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Abstract: Since the middle of the 20th century many any buildings were built without any energy
standards and still have a comparably poor energy quality. To obtain an overview of the current
thermal quality of buildings in a whole city district, it may be promising to work with thermographic
images obtained by unmanned aerial vehicles (UAV). Aerial thermography represents a fast and
cost-efficient approach compared to traditional terrestrial thermography. In this paper, we describe
an approach to finding thermal bridges on aerial thermographic images and characterizing them in
terms of their risk of mold formation, energy losses, retrofit costs, and retrofit benefits. To identify
thermal bridge types that can be detected reliably on aerial thermographic images, we use a dataset
collected with a UAV in an urban district of the German city of Karlsruhe. We classify and characterize
14 relevant thermal bridge types for the German building cohorts of the 1950s and 1960s. Concerning
the criterion of mold formation, thermal bridges of window components, basement ceiling slabs,
balcony slabs, floor slabs, and attics are found to be particularly relevant to retrofit projects. Regarding
energy savings, the retrofit of thermal bridges of window sills, window lintels, and attics shows high
potential. The retrofit of attics seems to be less attractive, when also taking into account the necessary
retrofit costs.

Keywords: buildings; energy retrofits; thermal bridges; thermography; energy assessment; drones;
unmanned aerial vehicles (UAV)

1. Introduction

A significant share of global greenhouse gas and in particular CO, emissions comes
from the building and real estate sector [1]. Most greenhouse gas emissions are not
emitted during the construction phase, but during building operation, especially for heat-
ing [2]. In many European countries (e.g., Greece, Italy), a major part of the building stock
was built without any energy standards [3,4]. In Germany, about 75% of the building
stock was built before adoption of the first German thermal insulation regulation of 1979
(“Warmeschutzverordnung”) and, hence, often is of low energy quality [5,6]. Even to-
day, more than 50 years after the construction of these buildings, their energy quality is
significantly worse than that of newer buildings [7].

Buildings that have not yet been retrofitted consume up to five times more heating
energy than modern buildings [2]. This is mainly caused by a lack of thermal insulation
and thermal bridges. A thermal bridge is an area of the building envelope where heat
is transported considerably faster from the warmer inside to the colder outside than in
adjacent areas. Reasons are different thermal conductivities of materials, geometries of
constructions and components, and air leaks [8,9]. Thermal bridges cause energy losses of
up to one third of the transmission heat loss of an entire building [8]. Additionally, they
lead to the collection of moisture, which can degrade the building fabric or cause mold
formation [8].

To identify weak points of the building envelope such as thermal bridges, an analysis
of the thermal quality of buildings is required for an effective and efficient energy retrofit.
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Infrared thermal imaging allows conclusions to be drawn with respect to thermal radiation,
air leaks, and moisture permeability [10] and, thus, also provides good information for
detecting thermal bridges [11]. Thermography for the energy audit of individual buildings
is a well-proven technique that has been in use since the early 2000s. Lucchi [12] provides
a comprehensive overview of the history and applications of infrared thermography in
the energy audit of buildings. Advantages and disadvantages of various thermography
approaches are summarized by Kylili et al. [13], who review literature and research in the
field of infrared thermography.

To reduce the energy demand of whole building stocks, it is essential to improve the
thermal quality not just of individual buildings, but also of entire city districts [14]. Retrofit
approaches that focus on districts (communities /neighborhoods) are gaining importance in
international retrofit practice [14]. Examples of the simultaneous retrofit planning of many
buildings in a district are Community Energy Strategic Planning (CESP) in the USA [15],
Community Energy Planning (CEP) in Canada [16], Positive Energy Districts (PED) in
Europe [17], and “energetische Quartierskonzepte” (EQ) in Germany [18].

Thermography can also be used for the analysis of buildings in a whole city district.
In a detailed thermographic assessment of individual buildings, both exterior and inte-
rior images should be recorded in accordance with the German standard DIN EN 13187
(1999) [19] and taking into account background information, such as building materials
and construction methods. For the simultaneous assessment of the thermal quality of a
large number of individual buildings, such detailed analyses usually are not suitable, as
they are very time-consuming and expensive [11].

Outdoor thermography without additional building background information still
allows for the detection of thermal bridges, e.g., [10,20]. To audit many buildings within a
short time and with high efficiency, moving thermography is gaining importance. However,
there are only a few approaches [21-25] that analyze multiple buildings at one time (e.g.,
in a district) with respect to thermal bridges. Miller and Singh [21], Garrido et al. [22],
and Macher et al. [23] placed an infrared camera on the top of a car for the camera to
take several pictures of a building fagade at an angle of 45°. Their studies focused on
the automatic detection of thermal bridges using software. A main disadvantage of their
approach is that only facades facing the street can be analyzed and that rooftops can be
hardly recorded. According to Macher et al. [23], this approach is especially suited for
detecting thermal bridges between floors and under balconies. Mifio et al. [24] and Aguerre
et al. [25] as well only focus on the street and terrestrial perspective.

For recording images from all different angles of buildings, including rooftops, un-
manned aerial vehicles (UAV, pl. UAVs/drones) equipped with thermal cameras can be
used [26]. Many scientific publications deal with the ideal framework conditions for record-
ing thermographic images using drones. Vorajee et al. [27] wanted to find a qualified and
lightweight infrared camera to detect thermal bridges with drones. Mavromatidis et al. [28]
tried to identify possible uses and limits of the combination of thermography and drones
regarding the distance between the camera and the object. Entrop and Vasenev [26] devel-
oped a protocol for drone flights for the energy audit of buildings based on thermography.
Additionally, Benz et al. [29] used drones for the energy audit of buildings and defined a
general framework for the assessment of the energy performance of buildings by estimating
U-values. They worked with building close-up thermography and tested their approach
for a single school building. Hou et al. [30] experimented with different flight patterns and
angles for drones with thermographic cameras to record whole city districts as a basis for
the analysis of the thermal quality of buildings.

Current publications dealing with the structured analysis of thermal bridges of mul-
tiple buildings on thermographic aerial panorama images are not known to the authors.
Such a transferable procedure would be helpful in practice for an inexpensive and rapid
analysis of a district’s building stock as a basis for the retrofit planning of multiple buildings
intended by CESP, CEP, PED, and EQ. Thus, we develop an approach to identifying, classi-
fying, and assessing thermal bridges of building envelopes recorded with thermographic
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aerial panorama images on a district scale. This approach is demonstrated for German
buildings constructed in the 1950s and 1960s.

2. Methods and Materials
2.1. Procedure

This study aims to investigate how thermal bridges can be detected and assessed in
terms of their impact on energy loss, mold growth, and retrofit costs by using outdoor
thermographic aerial images of buildings recorded by UAV on the district scale. These
recordings are characterized by an increased distance between the infrared camera and the
measurement object, changing recording angles depending on UAV flight routes, and the
absence of indoor images of buildings.

In the first step of the procedure, it is necessary to record thermographic images with
an UAV. For this, an UAV can be programmed to pursue an automatic flight route (e.g., in
a mesh grid or a Y-grid) to cover a whole city district from all four cardinal directions [30].
To enhance the quality of the collected images, preprocessing software, e.g., by FLIR [31],
is used. With this software, the color scale of thermographic images can be adjusted
homogeneously and with a high contrast.

In a next step, thermal bridges can be detected manually on the processed images
taking into account different recording/capturing conditions. When selecting images, it
should be ensured that the framework conditions for good thermographic practice are
fulfilled. This includes suitable weather conditions and recording angles [32]. Good
weather conditions means that rain, snow, sun, and wind have to be avoided. The best
recording times for images are nights, early mornings, and late evenings of cold winter
days. A temperature difference of at least 15 °C from normal indoor temperatures of
buildings heated to about 20 °C should be ensured so that temperature gradients can be
identified reliably by the human eye [33].

If thermographic images are recorded almost parallel to a building fagade (acute
angle), misinterpretations of thermal bridges are likely. It is therefore important to sort out
images with a small angle (<70°) to the measurement object [10]. To detect thermal bridges,
it is necessary to search for high temperature gradients on the buildings. The detected
areas on the thermographic images are compared to normal RGB images (recorded with
the same UAV or from map service providers) to assure that temperature gradients are not
caused by trivial reasons such as open windows or metal constructions.

In order to develop a transferable assessment approach for thermal bridges on ther-
mographic aerial panorama images, thermal bridge types need to be classified and charac-
terized. If no additional information on the buildings in a district is available, assumptions
are needed regarding their construction materials and architecture. Thus, this approach is
designed for a certain building class with characteristic properties that are needed for the
next steps.

This study focuses exclusively on German buildings constructed in the time between
1950 and 1969. Some typical characteristics of this German building age class follow: hardly
any constructive thermal insulation; often plastered external walls made of masonry with
small cross sections; concrete floors; often flat roofs made of concrete with just a small layer
of insulation; wooden windows with small cross sections; and balconies with a continuous
floor slab without thermal separation [34]. Buildings of this age class are easily identifiable
on aerial images due to their specific characteristics and look.

Analyzing a comprehensive dataset of thermographic aerial UAV images of a German
city (Karlsruhe), it was possible to manually identify 14 distinct and relevant thermal
bridge types (for details on the dataset, see Section 4). This classification simplifies and
is based on the 28 thermal bridge types according to the supplementary sheet 2 of DIN
4108:2019 [35].

In order to characterize the thermal bridge classes concerning the risk of mold growth
and potential heat losses, simulation of representative thermal bridges is required. The
length of a thermal bridge is defined as the reference value for the simulation (unit: linear
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meter). In this way, results can later be transferred to thermal bridges of different lengths,
which can be measured, e.g., with measurement tools from map providers or photogram-
metry approaches. In this study, the software ThermCad from ROWA-Soft [36] is used.
Calculations using this software are based on DIN V 4108-6 [37] and take into account
necessary framework conditions in accordance with the supplementary sheet 2 of DIN
4108 [35]. For the materials and quality of building envelope components, all assumptions
for the simulation are listed in Appendix A. The simulation uses a relative indoor air
humidity of 50% and a relative air humidity on the component surfaces of 80%.

Suitable retrofit options for each thermal bridge type can also be simulated with
ThermCad. The individual retrofit recommendations in this study are based on the criteria
of preventing mold formation, saving energy, and finding retrofit measures with minimal
scope and costs. The cost calculations for retrofits in this study use the BKI database for
both old and new buildings from 2020 [38,39], which is standard in Germany. All cost
values have been checked by professionals and are based on statistical evaluations of more
than 600 billed construction projects accounted in accordance with DIN 276 [40]. Then, all
costs are converted to the unit (EUR/linear meter of thermal bridge retrofit) to also refer to
the length of a thermal bridge. An overview of our research approach is given in Figure 1.
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Figure 1. Research approach of this study presented in a flow diagram. The focus of this paper is on

buildings constructed in Germany in the time between 1950 and 1969.

2.2. Database

The database of this study consists of thermal drone images recorded with a DJI
Matrice 600 Pro drone [41], which is especially suitable for professional aerial photography,
combined with the infrared camera DJI Zenmuse XT2 by FLIR [42,43]. This camera system
is DJI gimbal combined with a FLIR Duo Pro R camera. The FLIR camera combines
both thermal imager and visual camera. The thermal camera contains an uncooled VOx
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microbolometer working in the long wavelength range between 7.5 and 13.3 pm. It
has a focal length of 13 mm, a sensor width of 10.88 mm and a spatial resolution of
640 x 512 pixels per image. [42,43]

The area studied is the city district “Innenstadt-Ost” of the German mid-size city
Karlsruhe. It is characterized by a particularly large number of typical German multifamily
and mixed-use buildings constructed in the 1950s and 1960s with a low thermal quality and
a small retrofit progress. In the district, there are primarily apartment buildings for living,
commercial and administrative buildings, and university buildings on the Campus South
of Karlsruhe Institute of Technology. A map of the area studied is presented in Figure 2.

Zoom15 | 200m | 1:11212

& 2021 mapz.com - Map Data: OpenStreetMap | Dl:lbi_i B 40816, 45.01180

Figure 2. Area where thermal drone images were collected. Map of the city of Karlsruhe, district
Innenstadt-Ost [44].

The image data were recorded during 16 drone flights carried out on three consecutive
days, 19-21 March 2019. From 1-18 March 2019 in the morning, there were a total of
14 rainy days. In this time period, the average maximum daily temperature was 12 °C
and the average minimum daily temperature was 5 °C. During the three days of flight, no
rainfall was recorded. The air had relatively constant low temperatures between 2 °C and a
maximum of 8.7 °C during the individual flights. In addition, wind speeds were steady at
around 5 km/h on 19 March 2019 and around 17 km/h on 20-21 March 2019. The images
were recorded in the morning and late evening with a low global radiation of less than
100 W/m?,

In sum, the data set contains around 10,000 thermal and RGB images each. The
formats of the images are panorama images that cover many different objects in one image
and were taken at a height of 60-80 m above ground with a considerable overlap between
80-90%. The extraction of the raw thermal information from the image files depends on
the file format and camera manufacturer. Thus, for the processing of the thermographic
images, we use the FLIR Tools [31] from FLIR systems. Here, the original gray scale thermal
images are colored via the coloring scheme “rainbow” and a temperature scale between —8
and +8 °C. However, it must be noted that truly accurate temperature measurements are
difficult to obtain owing to many influencing parameters. An example of a thermographic
image of the data set with its corresponding RGB image is shown in Figure 3.
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Figure 3. Thermographic aerial panorama image (left) with the corresponding RGB aerial panorama
image (right) of inner-city buildings in Karlsruhe.
2.3. Classification and Assessment of Thermal Bridges in German Buildings Constructed between
1950 and 1969
2.3.1. Types of Thermal Bridges

In the dataset, we manually identified 14 different types of thermal bridges on ther-
mographic images of German buildings constructed between 1950 and 1969. These types

of thermal bridges can be categorized according to the building component in which they
occur. Explicitly, we identified the types listed in Table 1.

Table 1. Types of thermal bridges sorted by the building parts in which they occur.

Building Part Type of Thermal Bridge

Thermal bridges of outer walls Connection of the basement ceiling slab with the outer wall
Connection of the wall and the rooftop
Connection of an inside wall with the outer wall
Connection of a floor slab with the outer wall

Thermal bridge types of balconies  Balcony slab

Thermal bridge types of windows  Roller shutter casing
Window lintel
Window reveal
Window sill

Thermal bridge types of rooftops ~ Connection between the rooftop and an outer wall (steep roof)
Connection of the rooftop and a dormer (steep roof)
Roof ridge (steep roof)
Connection of a staggered story with the rooftop (flat roof)
Connection of an attic with the rooftop (flat roof)

An overview of the 14 thermal bridge types with the corresponding thermographic
image excerpts of the dataset is given in Table 2. Detailed descriptions of these thermal
bridge types with the panorama images from our database are listed in Appendix B. A list
of thermal anomalies that repeatedly appear on thermographic images of our dataset and
that should not be misinterpreted as thermal bridges of buildings is given in Appendix C.

2.3.2. Retrofits of Thermal Bridges

Every type of thermal bridge leads to a different energy loss and mold risk and
requires individual retrofit measures. Current retrofits for thermal bridges usually include
(1) a partial demolition/removal of the old construction components causing a thermal
bridge, (2) the installation of new construction components, including insulation material
or/and completely new components, and (3) ancillary measures such as the installation of
a scaffold or moisture tests [45]. In this study, ancillary measures are not included, as they
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usually depend on the framework conditions of the individual buildings and on whether
multiple retrofit measures are carried out at the same time.

Table 2. Overview of 14 thermal bridge types of German buildings constructed in the time between 1950 and 1969 with
thermographic image excerpts.

Type of Thermal Bridge Example Image Type of Thermal Bridge Example Image

Window sill Balcony slab
Window lintel Dormer
%
Floor slab Window reveal

Connection wall and rooftop Roof ridge

Connection rooftop on wall Attic

Staggered story Inside wall

Roller shutter casing Basement ceiling slab
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For all types of thermal bridges in this study, common and simple retrofit measures are
considered. For each thermal bridge, one retrofit recommendation is listed in Appendix B,
including a list of all required retrofit measures and calculated costs per linear meter of
thermal bridge.

2.3.3. Characteristic Values for Thermal Bridges

For the simulation and analysis of the different thermal bridge types and their effects,
three characteristic technical values provide information on the risk of mold formation and
the energy loss potential. These are:

- The temperature factor fg; (-) for evaluating internal surface temperatures with
regard to the risk of mold formation according to the supplementary sheet 2 of DIN
4108 [35]: A component can be assessed to be free from mold at a relative humidity of
higher than 50% regardless of the indoor and outdoor temperatures, if fr ,; is higher
than 0.7. For a simple assessment approach, it can thus be assumed that if fg; is
lower than 0.7, a retrofit is necessary or should be considered because of a high risk of
mold growth and building component deterioration. If fg ,; is higher than 0.7, it can
be assumed that a retrofit is not necessary to prevent mold growth.

- The thermal bridge loss coefficient ¥ (W/(m*K)) for determining additional heat
losses caused by thermal bridges according to DIN EN ISO 10211 [46]: The coefficient
Y quantifies the additional heat losses through the building envelope caused by a
thermal bridge. It refers to linear thermal bridges and depends on the length of a
thermal bridge.

- The transmission heat loss per length of thermal bridge g (W/m) (not explicitly
defined in standards): The heat loss g also refers to the length of linear thermal bridges
and defines the total heat flow through a linear meter of thermal bridge.

Applying the ThermCad simulation tool, all three characteristic values for each type of
thermal bridge can be derived both for the original state (fr s; 0, Yo, §0) and after a retrofit
of the thermal bridge according to Section 3 and Appendix B (fr si1, Y1, 41)- To quantify
the benefit of the considered retrofit recommendation for the individual types of thermal
bridges, the reduction of the thermal bridge loss coefficient AY = ¥y — ¥1 (W/(m*K)) and
the reduction of heat flow Aq = q; — q; (W/m) after a retrofit are calculated as well.

3. Results

As aresult of our study, we provide in Appendix B a detailed thermal bridge catalog
for German buildings constructed between 1950 and 1969. This catalog contains com-
prehensive information on the 14 relevant thermal bridge types identified in this study,
provides exemplary aerial thermographic panorama images of each thermal bridge, and
describes simple retrofit measures.

For representative thermal bridges (see Table 1), we quantified the characteristic values
according to Section 2.3.3 for the 14 thermal bridge types before and after a retrofit, the
estimated costs for a retrofit, and the reduction of heat flow per invested Euro of a retrofit
(called herein the benefit—cost ratio). These values are listed in Table 3 in descending order
of the cost-benefit ratio.

Considering the criterion of mold formation, two thermal bridge types can be assessed
to be free from mold with a value of f ,; g that is significantly higher than 0.7. According
to the assessment of examples from the dataset, seven thermal bridge types have a high
risk of mold formation with a value of fr ;o that is clearly lower than 0.7. Five types of
thermal bridges have a value of fr ;o that is very close to 0.7 and can also be assessed to
be associated with the risk of mold formation. Figure 4 presents an overview of all thermal
bridge types assessed and the criterion of mold formation. With the implementation of
the retrofit measures suggested in this study, all simulation values fr ,; 1 of the 14 thermal
bridge types assessed are higher than 0.7 and can be assumed to be free from mold.
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Table 3. Characteristic values, estimated costs, and benefit—cost ratios of the retrofits of 14 thermal bridge types in German

buildings constructed between 1950 and 1969, prior to and after a retrofit (characteristic values are based on simulations

with ThermCad, costs are based on BKI prices as of 2020 [38,39]), sorted according to benefit—cost ratio. The temperature

factor is either below (red),

near (yellow), or above (green) the mold formation threshold fr s; of 0.7.

Estimated

]g)e rflflf:;l::g;; State after Retrofit Improvement Retrofit C](s):?f{f;:o
Costs
Therggf ];):idge fRsio Yo 90 frsia ¥, q AY Aq - -
()  (WmK (W/m) () WmK) (Wm) (WmK) (W/m) (EUR/m) (W/EUR)
Window sill NGBS 018  147.66 0.08 83.06 0.10 64.60 173.00 0.37
Window lintel 077 14230 —034 11760 111 2470 69.20 0.36
Floor slab 070 10516 072 0.09 89.90 0.61 15.26 49.60 0.31
Wall/rooftop 0.68 0.32 6682 [ 088 1 0.19 57.75 0.13 9.06 34.60 0.26
Rooftop/wall 0.68 0.32 66.82 0.21 57.96 0.11 8.86 42.60 0.21
Staggered story _ 028 6717 023 5983 0.6 7.34 49.00 0.15
Roller shutter casing 0.70 0.11 121.94 -024  113.14 0.35 8.80 60.00 0.15
Balcony slab 044 10296 —0.05 90.87 048 12.09 83.64 0.14
Dormer - 009 3634 0.05 32.01 0.04 433 34.60 0.13
Window reveal [0S 010 12645 072  —041 11855  0.51 7.89 69.20 0.11
Roof ridge 0.71 006  36.80 —0.28  30.04 0.34 6.76 69.00 0.10
Attic 025 10693 —073 8204 0.99 24.89 280.26 0.09
Inside wall 0.71 0.05 86.45 —023 8192 0.28 452 57.29 0.08
Basement ceiling slab [ 0ISHN 0.04 52.97 —046  46.89 0.50 6.08 106.40 0.06

In the analysis, staggered stories and dormers have a comparably low risk of mold
formation. The results, however, reveal that window sills and lintels, particularly, and that
attics and floor, balcony, and basement ceiling slabs are prone to low temperature factors
frsio with a comparably high risk of mold. Thermal bridges on window sills are mainly
caused by the construction design for radiator niches—a reduced wall thickness below
windows. In a retrofit, the whole area below the window should be insulated to avoid
mold formation and heat loss. This would result in a very high improvement with respect
to the mold formation risk and the cost-benefit ratio. Window lintels can cause thermal
bridges owing to their material that contrasts with surrounding masonry. In a retrofit,
insulation with a minimum height of 40 cm is placed onto the lintel and the transition
to the surrounding masonry and window frame with an overlap of at least 3 cm on the
building outside. Window reveals can cause thermal bridges when the window is not
placed in the insulation layer of the building. Similar to thermal bridges at window lintels,
they can be retrofitted with an additional outside insulation layer with a minimum 3 cm
overlap to the window frame. Attics are the extensions of flat roofs and their connections
and different materials used can lead to thermal bridges. In a retrofit, the attic has to be
fully covered with insulation and must be placed 50 cm below the roof top. Floor slabs
separate different stories and can produce thermal bridges when not properly insulated.
A retrofit would incorporate insulation on the outside of fagades where the floor slabs
adjoin. Basement ceiling slabs separate the unheated basement from the heated ground
floor. Without insulation, thermal bridges can also occur. A retrofit includes an 80 cm high
insulation with 60 cm above and 20 cm below the lower edge of the basement ceiling slab.
The main reason for thermal bridges on balcony slabs is cantilevered slabs that transmit
heat to the outside. However, a retrofit is associated with a rather effortful and costly
demolition of the balcony combined with an insulation and rebuild of a new balcony.
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Assessment of mold formation of thermal bridge types
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Figure 4. Criterion of mold formation of 14 thermal bridges in German buildings constructed between
1950 and 1969 prior to a retrofit (based on simulations with ThermCad). The red line marks the mold
formation criterion of 0.7. Thermal bridge types with a red bar are clearly lower, with a yellow bar
close to, and with a green bar clearly higher than 0.7.

After the simulated retrofit, this value increases significantly for window sills, while
for the other thermal bridges the value rises to above the 0.7 benchmark. The energy
savings of a thermal bridge retrofit is determined by the reduction in the transmission heat
flow Aq caused by a retrofit. Besides window sills, the highest savings can be expected for
window lintels and attics followed by floors and balcony slabs. With respect to the thermal
bridge loss coefficient ¥, the best retrofit simulation effects can be seen for window lintels,
attics, and floor slabs.

The retrofit costs are calculated for the recommended retrofit measures per thermal
bridge type. The costs include all retrofit costs per linear meter of the respective thermal
bridge. Inflation, tax, depreciation, and interest rates for loans are not considered. Therefore,
the expected retrofit costs are comparable with each other. Per linear meter, attics and
window sills show the highest estimated retrofit costs, but at least for window sills the
benefit—cost ratio is the highest for all thermal bridge types. By considering the retrofit costs
of the different thermal bridge types, it becomes clear that retrofits with a high reduction
in heat flow often also require higher costs. This relationship is shown in Figures 5 and 6,
e.g., by the cost-benefit ratio of the transmission heat flow reduction per invested Euro of a
retrofit, sorted in descending order.

The energy savings after a thermal bridge retrofit are determined by the reduction of
the transmission heat flow Aq caused by a retrofit. By considering the retrofit costs of the
different thermal bridge types, it becomes clear that retrofits with a high reduction of heat
flow often require higher costs. This relationship is shown in Figures 5 and 6, e.g., by the
cost—benefit ratio of transmission heat flow reduction per invested Euro of a retrofit, sorted
in descending order.
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Figure 5. Costs and heat flow differences of the retrofit of 14 thermal bridge types of German
buildings constructed between 1950 and 1969.
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Figure 6. Benefit—cost ratios for energy savings of the retrofits of 14 thermal bridge types of German
buildings constructed between 1950 and 1969.
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Summarizing, we find that for German buildings constructed in the middle of the
20th century, thermal bridges of window components, floor/basement ceiling/balcony
slabs, and attics are particularly relevant to retrofit planning and the criterion of mold
formation. Regarding energy savings, the retrofits of thermal bridges of window sills,
window lintels, and attics show the highest potentials. When also taking into account the
necessary costs for energy savings, the retrofits of window sills and window lintels seem to
be most promising. The retrofit of attics seems to be less attractive in this context.

In order to make the approach developed in this paper more comprehensible, a case
study for a German building located in the Karlsruhe city center is demonstrated (see
also Appendix D). The selected reference building (Figures A29 and A30) is an apartment
building located in the WaldhornafSe in Karlsruhe. The building consists of four full stories
and a roof story with three dormers. The base of the building has a rectangular shaped
base. On the west side of the building it is connected to a neighboring building, on the
east side partly. There, five types of thermal bridges can be identified at the window,
revealing dormers, floor slabs, balcony slabs, and the connection between an outside
wall and a roof. By using Google maps and the “measure distance” function [47], we
calculated the dimensions of the building and all its components (Table A32). For each
component, a typical heat transfer coefficient (U-value) from the 1950s-1960s is determined
according to Appendix A. Taking into account the corresponding temperature correction
factor and applying the period balance approach (German “Periodenbilanzverfahren”)
in accordance with DIN V 4108-6 [37], leads to an associated transmission heat loss per
component (Table A33). To calculate the thermal bridge surcharge, we use the exact
procedure (German “genaues Verfahren”) [37] (see Appendix D). To determine the state
before and after a retrofit (Table A34), the length-related thermal bridge loss coefficients of
the associated thermal bridge types (Table 3) are used. The transmission heat loss for the
entire reference building is 1042 W /K. The loss due to the thermal bridge areas is around
99 W/K, which corresponds to a share of 9.63% of the heat loss of the entire building. The
transmission heat loss of the entire reference building in the state after the thermal bridge
retrofit is approximately 906 W /K. The retrofit measures reduce the transmission heat loss
by around 136 W /K. This corresponds to a percentage reduction of the transmission heat
loss of about 13%.

4. Discussion

This study shows that thermal bridges can be qualitatively detected and quantitatively
assessed by analyzing aerial thermal panorama images without using additional building-
specific background information.

We demonstrated a simple procedure for the assessment of thermal bridges of German
buildings constructed in the decades of the 20th mid-century. For this, we used thermal
bridge simulation software and technical standard values for building materials and con-
structions of the construction period to model and characterize representative thermal
bridge types of this building class. As a result of our study, we provide a catalogue of
14 relevant thermal bridge types with exemplary aerial thermal panorama images of Ger-
man buildings constructed in the 1950s and 1960s. This catalog also provides information
on simple retrofit measures, the associated retrofit costs (for Germany), possible energy
savings, and the risk reduction of mold formation, by removing a certain thermal bridge
type. Similar studies are not known to the authors—only analyses on thermal images
from terrestrial street-view and terrestrial perspectives are provided in literature. However,
these are not capable for analyzing thermal bridges on rooftops and in upper building
areas. Furthermore, in this study we classified the thermal bridges by hand. Inexperienced
analyzers could misinterpret some thermal anomalies on the panorama images as thermal
bridges (such as ventilation tiles, water pipe aerators, solar systems, lamps, heat build-ups
or open windows (see Appendix C). To avoid such misinterpretations, further research
could automate the thermal bridge detection with respect to the catalogue developed. Fur-
thermore, in the case study we assume homogeneous construction of the building, meaning
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that a certain type of thermal bridge occurs at all comparable building components if it is
clearly identifiable on at least one component part. This could be misleading in the case
of partial retrofits on a building where some components may have been energetically
retrofitted while others have not.

Additionally, we want to note that the thermal bridge surcharge has a negative
sign after the retrofit. From a theoretical point of view, the surcharge should actually
be approximately zero, as there should be no other thermal bridges after the retrofit. In
practice, however, the length-related thermal bridge loss coefficient ¥ also has a negative
sign in some cases. This is due to the fact that in this study we want to make sure that the
criterion for mold formation of fr ;1 > 0.7 is fulfilled. As a consequence, for some thermal
bridge retrofits, some areas of the standard cross-section are also affected by the retrofit
measures, so that transmission heat loss of the entire building decreases by more than the
value of the thermal bridge surcharge in its current state.

The results of our analysis are easy to transfer. To assess a thermal bridge recorded
on a thermographic aerial image, only three steps are necessary. First, it must be ensured
that the building corresponds to the building class of the 20th mid-century. Second, the
thermal bridge must be classified into one of 14 thermal bridge types, whereby our catalog
with sample aerial thermal panorama images serves as a classification aid. In the third step,
the length of the thermal bridge must be measured with photogrammetric approaches or
using measurement tools such as those provided by map services. From this information,
conclusions about the retrofit benefit of a thermal bridge for energy savings and avoidance
of mold formation can be estimated.

For the planning of retrofits of the 14 thermal bridge types, we state that with regard to
the criterion for mold formation, thermal bridges of window components, floor /basement
ceiling/balcony slabs, and attics are the most relevant. To maximize energy savings,
thermal bridges of window sills, window lintels, and attics are the most relevant.

Finally, we want to critically reflect our approach and results for German buildings
constructed during 1950-1969. All quantitative statements in this section are based on
theoretical and simplified assumptions. While the recorded infrared energy in a thermal
image does originate from the panorama scenes’ effective emissivity, it is influenced by
ambient temperature, moisture, general surrounding atmosphere, and reflective energy
from the background. For the study at hand, however, thermal images are sufficient to
qualitatively identify the thermal bridges and their spatial extent. Further studies should
include simultaneous thermal images on individual buildings and direct temperature
measurements via thermal images, but also incorporate inside and outside temperature
measurements of buildings in the scene to quantitatively substantiate our results.

Further work should compare the results of this study with the actual state of buildings
(e.g., via onsite inspections) and retrofit options and costs in practice (e.g., retrofit packages,
funding schemes, availability of craftspeople, market prices for retrofit materials, and
energy). We acknowledge that in practice, the characteristic values of the thermal bridges
depend on additional factors such as architectural specifics. Retrofit costs can differ due
to regional differences, economies of scale, and additional ancillary costs. It should also
be noted that grants and tax benefits for energy retrofits are not taken into account when
determining the costs for retrofit measures. It can be assumed that the German subsidy
design for energy retrofits would improve the profitability of retrofit measures and be an
incentive for more comprehensive retrofits.

We therefore want to point out that our approach is suitable for the quick and easy
identification of interesting thermal bridge structures on district scale. We thus found our
approach a good instrument for the preselection of relevant buildings and building parts
in the context of retrofit planning. In the specific preparation of building retrofit measures,
a more comprehensive detailed analysis with background information of each individual
building is necessary and recommended.

In following studies, thermal bridge catalogs can be developed for other building
classes in Germany and internationally. Due to the simplicity of our approach, we are
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convinced that our results can be used to automate the analysis of thermal bridges of
buildings on district scale. Current research is already examining automated detection
of thermal bridges on panorama drone images and their classification, e.g., [48]. Thus,
information on thermal bridges of buildings in urban districts can be collected and assessed
in an uncomplicated way as a basis for retrofits in large areas. These results can help to
improve and simplify the simultaneous retrofit planning for multiple buildings, such as in
the context of CEP, CESP, PED, and EQ.

5. Conclusions

Drone technology allows for the simplified recording of thermographic images of
buildings. Compared to terrestrial thermography, aerial images can be recorded faster, at
lower cost, and from all angles, including rooftop perspectives. Thermography with drones
is therefore very well suited for analyzing buildings in entire districts/neighborhoods/
communities. In practical use, aerial thermography has great potential for gaining infor-
mation on building stocks to prepare retrofits of multiple buildings in the context of CEP,
CESP, PED, and EQ. A disadvantage of large-area thermography with drones, however,
is the lack of interior thermographic recordings of buildings and of detailed background
information on individual building materials and construction methods. Building analysis
approaches on the district scale such as the one introduced in this study therefore have to
work with simplifying assumptions. Analysis results based on simplifying assumptions
can be imprecise and deviate. For this reason, the procedure presented in this study is espe-
cially suitable for the identification of interesting thermal bridge structures. Our approach
does not replace detailed analyses of buildings and comprehensive planning efforts for the
retrofit of thermal bridges.

The results of our study, including a catalogue of 14 relevant thermal bridge types
for German buildings from the 1950s and 1960s with exemplary thermographic panorama
images, are suitable for practical use. Future studies could focus on developing catalogs for
thermal bridges of other German and international building classes. In future, our simple
approach will be usable for an automated evaluation of aerial thermal panorama images
of buildings. For automation, it is necessary to detect and assign a building to a building
class, to detect and assign a thermal bridge to a thermal bridge class, and to measure the
length of the respective thermal bridge. For this, computer vision software (e.g., based on
deep learning approaches) can be used.

We assume that both drone technology with thermographic cameras and the focus on
the district scale will gain importance for the retrofit planning of buildings in future. We
hope that with our study we have been able to make a relevant contribution in this field.
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Appendix A

Table A1l. Typical U-values for German buildings constructed in the 1950s-1960s (based on: BMWi and BMU, 2015) [49].

Component U-Values (1950-1969) Size
Outer wall, made of vertically perforated brick (VPB) 1.4 024 m
Outer wall, wooden structure (dormer) 0.5 0.10 m
Radjiator niches 2.8 0.24m
Wooden windows, 2-layered 29 0.07 m
Basement ceiling slab, including floor structure 0.8 0.20m
Flat roof, massive 0.7 0.20 m
Gable roof, wooden structure 0.7 0.07 m

Table A2. Assumptions for building materials (based on: [50]).

Material Size Thermal Conductivity A
Vertically perforated brick (VPB) 024 m 0.460 W/mK
Wood different sizes 0.100 W/mK
Reinforced concrete 0.20 m 2.300 W/mK
Windows 0.07 m 0.400 W/mK
Fagade insulation different sizes 0.035 W/mK
Perimeter insulation different sizes 0.040 W/mK

Table A3. List of heat transfer resistances according to the supplementary sheet 2 of DIN 4108 [35].

Heat Transfer Resistances Temperature (°C) Rs (m2K/W) Illustration Color
Inside-heated 20 0.25 Red
Inside-not heated 10 0.17 Purple
Outside -5 0.04 Blue
Appendix B

Appendix B.1. Thermal Bridge Types of Outer Walls

Basement ceiling slab

The basement ceiling slab is a horizontal building component that separates the
usually unheated basement from the heated ground floor. This component transfers the
loads from the ground floor onto the load-bearing basement walls. Therefore, the support
of the outer walls is essential to transfer the load [51].

An example of a thermal panorama image shows a thermal bridge in a basement
ceiling slab (Figure A1). For the retrofit of this thermal bridge type, it is necessary to install
a base insulation in the connection area. This serves to balance the effect of the different
specific thermal conductivities and to reduce heat loss. The insulation should be 80 cm
high, with 60 cm above and 20 cm below the lower edge of the basement ceiling. An
illustration of this retrofit measure is shown in Figure A2. The costs for the retrofit of this
thermal bridge type are listed in Table A4 and the change in the characteristic values of
heat loss and mold formation of the building component before and after the retrofit is
shown in Table A5.
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Figure A1l. Example: thermal bridge of a basement ceiling slab.
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Figure A2. Before and after the thermal bridge retrofit of a basement ceiling slab (created with ThermCad thermal bridge

simulation calculator).
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Table A4. Retrofit components and costs of the thermal bridge retrofit of a basement ceiling slab [38,39].

Retrofit Measure *

Pos. No. Installation Height: 80 cm Retrofit Costs per Linear Meter
LB 323-3 Removing old plaster from the building base 11.20 EUR/m
LB 323-6 Removing old plaster base from the wall 11.20 EUR/m
LB 323-68 Preparing base for the thermal insulation system 2.40 EUR/m
LB 323-97 Building base insulation (XPS, 100 mm) 40.00 EUR/m
LB 323-30 Reinforcement fabrics (glass fiber) 8.80 EUR/m
LB 323-67 Plaster (undercoat and finishing plaster) 32.80 EUR/m
Gross total 106.40 EUR/m

* In retrofit practice, a check for possible moisture problems and the need of a base seal is also relevant.

Table A5. Quantifiable results of the thermal bridge retrofit of a basement ceiling slab (ThermCad thermal bridge simula-

tion calculation).

Original State before Retrofit State after Retrofit Improvement
frsi, 0 o Qo fRrei, 1 k4! aQ AY Aq
() (W/mK) (W/m) ) (W/mK) (W/m) (W/mK) (W/m)
0.57 0.04 52.97 0.75 —0.46 46.89 0.50 6.08
Floor slab

A floor slab is a horizontal building component that completes a room at the top and
constitutes the base of the floor above. It transfers the loads from the stories above onto
the load-bearing components and helps in thermal and noise protection. A thermal bridge
occurs when the connection depth of the outer wall is not sufficient for the attachment of
an additional insulation layer in the binding area. The connection area heats disproportion-
ately more than the standard cross section, so that there is a considerable loss of heat of
the reinforced concrete slab. Different materials (masonry and reinforced concrete) with
different specific thermal conductivities increase the thermal bridge effect [2].

An example of a thermal bridge of a floor slab is presented in Figure A3. For the
retrofit of this thermal bridge type, it is necessary to remove a part of the slab and add
a layer of thermal insulation material. The thermal insulation compensates for the effect
of the different specific thermal conductivities of masonry and reinforced concrete and,
thus, reduces the heat loss. A sufficient embedment depth of the thermal insulation is
5 cm and the thermal insulation should be installed over the entire height of the reinforced
concrete ceiling of 20 cm. An illustration of this retrofit measure is shown in Figure A4.
The costs for the retrofit of this thermal bridge type are listed in Table A6 and the change in
the characteristic values of heat loss and mold formation of the building component before
and after the retrofit is shown in Table A7.

Inside wall

Inside walls are vertical components that transfer loads in the longitudinal direction
from the components above. They can be attached directly to the outer wall or integrated
into the outer wall. From a thermal point of view, the integration of the inner wall into the
outer wall is crucial. The thermal bridge effect occurs due to the structural design of the
connection details of the inner wall integration and different cross sectional dimensions.
Columns integrated into the outer wall are constructively equivalent to inside walls in the
outer wall, so that the results achieved here can also be projected and used for column
connections [2].
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Figure A4. Before and after the thermal bridge retrofit of a floor slab (created with ThermCad thermal bridge
simulation calculator).
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Table A6. Retrofit components and costs of the thermal bridge retrofit of a floor slab [38,39].

Retrofit Measure *

Pos. No. Installation Height: 20 cm Retrofit Costs per Linear Meter
LB 323-2 Removing old plaster from the partial area 520 EUR/m
LB 323-6 Removing old plaster base from the wall 2.80 EUR/m
LB 313-14 Demolishing old floor slab from the partial area 23.00 EUR/m
LB 323-68 Preparing base for the thermal insulation system 0.60 EUR/m
LB 323-96 Thermal insulation system up to 20 m, PS 50, bonding technique 7.60 EUR/m
LB 323-30 Reinforcement fabrics (glass fiber) 2.20 EUR/m
LB 323-67 Plaster (undercoat and finishing plaster) 8.20 EUR/m
Gross total 49.60 EUR/m

* In retrofit practice, costs for the scaffold are also relevant.

Table A7. Quantifiable results of the thermal bridge retrofit of a floor slab (ThermCad thermal bridge simulation calculation).

Original State before Retrofit State after Retrofit Improvement
fRsi0 Yo Qo fRsip b4 i AY Aq
) (W/mK) (W/m) ) (W/mK) (W/m) (W/mK) (W/m)
0.55 0.70 105.16 0.72 0.09 89.90 0.61 15.26

An example of a thermal bridge of an inside wall/column is presented in Figure A5.
For the retrofit of this thermal bridge type, it is necessary to break off part of the support
or the inner wall and to build a recess into which thermal insulation material can be
filled. For a professional retrofit, a sufficient embedment depth of the thermal insulation of
12 cm must be ensured, which should be integrated over the entire width of the inner wall
embedment of 24 cm. An illustration of this retrofit measure is shown in Figure A6, the
costs for the retrofit of this thermal bridge type are listed in Table A8, and the change in the
characteristic values of heat loss and mold formation of the building component before

and after the retrofit is shown in Table A9.

Table A8. Retrofit components and costs of the thermal bridge retrofit of an inside wall [38,39].

Retrofit Measure *

Pos. No. Installation Height: 24 cm Retrofit Costs per Linear Meter
LB 323-2 Removing old plaster from the partial area 6.24 EUR/m
LB 323-6 Removing old plaster base from the wall 3.36 EUR/m
LB 312-5 Demolishing old outer masonry 14.57 EUR/m
LB 323-68 Preparing base for the thermal insulation system 0.72 EUR/m
LB 323-87 Thermal insulation system up to 20 m, PS 50, Bondig technique 19.92 EUR/m
LB 323-30 Reinforcement fabrics (glass fiber) 2.64 EUR/m
LB 323-67 Plaster (undercoat and finishing plaster) 9.84 EUR/m
Gross total 57.29 EUR/m

* In retrofit practice costs for scaffold are also relevant.

Table A9. Quantifiable results of the thermal bridge retrofit of an inside wall (ThermCad thermal bridge simulation calculation).

Original State before Retrofit State after Retrofit Improvement
fRsi0 o Qo fRsip b1 qQ AY Aq
Q) (W/mK) (W/m) ©) (W/mK) (W/m) (W/mK) (W/m)
0.71 0.05 86.45 0.77 —0.23 81.92 0.28 4.52
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Figure A6. Before and after the thermal bridge retrofit of an inside wall (created with ThermCad thermal bridge simula-
tion calculator).

Connection wall and rooftop

The connection between the outer wall and the rooftop is difficult for the insulation
work due to different geometric conditions and changing angles. If the insulation is
missing or incorrectly attached, this connection is a thermally weak point of the facade. A
thermal bridge can occur due to the structural design of the external wall in the area of the
connection to the roof. Due to static requirements, a reinforced concrete ring anchor in the
area of the thermal bridge is needed but has a different material compared to the rest of
the standard cross-section of the outer wall. There is a significant loss of heat in the area
of the ring anchor. This effect is reinforced by the different thermal conductivities of the
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various materials that are installed in the connection area (usually masonry and reinforced
concrete) [51].

An example for a thermal bridge of a connection between a wall and a rooftop is
presented in Figure A7. For the retrofit of this thermal bridge type, it is necessary to apply
thermal insulation material in the connection area along the ring anchor. The necessary
insulation should be a total of 20 cm high and installed in the direct connection area to the
roof. An illustration of this retrofit measure is shown in Figure A8, the costs for the retrofit
of this thermal bridge type are listed in Table A10 and the change in the characteristic
values heat loss and criterion for mold formation of the building component before and
after the retrofit is shown in Table A11.

“ 9 N49°0'25,97"
| EB224'15,48"

Figure A7. Example: thermal bridge of a connection between a wall and a rooftop.
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Figure A8. Before and after scheme of the thermal bridge retrofit of a connection between a wall and a rooftop (created with
ThermCad thermal bridge simulation calculator).



Energies 2021, 14, 7360 22 of 43

Table A10. Retrofit components and costs of the thermal bridge retrofit of a connection between a wall and a rooftop [38,39].

Retrofit Measure *

Pos. No. Installation Height: 20 cm Retrofit Costs per Linear Meter
LB 323-2 Removing old plaster from the partial area 520 EUR/m
LB 323-6 Removing old plaster base from the wall 2.80 EUR/m
LB 323-68 Preparing base for the thermal insulation system 0.60 EUR/m
LB 323-86 Thermal insulation system up to 20 m, PS 50, bonding technique 15.60 EUR/m
LB 323-30 Reinforcement fabrics (glass fiber) 2.20 EUR/m
LB 323-67 Plaster (undercoat and finishing plaster) 8.20 EUR/m

Gross total 34.60 EUR/m

* In retrofit practice, costs for the scaffold are also relevant.

Table A11. Quantifiable results of the thermal bridge retrofit of a connection between wall and rooftop (ThermCad thermal

bridge simulation calculation).

Original State before Retrofit State after Retrofit Improvement
fRsi0 o 9o fRsin k41 qQ AY Aq
) (W/mK) (W/m) ¢ (W/mK) (W/m) (W/mK) (W/m)
0.68 0.32 66.82 0.88 0.19 57.75 0.13 9.06

Appendix B.2. Thermal Bridge Types of Balconies

Balcony slab

Balconies are outdoor elements and permanently exposed to changing weather condi-
tions. A thermal bridge can occur especially in cantilevered balcony slabs of old reinforced
concrete buildings, which are designed as an extension of the story ceiling without thermal
decoupling. The cause of the thermal bridge is the structural design of the connection
details of the balcony slab and the associated heating of the external components [8].

An example of a thermal bridge of a balcony slab is presented in Figure A9. This
type of thermal bridge can only be retrofitted if the existing balcony slab is completely
demolished. The thermal bridge can then be removed by inserting an insulating element
between the floor slab and the new balcony slab. An illustration of this retrofit measure is
shown in Figure A10, the costs of the retrofit of this thermal bridge type are listed in Table
A12, and the change in the characteristic values of heat loss and mold formation of the
building component before and after the retrofit is shown in Table A13.

Table A12. Retrofit components and costs of the thermal bridge retrofit of a balcony slab [38,39].

Retrofit Measure *

Pos. No. Installation Height: 20 cm Retrofit Costs per Linear Meter
LB 313-7 Demolishing old balcony slab 22.00 EUR/m

LB 313-89 Cleaning concrete surfaces 0.24 EUR/m

LB 013-128 Thermal insulation element for the balcony connection 420 EUR/m

LB 013-84 Reinforced concrete prefabricated component, balcony slab 4520 EUR/m

LB 013-65 Side rails for the balcony slab 4.40 EUR/m

LB 013-61 Slab, in-situ concrete, SB2, C25/30 7.60 EUR/m

Gross total 83.64 EUR/m

* In retrofit practice, costs for the scaffold are also relevant.
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Figure A10. Before and after the thermal bridge retrofit of a balcony slab (created with ThermCad thermal bridge simula-

tion calculator).
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Table A13. Quantifiable results of the thermal bridge retrofit of a balcony slab (ThermCad thermal bridge

simulation calculation).

Original State before Retrofit State after Retrofit Improvement
fRsi0 o 9o fRsin k! qQ AY Aq
) (W/mK) (W/m) ) (W/mK) (W/m) (W/mK) (W/m)
0.58 0.44 102.96 0.74 —0.05 90.87 0.48 12.09

Appendix B.3. Thermal Bridge Types of Windows

Window sill

A window sill is the part of a wall below a window. Thermal bridges in these areas
are caused by radiator construction designs. In old buildings, the positioning of radiators
directly below a window is usual. This is due to the poor quality of old windows and
supposed to prevent drafts caused by convection of cold air. In addition, the heat emissions
by the radiator can circulate better on the window than on a wall due to a temperature
difference. In order to save space and enable easier installation of the windows, the wall
thickness in the area of windows in old buildings is often reduced, which is called “radiator
niche” [9].

An example of a thermal bridge of a window sill is presented in Figure A11. For the
retrofit of this thermal bridge type, it is necessary to insulate the entire area below a window.
For this purpose, thermal insulation material should be installed for compensating for the
effect of the different specific thermal conductivities. An illustration of this retrofit measure
is shown in Figure A12, the costs of the retrofit of this thermal bridge type are listed in
Table Al4, and the change in the characteristic values of heat loss and mold formation of
the building component before and after the retrofit is shown in Table A15.
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Figure A11. Example: thermal bridge of a window sill.
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Figure A12. Before and after the thermal bridge retrofit of a window sill (created with ThermCad thermal bridge simula-

tion calculator).

Table A14. Retrofit components and costs of the thermal bridge retrofit of a window sill [38,39].

Retrofit Measure *

Retrofit Costs per Linear Meter

Pos. No. Installation Height: 100 cm

LB 323-2 Removing old plaster from the partial area 26.00 EUR/m
LB 323-6 Removing old plaster base from the wall 14.00 EUR/m
LB 323-68 Preparing base for the thermal insulation system 3.00 EUR/m
LB 323-86 Thermal insulation system up to 20 m, PS 100, bonding technique 78.00 EUR/m
LB 323-30 Reinforcement fabrics (glass fiber) 11.00 EUR/m
LB 323-67 Plaster (undercoat and finishing plaster) 41.00 EUR/m

Gross total

173.00 EUR/m

* In retrofit practice, costs for the scaffold are also relevant.

Table A15. Quantifiable results of the thermal bridge retrofit of a window sill (ThermCad thermal bridge

simulation calculation).

Original State before Retrofit State after Retrofit Improvement
fRsi0 o 9o fRsin k4! qQ AY Aq
¢ (W/mK) (W/m) ¢ (W/mK) (W/m) (W/mK) (W/m)
0.48 0.18 147.66 0.92 0.08 83.06 0.10 64.60

Window reveal

Every window has at least one connection joint in the area where the window frame
and the outer wall connect. The anchoring of the window frame in the lateral surface of
the outer wall can be the cause of a thermal bridge. These so-called window reveals exist
both on the inside and on the outside of windows. If the window is not installed within the
insulation layer, the side connection joint of the window to the outer wall is exposed. It is
important to note that there are two possible vertical thermal bridge areas per window [2].

An example of a thermal bridge of a window reveal is presented in Figure A13. For
the retrofit of this thermal bridge type, it is necessary to apply additional thermal insulation
material in the connection area of the window reveal. The main purpose of this is to
compensate for the effect of the different specific thermal conductivities of masonry and
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wood/glass. The necessary insulation should be 40 cm long in total and installed in the
direct connection area of the window reveal. It is important to ensure that the window
frame is insulated by at least 3 cm so that the lateral connection joint between the window
and the outside wall is not exposed. An illustration of this retrofit measure is shown in
Figure A14, the costs of the retrofit of this thermal bridge type are listed in Table A16, and
the change in the characteristic values of heat loss and mold formation of the building
component before and after the retrofit is shown in Table A17.

8,0

Figure A14. Before and after the thermal bridge retrofit of a window reveal (created with ThermCad the thermal bridge

simulation calculator).
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Table A16. Retrofit components and costs of the thermal bridge retrofit of a window reveal [38,39].

Retrofit Measure *

Pos. No. Installation Height: 40 cm Retrofit Costs per Linear Meter
LB 323-2 Removing old plaster from the partial area 10.40 EUR/m
LB 323-6 Removing old plaster base from the wall 5.60 EUR/m
LB 323-68 Preparing base for the thermal insulation system 1.20 EUR/m
LB 323-86 Thermal insulation system up to 20 m, PS 100, bonding technique 31.20 EUR/m
LB 323-30 Reinforcement fabrics (glass fiber) 4.40 EUR/m
LB 323-67 Plaster (undercoat and finishing plaster) 16.40 EUR/m
Gross total 69.20 EUR/m

* In retrofit practice, costs for the scaffold are also relevant.

Table A17. Quantifiable results of the thermal bridge retrofit of a window reveal (ThermCad thermal bridge

simulation calculation).

Original State before Retrofit State after Retrofit Improvement
fRsi0 o 9o fRsin k41 qQ AY Aq
) (W/mK) (W/m) ©) (W/mK) (W/m) (W/mK) (W/m)
0.57 0.10 126.45 0.72 —-0.41 118.55 0.51 7.89

Window lintel

Windows have a horizontal lintel above the corresponding wall opening, which
diverts the incoming loads from above to the side of the window. In the area of lintels,
different materials are located next to each other. Usually, masonry is used as the outer
wall and reinforced concrete as the actual lintel of this construction element. Due to this
construction, a thermal bridge can occur on the contact surface [51].

An example of a thermal bridge of a window lintel is presented in Figure A15. For
the retrofit of this thermal bridge type, it is necessary to install thermal insulation material
along the lintel. This should compensate for the effect of the different specific thermal
conductivities of masonry and reinforced concrete. It is important to use thermal insulation
with a height of at least 40 cm that should not only cover the lintel, but also the transition
to the masonry. It is crucial that the window frame is insulated by at least 3 cm, in analogy
to the retrofit of a window reveal. An illustration of this retrofit measure is shown in
Figure A16, the costs of the retrofit of this thermal bridge type are listed in Table A18, and
the change in the characteristic values of heat loss and mold formation of the building
component before and after the retrofit is shown in Table A19.

Table A18. Retrofit components and costs of the thermal bridge retrofit of a window lintel [38,39].

Retrofit Measure *

Pos. No. Installation Height: 40 cm Retrofit Costs per Linear Meter
LB 323-2 Removing old plaster from the partial area 10.40 EUR/m
LB 323-6 Removing old plaster base from the wall 5.60 EUR/m
LB 323-68 Preparing base for the thermal insulation system 1.20 EUR/m
LB 323-86 Thermal insulation system up to 20 m, PS 100, bonding technique 31.20 EUR/m
LB 323-30 Reinforcement fabrics (glass fiber) 440 EUR/m
LB 323-67 Plaster (undercoat and finishing plaster) 16.40 EUR/m
Gross total 69.20 EUR/m

* In retrofit practice, also costs for the scaffold are relevant.
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Figure A16. Before and after the thermal bridge retrofit of a window lintel (created with ThermCad thermal bridge
simulation calculator).

Table A19. Quantifiable results of the thermal bridge retrofit of a window lintel (ThermCad thermal bridge simulation calculation).

Original State before Retrofit State after Retrofit Improvement
fRsi0 o Qo fRsip k! q AY Aq
) (W/mK) (W/m) G (W/mK) (W/m) (W/mK) (W/m)

0.42 0.77 142.30 0.74 —0.34 117.60 1.11 24.70
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Roller shutter casing

In most existing buildings, the roller shutter casing is integrated into the outer wall.
In this area of the facade, the outer wall has a significantly smaller cross section than the
remaining almost homogeneous outer wall. In addition, the insulating effect of the facade
is reduced by the roller shutter casing. Due to different materials, this thermal bridge is
reinforced by different specific thermal conductivities. The thermal bridge effect is most
intense when the roller shutters are down, as then there is an air-filled space within the
facade [51].

An example of a thermal bridge of a roller shutter casing is presented in Figure A17.
For the retrofit of this thermal bridge type, it is necessary to add additional thermal
insulation material to the roller shutter casing. The insulation is used to compensate for
the effect of the different specific thermal conductivities of the roller shutter box and the
outer wall and to reduce heat loss. This measure can be carried out very quickly and
easily without removing the roller shutter. The insulation material can be pushed into
the roller shutter box from the inside, with a length of about 80 cm being required. It is
important to choose the insulation thickness such that the roller shutter can still be moved
after the retrofit. An illustration of this retrofit measure is shown in Figure A18, the costs
of the retrofit of this thermal bridge type are listed in Table A20, and the change in the
characteristic values of heat loss and mold formation of the building component before
and after the retrofit is shown in Table A21.

Figure A18. Before and after the thermal bridge retrofit of a roller shutter casing (created with
ThermCad thermal bridge simulation calculator).
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Table A20. Retrofit components and costs of the thermal bridge retrofit of a roller shutter casing [38,39].

Retrofit Measure *

Pos. No. Installation Height: 80 cm Retrofit Costs per Linear Meter
LB 330-7 Insulating roller shutter casing 60.00 EUR/m
Gross total 60.00 EUR/m

* In retrofit practice, a check for possible moisture problems and the need of a base seal is also relevant.

Table A21. Quantifiable results of the thermal bridge retrofit of a roller shutter casing (ThermCad thermal bridge
simulation calculation).

Original State before Retrofit State after Retrofit Improvement
fRsio o 90 fRsia 1 q AY Aq
) (W/mK) (W/m) ) (W/mK) (W/m) (W/mK) (W/m)
0.70 0.11 121.94 0.85 —0.24 113.14 0.35 8.80

Appendix B.4. Thermal Bridge Types of Rooftops

Flat roof: Attic

An attic is an extension of the actual flat roof. The connection between a flat roof
and an attic leads to geometric changes and can cause a thermal bridge. The connection
area warms disproportionately more compared to the standard cross section, so that a
significant heat loss occurs. This thermal bridge effect is reinforced by different materials
used for the attic and roof surfaces [51].

An example of a thermal bridge of an attic is presented in Figure A19. For the retrofit of
this thermal bridge type, it is necessary to completely cover the attic with thermal insulation
material. This compensates for the effect of the different specific thermal conductivities
and minimizes the heat loss and other negative effects of the thermal bridge. For a retrofit,
the thermal insulation material must be introduced directly above the roof insulation and
run around the entire attic. It is important that the insulation on the fagade side is attached
up to at least 50 cm below the upper edge of the reinforced concrete ceiling. An illustration
of this retrofit measure is shown in Figure A20, the costs of the retrofit of this thermal
bridge type are listed in Table A22, and the change in the characteristic values of heat loss
and mold formation of the building component before and after the retrofit is shown in
Table A23.

Table A22. Retrofit components and costs of the thermal bridge retrofit of an attic [38,39].

Retrofit Measure *

Pos. No. Installation Height: 162 cm Retrofit Costs per Linear Meter
LB 323-2 Removing old plaster from the partial area 4212 EUR/m

LB 323-6 Removing old plaster base from the wall 22.68 EUR/m

LB 323-68 Preparing base for the thermal insulation system 4.86 EUR/m

LB 323-86 Thermal insulation system up to 20 m, PS 100, bonding technique 126.36 EUR/m

LB 323-30 Reinforcement fabrics (glass fiber) 17.82 EUR/m

LB 323-67 Plaster (undercoat and finishing plaster) 66.42 EUR/m

Gross total 280.26 EUR/m

* In retrofit practice, the bitumen waterproofing is replaced, if necessary, to prevent moisture problems.

Table A23. Quantifiable results of the thermal bridge retrofit of an attic (ThermCad thermal bridge simulation calculation).

Original State before Retrofit State after Retrofit Improvement
fRsi0 Yo Qo fRsip b1 qQ AY Aq
©) (W/mK) (W/m) ©) (W/mK) (W/m) (W/mK) (W/m)

0.48 0.25 106.93 0.73 —0.73 82.04 0.99 24.89
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Figure A19. Example: thermal bridge of an attic.

Q >=10em >i= 10om
} 3 A
A g
s Z 153,0 )
. L2
—
_%I =W -7 3
AAAAAA : SN A A AT A A A AL
=
]
P T1:13.24°C
51 =U,
=
Ut [
“ g =]
N
NN
§;§’ 7]
:§\; =1
W\ =
\ :
ay —e
24 == 24em

Figure A20. Before and after the thermal bridge retrofit of an attic (created with ThermCad thermal bridge
simulation calculator).
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Flat roof: Staggered story

A staggered story is an additional top story set back from the outer walls of the
building. A thermal bridge can occur at the connection between a flat roof and a staggered
story, if the insulation in this area is missing or incorrectly applied. The thermal bridge
effect can be reinforced by the different materials used for the staggered story and the roof
surface [51].

An example of a thermal bridge of a staggered story is presented in Figure A21. For
the retrofit of this thermal bridge type, it is necessary to demolish a part of the roof structure
and install new thermal insulation material in the connection area. The thermal insulation
reduces the negative effects of the thermal bridge in the edge area. Due to the necessary
partial removal of the existing roof covering, this retrofit is time-consuming and there is a
risk of moisture problems. The insulation should be 20 cm long in total and installed in
the direct connection area to the rising components of the staggered story. An illustration
of this retrofit measure is shown in Figure A22, the costs of the retrofit of this thermal
bridge type are listed in Table A24, and the change in the characteristic values of heat loss
and mold formation of the building component before and after the retrofit is shown in
Table A25.

Figure A21. Example: thermal bridge of a staggered story.
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Figure A22. Before and after the thermal bridge retrofit of a staggered story (created with ThermCad thermal bridge
simulation calculator).

Table A24. Retrofit components and costs of the thermal bridge retrofit of a staggered story [38,39].

Retrofit Measure *

Pos. No. Installation Height: 100 cm Retrofit Costs per Linear Meter
LB 321-5 Removing and reattaching roof paving 11.80 EUR/m
LB 321-4 Removing and reattaching gravel filling 10.20 EUR/m
LB 321-10 Demolishing old trickle protection mat 2.00 EUR/m
LB 321-9 Removing old filter layer 0.80 EUR/m
LB 321-27 Thermal insulation, DAA, CG, up to 140 mm 16.40 EUR/m
LB 321-35 Roof waterproofing PYE PV250 S5, upper layer 3.40 EUR/m
LB 310-15 Percolating layer, fleece-laminated 3.40 EUR/m
LB 321-40 New trickle protection mat 1.00 EUR/m
Gross total 49.00 EUR/m

* In retrofit practice, the bitumen waterproofing is replaced, if necessary, to prevent moisture problems.

Table A25. Quantifiable results of the thermal bridge retrofit of a staggered story (ThermCad thermal bridge

simulation calculation).

Original State before Retrofit State after Retrofit Improvement
fRsi0 o 9o fRsin k4! qQ AY Aq
) (W/mK) (W/m) ) (W/mK) (W/m) (W/mK) (W/m)
0.78 0.28 67.17 0.82 0.23 59.83 0.06 7.34

Steep roof: Roof ridge

A gable roof has a ridge where the two sloping roof surfaces connect. The ridge has
high demands on the quality of the roof insulation work due to the different geometric
conditions. If the insulation is missing or incorrectly installed, this area can become a
significant thermal bridge within the roof structure. In addition, the air leakage potential
increases considerably due to changes in the angle [2].

An example of a thermal bridge of a roof ridge is presented in Figure A23. For the
retrofit of this thermal bridge type, it is necessary to install thermal insulation material
as under-rafter insulation below the ridge. This reduces the effect of the geometric dis-
continuity and the heat loss through the thermal bridge area. For a professional retrofit,
a sufficient width of the thermal insulation of 30 cm must be ensured, which should be
attached directly to the ridge. It is important that the thermal insulation is applied on both
sides of the ridge. An illustration of this retrofit measure is shown in Figure A24, the costs
of the retrofit of this thermal bridge type are listed in Table A26, and the change in the
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characteristic values of heat loss and mold formation of the building component before
and after the retrofit is shown in Table A27.

Figure A24. Before and after the thermal bridge retrofit of a roof ridge (created with ThermCad thermal bridge simulation calculator).

Table A26. Retrofit components and costs of the thermal bridge retrofit of a roof ridge [38,39].

Retrofit Measure *

Pos. No. Installation Height: 60 cm Retrofit Costs per Linear Meter
LB 320-11 Demolishing old roof boarding 10.80 EUR/m
LB 320-8 Removing old roof lathing 2.40 EUR/m
LB 320-37 Bottom rafter insulation, MW 035, 100 mm 29.40 EUR/m
LB 320-64 Vapor barrier, variable humidity 4.80 EUR/m
LB 320-72 Cross-laths, dry, 30 x 50 mm, roof 3.00 EUR/m
LB 320-82 Boarding OSB/3 humidity range, 25 mm 18.60 EUR/m
Gross total 69.00 EUR/m

* In retrofit practice, costs for the scaffold are also relevant.
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Table A27. Quantifiable results of the thermal bridge retrofit of a roof ridge (ThermCad thermal bridge simulation

calculation).
Original State before Retrofit State after Retrofit Improvement
fRsip o Qo fRsip k! Q AY Aq
) (W/mK) (W/m) ©) (W/mK) (W/m) (W/mK) (W/m)
0.71 0.06 36.80 0.82 —0.28 30.04 0.34 6.76

Steep roof: Dormer

The connection between the rooftop and a dormer has high demands on the quality of
insulation work due to the geometrical conditions. If the insulation is missing or incorrectly
applied, this connection leads to a thermal bridge within the roof cladding. Due to different
angles, the thermal bridge potential also increases considerably. The thermal bridge effect
is reinforced by the different specific thermal conductivities of wood and masonry [2].

An example of a thermal bridge of a dormer is presented in Figure A25. For the retrofit
of this thermal bridge type, it is necessary to install additional thermal insulation material
along the connection area from the dormer to the rooftop. This serves to balance the effect
of the different specific thermal conductivities of masonry and wood and to reduce heat
loss. The necessary insulation should be 20 cm high and installed in the direct connection
area to the roof. An illustration of this retrofit measure is shown in Figure A26, the costs
of the retrofit of this thermal bridge type are listed in Table A28, and the change in the
characteristic values of heat loss and mold formation of the building component before
and after the retrofit is shown in Table A29.

Figure A25. Example: thermal bridge of a dormer.
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Figure A26. Before and after the thermal bridge retrofit of a dormer (created with ThermCad thermal bridge

simulation calculator).

Table A28. Retrofit components and costs of the thermal bridge retrofit of a dormer [38,39].

Retrofit Measure *

Pos. No. Installation Height: 20 cm Retrofit Costs per Linear Meter
LB 323-2 Removing old plaster from the partial area 5.20 EUR/m
LB 323-6 Removing old plaster base from the wall 2.80 EUR/m
LB 323-68 Preparing base for the thermal insulation system 0.60 EUR/m
LB 323-86 Thermal insulation system up to 20 m, PS 100, bonding technique 15.60 EUR/m
LB 323-30 Reinforcement fabrics (glass fiber) 220 EUR/m
LB 323-67 Plaster (undercoat and finishing plaster) 8.20 EUR/m
Gross total 34.60 EUR/m

* In retrofit practice, costs for the scaffold are also relevant.

Table A29. Quantifiable results of the thermal bridge retrofit of a connection of a rooftop on a wall (ThermCad thermal
bridge simulation calculation).

Original State before Retrofit State after Retrofit Improvement
fRsio o 90 fRsia k4l qQ AY Aq
) (W/mK) (W/m) ) (W/mK) (W/m) (W/mK) (W/m)
0.82 0.09 36.34 0.95 0.05 32.01 0.04 4.33

Steep roof: Connection between a rooftop and a wall

Due to the different geometric conditions, the connection between a rooftop and an
outer wall is associated with high demands on the quality of the insulation work. If the
roof insulation is missing or incorrectly installed, this connection causes a thermal bridge.
In addition, the thermal bridge potential increases considerably due to the angle of the roof
and different materials of the two components [51].

An example of a thermal bridge of a connection between a rooftop and a wall is
presented in Figure A27. For the retrofit of this thermal bridge type, it is necessary to
demolish part of the roof structure and install additional thermal insulation material in
the connection area to reduce the negative effects of the thermal bridge in the edge area.
The partial removal of the existing roof structure makes the retrofit very complex and is
associated with the risk of moisture problems if the vapor barrier is damaged. For the
retrofit, it is important to use a sufficiently long thermal insulation layer of 30 cm, which
is installed in the direct connection area to the outer wall. An illustration of this retrofit
measure is shown in Figure A28, the costs of the retrofit of this thermal bridge type are
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listed in Table A30, and the change in the characteristic values of heat loss and mold
formation of the building component before and after the retrofit is shown in Table A31.

Figure A27. Example: thermal bridge of a connection between a rooftop and a wall.
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Figure A28. Before and after the thermal bridge retrofit of a connection between a rooftop and a wall (created with
ThermCad thermal bridge simulation calculator).
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Table A30. Retrofit components and costs of the thermal bridge retrofit of a connection between a rooftop and a wall [38,39].

Retrofit Measure *

Pos. No. Installation Height: 30 cm Retrofit Costs per Linear Meter
LB 320-2 Removing and reattaching roof covering 6.00 EUR/m
LB 320-8 Removing old roof lathing 1.20 EUR/m
LB 320-20 Demolishing old underlay sill 1.80 EUR/m
LB 320-11 Demolishing old roof boarding 5.40 EUR/m
LB 320-37 Bottom rafter insulation, MW 035, 100 mm 15.00 EUR/m
LB 320-79 Roof boarding, coniferous wood, 24 mm peg 8.10 EUR/m
LB 320-68 Underlay sill, ventilated roof 2.70 EUR/m
LB 320-74 Roof lathing, dry 240 EUR/m
Gross total 42.60 EUR/m

* In retrofit practice, costs for the scaffold are also relevant.

Table A31. Quantifiable results of the thermal bridge retrofit of a connection between a rooftop and a wall (ThermCad

thermal bridge simulation calculation).

Original State before Retrofit State after Retrofit Improvement

fRsi0
¢)
0.68

(W/mK)

Yo

0.32

qo frsia ¥y q1 AY Aq
(W/m) ©) (W/mK) (W/m) (W/mK) (W/m)
66.82 0.85 0.21 57.96 0.11 8.86

Appendix C

Thermal anomalies on aerial thermographic images that can be misinterpreted as

thermal bridges:

Ventilation tiles on gable roofs: Ventilation tiles help ventilating the roofing in order
to prevent the formation of mold and moisture problems. These additional but small
heat losses cannot be avoided or retrofitted and can be neglected in accordance with
the supplementary sheet 2 of DIN 4108 [35]. In thermograms, they appear as small
hot dots on rooftops.

Water pipe aerators: Pipe aerators for wastewater downpipes must also be routed
over the roof. They prevent overpressure or underpressure in the sewage system in
order to protect the residents from harmful sewer gases. Because of the sewage’s own
temperature, there is little heat loss, which is released into the environment via the
pipe aerator and can also be neglected according to the supplementary sheet 2 of DIN
4108 [35]. In thermograms, these also appear as small hot dots on rooftops.

Solar systems: Photovoltaic systems on roofs can radiate a lot of heat for a long time
after sunset. The roof can then be falsely rated as having a very low energy quality. At
night, this phenomenon is reversed in PV systems. Then, they appear comparatively
cold due to the very high reflection. If there is a photovoltaic system, no conclusions
can be drawn with respect to the thermal quality of the roof below.

Lamps: Lamps and neon signs that are attached to the building and operated with old,
conventional light sources appear as small flat areas that have a higher temperature
than the remainder of the exterior facades.

Constructions with heat build-ups: Constructions such as small inner courtyards or
arcade constructions lead to heat build-ups. Due to their protected construction, heat
is retained here particularly well and warm air cannot flow easily. These constructions
are often visible in thermograms as areas with increased temperature, but they are not
thermal bridges and do not need to be retrofitted.



Energies 2021, 14, 7360 39 of 43

e  Open windows: Through open windows, high amounts of thermal energy can be
transported. On thermograms, open windows can be misinterpreted as thermal weak
points of the facade.

Appendix D

Case study: Exemplary thermal bridge assessment of a German building constructed
in the 1950s/1960s using thermographic aerial images:

Figure A30. Thermographic aerial images of the reference building (north, east, and west orientation).

Table A32. Building size characteristics of the reference building [47].

Building Size Characteristics Size Unit
Width 11.40 M
Length 15.40 M
Floor area 175.56 M
Width of jutting edge 6.45 M
Height to roof edge 11.00 M
Building height 14.00 M
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Table A32. Cont.

Building Size Characteristics Size Unit
Number of stories 4 full stories + 1 additional roof story -
Number of windows 20 Pieces
Window sizes 1.76 x 1.38 (Ilength x height) M
Number of French windows 13 pieces
French window sizes 1.76 x 2.31 (length x height) m
Number of dormers 3 pieces
Size dormer (south) 10.4 x 1.5 x 3 (length X height x width) m
Size dormer (north 1) 4.5 x 1.5 x 3 (length x height x width) m
Size dormer (north 2) 4.2 x 1.5 x 3 (length x height x width) m

Table A33. Area sizes, U-values, temperature adjustment factors, and transmission heat losses of components of the

reference building [37,47,49].

Building Component Arga U-Valzue Temperature Adjustment Transmission Heat
(m*®) (W/m*K) Factor F;, (-) Loss Ht (W/K)
Outside wall north 104.85 1.4 1.0 146.79
Outside wall east 80.63 1.4 1.0 112.88
Outside wall south 84.52 1.4 1.0 118.33
Outside wall west 0.00 1.4 1.0 0.00
Basement wall above ground north 5.70 14 1.0 7.98
Basement wall above ground east 3.23 1.4 1.0 4.52
Basement wall above ground south 5.70 1.4 1.0 7.98
Basement wall above ground west 0.00 14 1.0 0.00
Basement wall underneath ground north 22.80 1.4 0.6 19.15
Basement wall underneath ground east 12.90 1.4 0.6 10.84
Basement wall underneath ground south 22.80 14 0.6 19.15
Basement wall underneath ground west 0.00 1.4 0.6 0.00
Ground floor slab 176.70 1.2 0.4 84.82
Windows north 40.55 29 1.0 117.60
Windows east 0.00 29 1.0 0.00
Windows south 60.88 2.9 1.0 176.55
Windows west 0.00 29 1.0 0.00
Rooftop 136.80 0.7 1.0 95.76
Dormer north 22.05 0.5 1.0 11.03
Dormer east 0.00 0.5 1.0 0.00
Dormer south 20.10 0.5 1.0 10.05
Dormer west 0.00 0.5 1.0 0.00

To calculate the thermal bridge surcharge, we use the high precision method (German
“genaues Verfahren”) [37]:

Hr = ZHT,Z' + Hrpg = Z(Fx,i « U x Aj) + Z(‘Y] * l]')
: - -

1
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Hy: Transmission heat loss (W /K)

Hr ;: Transmission heat loss of building component I (W /K)

Hrp: Additional transmission heat loss caused by thermal bridges (W /K)
F, i: Temperature correction factor of building component i (-)

U;: Heat transmission coefficient of building component i (W/ (m?K))

A;: Area size of building component i (m?)

'¥;: The thermal bridge loss coefficient of thermal bridge j (W /(mK))

lj: Length of thermal bridge j (m)

Table A34. Transmission heat losses caused by thermal bridges and total transmission heat losses of the reference building
before and after a retrofit [37,47,49].

I; Yo ¥ Hrygo,i = Yo * i Hyp1i=%¥1i *Li

Thermal bridges (m) (W/mK) (W/mK) (W/K) (W/K)

Window reveal 115.26 0.10 —0.41 11.53 —47.26

Dormer 37.10 0.09 0.05 3.34 1.86

Floor slab 96.30 0.70 0.09 67.41 8.67

Connection

wall/roof 6.00 0.32 0.19 1.92 1.14

Balcony slab 32.70 0.44 —0.05 14.39 —1.64

Htg =} Hrp 98.58 —37.23

Hr =F * Ui* A4 943.40 943.40

Hr =Hry; + Hyp 1041.99 906.17
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