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Abstract: Thermal infrared imaging is a valuable tool to perform non-destructive qualitative
tests and to investigate buildings envelope thermal-energy behavior. The assessment of
envelope thermal insulation, ventilation, air leakages, and HVAC performance can be
implemented through the analysis of each thermogram corresponding to an object surface
temperature. Thermography also allows the identification of thermal bridges in buildings’
envelope that, together with windows and doors, constitute one of the weakest component
increasing thermal losses. A quantitative methodology was proposed in previous researches
by the authors in order to evaluate the effect of such weak point on the energy balance of the
whole building. In the present work, in-field experimental measurements were carried out
with the purpose of evaluating the energy losses through the envelope of a test room
experimental field. /n-situ thermal transmittance of walls, ceiling and roof were continuously
monitored and each element was characterized by its own thermal insulation capability.
Infrared thermography and the proposed quantitative methodology were applied to assess
the energy losses due to thermal bridges. The main results show that the procedure confirms
to be a reliable tool to quantify the incidence of thermal bridges in the envelope thermal losses.

Keywords: thermal bridges; continuous monitoring; energy efficiency in buildings;
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1. Introduction

The energy requirement for buildings heating is progressively decreasing in the European Union
thanks to the implementation of the new directives driving energy efficiency in construction [1].
The growing interest in energy saving in the building sector is producing increasingly sophisticated
investigation methods [2—8] and solutions consisting of new techniques [9] and materials for building
envelope [10-15]. Despite the application of highly insulating materials for building envelope, the
overall building thermal performance could still be affected by local phenomena, e.g., thermal bridges,
responsible for significant thermal losses [16]. In fact, thermal bridges are those elements or areas that
are characterized by higher thermal conductance with respect to the homogeneous multilayer envelope
structure, where the heat flux is supposed to be perpendicular to the surface, e.g., wall or ceiling [16].
Several studies showed that thermal bridges may cause up to 30% of the extra-thermal losses through
the envelope in winter, so increasing the energy requirement for heating [17]. Other effects of these local
weak spots is the presence of differentially cooled areas around thermal bridges and the consequent
development of molds and fungi, also producing bad indoor air quality conditions [18—20]. In order to
investigate these phenomena through in-field assessment, the IR thermography analysis represents one
of the most reliable qualitative tools currently applied in existing buildings [21]. Nevertheless, the
reliability of this tool is influenced by many factors related to operators’ awareness and other external
environment conditions [20,21]. Therefore, this work makes use of the results of a previous quantitative
study, aimed at defining the Incidence factor of the thermal bridges and its numerical validation, with
the purpose to quantify the effect of thermal bridges in a continuous monitored dedicated full-scale
building experimental setup.

2. Motivation and Purpose of the Work

The development of innovative high performance materials for buildings envelopes indirectly
increases the influence of local weaknesses such as geometrical and physical thermal bridges, where the
continuity of these systems is compromised [22]. In particular, the effect of windows and doors [23] and the
presence of structural elements affect the homogeneity of the thermal characteristics of walls and ceilings
insulation [24]. IR thermography represents an effective diagnosis method to detect these non-homogeneous
elements [25]. Nevertheless, to be used as quantitative tool as the purpose of this work, several variables
should be taken into account. For instance, the effect of reflected radiation, the influence of emissivity
estimation, and an overall sensitivity analysis about the influencing parameters have to be considered in
this analysis [26-28]. For the presence of many variables affecting the reliability of the infrared
thermography procedure, it is difficult to operate a quantitative analysis by means of this method.
In addition, the quality of the results are also affected by key operator’s choices such as, for instance,
the infrared camera exposure time. Previous contributions successfully evaluated the heat losses
imputable to thermal bridges by means of thermography applied to buildings’ external surfaces.
Interesting results were reached through the integration within numerical simulation environment [28-30].
Asdrubali ef al. in [31] introduced a new quantitative parameter aimed at expressing the thermal bridge
effect starting from the analysis of thermography images in buildings. In this way, the authors calculated
the incidence factor of thermal bridges /i» and they proposed a methodology of image analysis in order
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to investigate the flux within the thermal bridge area and the so called undisturbed flux, in the
perpendicular direction with respect to the envelope surface. The only measured required parameters
consist of the indoor air temperature and the local heat flows in the zones of the envelope far from the
thermal bridges. Therefore, they validated the proposed method by mean of a finite volume analysis and
an in-lab setup. Starting from these results, the purpose of this work consists of a complete investigation
of the combined effect of different types of thermal bridges located within a full-scale continuously
monitored construction, dedicated to this research [32,33]. In order to investigate the correspondence
between the proposed numerical procedure with respect to real data at building scale, a prototype
building facility was continuously monitored in winter period by collecting weather conditions,
microclimate behavior and heating energy consumption.

3. Methodology

The research methodology consists of the integration of (i) in-field thermography; (ii) continuous
monitoring of indoor-outdoor conditions; (iii) data post-processing and (iv) final quantitative analysis.
To this purpose, a continuous monitoring setup consisting of one prototype building with a couple
indoor-outdoor monitoring stations was dedicated to the study. Section 3.1 deals with the description of
the test room dedicated building. Section 3.2 reports the thermal bridges investigation procedures applied
to the prototype building.

3.1. Test-Room Setup

The monitored building consists of a 10 m? ground surface with one window on the South oriented
facade (Figure 1b) and a door in the North oriented fagade (Figure 1a). The roof structure is horizontal
with bitumen waterproof membrane finishing. The opaque envelope presents a continuous insulation
layer, positioned on the external side of the structural reinforced concrete frame. The multilayer envelope
information is reported in Table 1 along with the calculated transmittance values. The indoor-outdoor
monitored parameters are reported in Table 2.

Figure 1. Pictures of the test-room facilities used in the experiment.
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Table 1. Characteristics of the test-room.

EXTERNAL WALL
Thickness Conductivity
1. Plaster dense 0.020 m 0.50 W/mK Thermal transmittance
2. EPS insulation 0.090 m 0.04 W/mK
3. Brickwork, inner leaf 0.300 m 0.27 W/mK (surface-to-surface)
4. Gypsum plastering 0.020 m 0.40 W/mK 0.29 Wim'K
ROOF
Thickness Conductivity
1. Bitumen sheet 0.010 m 0.23 W/mK )
) . . Thermal transmittance
2. Mineral wool insulation 0.100 m 0.04 W/mK
5. Aerated concrete slab 0.200 m 0.16 W/mK (surface-to-suzr face)
5. Gypsum plastering 0.015 m 0.40 W/mK 0.25 Wm'K
GROUND FLOOR
Thickness Conductivity
1. Linoleum 0.004 m 0.17 W/mK Thermal transmittance
2. Glass fiber slab 0.100 m 0.04 W/mK (surface-to-surface)
5. Cast concrete 0.300 m 1.13 W/mK 0.30 W/m’K

Table 2. Indoor-outdoor monitored parameters.

INDOOR MONITORING STATION

Air velocity [m/s]
Turbulence intensity [%]
Mean radiant Temperature [°C]
Air temperature [°C]
Air relative humidity [%]
Surface temperature of internal and external side of the facade [°C]
Surface temperature of internal and external side of the roof [°C]
Thermal flux through the north external wall and through the roof [W/m?]
Global radiation reflected by the roof [W/m?]
Energy consumption [kWh]

OUTDOOR MONITORING STATION
Wind velocity [m/s]
Prevailing wind direction, wind direction [°]
Dry bulb temperature, Tout [°C]
Air relative humidity [%]
Sunshine duration (referred to a certain threshold) [0—1]
Direct radiation from the sun [W/m?]
Global solar irradiance [W/m?]
Rain fall [mm]

3.2. Thermal Bridges Evaluation by Means of Infrared Thermography

Starting from the application of the methodology proposed in [31], a quantitative evaluation was
carried out on the thermal bridges of the full scale prototype building, through the definition of the index
Incidence factor of the thermal bridge Ii.
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Each IR image shows the surface temperature of every pixel by taking into account the radiation
emitted from each examined surface. Therefore, the entire thermal field of the area covered by the
detector optic is detailed.

The definition itself of a thermal bridge [34] highlights that it represents a zone whose thermal
properties are significantly different from the ones of the rest of the envelope. As a consequence, the
temperature of the internal side of the building envelope is characterized by considerable thermal
discontinuities, while, in the part of the structure where the heat flux can be considered as one-dimensional,
the same superficial temperature is supposed to be almost homogeneous. In this “undisturbed” zone, the
temperature is a function of the thickness and thermal conductivity of the layers in the wall. For example,
considering a structural thermal bridge constituted by an infinitely high wall right-angle, the pertinent
thermogram shows a minimum temperature level in correspondence of the angle. Moving towards the
homogeneous zone of the wall, the temperature profile progressively describes an asymptote, until the
effect of the thermal bridge is supposed to be negligible (Figure 2).

Figure 2. Example of an angular thermal bridge and relative thermogram output.

Temperature

\ ) Position

I is strongly linked to the temperature profile as it defines higher thermal losses in the pertinent zone
of the building with respect to other homogeneous areas.

Equation (1) shows the mathematical meaning of the proposed index, describing the ratio between
the thermal loss calculated from the measured temperature in the IR images and the hypothetical thermal
loss of the same area in the wall, when calculated without considering the effect of thermal bridges.

N N N
htb_iApixel z (7: - Tpixel_is) Apixel z (7: - Tpixel_is) Z (T; - Tpixel_is)
I = p=l — p=l1 _r= (1)
b
t thJ'Alp (T: - TIDJ‘S) NApixel (Tz - TlDJ's) N(T: - TlDJ‘s)

With the hypothesis of steady-state conditions and constant convective coefficient (h» i = hip i), the
index is the ratio between the temperature difference in the real case and in the hypothetical scenario
where the thermal bridge effects are neglected.

The benefit of having both the temperature values in the two considered areas in one same IR image,
i.e., the thermal bridge area and the homogeneous one, allows to minimize further sources of error related
to non-contemporary measurements and to the influence produced by different viewed angles by the IR
camera. Moreover, the capture of an only one IR image avoids the influence of the emissivity
dependence from surface distance and angle of view. The ratio between the two fluxes considered in the
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definition of /», and in particular the direct definition of T1p is from the thermogram, results useful to
normalize the analysis, further simplifying experimental evaluations.

This quantitative phenomenon could also be described as a sort of increase in the thermal transmittance
Uip of the undisturbed zone. Therefore, considering the thermal bridge effect, in the hypothesis of
stationary conditions, the value of the thermal transmittance U can be written as follows (2):

Uy=Upxl, 2)
4. Discussion of the Results

4.1. Envelope Thermal Performance

A hypothetical specific heat loss through the test-room envelope was firstly assumed by neglecting
the effect of thermal bridges. The thermal transmittance values were experimentally measured through
the continuous monitored data. Non negligible differences between calculated and measured values were
found, even if good thermal properties of the construction were observed.

The opaque envelope was divided in five areas with different thermal performance characteristics, without
considering the effect of thermal bridges in the first phase of the analysis. The five areas consist of (i) vertical
walls; (ii) roof; (iii) ground floor; (iv) door; and (v) window. The overall heat losses through the test-room
resulted equal to 27.34 W/K. A time interval with relatively constant conditions, i.e., with relatively low
effect of solar radiation and indoor thermal discontinuities, was chosen as reported in Figure 3. The overall heat
losses parameter previously showed and the internal and external temperatures acquired during that period
(10 h long interval) were useful to calculate the total energy heat losses value that corresponded to
4.349 kWh. Regarding the air infiltration losses, the standard exchange rate for natural ventilation of
0.3 volumes per hour was considered [35]. Therefore, the total thermal losses raised up to 30.11 W/K.

Figure 3. Thermal-energy profiles in the monitored period.
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4.2. Analysis of Each Thermal Bridge Contribution

Firstly, each thermal bridge in the test-room building was classified and analyzed through IR imaging.
The IR analyses allowed to identify the geometry and the area affected by the thermal bridge with respect
to the homogeneous zone. The identified thermal bridge typologies are reported as follows:

(1) Line between two walls (L-WW);

(2) Corner between wall and roof (C-WR);

(3) Corner between wall and ground floor (C-WGQG);

(4) Line between wall and ground floor (L-WG);

(5) Lines between clay elements and concrete elements in the roof ceiling structure (L-PT);
(6) Line between wall and roof (L-WR);

(7) Line between roof and wall (L-RW);

(8) Lines between wall and door (L-WD);

(9) Lines between wall and window (L-WI);

The evaluations of two thermal bridge typologies are reported in Figures 4 and 5. Figure 4 represents
the temperature profile defining the horizontal thermal bridge between the ground floor and the wall.
The thermal profile along the line where the incidence factor of the thermal bridge is calculated is
reported in Figure 4b.

Figure 4. IR thermography and thermal profile of the thermal bridge between ground floor
and wall [36].
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The IR analysis showed an average indoor air temperature of 23 °C (T;), while the temperature in the
homogeneous areas of walls was around 21.4 °C (T1p is). Equation 1 was used to calculate the proposed
index, resulting equal to 1.52 in a 0.290 m long line between the wall and the ground floor. This index
was then multiplied by the interested area of the wall and by the measured wall transmittance in the areas
with no thermal bridge, in order to evaluate the total thermal loss by taking into account the thermal
bridge effect.

Regarding the second thermal bridge, i.e., the corner between two walls and the roof ceiling, the
increase of heat loss was identified in the influenced areas of every structural element affected by C-WR.
Figure 5 reports the considered areas.
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Figure 5. IR thermography of the C-WR thermal bridge and the relative area of influence.

In this case, the Incidence factor of the thermal bridge refers to the overall area, and not only to the
line length. Table 3 reports the incidence factor values of the nine identified thermal bridges.

Table 3. Values of Incidence factor of the thermal bridge of each identified thermal bridge.

Thermal Bridge Iy
L-WwW 1.28
C-WR 2.15
C-WG 1.79
L-WG 1.52

L-PT 1.23
L-WR 1.53
L-RW 1.48
L-WD 1.44
L-WI -

The nine incidence factors of the thermal bridge show the strong relation between the geometry and
the thermal performance of the structures. Analyzing the L-type thermal bridges, the low value of the
indexes becomes evident when the discontinuity is just created by a geometrical thermal bridge (L-WW)
or a change of the layer materials (L-PT). On the contrary, the effect of the thermal bridge is amplified
where both the conditions are verified (i.e., L-WG, L-WR). The C-type thermal bridges show different
values due to the elements that define the corner: the ground presents less thermal losses thanks to the
different boundary conditions, therefore, the temperature values in the pertinent area of the floor show a
lower temperature decrease and the index for the C-WR thermal bridge results higher than the C-WG
thermal bridge. The thermal bridge L-WI was considered to be negligible, since the IR analysis showed
a good quality of the execution of these technical elements, with non-significant thermal deviations
between the window and the wall along the line.
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4.3. Combined Assessment of in-Field Thermal-Energy Performance

The I calculation for each thermal bridge of the prototype building allowed to evaluate the overall
conductance of the envelope. An influence area was assigned to each thermal bridge in order to identify
an extra transmittance value to each of these areas. Figure 6 reports the example of the wall area influence
by the thermal bridges. The same method was applied to the others surfaces of the test-room to assign

each I» previous showed in Table 3.

Figure 6. Thermal bridges influence scheme (section of the test-room).
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The total thermal losses through the envelope of the prototype building, including the thermal bridges
correspond to 32.73 W/K, where the heat transfer directly imputable to the thermal bridges presence is
about 9%.

These values were compared to the energy consumption of the heat pump system operating in the
test-room. In particular, the Coefficient of Performance of the system was calculated according to
EN 14825 [37] in partial load conditions, and it corresponded to 2.6. In the selected period (Figure 3)
the heat pump consumed 2.058 kWhel, corresponding to 5.272 kWhin.

Table 4 reports the heat pump energy consumption with and without considering the effect of thermal
bridges, and the real measured consumption. The measured values show the substantial reliability of the
proposed index. In fact, after a laboratory validation reported in previous works of the authors [31], the
Incidence factor of the thermal bridge seems to be valid also in a real full-scale environment like the
analyzed test-room. Table 4 reports the uncertainty values analyzed for each calculation and measurement
according to [38].

Table 4. Comparison between energy consumption values in different approaches.

Energy Consumption Energy Consumption Measured Energy Consumption
without Thermal Bridges with Thermal Bridges of the Heat Pump System
[kWh] [kWh] [kWh]
4.816 + 0.082 5.258 £0.100 5.272 £0.527

Difference (%) 9.2% 0.3%




Sustainability 2014, 6 7116

In particular, the uncertainty of the energy consumption in the configuration with thermal bridges
takes into account the singular error due to the analysis of every thermal bridge. For matter of safety,
each temperature pixel corresponds to an accuracy level of £2 °C, in order to take into account of all
possible uncertainties in the measurement procedures. Moreover, the results of this evaluation show that
the quantitative thermography analysis lead to a reliable assessment of the real behavior of thermal
bridges. In general, the effect of these particular building elements is evaluated through numerical
calculations and dedicated software [17,39], producing results often far from the ones obtained
experimentally. The whole technique is simple to use thanks to the thermographic survey that allows
one to acquire images in a relatively easy and quick manner. As shown before, the calculation of the
proposed index has to be carried out with the elaboration of one single thermographic image for each
thermal bridge. The sole recommendation is that the IR image has to include both the thermal bridge
area and the thermally homogeneous wall. Finally the elaboration of the temperature data of the
thermogram, and the calculation of the Iw, is generally possible by means of common worksheets
because the output of the thermo camera is a simple vector or matrix of temperature data. In this view, the
proposed methodology could constitute a relatively easy to be applied and reliable analysis tool, with the
purpose to evaluate the increase of thermal losses imputable to thermal bridges by means of

in-situ measurements.
5. Conclusions

IR thermography represents an acknowledged qualitative methodology aimed at investigating thermal
discontinuities throughout buildings envelope and the presence-positioning of thermal bridges. In this
view, recent research efforts were aimed at developing quantitative techniques to analyze the effect of
thermal bridges on building thermal-energy behavior. A quantitative index, i.e., the Incidence factor of
the thermal bridge, was proposed in a previous work by the authors in order to quantify thermal losses
through building envelopes. Starting from previous results, this work concerned the application and a
further experimental in-field validation of the proposed index methodology in a full-scale continuously
monitored building. Thermal bridges within the prototype building were identified and assessed through
the proposed procedure. Continuous monitoring of indoor air temperature, surface temperature and
thermal fluxes throughout the wall, the ground floor and the roof, allowed to compare the thermography
results to quantitative monitored data. The analysis showed that the overall effect of thermal bridges in
increasing thermal losses through the building envelope corresponded to about 9%. Moreover, the
evaluation of the energy consumption of the operating heat pump system in heating mode and the survey
of the overall thermal losses through the building envelope by means of the proposed index have been
compared and the variation between these two approaches resulted lower than 1%. The geometrical
simplicity of the case study building could be considered as a simplifying factor for the comparison
between measured and calculated values. Future developments of this research will deal with a real
operating building. Nevertheless, the proposed Incidence factor of the thermal bridge methodology
confirmed to be an useful and relatively simple tool even in realistic in-field conditions, thanks to the reliable
estimation of each thermal bridge correction factor.
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I Incidence factor of the thermal bridge [-]
hib_i Convective coefficient of the thermal bridge zone [W/m?K]
hip_i Convective coefficient of the undisturbed zone [W/m?K]
Apixel Surface of the single pixel [m?]
Aip Surface of the entire thermografic image [m?]
Ti Temperature of the inner air [K]

Tpixel is  Temperature of the single pixel on the surface [K]

T'p_is Temperature of the surface on undisturbed zone defined by thermogram [K]

N Total number of pixels

Uip Thermal transmittance of the undisturbed zone [W/m?K]

Uw Thermal transmittance of the zone influenced by thermal bridge [W/m?K]
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