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Abstract

The proposed interdisciplinary method of identifying defects
in the building envelope insulation enables the user to quickly
assess the scale of heat loss problems in occupied buildings.
The method rests upon the quantitative analysis of macro-
scopic infrared images of the buildings. The method was
applied in practice to assess effects of thermal upgrade pro-
Jject in Dzbow housing estate in Czestochowa, a city located
in southern Poland. The results confirmed the applicability of
the method to monitoring energy performance of buildings in
use without intervention into the building’s fabric and without
disturbing the occupants.
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1 Introduction

Thermal retrofit of the nineteen-sixties’ multifamily hous-
ing stock in Poland is a necessary though difficult task. The
buildings, typically of brickwork structure, were originally
of low energy performance. This fact, combined with effects
of wear and tear of the buildings’ fabric and obsolescence of
systems and equipment, makes them being far from contem-
porary building code requirements and user expectations.
However, typically good location and sound structure justify
investment in their upgrade. Thermal retrofit projects in these
assets are expected to offer quick return in terms of reduced
CO, emissions, improved quality of life, and increased value
of property.

The market offers an abundance of materials and methods
for improving thermal properties of building envelopes. How-
ever, mistakes in the design of details, bad workmanship, or
even the way the buildings are used, seriously limit the scale of
benefits from improvements. The ownership structure (private
ownership of flats) adds to the problem as, firstly, all owners
need to agree on the scope and cost of works and, secondly,
they need to grant access to privately owned spaces.

As observed in practice, the building envelope retrofit mea-
sures taken so far consisted mostly in applying thermal insu-
lation to the walls, whereas roofs and basement ceilings were
left uninsulated. Quite often, the problem of thermal bridging
was not properly solved, and basement walls, window reveals,
cornices, balconies or chimneys were not sufficiently (or not
at all) protected against heat loss [1]. Typically, insulation
joints did not get enough attention from the designers and/or
builders. The quality of windows and external doors was often
questionable even if they were replaced recently; this was con-
firmed, among others, by Bobrska-Narozny et al. [2]. Another
problem was the actual effect of insulating particular elements
on the building’s energy balance [2].

Therefore, the actual effects of thermal retrofit projects
are worth monitoring. Direct measurements could be diffi-
cult: in the course of projects the buildings were typically
not equipped with measurement systems. To enter the build-
ings, not to mention particular flats, with test instruments,
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the researcher would have to get consent of flat owners. For
this reason, infrared imaging is considered a useful tool of
inspection [3, 4].

Wrébel and Wrébel [4] experimentally confirmed that the
heat flux density can be reliably estimated on the basis of ther-
mal images. The authors tested the same buildings by means
of heat flux sensors and by analyzing infrared shoots. The heat
flux sensor, though useful in laboratory conditions, proved dif-
ficult to apply to measurements in the existing buildings as it
requires access to both sides of the outer wall, and the results
concern a particular point on the surface. In contrast, ther-
mal imaging provides the user with immediate information on
non-uniformity of thermal properties of the whole surface of
the outer wall [4].

To provide results usable for quantitative analysis of the
building envelope’s thermal properties, the infrared images
need be taken in favorable atmospheric conditions (such as
an overcast sky, not too strong wind, with an adequate differ-
ence between indoor and outdoor temperatures). The analysis
should account for a different emissivity of building compo-
nents, conditions at the moment of the measurement, and the
instrument sensitivity [5, 6, 7]. The requirements on exposi-
tion time of thermal images are difficult to adhere to on site in
winter time, and the presence of nearby objects such as other
buildings or trees inevitably affects the results. In spite of
these limitations, thermal imaging is a standard tool in quali-
tative assessment of buildings [8], and researchers agree that it
is the best non-destructive method for testing buildings in the
operation phase [9, 10, 11, 12, 13]. Efficiency of thermal imag-
ing in Polish conditions was confirmed in long-term research
of Nowak [12], Adamczewski [14], Wrdbel et al. [11, 15, 16],
Kisielewicz [17] and Ostanska [18].

The analyses are often integrated with a numerical sim-
ulation of heat transfer [7, 19, 20]. Wrdbel and Kisielewicz
[21] used infrared images in their tests on structural thermal
bridges. Benko [22] observed that quantitative analysis of the
energy dispersion via thermal bridges can be based solely on
thermal images of an outer surface of a building wall. The
research of Wrdébel [16] confirmed that the accuracy of infra-
red cameras in capturing temperature differences is adequate
to provide input for the quantitative assessment. Knowing the
value of the theoretical heat transfer coefficient of the wall
(calculated for e.g. the energy audit of the building), as well
as the indoor and outdoor air temperatures, the thermograms
provide enough input for estimating the actual heat transfer
coefficient of the wall [4].

A different approach was proposed by Asdrubali et al. [23]
extending their previous research based on the standard [24].
The authors defined a parameter that describes the effect of a
thermal bridge on the overall performance of the outer wall.
Readings from the thermal images were used to calculate the
incidence factor of the thermal bridge. The authors proposed a

method of image analysis to assess the heat flux perpendicular
to the wall surface. The ideas of Asdrubali et al. were developed
by Barreneche et al. [25] and Pisello et al. [26] who investigated
into the overall effect of thermal bridges on heat losses through
the building envelope. The object of testing was a purpose-built
one-room building. The building’s performance was monitored
in terms of the indoor air quality and energy consumption in
dynamically changing natural environment in winter time. The
building was not inhabited, but entered only by the research
team attending sensors, therefore the findings cannot be directly
transferred to normally occupied premises. A common problem
in the thermal imaging of inhabited buildings is to meet the
condition of perpendicular measurement, which requires colli-
sion-free access from each side of the building..

The literature on thermal imaging presents applications of
dynamic infrared analysis: changes in the thermal image of a
surface in the process of controlled heating allow the research-
ers to detect hidden details or damages [27]. The method was
used, among others, to detect wall paintings covered by lay-
ers of plaster in heritage buildings with no interference in the
building’s fabric, or to map defects like plaster delamination or
moisture infiltration areas. However, as the tested component
of the building has to be directly accessed to be heated, the
method would not be convenient in the analysis of the whole
envelope of an inhabited housing block.

As observed in practice, the energy audits of buildings con-
tain calculations for external wall with no consideration of
thermal bridging (the Polish standard allows omitting thermal
bridges if a correct insulation is assumed). This means that
the auditors assumed a perfectly tight insulation layer, with no
allowance for “bad workmanship”. However, thermal insula-
tion is rarely completed with enough care for detail. As comes
from the literature review, there exists no widely accepted
method of monitoring actual effects of thermal retrofit of
buildings. Therefore, the research question is: is it possible to
reliably estimate the actual thermal properties of the recently
insulated elements of the building’s envelope on the basis of
thermal images? If so, the results could be used to plan and
design further improvement measures. The aim of research is
to develop a simple non-invasive method of identification and
quantification of deficiencies in the shell of occupied buildings.

The proposed method combines input from on-site macro-
scopic observations (among others, thermal images) with the
analysis of building records (among others, the energy perfor-
mance parameters calculated according to the standards and
present in the building’s original plans or audits) to assess the
actual effect of retrofit measures taken so far, and to define the
scope and urgency of further improvement or repair actions.

2 The method
The idea of the proposed method of analysis of building
energy performance (MA-ST-AN) is presented in Fig. 1.
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Fig. 1 MA-ST-AN method of analysis building energy performance

After the object of analysis is selected, its archival records
are searched for any details on current energy performance.
The records include: the original design, energy audits, and
survey reports. The next step is to check whether any modi-
fications or improvement measures (recommended by audits/
surveys or not) were actually implemented. Then the building
is to be surveyed element by element, and thermal images of
the envelope are to be taken. This way, a complete set of input
related to the current state of the building is prepared, with a
list of new or remaining thermal bridges.

The next step consists in a three-stage assessment of the
building on the basis of the above mentioned input. The first
stage is the macroscopic analysis (MA-) of thermal images
and linear profiles of characteristic sections of the envelope.
It is aimed at assessing quality of the thermal insulation of
the building shell. This quality was classified in four catego-
ries: very good, good, passing, inacceptable. Then a statisti-
cal analysis (-ST-) is to be conducted to determine whether
the differences between the actual and the expected tempera-
ture of the considered element are statistically significant or
insignificant, that is to say whether they should be classified
as a thermal bridge. The last step, so the final analysis (-AN),
involves classifying the object into one of the four categories
of recommended corrective actions: discretionary, routine,
high priority or emergency (Fig. 1).

The calculations of the actual heat transmittance coefficient
were assumed to follow a modified method described by Wro-
bel [4] and Miczka [28] that is based on a simplified formula of
Fourier’s law. The approach was applied to the assessment of
selected energy retrofit measures and found reliable by Kulka
[29]. On this basis, a simplified and non-intrusive method of
assessing actual heat transmittance coefficient of the shell of an
insulated building was proposed. The actual heat transmittance
coefficient of a wall (Ul) was estimated according to Eq. (1):

~
s

> (1)

sls
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s

where: U, is the actual heat transmittance coefficient, W/
m’K, U, — the as-designed heat transmittance coefficient (as
calculated in the design or as determined in the energy audit),
W/m’K, T, —the actual temperature of the object, read from the
thermal image (cold side), °C, 7, — the expected temperature of
the object, calculated according to the standard or read from
the thermal image in the part of the properly insulted envelope
(cold side), °C, and T, — the ambient temperature at the moment
of measurement (on the cold side of the envelope), °C.

In the proposed approach, the actual surface temperature
was derived from the thermal images of the cold side of the
envelope, read in 10 points on the line along the element con-
sidered as a thermal bridge and along the line on the properly
installed insulation.

Having identified the envelope deficiencies, the user of
the method may proceed to defining the current status of the
building envelope elements as acceptable or eligible for repair/
improvement (Fig. 1). If intervention in the building fabric is
required, its urgency can be defined as one of the following:
discretionary (no required completion date stated), routine (to
be completed within up to 5 years), high priority (to be com-
pleted within one year), and emergency (requiring immediate
action). On the basis of the above described analysis, the actual
condition of the building elements can be precisely assessed.
This, after initial statistical and analytical verification, directs
further modifications of the building, or provides grounds for
accepting the current state of the building as satisfactory.

3 Application of the method
3.1 The case

The case to follow serves as an illustration of the meth-
od’s application. The object of the analysis was an estate of
multifamily housing blocks located in Dzbow housing area
of Czgstochowa (N50°49°04”, E19°08°18”). The blocks were
subject to an energy retrofit project aimed at reducing CO,
emissions of the municipal housing stock. Figure 2 presents a
typical building of the estate.

(1].

Fig. 2 The object of analysis. Photo: Nowak S.
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The project involved modernization of 39 blocks with 610
flats, and a municipal kindergarten [1]. The buildings, erected
in nineteen-fifties, were heated by means of individual tile
stoves or coal boilers serving a whole building. The energy
retrofit project [30] included insulation of external walls, base-
ment ceilings and attic floors as well as replacement of win-
dows and external doors. In addition, the gas network of the
housing estate was completed and the buildings were equipped
with central gas heating systems [1].

3.2 The methods

The on-site survey to assess the effects of energy retrofit
was conducted in February 2012, so two years after the com-
pletion of works. Thermograms of all 39 buildings of the estate
(over 500 images) were taken by means of FLIR B350 from
the ground level. The images were taken in the early morning
before sunrise (between 4 and 5:50 a.m.) so that the assumption
on constant indoor temperature [4] could be considered true.
As there was no access to the flats, the author assumed that the
indoor temperature was 20°C (in Poland, this temperature is
preferred for indoor settings), and that the heater settings were
unchanged for at least 4 hours prior to the test. The tempera-
ture outside the building dropped from -5 to -10°C during last
eight hours before the test, and stabilized at -10°C during the
time of the test [14]. The wind was weak (below 2m/s).

A detailed qualitative analysis concerned the most typical
(repeatable) cases of thermal bridges of highest heat radiation.
They were selected on the basis of thermal images if their tem-
perature differed by no less them 3K from the temperature
of nearby components. The images of building facades were
analyzed by means of FLIR Reporter 8.5. All 39 buildings
were analyzed, but the results presented in the tables and on
the figures concern a particular area of a particular building
— though, by comparison with similar locations in other build-
ings, they are considered representative.

Readings were taken from the points along the measurement
line of the properly installed insulation of external walls and
along the objects assumed to be thermal bridges. The mean
temperature was calculated for the properly insulated enve-
lope (as the expected temperature) and for each object assumed
as a thermal bridge (as the actual temperature). The statisti-
cal significance of the differences between these temperatures
was established using the T-test. If the difference between the
expected and the actual temperature of a an area considered a
colder spot was statistically significant, the area was qualified
as a thermal bridge and selected for further analysis. The actual
heat transfer coefficient was calculated from Eq. (1) for each
measurement point, and results are given as the mean values
with standard deviation. The percentage difference between
the actual heat transfer coefficient and that given by the audit
(U, =0.236 W/m*K) [31] was also calculated.

Table 1 The state of the element’s insulation

s Element Insulation as Actual Comments
“ designed in 2009 insulation

Basem;nt we}ll, 7cm of EPS Conduct

1 insulation with 7 cm of EPS ith unintended catistical
" identified thermal boards w cuavite* ¢ sanaf scis

bridge Y 4
7 cm of EPS Conduct
Basement wall, . ..
2. . . boards without  statistical
correct insulation - .

cavity analysis

2 cm of EPS . Conduct

3. Balcony None statistical

boards .

analysis

Upper surface of 14 cm of EPS Conduct

4. Wli)r?deov?/uo e(fir? boards in two lay- None™ statistical
PENINg g (2x7) or 16 cm analysis

Conduct

5. Cornice None™ statistical
analysis

* according to the construction reports,
** according to the in situ studies and thermal images

Table 2 Selected deficiencies in the insulation

Identified
deficiencies”

p-level of
statistical
significance test"™

‘Zj Element* Conclusion™

Discontinuous in-

Basement wall, .
. . . sulation between
insulation with

1. the basement wall Statistically

p<0,05

identified ther- significant
. and the super-
mal bridge
structure wall
Correctly insu- Not statisti-
2. lated basement none p>0,05 cally signifi-
wall cant
3. Balcony No insulation p<0,001 St.atls.tlcally
significant
4. Lintel No insulation p<0,001 St‘atls'tlcally
significant
s Cornice between No insulation p<0,001 St.atls.tlcally
floors significant

* the phase of the macroscopic analysis (MA-);
** the phase of the statistical analysis (-ST-)

3.3 Results

As some deficiencies in the thermal insulation of the building
had been identified, their reasons were analyzed. Table 1 con-
tains information on the state of the actual thickness of the insu-
lation determined in the course of the “in situ” investigations
(2012), as compared to the as-designed thermal insulation [30].
The detailed thermographic analysis of the areas of considerable
heat losses enables the user to identify thermal bridges, then
to conduct a statistical analysis (Table 2), and to quantitatively
assess the actual heat loss coefficient (Table 3). As a result, a
database of elements most obvious as thermal bridges was com-
piled, containing basement walls, lintels, balconies and cornices.

Let us consider the basement wall (Fig. 3, Fig. 4). Measure-
ments in four selected areas and their statistical analysis con-
firmed that only the area no. 1 was insulated correctly: the tem-
perature measured onsite wasnotstatistically different (p>0.05)
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Fig. 7 Mean differences in temperature between selected areas of a lintel and
correctly insulated wall; “deemed right” means the temperature of a properly
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from the temperature deemed correct, as expected on the
outer surface of the properly insulated wall. In the case of the
remaining areas (2—4), the difference between the measured
temperature and the temperature deemed correct were statisti-
cally significant (p < 0.05).

As for the lintels (Fig. 5, Fig. 6, Fig. 7), measurements were
taken in three selected areas and their statistical analysis indi-
cated that the lintels were not correctly insulated. The tem-
perature measured on site was statistically different (p < 0.001)
from the temperature deemed correct, so expected from a prop-
erly insulated element.

Balconies (Fig. 8, Fig. 9) were checked in a similar manner and
proved to be inadequately insulated. The temperature measured
on site was statistically different (p < 0.001) from the expected
temperature. The measurements were taken on the outer surface
of the corner between the balcony slab and the wall.

 —

Fig. 8 Fragment of the section of the building as in the original design [30]
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Fig. 9 Mean differences in temperature between selected areas of balconies
and a correctly insulated wall; “deemed right” means the temperature of a

properly insulated surface

Cornices
1 2 3 4
0
o -1
g
o 2
23
L
o -4
o
E-5
g . :
-7

@ as measured O deemed right
Fig. 10 Mean differences in temperature between selected areas of a cornice
between floors and a correctly insulated wall; “deemed right” means the

temperature of a properly insulated surface

Thermal Imaging for Detection of Defects in Envelopes of Buildings in Use

2018 62 4 943



Cornices between floors (Fig. 10) occurred to be uninsu-
lated. Measurements were taken in four selected areas on their
surface. The measured temperature was statistically different
(p <0.001) from the temperature considered correct.

As aresult of the research and analysis it was found that the
most intense thermal bridging effect was that of lintels (Table
3, item 4), for which the calculated actual heat transfer coef-
ficient was 0.50 = 0.17W/m?K (Table 1) and was more than
twice as high as the one found in the audit [31]. It should be
noted that the in situ study confirmed that the lintels had not
been insulated (Table 1-2), in spite of recommendations of the
specification [30]. This qualifies the lintels as urgently in need
for insulating (high priority), despite the wall insulation was
installed in 20009.

Another important thermal bridges were cornices between
floors (Table 3, item 5), whose calculated actual heat transfer
coefficient was 0.49 +0.09 W/m?K, so more than twice as high as
the number given by the audit. The in-situ studies have confirmed
the absence of insulation of the cornice (Tables 1-2), though the
specification [30] clearly indicated that it was required. As in the
case of the lintels, this gives the cornices a high priority status
(the insulation should be completed within one year).

The cause of thermal bridging at the basement walls was
the unsealed joint between the insulation of the ground floor
wall and the basement wall. As a result (Table 3, item 1), there
was a local reduction in thermal quality of the envelope — over
45% in comparison with the properly insulated basement wall.
This joint was recommended for insulation in the routine
mode (the insulation should be completed within five years).
The thermal effect of a correct insulation of the basement wall
with a 7 cm polystyrene boards without a thermal bridge in the
joint, is shown in Table 3, item 2. It was confirmed that it is
possible to tighten the insulation and to avoid thermal bridging
on the basement wall, and the cause of increased heat efflux at

Table 3 Relative difference between the heat transfer coefficient on the basis of the thermograms (U

the contact of the insulation boards was the result of careless
fitting of insulation elements. A properly installed basement
wall insulation, consistent with the design, would not require
any improvements.

The analysis confirmed the presence of linear thermal
bridges at the balconies (Table 3, item 3), whose actual heat
transfer coefficient was 0.36 = 0.04 W/m?K and was slightly
over 50% higher than assumed in the audit [31]. In the case of
this element, a thermal bridge on the contact of the balcony
with the basement wall has been found and this item was rec-
ommended for repair in the routine mode (within 5 years).

The cause of the thermal bridge in the outer reveal sur-
faces was the lack of planned insulation in the design [30].
The effect of the thermal bridge on lintels (Table 3, item 4)
was local reduction of thermal quality; its actual heat transfer
coefficient was 0.50 + 0.17 W/m?K, so over 110% higher than
that of the correctly insulated envelope. The lack of insulation
on the reveal calls for a high priority repair (up to 1 year).

To summarize the findings, the energy retrofit measures
taken in the analyzed housing estate had a positive effect on
the user comfort as well as on market value of the built assets.
According to the energy audits, the overall energy demand of
the estate was expected to drop by 72% [1]. An inspection with
use of thermal imaging, conducted some time after completion
of the works, confirmed that the quality of insulation was sat-
isfactory, though not without reservations.

4 Conclusions and further research

The proposed approach to identify insulation deficiencies,
MA-ST-AN, that consists of a macroscopic assessment of
heat losses through elements pointed to by means of thermal
imaging (MA-), a determination of the statistical significance
of differences between the mean temperature of the ther-
mal bridge and the properly insulated wall based on thermal

) and given in the audit, and recommendations for

mean:

improvement

The mean difference in
the temperature of the test

Conclusions:

No Element tested Tmean the base of element Unnean Standard deviationof (U, /U,;)  repair recommendation
' thermogram, °C * . W/(m’K) U W/(m’K) ** 100 % and the mode of
and properly insulated wall, mean implementation ***
read from the thermogram™** P
Basement wall,
insulati ith
nswraten wi -5,36 0,77 0,40 0,09 170,7 Routine
identified thermal
bridge
C tly insulated Repair not
g, Orectynswiae -6.38 0.18 0,30 0.03 125,0 epairno
basement wall necessary
3. Balcony -3,50 1,27 0,36 0,04 151,3 Routine
4. Lintel -2,69 2,83 0,50 0,17 210,5 High priority
Cornice bet
5. Omlgzofs ween 4,74 1,32 0,49 0,09 206,5 High priority
* the phase of MAcroscopic analysis (MA-);
** the phase of STatistical analysis (-ST-);
**%* the phase of the ANalysis (-AN).
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images (-ST-), and an estimation of actual heat transfer coeffi-
cient using Eq. (1) with further analysis and recommendations
for repair action (-AN), has been successfully used to evaluate
the quality of the thermal insulation of many buildings. The
method, based on the query of the building design documents
and the audit data, and on the analysis of thermal images, may
become a tool facilitating a non-invasive assessment of the
effects of thermal upgrade of inhabited buildings. The method
allows the user to identify deficiencies and formulate recom-
mendations for further repair of the elements which are not
adequately insulated, and can contribute to increased energy
savings in the analyzed buildings. The author’s experience
with practical applications prompts that, with the current state-
of-the-art in the repair technologies, the proposed repairs are
possible to be conducted even to a recently insulated building,
and they are almost non-invasive. Examples of non-destruc-
tive technical solutions for the elimination of thermal bridges
in insulated can be found e.g. in [32] on methods of sealing
insulation joints between the new plastered insulation of the
walls and the lintels. The costs of the repair is small compared
to the costs caused by the heat losses in long-term operation
of the built facility. In addition, the abandonment of corrective
actions may have an impact on the durability of the insulation.
Ideally, all recommended repairs would be done at the same
time. However, the main goal of the research is to select the
most urgent interventions.
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