 

 18 mm thick Oriented-Strand Board (OSB) panels (125 × 2500 mm their size) on both the internal 

and external sides;  

 200 mm wide timber frame members (KVH solid structural timber members marked by C24 

resistance class (spruce) according to EN 338 provisions [42] dried to up to 18% humidity); 

 A mineral wool insulation infill (NaturBoard VENTI mineral wool boards (600 × 1000 mm) by 

KNAUF Insulation [43]). 
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A steam dam was also installed between the inner OSB and timber frame members (Delta-Dawi 

GP [44]). Finally, in contrast to Figure 5 and the common practice for buildings, additional 

polystyrene insulation layers (on the exterior side) or plasterboard foils (on the inner side) were 

omitted due to their lack of aesthetic requirements. Accordingly, an impregnating finisher was used 

on the OSB surfaces to ensure their water resistance. 

 

Figure 5. Typical layers for the prefabricated panels used in the mock-up facility. 

The South longitudinal wall was erected with a single full-size panel. On the opposite side, the 

North wall was composed of two partitions to account for a possible door (Figure 4a). Two adjacent 

panels, mechanically interconnected, were used to realize the floor. For the single-pitch roof, timber 

beams were used to support the ceiling panels. Globally, the 3D assembly was thus characterized by 

the geometrical surface parameters reported in Tables 1 and 2. 

Table 1. Building elements of the zone on the boundary heated outside. 

Exterior Walls of the Heated Section with Openings (m²) 

North East South West 

10.98 9.82 10.98 9.82 

Heated Exterior Walls without Openings (m²) 

North East South West 

10.98 0.00 9.38 0.00 

Table 2. Openings (number and size) of the facility (cardinal directions). 

 Heated Outside 

Orientation Opening Mark N.° of Elements 
Width 

(m) 

Height 

(m) 

Surface 

(m) 

Total 

(m²) 

East Façade 1 3.61 2.72 9.8192 9.8192 

North Door 1 0.8 2 1.6 1.6 

West Façade 1 3.61 2.72 9.8192 9.8192 
 Total area of openings 21.24 

4. Testing Program  

The experimental measurements for the 3D building prototype in Figure 4 were derived from 

the collection of one-year cyclic records, hereafter referred to as “Cycle 1” (September 2018–August 

2019), and so on. These included: 

 Indoor Relative Humidity (RH) and temperature; 

 Outdoor RH and temperature; 
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 RH and temperature data within the cavity of the double insulated glass (for limited time 

intervals only);  

 And preliminary measurements of the energy consumption for the 3D building system.  

Alongside the ambient measurements, a thermographic camera was used to capture possible 

critical details of the Live-Lab assembly, paying special attention to the area of the corner joints.  

4.1. Instruments 

The external climate parameters (wind speed, wind direction, precipitation, temperature, and 

humidity) in the Live-Lab context were measured by means of a meteorological station (Figure 6). 

This was combined with a central control station designed by SITEL Ltd. (Ljubljana, Slovenia, 

www.sitel.si) to support the continuous monitoring of climate conditions and the acquisition of 

relevant data. As a specialty of the Live-Lab facility, a heating source was also considered for the 

cavity between the two glass panels. As the hygrothermal properties in the cavity were set as a 

control parameter for continuous measurement, the heater was set to automatically switch on at the 

first sign of the dew point for glass. 

In the post-processing stage, based on the collected measurement data, the impact of this kind 

of heating source was assessed in terms of the sensitivity of the thermal transmission of the 3D 

facility as a whole. This was also assessed in terms of its impact on the energy consumption to 

maintain a constant indoor temperature for the facility. To optimize the energy consumption of the 

Live-Lab prototype, solar panels were installed on the roof to act as an additional energy source. 

Electricity for heating or cooling the facility was thus supplied from both the electricity grid and 

from the solar panels. The setup instruments included an air conditioner and a fan to reproduce a 

reliable configuration for a residential building. 

 

Figure 6. Instruments for the field experimental measurements (schematic cross-section of the 

Live-Lab mock-up building). RH, relative humidity. 

4.2. Experimental Records and Aquisitions 

In Figure 7, an example of typical outcomes from the continuous monitoring of the Live-Lab 

facility are proposed in terms of indoor temperature and RH records (data acquisition from the 

SITEL control station). Depending on the variable external conditions (Figure 3), major efforts were 

made to achieve comfortable hygrothermal levels inside the mock-up building in line with 

conventional residential building performance indicators. Sometimes, however, temporary 

interruptions of the devices and instruments in use gave evidence of locally scattered data, as shown 

for the selected data in Figure 7.  

command-control 
station

ventilator

ventilator

Interglass heater

Inter glass
data logger T, RH

data logger T, RH

solar panelMeteo station

thermo camera

Cloud communication - SITEL Software

Air conditioner

heat conductivity 
meter 

thermo camera

heat conductivity 
meter 
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(a) 

 

(b) 

Figure 7. Live-Lab indoor measurements from the SITEL control station: examples of (a) temperature 

and (b) relative humidity. 

Alongside the continuous record acquisitions, the thermographic images also provided 

evidence of linear thermal bridges (Figure 8) that were generally detected (as expected) in the 

transition regions from the CLT to glass members. 
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(a) (b) 

 
 

(c) (d) 

Figure 8. Thermal bridges detected by thermal camera acquisitions: (a) top corner layout (indoor) 

with the (b) corresponding temperature field and (c,d) bottom corner detail (indoor and outdoor 

measurements). 

5. Full-Size Numerical Analysis of the Live-Lab Facility 

5.1. Solving Approach and Input Data 

Numerical simulations are presently one of the most powerful tools for design optimization 

and assessment. They are based on the concept that developing a virtual model (based on 

well-known physical processes and constitutive laws) consumes less money/time than developing a 

real experimental prototype. This applies especially to full-size structures and complex systems, 

such as the Live-Lab 3D facility investigated in this paper. 

In the first stage of this study, a series of numerical simulations were carried out with the 

EnCert-HR computer software (www.encert.hr) to calculate—as accurately as possible—the 

expected overall energy consumption for the 3D Live-Lab facility in Figure 4. In doing so, the 

reference modelling procedure in Figure 9 was applied in the EnCert-HR software and adapted to 

the goals of this study.  

For the Live-Lab facility, the numerical building prototype was assumed to be located at the 

Faculty of Civil Engineering of the University of Zagreb. Accordingly, the whole calculation process 

was developed with respect to the Croatian Technical Regulations on energy economy and heat 

retention in buildings (Official Gazette No. 128/15 [45]). The building characterization was also 

based on [46,47,48] and treated as an independent building unit. Special care was taken for the 

Northern side of the Live-Lab, whose orientation toward the Faculty building was considered in the 

calculation by solar gains and losses. The calculation process also included the coefficient of heat loss 

due to ventilation. 
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Figure 9. Schematic process for the thermal and energy analysis of the full-size facility (EnCert-HR). 

As the basic step in the calculation process, the building components of the Live-Lab facility 

were first separately described and characterized (see Figure 10). These characterizations included 

two full-size CLT–glass façade elements (East and West sides), two solid walls according to Figures 4 

and 5, and the floor and roof panels. A door opening was also placed on the North side. 

 

 

 

 

 

 

 

Figure 10. Arrangement of the building envelope components for the Live-Lab facility (EnCert-HR). 

Through the calculation steps, the nominal geometrical and thermo–physical properties were 

determined for the materials and building components used (see Section 3).  

The final advantage was then derived from the available Live-Lab meteorological data. These 

data included ambient and consumption records (for the energy efficiency assessment) and outdoor 

average records (for the definition of realistic configurations in the definition of thermal 

performance indicators) (see Table 3).  
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Table 3. Reference meteorological data for Zagreb city (average Live-Lab outdoor records). 

 
Month 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Temperature (°C) 1.0 2.9 7.1 11.7 16.8 20.3 21.9 21.3 16.3 11.4 6.5 1.4 

Relative humidity (%) 81.0 74.0 68.0 67.0 66.0 67.0 67.0 69.0 76.0 80.0 83.0 85.0 

5.2. Preliminary Energy Efficiency Assessment 

First, besides the simplified geometrical description of the envelope details for the full-sized 

numerical model of the Live-Lab prototype, the required energy for heating and cooling the facility 

was calculated (see Figure 11).  

The expected cooling energy was found to reach the highest values from April to September, 

with QC = 260–650 kWh. Similarly, the maximum energy required for heating was expected from 

November to February, with QH = 300–460 kWh. The annual energy for heating and cooling was thus 

estimated as QH,nd = 1906 kWh/year and Qc,nd = 3155 kWh/year, respectively, with a relatively higher 

cooling consumption. Significant energy losses, as expected, were observed to derive especially from 

the linear thermal bridges due to the different properties of the materials used, as well as from 

relevant geometrical variations (Figure 8). 

 

Figure 11. Calculation of required heating and cooling energy (EnCert-HR). 

The energy estimates in Figure 11 refer to the floor area of the building prototype. The 

maximum requirements per year/square meter were found to be ≈128 kWh/m2 year and ≈210 

kWh/m2 year for heating and cooling, respectively.  

The above estimates are related both to the geometrical aspects of the facility and to climatic 

conditions. Following Figure 10 and the data previously reported in Tables 1 and 2, the shape factor 

f0 of the building was also calculated using the most common index in professional practice. The 

latter is commonly defined as the ratio between the envelope surface (A) and the inner heated 

volume (Vc) of a given building, which for the Live-Lab mock-up facility is 

�� =
�

��
=

71.4��

46.49��
=  1.54 ���. (2) 

The research in [49,50] notes that the above shape factor can affect the energy demands of a 

given building, especially one with wide glass surfaces and complex architectural geometries and 

irregular façades. The parametric study described in [49] for five building examples (Nordic climate 

conditions) with imposed f0 values in the range from 1 to 1.7, for example, resulted in up to +10%–
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20% energy demand variations for higher shape factors. Accordingly, this aspect should be further 

assessed in future developments of the Live-Lab facility. Given the value in Equation (2), additional 

relevant geometrical characteristics are represented by 

 Net volume V= 31.33 m³; 

 Gross floor area Afloor= 14.95 m². 

Thus resulting in a glass-to-floor-area ratio of ≈1.14. 

The examined 3D prototype is characterized by a compact regular shape/size that cannot 

represent a real building configuration but can still efficiently support research aimed at the 

optimization of the hybrid CLT–glass façade concept, working towards the definition of generalized 

design recommendations. A notable intrinsic feature of the CLT–glass design concept is the 

relatively large glass-to-floor-area ratio (with ≈0.2–0.25 as the conventional value; see [49]) for the 

façade elements directly exposed to external environmental events. 

5.3. Thermal Characterization and Performance Assessment 

The simplified EnCert-HR numerical model was further investigated to assess the thermal 

performance indicators for the same Live-Lab. 

5.3.1. Thermal Characterization of the Building Sections (Prefabricated Panels) 

The heat transfer coefficient was calculated for the prefabricated panels in use to verify that the 

requirement for dynamic thermal performance could be met with respect to the reference limit 

conditions (Umax = 0.30 W/m²K). Following the schematic cross-section in Figure 5, the thermo–

physical properties in Table 4 were used for calculations. 

Table 4. Nominal layout and thermo–physical properties for the prefabricated panels [51]. 

Material 

Thickness 
Specific Heat 

Capacity 
Density 

Thermal 

Conductivity 

Differential 

Resistance 

d 

(cm) 

cp 

(J/kgK) 

ρ 

(kg/m³) 

λ 

(W/mK) 

Sd 

(m) 

4.09—directional chipboards (OSB) 1.80 1700 650 0.130 0.9 

DELTA-DAWI-GP—vapour barrier 0.02 1250 180 0.190 100 

7.01—mineral wool (MW) 20.00 1030 30 0.040 0.2 

4.09—directional chipboards (OSB) 1.80 1700 650 0.130 0.9 

Total 23.62    102 

The heat transfer coefficient U for the building part was obtained based on: 

 The surface resistance, with Rsi = 0.13 m²K/W and Rse = 0.04 m²K/W for the internal and external 

sides, respectively (see also Table 5); 

 The thermal resistance of the constituent homogeneous layers, as summarized in Table 4: 

�� = ��� + �
��

��

+ ��� = 5.45
�2�

�
, (3) 

resulting in: 

� =
1

�� + ��

+ ∆� = 0.18
W

m�K
< ���� = 0.30

W

m�K
 (4) 

where Ru= 0 is the thermal resistance for attic spaces. 

Once the capacity of the mineral wool prefabricated panels was verified (using Equation (4)) to 

meet the minimum requirements, the design temperature factor was set as [52] 

����,������ =
�� − ���

��

= 0.982 (5) 
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and used to assess potential condensation risk. 

The major results are summarized in Table 5 and Figure 12, where it is possible to see that the 

expected diffusion flow of water vapour through the walls is rather stationary [53] for the examined 

climatic conditions. Furthermore, Table 6 shows that the calculated fRsi values are in close agreement 

with the internationally recommended values reported in Section 2. The design temperature factor 

calculated in Equation (5) is also greater than the maximum required value for fRsi, further enforcing 

the good thermal performance estimates.  

Table 5. Surface condensation risk assessment for the building part. 

Month 

Vapour 

Pressure in 

Space 

Saturated 

Vapour 

Pressure 

Internal Air 

Temperature 

External Air 

Temperature 

Surface 

Temperature 

Temperature Factor 

(Equation (1)) 

 
pi 

(kPa) 

psat 

(kPa) 

Tint  

(°C) 

Tout  

(°C) 

Tsi,min  

(°C) 
fRsi 

Jan 1.075 1.344 20.0 1.0 11.4 0.547 

Feb 1.119 1.399 20.0 2.9 12.0 0.532 

Mar 1.218 1.522 20.0 7.1 13.3 0.480 

Apr 1.396 1.745 20.0 11.7 15.4 0.446 

May 1.778 2.222 20.0 16.8 19.2 0.750 

Jun 2.058 2.572 20.0 20.3 21.6 - 

Jul 2.058 2.572 20.0 21.9 21.6 - 

Aug 2.058 2.572 20.0 21.3 21.6 - 

Sep 1.737 2.171 20.0 16.3 18.8 0.675 

Oct 1.376 1.720 20.0 11.4 15.1 0.430 

Nov 1.204 1.504 20.0 6.5 13.1 0.489 

Dec 1.084 1.355 20.0 1.4 11.5 0.543 

 

Figure 12. Internal condensation—water vapour pressure in the building part. 

5.3.2. Thermal Characterization of the Façade and Door Openings 

Finally, the EnCert-HR model was used to determine the thermal performance of the hybrid 

façade element object of analysis. Based on the Technical Regulations in use, the overall impact of 

linear thermal bridges was also considered by increasing the predicted U value by an UTM = 0.05 

W/m2K increment. The derived thermal indicators are presented in Table 6. 

For the U-value for CLT–glass façade elements in Table 6, a relatively high parameter is found 

compared to glass façade systems in general, with a recommended U-vale in the range of 1.6 W/m2K 

(see also [28]). This latter estimate, however, could be justified by the lack of geometrical details in 

the full-size EnCert-HR model, thus requiring further local investigations. 
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Table 6. Calculation of the thermo–physical parameters for the façade and door openings. 

Parameter Symbol Unit Façade Element Door 

Total heat transfer coefficient U (W/m²K) 2.42 0.43 

Degree of transmission of solar energy through glazing g┴ - 0.64 0 

Opening surface Aw (m²) 9.82 1.78 

Proportion of glazing 1-ff - 0.8 0.7 

Panel fp - 0 0 

Frame surface Af (m²) 1.964 0.534 

Glazing surface Ag (m²) 7.856 1.246 

Panel surface Ap (m²) 0 0 

External glazing heat transfer coefficient Ug1 W/m²K 5.15 1 

Degree of transmission of solar energy through glazing g┴1 - 0.80 0.00 

Internal glazing heat transfer coefficient Ug2 (W/m²K) 5.15 - 

Degree of transmission of solar energy through glazing g┴2 - 0.80 - 

Heat transfer coefficient of the frame Uf (W/m²K) 1.8 - 

Heat transfer coefficient of glass Ug (W/m²K) 2.51 0.18 

Heat transfer coefficient of the panel Up (W/m²K) 0 0 

Glazing perimeter lg (m) 11.54 0 

Linear thermal bridge (glass edge) ψg (W/mK) 0.05 0.05 

Panel perimeter lp (m) 0 0 

Linear thermal bridge (panel edge) ψp (W/mK) 0 0 

Opening inclination (to horizontal) α (deg) 90 90 

Internal surface resistance Rsi (m²K/W) 0.13 - 

External surface resistance Rse (m²K/W) 0.04 - 

Air cavity resistance Rs (m²K/W) 0.18 - 

6. Thermal Numerical Analyses of the Hybrid CLT–Glass Component Level 

Besides the promising data summarized in Section 5, a further study was successively carried 

out in the form of a more accurate thermal numerical analysis of the typical CLT–glass façade 

element in use at the Live-Lab facility of Figure 4. As shown in Section 5, commercial software codes 

that are suitable for design purposes can be computationally efficient for full-size calculations in 

professional applications. However, at the same time, they have intrinsic limits in the geometrical 

detailing of building components and on the reliability of local estimates. This is also the case for the 

examined hybrid CLT–glass façade elements, with expected local criticalities, such as the corner 

joints, depicted in Figure 8. 

6.1. Methods and Assumptions 

A refined numerical study was dedicated to the thermal analysis of the façade elements only. 

Taking advantage of the double symmetry of the reference CLT–glass panel in Figures 2 and 4, the 

corresponding Finite Element (FE) model was described in ABAQUS [54], which primarily focused 

on ¼th the nominal module (with appropriate boundary conditions). The final FE assembly (see 

Figure 13) consisted of a set of 8-node heat transfer solid elements (DC3D8 type from ABAQUS 

library) comprising: 

 Two double laminated glass sections (10 + 10 mm glass layers with a middle 1.6 mm thick 

EVASAFE bond); 

 The interposed air cavity (s= 12.8 mm the thickness); 

 The linear rubber edge trim allowing the glass panels to keep their position under ordinary 

thermo–mechanical loads, 

 The CLT frame members (90 × 160 mm their cross-section); 

 Additional timber purlins, providing a linear slot for the positioning of the glass panels and 

thus being responsible for the activation of the frictional mechanisms along the CLT–glass 

edges in contact. 
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(a) (b) 

Figure 13. Reference FE model for the thermal assessment of full-size CLT–glass façade elements:  

(a) global assembly (1/4th the geometry) and (b) a detailed view with hidden mesh (ABAQUS). 

Similar to Section 5, the thermal performance of the CLT–glass façade panel was first assessed 

by evaluating a few key performance indicators, such as the overall heat transfer coefficient U and 

the corresponding linear thermal transmittance (Ψ-value). Further advantages of the detailed FE 

model were then represented according to the availability of a series of local estimations of 

temperature values that are primarily involved in the thermal characterization of façade systems, 

such as the expected temperature under an imposed thermal gradient ΔT (for condensation risk 

assessment) and the minimum surface temperature on glass surfaces, as well as the relevant 

temperature data that are directly involved in the definition of the overall thermal comfort (i.e., fRsi 

from Equation (1)). In doing so, the characterization of materials was carried out based on the 

nominal thermo–physical parameters provided by the design standards and literature references 

(Table 7).  

Table 7. Input thermal properties in use for FE modelling in ABAQUS. 

 
Component Interposed cavity 

Glass EVASAFE Timber Rubber Air 

Conductivity λ (W/mK)  0.8 0.19 0.3 0.1 0.028 

Emissivity ε (−) 0.95 / 0.7 / / 

Special care was paid to the air volume enclosed in the cavity of laminated glass panels, which 

was properly described as the equivalent conductivity, including the effects of the imposed 

temperature gradient (ΔT) and the corresponding gas properties (see also [28]). 

Finally, the thermal boundary conditions for the FE steady-state simulations were defined with 

the support of a set of “surface film” and “surface radiation” thermal interactions from the ABAQUS 

library—both for the internal and external surfaces of the glass panels and the timber members. 

6.2. Expected Thermal Performance Indicators 

Based on EN ISO 10077-2:2017 [55] provisions, the thermal calculation for the system in Figure 

13 should be conventionally carried out based on:  

 Relative Humidity= 50%, 

 External condition: Tout= 0 °C, film coefficient (timber and glass) = 23 W/m2K, 

 Internal condition: Tint= 20 °C, film coefficient (timber and glass) = 8.02 W/m2K. 
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This recommended thermal scenario was found to be representative of real field measurements from 

the Live-Lab facility (see Section 3). The major FE outcomes from the above thermal boundaries are 

presented in Table 8, where a significant improvement in the expected U-value from Section 5 can be 

found (with U= 2.42 W/m2K in Table 6).  

Table 8. Numerical thermal performance assessment of the CLT–glass façade element under an 

imposed ΔT= 20 °C (detailed FE model, ABAQUS). Tmax and Tmin values are calculated in the cavity. 

Parameter Double Laminated Glass with EVASAFE 

U (W/m2K) 1.826 

Ψ (W/mK) 0.5285 

Tmax (°C) 16.60 

Tmin (°C) 9.15 

If the nominal geometry of the load-bearing components is described with accuracy, the local 

estimates of temperature distributions can further support the thermal performance assessment (and 

possible optimization) of the reference CLT–glass system in Figure 13. Figure 14, in this regard, 

shows a typical temperature distribution in glass and the adjacent portion of frame (corner joint). 

 

 

(a) (b) 

 

(c) 

Figure 14. Numerical thermal performance assessment of a full-size CLT–glass façade element 

(ABAQUS). Expected distribution of temperature (a) in the internal glass panel (external side with 

CPn = 1, 2, and 3 diagonal distances corresponding to 50 mm, 90 mm, and 150 mm, respectively from 

the corner) and (b) in the timber frame with (c) a detail of the corner joint (front view). All the legend 

values are given in °C. 
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According to Figure 14a,b, the temperature rapidly changes in the area of glass in contact with 

timber, thereby affecting the key performance indicators. Figure 14c, moreover, demonstrates the 

qualitative correlation of this detailed FE estimation with the thermographic acquisitions from the 

Live-Lab facility.  

Even more attention, however, should be paid to the temperature distribution in the frame 

cross-section (CLT members and purlins) given that the hybrid CLT–glass design concept is based 

on direct frictional contact between the two materials. The latter is emphasized in Figure 15a (timber 

members), while Figure 15b offers a more detailed representation of temperatures according to glass 

thickness and different locations. 

 

 

(a) (b) 

Figure 15. Numerical thermal performance assessment of a full-size CLT–glass façade element. 

Temperature distribution: (a) in the frame cross-section (legend values in °C) and (b) in glass 

thickness (with CPn = 1, 2, and 3 diagonal control points at a distance of 50 mm, 90 mm, and 150 mm 

from the corner; ABAQUS). 

As long as the glass components are in contact with the frame in Figure 15a, the temperature 

distribution at the glass edges corresponds to the “Glass edge” plot in Figure 15b. In the same figure, 

moreover, the CP1, CP2, and CP3 control points are still representative of temperature distributions 

in the thickness of the glass panel. According to the contour plot in Figure 14a, however, these CPn 

values are selected on the diagonal of the panel at a distance of 50 mm, 90 mm, and 150 mm from the 

corner. 

To avoid condensation, the minimum surface temperature (Tmin) on the internal face of glass 

(i.e., inside the cavity volume) needs to be higher than the dew point temperature (Tdp) 

corresponding to the air conditioning inside the panel: 

���� ≥ ��� = �(��, �). (6) 

The minimum measured surface temperature for the FE configuration was calculated to be a 

minimum of 9.15 °C (corner edge in the frame area, see Table 8). According to the reference 

European standard, the Tdp value should be checked based on mock-up experiments including the 

continuous monitoring of temperature and humidity values inside the cavity (see, for example, [56]). 

A similar approach was proposed in [26] for a novel curtain wall system with a metal frame, but this 

approach is a key design step for glass envelopes in general. Conservatively, the calculation step was 

first carried out in this paper for the worst condition in the cavity volume, corresponding to an air 

temperature of 9 °C and an RH = 80%. This assumption results in Tdp = 5.7 °C and consequently 

suggests that the examined CLT–glass façade element has appropriate thermal performance 

(Equation (6)). Its overall thermal behavior, however, will be further explored in the next stages of 

the research project with the support of extended mock-up registrations. 
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Another relevant parameter is then represented by the minimum surface temperature on the 

indoor face of the glass (Tsi, with Tsi = 11.6 °C at the corner edge and Tsi = 14 °C at the exposed corner 

of the glass, see Figure 15b). Here, for indoor conditions of 20 °C (air temperature) and RH = 50%, the 

recommended reference value is Tdp = 6 °C, thus suggesting again optimal satisfaction of the limit 

conditions for the CLT–glass solution. 

6.3. FE temperature Factor for the Hybrid CLT–glass Façade Element 

The temperature factor was ultimately calculated at the component level based on Equation (1) 

and the FE numerical predictions for the system of Figure 13, as: 

����,�� =
���,�� − ����,��

����,�� − ����,��

= 0.613. (7) 

This provides a promising value compared to the minimum requirements reported in Section 2 and 

further enforces the potential of the hybrid CLT–glass solution. Moreover, Equation (7) still 

represents the average value calculated from an ideal ΔT = 20 °C thermal scenario (see Section 6.2). 

Accordingly, even more accurate calculations for fRsi were carried out (still at the component 

level only) by taking advantage of the meteorological records from the Live-Lab mock-up facility, 

assuming the average outdoor temperatures in Tables 3 and 5 as the reference input for a set of 

additional FE numerical calculations. 

In doing so, the FE assembly of Figure 13 was thus subjected to 12 different thermal scenarios, 

taking care of possible variations in the thermo–physical properties of the materials in use (air cavity 

included). The typical FE result is presented in Figure 16 (a detailed example for January 

temperatures), where the sensitivity of the fRsi,FE values from Equation (7) is shown. For evidence, we 

present the effects of the local details of the CLT–glass façade element on the thermo–physical 

performance indicators, with maximum variations close to the CLT frame and in the region of the 

corner joints. Even under various temperature boundaries (see Table 9) stable performance was also 

observed for different months of the year, further enforcing the potential of the façade solution, as 

well as the need for more extended studies. 

 

Figure 16. Numerical calculation of the temperature factor fRsi,FE for the CLT–glass façade element 

(ABAQUS, with legend values in °C, with the calculation example referring to January 

temperatures). 
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Table 9. Numerical prediction of the critical temperature factor for the hybrid CLT–glass façade 

element (ABAQUS). 

 
Month 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Glass 

(minimum) 

Tsi,FE (°C) 14.4 15.0 16.2 17.6 19.1 - - - 18.9 17.5 18.1 14.6 

fRsi,FE 0.706 0.708 0.708 0.708 0.709 - - - 0.708 0.709 0.859 0.705 

Glass 

(edge average) 

Tsi,FE (°C) 16.4 16.7 17.5 18.4 19.4 - - - 19.3 18.4 18.8 16.4 

fRsi,FE 0.809 0.809 0.808 0.809 0.810 - - - 0.810 0.814 0.908 0.809 

CLT frame  
Tsi,FE (°C) 13.8 14.5 15.9 17.4 18.9 - - - 18.7 17.1 17.9 13.9 

fRsi,FE 0.674 0.678 0.676 0.682 0.675 - - - 0.673 0.663 0.843 0.674 

7. Conclusions  

In this paper, a hybrid structural element composed of Cross-Laminated timber (CLT) and 

laminated glass was analyzed. The development of the design concept for this element started in 

2006, when the first study was carried out within the Croatian project “Composite structural systems 

timber-structural glass and timber-steel” (coordinator prof. V. Rajčić, with funding from the 

Ministry of Education and Science) and later within the project “Seismic resistance of composite 

timber-structural glass structural systems with the optimal level of energy dissipation” (2010–2012, 

Croatia-North Macedonia bilateral agreement, coordinators prof. V. Rajčić and prof. L. Krstevska). 

Further developments were then made within the project “VETROLIGNUM—Multipurpose 

structural panel” (Croatian Science Foundation, coordinator prof. V. Rajčić). 

Unlike traditional solutions used for façades (i.e., cellular frame-supported glass panels), this 

design concept is based on the avoidance of stress concentrations at the CLT and laminated glass 

joints due to the use of mechanical fasteners or adhesives. The joint was designed as a contact joint 

over friction surfaces. The hybrid element showed excellent performance under static, dynamic, and 

earthquake loads and was designed to have good structural performance. The primary purpose of 

these large panels is to be used as façade elements, but several other characteristics and performance 

parameters should be addressed and possibly optimized (i.e., energy efficiency, water-tightness, 

airtightness, optimal thermal characteristics, durability, and required lightening comfort). 

The focus of this paper, accordingly, was to preliminary evaluate the thermal performance of 

the hybrid CLT–glass prototype under ordinary operational conditions. The analysis efforts were 

supported by continuous registrations and thermo graphical acquisitions from a Live-Lab mock-up 

building that was installed at the University of Zagreb. The expected thermal performance was first 

analyzed based on the expected behavior of the panel prototype under typical climate 

configurations in the Croatian region by using the Live-Lab records. The thermal and energy 

performance indicators for a full-size building were thus assessed via a computationally efficient but 

professionally-vetted commercial software code (EnCert-HR). 

A further refined Finite Element numerical model (ABAQUS) was also developed to locally 

evaluate the typical thermal response of a full-size CLT–glass façade component. The numerical 

model, as shown, proved promising performance for the hybrid panel in line with European and 

national requirements. Critical temperature distributions were again observed in the region of the 

corner joints, which is in agreement with the Live-Lab acquisitions. 

In subsequent stages of the ongoing study, most investigations will be focused on improving 

the design details in the contact areas between different building components and materials, as well 

as investigating new sealing products and various options for adaptive solutions (such as shading 

systems). 

Author Contributions: Conceptualization, V.R. and C.B.; data curation, N.P., C.B., and J.B.; formal analysis, 

N.P. and C.B.; funding acquisition, V.R.; investigation, V.R., N.P., and J.B.; methodology, V.R. and C.B.; project 

administration, V.R., N.P., and J.B.; resources, V.R.; software, N.P. and C.B.; supervision, V.R., C.B., and R.Z.; 

validation, V.R., N.P., C.B., J.B., and R.Z.; visualization, C.B. and R.Z.; writing—original draft, V.R., N.P., and 

C.B. All authors have read and agreed to the published version of the manuscript. 



Appl. Sci. 2020, 10, 3071 20 of 22 

Funding: This research was funded by The Croatian Science Foundation (Project no. IP-2016-06-3811 

VETROLIGNUM—“Prototype of multipurpose composite timber-load bearing glass panel”, coordinator Prof. 

Vlatka Rajčić, University of Zagreb, Croatia). 

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the design of the 

study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision 

to publish the results. 

References 

1. Cruz, P.; Pequeno, J. Timber-glass composite beams: Mechanical behaviour & architectural solutions. In 

Proceedings of Challenging Glass; 22–23 May 2008; TU Delft, The Netherlands, pp. 439–448. 

2. Premrov, M.; Zlatinek, M.; Štrukelj, A. Experimental analysis of load-bearing timber-glass I-beam. Constr. 

Unique Build. Struct. 2014, 4, 11–20. 

3. Rodacki, K.; Tekieli, M.; Furtak, K. Contactless optical measurement methods for glass beams and 

composite timber-glass I-beams. Measurement 2019, 134, 662–672. 

4. Blyberg, L.; Lang, M.; Lundstedt, K.; Schander, M.; Serrano, E.; Silfverhielm, M.; Stälhandske, C. Glass, 

timber and adhesive joints-innovative load bearing building components. Constr. Build. Mater. 2014, 55, 

470–478. 

5. Neubauer, G. Entwicklung und Bemessung von Statisch Wirksamen Holz-Glas-Verbundkonstruktionen 

zum Einsatz im Fassadenbereich [Development and Dimensioning of Structurally Effective Wood-Glass 

Composites for Use in the Facade Sector (in German)]. Ph.D. Thesis, University of Technology TU Wien, 

Vienna, Austria, 2011. Available online: http://repositum.tuwien.ac.at/obvutwhs/content/titleinfo/1614407 

(accessed on 25 April 25, 2020). 

6. Ber, B.; Premrov, M.; Sustersic, I.; Dujic, B. Innovative earthquake resistant timber-glass buildings. Nat. Sci. 

2013, 5, 63–71, doi:10.4236/ns.2013.58A1008. 

7. Antolinc, D. Uporaba Steklenih Panelov za Potresno Varno Gradnjo Objektov [Use of Laminated Glass 

Panels for Earthquake Resistant Building Design (in Slovenian)]. Ph.D. Thesis, University of Ljubljana, 

Ljubljana, Slovenia, Available online: http://drugg.fgg.uni-lj.si/4588/ (accessed on 25 April, 2020). 

8. Rajčić, V.; Žarnić, R. Seismic response of timber frames with laminated glass infill. In CIB-W18/45-15-4, 

Proceedings of the 45th CIB-W18 Meeting, August 2012, Växjo, Sweden; pp. 333–344. Available online: 

http://cib-w18.com/sites/default/files/proceedings/No.%2045%2C%20V%C3%A4xj%C3%B6%2C%20Swed

en%2C%20August%202012.pdf (accessed on 25 April, 2020) 

9. Žarnić, R.; Rajčić, V.; Kržan, M. Response of laminated glass-CLT structural components to reverse-cyclic 

lateral loading. Constr. Build. Mater. 2020, 235, 117509. 

10. Jeleč, M.; Varevac, D.; Rajčić, V. Križno lamelirano drvo (CLT)-pregled stanja područja [Cross Laminated 

Timber (CLT)—A state of the art report]. Građevinar 2018, 70, 75–95  

11. Bejtka, I. 2011. Cross (CLT) and Diagonal (DLT) Laminated Timber as Innovative Material for Beam Elements; KIT 

Scientific Publishing: Karlsruhe, Germany. 

12. EN 12543-2. Glass in Building—Laminated Glass and Laminated Safety Glass—Part 2: Laminated Safety Glass; 

CEN—European Committee for Standardization: Brussels, Belgium, 2011. 

13. prEN 13474-2. Glass in Building—Design of Glass Panes—Part 2: Design for Uniformly Distributed Loads; 

CEN—European Committee for Standardization: Brussels, Belgium, 2000. 

14. Feldmann, M.; Di Biase, P. The CEN-TS “Structural Glass—Design and Construction Rules” as 

pre-standard for the Eurocode. ce/Papers Special Issue: Engineered Transparency 2018—Glass in Architectural 

and Structural Engineering; 2018; Volume 2, pp. 71–80. doi:10.1002/cepa.911. Wiley Online Library, 

https://onlinelibrary.wiley.com/doi/abs/10.1002/cepa.911 

15. CEN/TC 250. prCEN/TS xxxx-1: 2019—In-Plane Loaded Glass Components (December 2019); CEN—European 

Committee for Standardization: Brussels, Belgium, 2019. 

16. CEN/TC 250. prCEN/TS xxxx-2:2019—Out of-Plane Loaded Glass Components (December 2019); 

CEN—European Committee for Standardization: Brussels, Belgium, 2019. 

17. CNR-DT 210/2013. Istruzioni per la Progettazione. l'Esecuzione ed il Controllo di Costruzioni con Elementi 

Strutturali in Vetro [Guideline for Design, Execution and Control of Constructions Made of Structural Glass 

Elements (in Italian)];  National Research Council (CNR): Roma, Italy, 2013. 

18. Buildings Department. Code of Practice for the Structural Use of Glass. 2018. Available online: 

http://www.bd.gov.hk./ (accessed on 25 April, 2020). 



Appl. Sci. 2020, 10, 3071 21 of 22 

19. Feldmann, M.; Kasper, R.; Abeln, B.; Cruz, P.; Belis, J.; Beyer, J.; Colvin, J.; Ensslen, F.; Eliasova, M.; 

Galuppi, L.; et al. Guidance for European Structural Design of Glass Components—Support to the Implementation, 

Harmonization and Further Development of the Eurocodes; Report EUR 26439–Joint Research Centre-Institute 

for the Protection and Security of the Citizen; Dimova, S., Pinto, A., Feldmann, M., Denton, S., Eds.; 

European Union: Luxembourg, 2014; doi:10.2788/5523. 

20. Bedon, C. Structural glass systems under fire: Overview of design issues, experimental research and 

developments. Adv. Civil Eng. 2017, doi:10.1155/2017/2120570. 

21. Sjöström, J.; Kozlowski, M.; Honfi, D.; Lange, D.; Albrektsson, J.; Lenk, P.; Eriksson, J. Fire Resistance 

Testing of a Timber-Glass Composite Beam. International Journal of Structural Glass and Advanced 

Materials Research. 2020. Available online: https://thescipub.com/abstract/10.3844/ofsp.12922 (accessed 

on). 

22. Bedon, C.; Louter, C. Thermo-mechanical numerical modelling of structural glass under fire—Preliminary 

considerations and comparisons. In Proceedings of the Challenging Glass—International Conference on 

Architectural and Structural Applications of Glass, 11–13 May 2018, TU Delft: The Netherlands, pp. 513–

524, doi:10.7480/cgc.6.2173. 

23. Kozlowski, M.; Bedon, C.; Honfi, D. Numerical Analysis and 1D/2D Sensitivity Study for Monolithic and 

Laminated Structural Glass Elements under Thermal Exposure. Materials 2018, 11, 1447, 

doi:10.3390/ma11081447. 

24. EN 1995-1-1. Eurocode 5: Design of Timber Structures—Part 1-1: General—Common Rules and Rules for 

Buildings; CEN—European Committee for Standardization: Brussels, Belgium, 2004 

25. EU 2010/31. European Commission—Directive 2010/31/EU of the European Parliament and of the Council. 

Available online: 

https://eur-lex.europa.eu/legal-content/EN/TXT/HTML/?uri=CELEX:32010L0031&from=HR (accessed on 

25 April, 2020). 

26. Zobec, M.; Colombari, M.; Peron, F.; Romagnoni, P. Hot-box tests for building envelope condensation 

assessment. In Proceedings of the 23rd AIVC and EPIC 2002 Conference (in Conjunction with 3rd 

European Conference on Energy Performance and Indoor Climate in Buildings)—Energy Efficient and 

Healthy Buildings in Sustainable Cities, Lyon, France, 23–26 October 2002. 

27. Aldawoud, A. Assessing the energy performance of modern glass facade systems. In MATEC Web of 

Conferences; EDP Sciences: Les Ulis, France, 2017; Volume 120, p. 08001, 

doi:10.1051/matecconf/201712008001. 

28. Bedon, C.; Pascual, C.; Navarro, A.L.; Overend, M. Thermo-mechanical Investigation of Novel GFRP-glass 

Sandwich Facade Components. In Proceedings of Challenging Glass, 17-18 May 2018; Volume 6, pp. 501–

512, doi:10.7480/cgc.6.2172. TU Delft Open; Delft, The Netherlands 

29. Planas, C.; Cuerva, E.; Alavedra, P. Effects of the type of façade on the energy performance of office 

buildings representative of the city of Barcelona. Ains Shams Eng. J. 2018, 9, 3325–3334. 

30. Favoino, F.; Loonen, R.C.G.M.; Doya, M.; Goia, F.; Bedon, C.; Babich, F. Building Performance Simulation and 

Characterisation of Adaptive Facades—Adaptive Facade Network; published by TU Delft Open for the COST 

Action 1403 Adaptive Facade Network; Delft, The Netherlands, 2018; ISBN 978-9-46-366111-9. 

31. Pelaz, B.; Blanco, J.M.; Cuadrado, J.; Egiluz, Z.; Buruaga, A. Analysis of the influence of wood cladding on 

the thermal behavior of building façades; characterization through simulation by using different tools and 

comparative testing validation. Energy Build. 2017, 141, 394–360. 

32. EN ISO 13788. Hygrothermal Performance of Building Components and Building Elements—Internal Surface 

Temperature to Avoid Critical Surface Humidity and Interstitial Condensation—Calculation Methods; 

International Organization for Standardization (ISO): Brussels, Belgium, 2013. 

33. Møller, E.B.; Andersen, B.; Rode, C.; Peuhkuria, R. Conditions for mould growth on typical interior 

surfaces. Energy Procedia 2017, 132, 171–176. 

34. Gradeci, K.; Labonnote, N.; Time, B.; Köhler, J. Mould growth criteria and design avoidance approaches in 

wood-based materials—A systematic review. Constr. Build. Mater. 2017, 150, 77–88. 

35. Fredriksson, M.; Wadsö, L.; Johansson, P. Methods for determination of duration of surface moisture and 

presence of water in gaps in wood joints. Wood Sci. Technol. 2013, 47, 913–924. 

36. Nguyen, M.N.; Leicester, R.H.; Wang, C.-H.; Foliente, G.C. Corrosion effects in the structural design of 

metal fasteners for timber construction. Struct. Infrastruct. Eng. 2011, 9, 275–284. 



Appl. Sci. 2020, 10, 3071 22 of 22 

37. Pihelo, P.; Kalamees, T. The effect of thermal transmittance of building envelope and material selection of 

wind barrier on moisture safety of timber frame exterior wall. J. Build. Eng. 2016, 6, 29–38. 

38. Domhagen, F.; Wahlgren, P. Consequences of Varying Airtightness in Wooden Buildings. Energy Procedia 

2017, 132, 873–878. 

39. Brown, W.C.; Bomberg, M.T.; Ullett, J.M.; Rasmussen, J. Measured thermal resistance of frame walls with 

defects in the installation of mineral fibre insulation. J. Therm. Insul. Build. Envel.1993, 16, 318–339. 

40. Kalamees, T.; Vinha, J. Hygrothermal calculations and laboratory tests on timber-framed wall structures. 

Build. Environ. 2003, 38, 689–697. 

41. Zanor, D.; Pretty, J.; Morrison, J.; Todorovic, S.K. Environmental and Macroeconomic Impact Assessment of 

Different Development Scenarios to Organic and Low-Input Farming in Croatia; Technical Report, ID 26404; 

University of Essex: Colchester, UK, 2005. Available online: 

http://www.fao.org/docs/eims/upload/229899/2005_12_doc02.pdf (accessed on 25 April, 2020). 

42. EN 338. Structural Timber—Strength Classes; European Committee for Standardization (CEN): Brussels, 

Belgium, 2016 

43. KNAUF Insulation® Technical Data Sheet. Available online: 

www.knaufinsulation.hr/proizvodi-0/naturboard-venti (accessed on 25 April, 2020). 

44. DELTA® Technical Data Sheet. Available online: 

https://www.doerken.com/int/products/pitched-roof/delta-dawi-gp.php (accessed on 25 April, 2020). 

45. Republic of Croatia, Ministry of Construction and Physical Planning. Ordinance on energy audits and 

energy certification of buildings OG (88/17), Technical regulation on energy economy and heat retention in 

buildings OG 128/15, Technical regulation for windows and doors OG 69/06. Available online: 

https://mgipu.gov.hr/access-to-information/regulations-126/regulations-in-the-field-of-energy-efficiency-

8645/8645 (accessed on 25 April, 2020) 

46. EN 12524. Building Materials and Products—Hygrothermal Properties—Tabulated Design Values; 

CEN—European Committee for Standardization: Brussels, Belgium, 2002. 

47. EN ISO 13790. Energy Performance of Buildings—Calculation of Energy Use for Space Heating and Cooling; 

CEN—European Committee for Standardization: Brussels, Belgium, 2008. 

48. EN 15251. Indoor Environmental input Parameters for Design and Assessment of Energy Performance of Buildings 

Addressing Indoor Air Quality, Thermal Environment, Lighting and Acoustics; CEN—European Committee for 

Standardization: Brussels, Belgium, 2008. 

49. Danielski, I.; Froling, M.; Joelsson, A.; Norrlandsgatan, V. The impact of the shape factor on final energy 

demand in residential buildings in Nordic climates. In Proceedings of the World Renewable Energy 

Forum, Denver, CO, USA, 13–17 May 2012 

50. Premrov, M.; Žegarac Leskovar, V.; Mihalic, K. Influence of the building shape on the energy performance 

of timber-glass buildings in different climatic conditions. Energy 2016, 108, 201–211. 

51. EN 13162: 2012 + A1: 2015. Thermal Insulation Products for Buildings. Factory made mineral wool (MW) 

products. Specification; CEN—European Committee for Standardization, Brussels, Belgium, 2012. 

52. Republic of Croatia, Ministry of Construction and Urban Planning Building Act, Official Gazette 153/13 

2013, 20/17. Available online: 

https://mgipu.gov.hr/access-to-information/regulations-126/regulations-in-the-field-of-building-127/127 

(accessed on 25 April, 2020). 

53. Republic of Croatia, Ministry of Construction and Urban Planning Energy Efficiency Act, Official Gazette 

127/14 2014, 116/18. Available online: https://mgipu.gov.hr (accessed on 25 April, 2020). 

54. Simulia. ABAQUS v.6.14 Computer Software and Online Documentation, Dassault Systems: Providence, RI, 

USA, 2019. 

55. EN ISO 10077-2. Thermal Performance of Windows, Doors and Shutters—Calculation of Thermal 

Transmittance—Numerical Methods for Frames; CEN—European Committee for Standardization: Brussels, 

Belgium, 2012. 

56. Maref, W.; Van Den Bossche, N.; Armstrong, M.; acasse, M.A.; Elmahdy, H.; Glazer, R. Condensation risk 

assessment on box windows: The effect of the window-wall interface. J. Build. Phys. 2012, 36, 35–56. 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 

article distributed under the terms and conditions of the Creative Commons Attribution 

(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

View publication stats

https://www.researchgate.net/publication/340991015

