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Выбор и обоснование направлений повышения 
энергетической эффективности украинских зданий 
и  сооружений

Проанализированы имеющиеся организационные и тех-
нические решения по повышению энергетической эффектив-
ности украинских зданий и сооружений, а также обозначены 
нерешенные проблемы в этой сфере. Отмечено, что сложность 
реализации технической процедуры модернизации трубопрово-
дов системы центрального водяного отопления препятствует 
повышению энергетической эффективности украинских зданий 
и сооружений. Не меньшей проблемой является необходимость 
«грубого» вмешательства в уже существующие ремонты, сде-
ланные внутри зданий и сооружений.
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фасадная теплоизоляция, модернизация трубопроводов системы 
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Increasing the accuracy 
of the non-contact temperature 
measurement in the case of energy 
audits of different objects

Визначено чинники, що впливають на точність проведення енергоаудиту за допомогою тепло­
візорів. Оцінено ступінь впливу кожного фактору, що впливає на результат вимірювання, та 
сумарну методичну похибку від одночасної дії усіх впливаючих факторів. Запропоновано спосо­
би підвищення точності проведення енергоаудиту, які дозволять зменшити методичну похибку 
шляхом зменшення ступеня дії впливаючих факторів на точність проведення енергоаудиту.

Ключові слова: енергоаудит за допомогою тепловізорів, матрічний приймач випромінювання, 
коефіцієнт випромінювання, точність вимірювання.

Cherepashchuk G., 
Kalashnikov E., 
Nazarov A., 
Siroklin V.

1.  Introduction

In conditions of high energy costs, with a large share 
of energy-consuming buildings, energy conservation is one 
of the priority tasks for development of the municipal 

economy in accordance with the Law of Ukraine «On 
Energy Saving»  [1]. Increasing the energy efficiency of 
buildings and facilities begins with an energy audit that 
identifies sources of heat loss, shortcomings in thermal 
insulation, thermal bridges, insufficient insulation density  
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and other construction defects. According to the results 
of the energy audit of the building, an energy passport 
is compiled  [2, 3].

To determine the thermal characteristics of thermal 
protection of buildings, enclosing structures are exam­
ined using such means of measuring technology as ther­
mal imagers, pyrometers, anemometers, heat flow meters, 
contact thermometers and moisture meters. Among the 
listed means of measuring technology, only a thermal 
imager allows to visualize the temperature fields of the 
survey object. For thermal inspections, in accordance with 
DSTU  B  EN  13187:2011  [4], the actual temperature of 
the enclosing structures should be measured with an error 
of not more than ±10  % or ±0.5  K.

Thermal imagers used for thermal inspection of enclosing 
structures, in accordance with DSTU B V.2.6-101:2010 [5], 
must comply with the following metrological characteristics:

–	 the range of measured temperature from minus 30 °С 
to 40  °С;
–	 resolution of temperature not more than 0.2  °C;
–	 the main absolute error of temperature measurement 
is not more than ±2  °С.

2. �T he object of research  
and its technological audit

The object of this research is the process of thermal 
inspection of enclosing structures using a thermal imager. 
A significant drawback of thermal imaging energy studies 
is the presence of a significant methodological error. The 
reason for this is a large number of factors affecting the 
process of measuring the temperature of the surfaces of 
objects in thermal imaging diagnostics.

According to DSTU  2820-94  [6], a thermal imaging 
device is a means of thermal imaging intended to perceive 
the thermal radiation of the objects under investigation 
with the subsequent formation of their adequate images 
suitable for observation with the naked eye.

A thermal imaging converter  (a receiver of thermal 
radiation) is a thermal imaging device designed to generate 
a thermal information signal in a form that is convenient 
for transfer, further conversion, processing, storage, but 
not suitable for immediate perception by the observer [6].

Thermal imagers with electronic scanning have recently 
become widely used, the characteristic feature of which is 
the absence of optical-mechanical scanning of the image  
and the presence of matrix (multi-element) radiation re­
ceivers [7, 8]. The optical system of the matrix thermal 
imager forms the image of the object of research and 
directs its radiation to the matrix receiver  [9,  10]. To 
form an image of the temperature fields of an object, it 
is necessary to have a temperature contrast between the 
object and the background  [10, 11].

Matrix radiation receivers can be cooled and uncooled. 
There are thermal and photoelectric radiation detectors. 
Thermal receivers of radiation include bolometric, pyro­
electric, thermoelectric and pneumatic. The work of bo­
lometric receivers is based on a change in the electrical 
resistance of the measuring transducer when heated by 
infrared radiation. Pyroelectric receivers use the pyroelectric 
effect, which consists in the appearance of a charge on 
the faces of a crystalline element when it is heated [11]. 
In thermoelectric radiation detectors, the electromotive 
force arises from the thermoelectric effect. In pneumatic 

receivers, the change in the gas pressure in the chamber 
is measured as a result of heating of the sensitive element 
under the influence of the radiation flux  [10].

Among the heat receivers, the most widely used are 
uncooled bolometric matrixes on vanadium oxide, with 
a  tendency to transition to matrices based on materials 
containing silicon. Such matrices do not require cooling, 
their spectral range is in the range from 8 to 14 μm [12, 13].

Photovoltaic radiation receivers include converters 
with an external photoelectric effect  (photoemission and 
photoelectron multipliers), with an internal photoelectric 
effect  (photoresist) and photovoltaic converters (photo­
diodes and phototransistors).

In photoemission receivers of radiation, the electric 
signal corresponds to the number of electrons emitted by 
a solid body under the influence of incident photons and 
applied to a photocell by a constant voltage  [10, 14]. In 
photoresist receivers, under the influence of radiation, the 
excitation of electrons in the valence band and impurity 
levels increases, the electrons pass into the conduction 
band. This causes an increase in electrical conductivity, 
which corresponds to the signal of the receiver  [10,  15]. 
Photodiodes and phototransistors are receivers of radiation 
with p-n junctions in which the flux of incident photons 
causes a change in the potential barrier at the transition 
inside an inhomogeneous conductor, an additional carrier 
concentration in the n-layer is created when the transi­
tion is illuminated [16, 17]. The spectral range of such 
matrices is from 3 to 5  μm and from 8 to 12  μm  [8, 12].

In practice, when the number of matrix elements be­
comes large, one resorts to the technique of multiplexing 
and reading information based on the use of [16–18]:

–	 devices with charge transfer (charge communication 
device  (CCD));
–	 charge injection devices (CID) on complementary 
metal-oxide semiconductors (CMOS).
CID and CCD are based on fast charge reading [10]. 

The principle of operation of charge-coupled devices is based 
on the use of a metal-insulator-semiconductor structure in 
the form of a matrix of photosensitive elements [7, 10]. 
From the CCD matrix, the image is read by transferring 
charges along each line to the output register representing 
the column of CCD elements used in the multiplex mode. 
Information from the CCD array can be transferred to 
the memory array and then multiplexed by the output 
CCD register [10]. The CCD matrix makes it possible to 
obtain a complete image of the temperature field of an 
object located at a temperature exceeding 0  K  [12]. The 
MOS capacitor is the simplest CDI [17]. The principle of 
operation of devices with charge injection is similar to the 
principle of CCD operation, but differs in the formation of 
a video signal. In FDI, a current appears in the substrate, 
proportional to the number of received photons, due to 
the injection of charges that make up the video signal.

The structural scheme of the matrix thermal imager 
of the last  (third) generation is shown in Fig.  1  [8, 9]. 
The image of the object is formed by the optical system 
on the matrix radiation receiver. The most common ther­
mal imagers with matrices with a resolution of 320×240, 
640×480 and 1024×768 pixels (up to 106 or more sensitive 
elements)  [12]. The matrix is cooled and thermostabilized 
by a thermal stabilization unit. Preamplifiers amplify the 
signal of each sensitive element of the matrix radiation 
receiver, then the signal goes to the multiplexer [8, 9].
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The signals from the multiplexer are routed to the 
analogue circuit for correcting the signal inhomogeneity, 
then they are converted by an analog-to-digital converter. 
After the analog-to-digital converter, the signals are fed 
into the digital signal irregularity adjustment circuit and 
then to the correction circuit of the idle matrix receiving 
elements (replace the signal at the location of the dead 
cell interpolated between adjacent ones). The corrected 
signal is fed to the imaging unit with microprocessor image  
processing and then to the digital output and the dis­
play  [8, 9]. To synchronize the described processes in the 
thermal imager, a clock generator is used. As a power 
source, a rechargeable battery is usually used.

Examples of infrared and photometric images of equip­
ment obtained in experimental studies with the Fluke 
Ti25 thermal imager are shown in Fig.  2,  3.

Advantages of the matrix thermal imager are small 
dimensions, sensitivity in several spectral ranges, simplicity 
in operation and reliability.

The matrix thermal imager allows to instantly obtain 
the thermogram of the surveyed object with a high spatial 
resolution (up to 106 sensing elements) and a temperature 
resolution of up to 0.01  °C (with an error of measuring 
the temperature to ±1  °C).

A significant disadvantage of such thermal imagers is 
their high cost (from 500 to 20,000  c.  u. and more). Also, 
drawbacks include the presence of non-photoactive areas 
(gaps between pixels), which reduce the quality of the image.

3. T he aim and objectives of research

The aim of research is reducing the methodological er­
rors in measuring the temperature of enclosing structures 
with the help of a thermal imager. This will improve the 
accuracy and quality of energy audits of buildings.

To achieve this aim, it is necessary to solve such problems:
1.  To determine the factors having an influence on 

the accuracy of the energy audit using thermal imagers.
2.  To estimate the methodical 

error of thermal imaging energy 
surveys depending on various in­
fluencing factors.

3.  To find ways to improve 
the accuracy of the energy audit, 
allowing to minimize the metho­
dological error.

4. �R esearch of existing 
solutions of the 
problem

The analysis of the principle 
of action of thermal imagers al­
lows to proceed to an assessment 
of the factors affecting the ac­
curacy of the energy audit.

When energy audits of ob­
jects using thermal imagers, 
the operator should take into 
account the following factors, 
according to  [19–22], as the 
most influencing the measure­
ment error in thermal imaging 
diagnostics [8–10]:
–  emissivity of the enclosing 
structures of the investigated 
building (characterized by an in­
tegrated radiation coefficient) is 
one of the most significant factors 
and is described in [23];

Fig. 1. The structural scheme of the modern thermal imager

a b

Fig. 2. The image of the electric drive, obtained by the Fluke Ti25 thermal imager:  
a – photometric; b – infrared

a b

Fig. 3. Image of the test bench for the bearings, obtained by the Fluke Ti25 thermal imager:  
a – photometric; b – infrared
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–	 inclination angle of the optical axis of the thermal 
imager relative to the normal to the investigated surface 
of the object of investigation  (in [9,  24] it was shown 
that the radiation coefficient of non-planar surfaces is 
different at different points);
–	 parasitic reflection of thermal radiation, solar radia­
tion and convective heat fluxes;
–	 composition of the environment through which ra­
diation passes (dust, gases, water vapor) [25];
–	 contamination of the surface of the optical system;
–	 meteorological conditions (wind, atmospheric pre­
cipitation, etc.) [23];
–	 metrological and technical characteristics of the thermal 
imager (spectral characteristic, temperature sensitivity, 
temperature resolution, spatial resolution, etc.) [9, 10];
–	 temperature of the device body, environment, etc.
Let’s consider in more detail the factors influencing 

the accuracy of the measurement result, as well as the 
existing methods for increasing the accuracy of contactless 
temperature measurement during energy audits.

5.  Methods of research

Thermal imagers are graded by the emissivity of an 
absolutely black body and determine the radiation tem­
perature, which is lower than physical, because it depends 
on the emissivity of the object of research.

Emissivity is described by the emissivity coefficient (ther­
mal radiation), which characterizes the ability of the inves­
tigated object (in the case of considered outer surfaces of 
the enclosing structures) to emit electromagnetic energy. 
Emissivity depends on the wavelength, temperature and 
physical and chemical properties of the object (material, 
aggregate state and surface quality) [9, 10]. Because of this, 
it is impossible to calibrate thermal imagers on real objects.

The emissivity coefficient eT  of the surface material of 
the enclosing structure (the integral coefficient of thermal 
radiation or the blackness degree) makes it possible to 
find its true temperature T and is determined from the 
following relation:

eT
T

T

B

B
=

0
,

where BT  – the total energy brightness of the investigated 
object at temperature T ,  B T0  – the total energy brightness 
of an absolutely black body at the same temperature.

The total energy brightness of an absolutely black 
body at absolute temperature, according to the Stefan-
Boltzmann’s law, is determined by the expression [25, 26]:

B TT0
4= ⋅σ ,

where σ  – the Stefan-Boltzmann constant, equal to  
5.67·10–8 W/m2K4.

Radiation temperature is the conditional temperature 
of a real body, numerically equal to the temperature of 
an absolutely black body, at which their integral energy 
brightnesses are equal [27, 28]:

B B BT T T Tr
= ⋅ =e 0 0 .

In accordance with the Stefan-Boltzmann law [29]:

e σ σT rT T⋅ ⋅ = ⋅4 4.

The true temperature of the enclosing structures is 
always greater than the radiation temperature  ( )0 1< <eT  
and is determined by the formula:

T Tr
T

= ⋅
1

4

e
.

Knowing the value of the integrated coefficient of 
thermal radiation, it is possible to determine the actual 
temperature of the outer enclosing structure from the 
radiation temperature.

The most common models of thermal imagers are used 
to measure temperatures in the range from minus 50 to 
plus 650  °С, the most expensive models allow to measure 
temperatures up to 2500  °С.

The emissivity influence is inaccurate in determining 
the integral coefficient of thermal radiation, which in turn 
leads to a significant methodological error. Moreover, this 
error can significantly exceed the instrumental error of 
the thermal imager itself.

The error in determining the actual temperature of 
the exterior surfaces of buildings by their radiation tem­
perature is found by the formula [28]:

Δ
Δ

T T
T

T
e

e
e

= − ⋅
1

4
.

The choice of the emissivity coefficient eT  of the 
object according to the available specialized directories 
can be made with an error of not less than ±10  %, and 
sometimes up to ±50  %.

Thus, a 10  % error in the determination eT  entails  
a 2.5  % error in the measurement of the object tempera­
ture by an infrared pyrometer and a thermal imager [22].

The emissivity coefficient eT  depends on the chemi­
cal composition of the body, the shape of the object, the 
wavelength, the temperature, the state of the surface of 
the radiator (roughness, degree of oxidation, the presence 
of any films and coatings on it) and the viewing angle.

It should be taken into account that the emissivity 
with increasing wavelength λ decreases for metals (Fe, Ni, 
Co, Ag, Cu). The graphical dependence of the spectral 
coefficient e l( )  is shown in Fig.  4 [22].

For dielectrics, the spectral coefficient increases with 
increasing wavelength. With increasing temperature, the 
integral coefficient for dielectrics decreases due to the 
growth of the refractive index of the material, and the 
maximum of the spectral radiation shifts toward short 
wavelengths [10].

The inclination angle of the optical axis of the thermal 
imager relative to the surface of the object of investigation 
affects the integral emissivity [25]. The graphical dependence 
is shown in Fig.  5. Curve 1 characterizes a dielectric with 
a refractive index of 1.5  (Fig.  5), curve 2 is a dielectric 
with a refractive index of 2; curve 3 is a dielectric with 
a refractive index of 4 and curve 4 is a metal. For met­
als, Lambert’s law [10] is valid in the observation angle 
range from 0 to 40°, and for dielectrics from 0 to 60°. 
At large angles, the integral emission coefficient for di­
electrics immediately tends to zero, for metals, after some 
increase, also tends to zero. In [24], studies were carried 
out which showed that the error due to the influence of 
the observation angle of the thermal imager on the error 
of the measured temperature does not exceed 1  %.
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The smaller the emissivity of the object of research, the 
greater its reflectivity. Parasitic radiation from the environ­
ment of nearby objects, mainly with the same temperature, 
light sources and the sun (in the case of being in the 
sun’s rays) distorts the measurement result. The object 
of research reflects thermal radiation from neighboring 
objects with a different temperature, which affects the 
measurement result because of the difficulty in detecting 
radiation due to reflection. And if the temperature of the 
surrounding objects is substantially higher or lower, then 
the influence will be significant (in [30], studies have been 
performed that showed an error in the determination of 
more than ±50  %). But in the cold season, the ambient 
temperature is usually below the surface temperature of 
the outer enclosing structures by no more than 5  °C. 
This leads to a small error in determining the temperature 
with a thermal imager to –0.5  % [21].

Fig. 5. Dependence of the integral coefficient of radiation  
from the observation angle

Convective air currents can influence the result of tem­
perature measurement with the help of a thermal imager 
by replacing the adjacent layer of air with a new layer, 
with a temperature different from the temperature of the 
investigated object. Moreover, the greater the difference 

between the surface temperature of the investigated ob­
ject and the ambient temperature, the stronger the heat 
transfer effect  [19]. The result of measuring the surface 
temperature can be underestimated by about half at a wind 
speed of 5  m/s relative to the windless weather.

Water vapor, carbon dioxide, dust, smoke in the air 
and pollution of the optical system absorb some of the 
energy emitted by the object of research. Atmospheric 
precipitation cools the surface of enclosed structures and 
largely dissipates infrared radiation. The measurement error,  
due to the influence of the medium through which radia­
tion passes, increases with increasing distance to the object 
of investigation. Thus, at distances up to 2  m (ambient 
humidity up to 60 %), the error in determining the surface 
temperature of an object can reach 3  % [30, 31].

6. R esearch results

The analysis of the main factors influencing the ac­
curacy of the energy audit makes it possible to estimate 
the total methodical error in their simultaneous action:

δ ≈ ± + + + ≈2 5 1 0 5 3 42 2 2 2. . %. 

Methods for increasing the accuracy of energy audit, 
allowing to reduce the degree of simultaneous impact of 
the main influencing factors:

–	 the radiation coefficient eT  is determined experi­
mentally: the temperature is measured by the contact 
method, then, changing the values of the radiation 
coefficient eT  in the instrument settings, the tem­
perature values measured by the contact method and 
the contactless temperature are equal;
–	 the reference factor determines the radiation coef­
ficient;
–	 the surface of the investigated object is subjected 
to additional processing to increase the radiation coef­
ficient: paint is applied, various films are subjected to 
machining, etc.;
–	 it is necessary to periodically clean the surfaces of 
the optical system of the pyrometer and the thermal 
imager;
–	 obstacles between the optical system of the pyro­
meter  (thermal imager) and the surface of the inves­
tigated object should be avoided;
–	 the medium through which radiation passes must 
be transparent;

λ, μm

1.81.61.41.21.00.80.60.4

0.2

0.4

0.8

0.6

0

ε(λ)

 
Fig. 4. The spectral emissivity of some metals
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–	 the background temperature, in most cases, corres­
ponds to the ambient temperature, which is advisable 
to measure with a thermometer in advance;
–	 it is possible to reduce the effect of radiation from 
other objects by isolating or isolating them, in this 
case the reflected background temperature will be equal 
to the ambient temperature [7, 19];
–	 since a significant part of the measurements are 
conducted in the open air, it is advisable to change 
the location to take into account the possible influence 
of the sun on the intensity of the infrared radiation 
of the object of research [19, 30];
–	 it is recommended to conduct energy audits of buildings 
in the early morning or late evening, take into account 
the presence of wind, and in the presence of wind at  
a speed exceeding 1 m/s, the measured temperature values 
are multiplied by the correction factors [31];
–	 measurements must be made taking into account 
the dependence of the radiation coefficient eT  on the 
inclination angle of the optical axis of the thermal 
imager (pyrometer);
–	 measurements should be guided by the spatial reso­
lution of the thermal imager (resolution of the matrix; 
the more pixels, the better);
–	 to reduce the error due to changes in the tem­
perature of the body of the device, various methods 
and means of temperature compensation must be used. 
Such methods and means include: an electrical shunt 
made of copper or nickel, a bimetallic compensator 
and the introduction of a software correction for the 
temperature of the body of the device, measured by 
a digital temperature sensor.

7. SWOT analysis of research results

Strengths. Among the strengths of this work include 
the allocation of factors that have the greatest impact 
on the thermogram of the object and the accuracy of 
measuring the temperature of the surface of the enclosing 
structure with a thermal imager. Results are obtained on 
the evaluation of the influence degree of each influencing 
factor on the measurement result and the total methodi­
cal error from simultaneous influence of all influencing 
factors is estimated.

Weaknesses. The weaknesses of this research are due to 
insufficient experimental studies. In order to eliminate this 
drawback, further experimental surveys of various objects 
should be carried out using experimental design methods 
(to search through various combinations of influencing 
factors while simultaneously affecting the measurement 
process). When conducting experiments, it is necessary to 
monitor the thermodynamic temperature of the investigated 
object by contact means for measuring temperature, which 
will allow to estimate the actual measurement error and 
the quality of the obtained thermogram.

Opportunities. Additional opportunities to reduce the 
methodical error in measuring the temperature of en­
closing structures using a thermal imager are opened in 
the development of methodological recommendations for 
performing measurements based on the results obtained 
during experimental studies. Carrying out an energy audit 
with less error makes it possible to increase the energy 
efficiency of buildings, and thus to reduce the cost of 
their heating.

Threats. Threats in implementing the results are often 
associated with inadequate qualification of personnel per­
forming energy audit, which is expressed in the incorrect 
interpretation of the thermograms obtained during inspection 
of the enclosing structures (false shortcomings in thermal 
insulation, «cold bridges», etc.). And, accordingly, to the wrong 
recommendations to eliminate the identified shortcomings.

SWOT analysis of research results allows to identify 
the main task of reducing the methodological errors of 
temperature measurement with a thermal imager. The so­
lution of this problem is development of a methodology 
for performing measurements by a thermal imager on the 
basis of the recommendations suggested in this paper.

8.  Conclusions

1.	 The factors influencing the accuracy of the energy 
audit using thermal imagers are determined:

–	 inaccuracy in determining the integral coefficient 
of thermal radiation;
–	 observation angle of the thermal imager;
–	 reflectivity of the object of research;
–	 influence of the medium through which radiation 
passes, etc.
2.	 The total methodical error of thermal imaging energy 

surveys (up to 4  %) is estimated. The assessment is car­
ried out based on the results of an analysis of the factors 
influencing the accuracy of the energy audit.

3.	 Methods for improving the accuracy of the energy 
audit are found, which make it possible to minimize the 
methodical error by reducing the degree of influence of 
factors influencing the accuracy of the energy audit. The 
proposed methods for increasing the accuracy consist in 
simultaneously taking into account the main influencing  
factors and allow estimating the methodical error of thermal 
imaging energy studies when they are combined.
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Повышение точности бесконтактного измерения 
температуры при энергоаудите различных объектов

Определены факторы, влияющие на точность проведе-
ния энергоаудита с помощью тепловизоров. Оценена степень 
влияния каждого влияющего фактора на результат измерения 
и  суммарная методическая погрешность от одновременного 
воздействия всех влияющих факторов. Предложены способы 
повышения точности проведения энергоаудита, позволяющие 
уменьшить методическую погрешность путем уменьшения сте-
пени воздействия влияющих факторов на точность проведения 
энергоаудита.

Ключевые слова: энергоаудит с помощью тепловизоров, 
матричный приемник излучения, коэффициент излучения, точ-
ность измерения.
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