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The paper describes the method of calculating the effective thermophysical parameters of the
building based on the analysis of changes in external and internal temperatures during the cold
period of the year, as well as data on energy consumption during heating. Here, the finite
difference method is used to solve a direct problem, which consists in determining the
temperature regime in the building, taking into account the relevant thermophysical properties of
materials. The paper also offers a numerical scheme for calculating the steps of the method and
investigates the influence of thermophysical parameters on the calculated temperature values.
Based on the results of the direct problem, the inverse problem of identifying the effective
thermal parameters of the building is formulated and solved. To solve this problem, the methods
of rough sorting are used to obtain an approximate solution and the quasi-Newton BFGS
algorithm is used for its further refinement.

Key words: thermophysical modeling, direct and inverse problems of thermal conductivity,
numerical optimization.

Introduction. In parallel with the development of systems for managing the thermal
regime of the house, the creation of various models for their improvement and the introduction
of predictive models of climatic indicators, it is important to determine the thermophysical
characteristics of the building. These characteristics include both the effective heat capacity
and the thermal conductivity of the building walls. Information on these parameters, as well as
data on consumed energy, temperature regime and settings of thermoregulating devices, can be
used as a basis for creating highly efficient energy consumption management systems.

Among various approaches to modeling the building's thermal behavior, such as the
"white", "black™ and "gray" box methods, the latter combines the statistical and physical
essence of the building's thermal parameters [1]. Thus, the main purpose of this method is to
model both heat input and heat loss of the building. For example, in [2] data on temperature
and energy were used in differential equations for modeling the thermal behavior of the house
based on the "gray" box method. In [3], a method for calculating the coefficient of heat loss of
the house based on short-term monitoring data was proposed, using two approaches: the "gray
box" method and statistical modeling. Another contribution to these methods was made in [4],
where the authors used heat transfer equations to establish the relationship between consumed
and lost energy, as well as the number of degree-days for increasing the temperature in the
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room. In order to improve the existing methods, new metrics were developed in [1] for
assessing the effect of thermal mass on the required energy for heating and cooling buildings.
This paper considers the problem of identifying the thermophysical parameters of the
building based on the solutions of the formulated direct and inverse problems. A technique for
their solution based on a combination of finite difference and optimization methods is
proposed. The obtained results can be useful for creating more accurate models of thermal
behavior and optimizing the operation of heat preservation systems in buildings. The
methodology and results presented in the paper are based on the materials of the dissertation

[5].

Motivation and problem statement. Usually, when designing climate systems for the
house, measurements (temperature, humidity, energy consumption, etc.) are used, which are
analyzed using statistical methods. After that, this data can be used to model and create
intelligent systems. Despite the efficiency of these systems, it is often useful to include
physical equations in the developed models. These equations not only describe the thermal
behavior in the room, but can also be informatively integrated with statistical data analysis
algorithms.

For example, knowledge about the characteristics of the walls, such as their heat capacity
and thermal conductivity, allows you to adjust the heating parameters in individual rooms and
use this data in the development of a smart thermostat. These characteristics can be determined
by solving the corresponding heat conduction equations. However, since the heat conduction
equation contains unknown parameters (or those whose exact values are difficult to determine),
for example, coefficients of thermal conductivity and heat capacity, there is a need to formulate
inverse problems to estimate these unknown characteristics.
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Fig. 1. Scheme of the thermal process in the building

Consider a building (Fig. 1) equipped with internal and external temperature sensors, as
well as a meter of consumed heating energy. Not only the known physical characteristics of the
walls and insulation, but also the results of solving the heat conduction equation can be used to
estimate the complex thermophysical properties of the building. These parameters include
effective coefficients of thermal conductivity and heat capacity. To perform modeling and
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analysis of the proposed approach, the article used data obtained from the REFIT open
database [6]: distributions of external and averaged internal temperatures, as well as total gas
consumption as a source of building heating.

The differential heat transfer equation applied to the building heating process (Fig. 1,
where Qg — is the external heat flow from the walls of the building) can be presented in the

following form:
oT(r,t
o(r)o(r) Y

where c(r) — specific heat capacity, p(r) — density of the medium in which heat spreads,

=div(x(r)vT (r,t))+Q(r.t), M)

r=r(x,X,%) — radius vector of a point in space, x(r) — coefficient of thermal
conductivity, T (r,t) — temperature in the room, Q(r,t) — local value of the thermal power
released in the house.
Equation (1) must be supplemented with boundary conditions that describe the heat flow
through the surface of the selected volume.
oT(r,t
aT(ny
on

- =a(T,-T), )
where n — external normal to the surface, o — heat transfer coefficient, T, — the

temperature of the outside of the selected volume.

By integrating equation (1) over the volume of the house V and using the Ostrogradsky-
Gauss theorem, we obtain the following differential equation for the average temperature in the
room T (t):

T (1)
ot

C*

=— (T()-T. (1)) +Q(1), ®)

where ¢ [J/(m3K)] — effective (averaged) volumetric heat capacity, x [W/(m3K)] —
normalized by V the heat transfer coefficient of the external walls of the building, which is
proportional to their area and thermal conductivity coefficient and inversely proportional to the
average wall thickness, Q(t) — the average power that is released through 1 m® of the house.

Note that equation (3) can be easily obtained by considering the heat balance in the house.
Entering the temperature difference T (t)=T (t)-T,(t), let's write equation (3) in a form
convenient for further numerical solution

aT’ (1)
ot

LT, (1)
2.

C*

=k T (t)+Q(t)-c

(4)

Equation (4) can be used to calculate the dynamics of temperature changes in the house,
as well as to find effective coefficients ¢ and k" (inverse problem).
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To solve equation (4), we discretize it by time, which allows us to use real temperature
and power measurements to study the ranges of values of the effective heat capacity parameters

¢ and x".
The discrete representation of equation (4), constructed using the finite difference
method, has the following form:
*Te (ti)_Te (tifl)

o =T (1) oy gy ) Telt) e () 5)
ti _ti—l ti _ti—l
where t; denotes successive moments of time. Equation (5) is supplemented by the initial
condition of the known temperature in the room t, in moment of time ty: T~ (t,) =t -

Here we assume that Q(t) and T, (t) are known functions defined for t >t,. The above-
described model defines a direct problem of the thermal state of the house, which will be used
in the future to study the distributions of the parameters of the effective heat capacity ¢ and
heat transfer «" .

Solving a direct problem. Let's apply the recursive difference scheme for the ratio
between the two temperature values calculated in the current and previous steps. Unknown

temperature T~ (t) obtained from equation (5) is determined using the recurrence relation as
follows:

Q)AL —CAT, +T ()

T (¢, B
(') C +x Af

: (6)

where At =t —t_; — time step, which corresponds to a moment in time t;,
AT =T, (t)-T,(t1). In the equation (6) Q(t;) is the discrete representation of the gas

consumption function, which depends on the used heating mode (on/off). The possibility of
discontinuities in this function caused by switching on and off the gas leads to the need to
apply modified difference methods [7] that use smoothing procedures. In the calculations,
information on the minimum duration of gas consumption was used to select the best step of
the recursive scheme:

T* (tl )Atij —T* (tl )Atij—l

T" (ti )Atij ‘

Np

<e, @)

i=1

where T*(ti )At_j — is the temperature value at the moment of time t;, calculated by time step

A, At e [0.1,0.25,0.5,1], corresponding to 10, 15, 30 and 60 minute sampling steps, e >0 is
some sufficiently small value, N, is total duration of measurements. To calculate the values at

moments of time not specified during the measurement, it is necessary to use the numerical
interpolation mechanism.
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Although data on energy consumption is known throughout the year, information on the
exact amount of energy used only for the heating process is not available. To solve this
problem, the following heuristic algorithm was applied: 1) during the non-heating period, the
gas consumption function was integrated, and the corresponding average value was set as the
fraction of energy used in the heating period; 2) the calculated value was subtracted from the
data for the cold period, and the corresponding calculated data were prepared for use in
numerical experiments.
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Fig. 2. Calculated temperature values for a set of parameters ¢ and K

Figure 2 shows the calculated temperature distributions in the room during the cold period
(October 2014 - February 2015). These calculations were made for several pairs of parameters

[’} [510°05}, {6-10°04}, {8-10°,08}, {4-10°07| corresponding to the
temperatures T,;, T,, T; and T,. The input data for the calculations (initial indoor/outdoor
temperature, energy consumption data) were selected from the REFIT data. Graphs in fig. 2
demonstrate significant sensitivity of the solutions to different parameter values ¢~ and «" .

In turn, in fig. 3 shows examples of solutions to equation (6), namely T~ (ti), calculated

for different sets ¢* and k", given in the form of a grid of values: ¢ :[1.2-103,104]
K*:|:101,1:|. Here for the combination of parameters ¢~ and " solutions T (t,) and

T (tsgo ) Were calculated for moments of time t,y, and tg;, during the cold period. As one can
see, each of the built surfaces falls to some minimum value, so to determine the optimal

parameters ¢ and it is possible to apply the minimization algorithm as part of solving the
inverse problem.
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Fig. 3. Calculated temperature values T (tyg ) and T  (tggo ) for a set of parameters ¢~ and

Solving and studying the inverse problem. Let’s consider the approach to calculating

effective thermal parameters ¢~ and k~ based on solving the inverse problem formulated in
the form of minimization of the following function:

2

* *) _ Np T*(ti;C*’K*)_T;ctual (ti)

(b(c K T*<ti;c*,1<*) —>minC*YK*, (8)

i=1

where T*(ti;c*,rc*) the calculated temperature as a solution of the corresponding direct

problem (5) for the given parameters ¢~ and «, Toua (t) is the real temperature value over

time t;. Here, the values of the difference between the calculated and real temperatures are

normalized to prevent the accumulation of the squares of the values to an excessively large
value due to the considerable length of the measurements.

This problem requires the application of a minimization algorithm to find the global
minimum. For solving, we will use the brute force algorithm to obtain an initial approximation
of the solution and the quasi-Newton method with limited memory BFGS [8] to obtain a more
accurate solution.

To apply a rough search, we form a grid of parameter values ¢ and « :
¢ = [1.2-103,104], K = [10{1} with some step for each parameter. We calculate the value

for each pair from the grid of values T~ (ti i K*) taking into account the step according to (7)

and determine the value of the functional & . The smallest of the obtained values on a given
grid determines the initial approximation of the solution, which is used in the refinement
procedure.

The refinement of the solution is implemented using the following quasi-Newton
algorithm [8], which is based on the Broyden-Fletcher-Goldfarb-Shanno (BFGS) procedure.
We reformulate problem (8) in the form
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X =argmin . . &(x), (9)
X = (c*, K*) , which is solved on the basis of the following transformations

P =-CiVo(x;), (10)

where C; — matrix that represents an approximation to the inverse Hessian matrix in
Newton's formula, V& (x;) — the gradient of the functional (8), the components of which can
be approximately calculated by the finite difference method,

Cin =(| -mA% )G (' —1; YA )+TIAXiAXiT ) (11)

-1
where :(yiTAxi) , | — identity matrix, Ax; =X;,;—X; — step of the method,
y; = V®(x;,;)—V®(x;). Each approximation of the solution (8) is calculated by the
following formula, where o; =argmin®(x; +op;), o — special parameter of the method,
Xig =X +04 ;-

Since the solution of the inverse problem (8) is quite sensitive to the selected heating
period, location of rooms and other features of the building, the range of calculated values of
and can be quite wide.

Numerical experiments performed on the available data revealed that the value varies

from 1200 to 4200 J/(m3K), and the value from 0.6 to 0.65 W/(m3K) for the periods December
2014 - February 2015 and November 2014 - February 2015 respectively.

Solving the inverse problem, ¢” and «", can be used to forecast energy consumption and
formulate approaches to its reduction. Due to the sensitivity of such a solution to input data, it
is necessary to pay attention to the improvement of preprocessing methods, for example, using
the gas consumption disaggregation algorithm [9]. Also, the proposed approach makes it
possible to approximate the effective thermophysical characteristics of architectural structures,
based only on the measurement of temperatures and indicators of energy consumption of space
heating.

Conclusion. The work proposes a methodology and a corresponding mathematical
apparatus for an approximate assessment of the effective thermophysical parameters of the
building: coefficients of thermal conductivity and heat capacity. For this purpose, a
mathematical model and the corresponding direct heat conduction problem were formulated,
the solution of which is based on the finite difference method with adaptive step selection.
During numerical experiments, sufficient sensitivity of the solution (calculated room
temperatures) to the effective thermophysical parameters was revealed. This makes it possible
to formulate an inverse problem for estimating these parameters based on solving a number of
direct problems. A numerical algorithm for the inverse problem is built, which involves a
combination of the brute force approach to obtain approximate results and the BFGS algorithm
based on the quasi-Newton method for their further refinement. The given results demonstrate
the promising approach of the proposed approach to determining the effective thermophysical
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parameters of buildings. These results and the corresponding discussion are based on the
materials of the dissertation [5].
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METOAUKA OHIHKHA TEIIVIO®IBNYHUX XAPAKTEPUCTHUK BYJIIBEJIb HA

OCHOBI OBEPHEHOI 3AJJAYI TEIIJIOMPOBITHOCTI
O. CinbkeBuy, 1. Onenny, b. CokooBchbKHH

Kageopa padioeneKmpoHHUX | KOMN TOMEPHUX CUCTHEM,
Jlveiscokuil nayionanvuull yHigepcumem imeni leana Opanka
eyn. [Ipacomanosa, 50, 79005 Jlvsie, Vkpaina
oleh.sinkevych@Inu.edu.ua, igor.olenych@Inu.edu.ua

Sk mpaBwIto, MiJ Yac MPOEKTYBAHHS CHUCTEM KJIIMAT-KOHTPOJIO JUlsi OyiBeib BHMipIOBaHHS
(Taki sK Temmeparypa, BOJIOTICTb, CIIO)KHBAaHHS €HEpril TOIIO) BHUKOPHCTOBYIOTHCS Ta
aHaI3yIOThCS 32 JOMIOMOTOI0 CTATUCTMYHUX METOJIB. 3rOJIOM L JaHi MOXKHA BUKOPHUCTOBYBATH
JUIS. MOJICITIOBAHHS Ta CTBOPEHHS iHTEJEKTyalbHUX cucTeM. He3Baxaroun Ha e)eKTHBHICTh IIMX
CUCTeM, 4acTo OyBa€ BUTITHO BKIIIOYATH (Qi3NUHI piBHSIHHS B po3poOieHi Mmoxeni. Lli piBHSIHHS He
TIIBKH ONMHCYIOTh TEIUIOBY TMOBEMIHKY BCEPEIHMHI NPUMINICHb, alle TaKOX MOXYTh OYyTH
iH(pOPMAaTHBHO IHTETPOBAHI 3 aITOPUTMAMH aHANTI3Y JaHUX.


https://repository.lboro.ac.uk/articles/dataset/REFIT_Smart_Home_dataset/207009
https://doi.org/10.1201/9781315121475
https://doi.org/10.1007/978-94-009-0643-3_68
mailto:oleh.sinkevych@lnu.edu.ua
mailto:igor.olenych@lnu.edu.ua

O. Sinkevych, I. Olenych, B. Sokolovsky
ISSN 2224-087X. Electronics and information technologies. 2023. Issue 23

Hampuknazx, 3HaHHS XapakTepHCTHK CTIH, TaKMX SK IXHS TEIUIOEMHICTH 1 IIPOBITHICTB,
JI03BOJISIE TOYHO PETYIIOBATH ITapaMeTPH OIAJICHHS B OKPEMHX MPUMIIIEHHSIX 1 BAKOPHCTOBYBAaTH
i faHi A8 po3poOKH IHTENeKTyalbHHX TepMocTaTiB. Lli XapaKTepuCTHKH MO)KHA BH3HAYUTH
[UIIXOM BHUPILICHHS BiANOBIAHUX PIBHAHb TEIUIONPOBiAHOCTI. OfHAK, OCKIIBKH PiBHSIHHS
TEIUIOTIPOBIAHOCTI MICTHTh HEBiioMi HapameTpu (a0o mapaMeTpd 31 3HAUCHHSAMH, SIKi BaXKO
BU3HAYMTH), Taki sIK KOe(]illieHTH TEIUIOMPOBIJHOCTI Ta TEIUIOEMHOCTI, ICHYye mOTpeba
chopmysroBaTi 0OepHEHi 3a1adi JUTs OL[IHKK LIUX HEBiJOMHX XapaKTePUCTHK.

Y po0oTi BUKIAAEHO METOAWKY pO3paxyHKy e(eKTHBHHX TeIUIO(QI3UIHUX I1apaMeTpiB
OyAiBIi IUIIXOM aHAII3y KOJHMBAaHb 30BHIMIHBOI Ta BHYTPINIHEOI TEMIIEPAaTypH B XOJOAHY IOPY
POKy, a TakoXX IaHUX IIPO CIOKUBAaHHS €Heprii Ha omayieHHs. MeTox CKiHYeHHUX Pi3HHIb
BUKOPHUCTOBYEThCS TYT [UIS BHUpIIIEHHSA TNpsMOi MHpoOJeMH, ska Iependadyac BH3HAYCHHS
TEIUIOBOTO PEXUMY B OyHiBIl 3 ypaxyBaHHSAM BIiAMOBIZHUX TEIUIO(I3HYHUX BIACTUBOCTEH
MaTepianmiB. Y poOOTi TakoX IpEACTaBlICHAa YHCEbHA CXE€Ma PO3PaxyHKy €TaIliB METOAy Ta
JIOCTIHKEHO BIUTHB TETIO(I3MYHNX MapaMeTpiB Ha PO3paxyHKOBI 3HAYCHHS TEMIIEPaTypH.

3a pesynpraTamMud TOpsAMOi 3agadi cOPMYNIEOBAaHO Ta PO3B’SI3aHO OOEpPHEHY 3agady
ineHTUdiKamii eeKTUBHNX TEIUIOTEXHIYHNX HapameTpiB Oynisii. 1106 BupimmTH 110 Ipobiemy,
JUISL OTPMMaHHs HaOJIMKEHOTO PIlIeHHs BHKOPHCTOBYIOTHCS MeToIH Tpyboro mepeGopy, a st
HOTO MOJANBIIOr0 BIOCKOHAJIECHHS! BHKOPHCTOBYETHCS KBa3iHBIOTOHIBCEKUIT anroputm BFGS.

Knrouogi crosa: TennogisndHe MOJIETIOBaHH, TPsIMi Ta 00EpHEHI 3a7adi TeIUIONPOBIJHOCTI,
YHCeIbHA ONTHMI3allis.
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