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Information model of energy and economic
efficiency of the capital construction object
life cycle

The potential of energy saving can be effectively realized by combining its tools with the methods of information
modelling of the life cycle of a capital construction object, which determined the problem statement of this study.
In this paper, the dependence of peak and average power of heating systems necessary to maintain comfortable
temperature in the building on the climatic characteristics of the construction region is determined. For the dome
part, the surface of which is realized in the form of a periodic sequence of elementary cells, the dependences of
heat losses through the dome part of the building on the characteristics of the cells are calculated. The parameter
describing the energy efficiency of space-planning solutions is determined, and its dependences on the geomet-
ric and thermophysical properties of enclosing structures are calculated. The total energy efficiency of the space-
planning solution for the heating period is calculated. It is proved that energy optimization of the life cycle is possi-
ble only on the basis of heat flows through the surface of enclosing structures, linear and point thermally stressed
elements (TSE) arising at the boundary of the dome part, the boundaries of the elementary cells filling the dome
and on the structural elements of the triangular hemisphere or stratodesic dome. The formulated algorithms for
describing all energy flows through the enclosing structures of the building made it possible to build an informa-
tion model of the energy and economic efficiency of the life cycle of a capital construction object. The construct-
ed vector information model of the energy and economic efficiency of the life cycle of a capital construction object
allows solving the following practical tasks: to determine the dependence of energy costs on climatic parameters;
to optimize the composition, terms of implementation and sequence of technical measures aimed at increasing
the heat-insulating properties of enclosing structures and thermally stressed elements; to determine the profita-
bility of these measures and their payback period.

Keywords: information model, life cycle, efficiency, optimization, factors, capital construction object, thermal-

ly stressed elements

INTRODUCTION

Taking into account the thermophysical proper-
ties of enclosing structures and climatic char-
acteristics of the building localization allows to
describe quantitatively the influence of the space-
planning solution on the energy efficiency of the life
cycle of a capital construction object. At the same
time, it is necessary to take into account both energy
flows through the enclosing structures proportional
to the area of contact with the environment and
the contribution of thermally stressed elements (ther-
mal bridges) to heat losses.

However, in practice, the dome part of the en-
closing structures is often structured and imple-
mented in the form of a periodic sequence of ele-
mentary cells having the form of regular polygons.
In this case, the boundaries of the cells and
the points of their intersections represent additional
TSE, generating additional heat loss. For buildings,
the dome part of which has a radius of curvature
much larger than the linear dimensions of the unit
cell, individual parts of the dome can be locally
considered flat, and the problem is reduced to
the problem of regular parquet (mosaics) [1]. There
are only three types of such parquet, the elements
of which are regular triangles, quadrilaterals
(squares) and hexagons.

Linear TSE occur at the interface of the struc-
tural elements of the dome part and the base, at
the elements of the geodesic or stratodesic frame
and at the boundaries of the parquet elements

filling the surface of the dome part. The contribu-
tion of this class of thermal bridges is proportional
to the extent of the corresponding boundaries. In
addition, when the linear elements are coupled,
additional point heat-stressed elements arise. For
all regular parquet floors without gaps and over-
lays filling the surface of a domed building,
the parameters of thermal bridges are determined
by the geometric characteristics of the project,
the number of sides and the size of the parquet
unit cell. The parameters of the unit cell are deter-
mined by technological and economic factors,
and the features of the architectural solution of
the project.

Taking into account the climatic characteristics
of the region where the project is implemented,
the algorithm developed in this paper for quantita-
tive description of heat flows through enclosing
structures makes it possible to calculate both
the peak capacities of the heating system neces-
sary to maintain comfortable temperatures during
the coldest periods and the total consumption of
thermal energy during the heating period. These
data make it possible to optimize space-planning
and technical solutions at the design stage and
calculate the dynamics of heating costs during op-
eration. In particular, the implementation of techni-
cal measures to improve the thermal insulation
properties of enclosing structures and thermal
bridges can improve the energy efficiency of
domed buildings, the compactness coefficient of
which is far from optimal.
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MATERIALS AND METHODS

Studies have shown that it is impossible to describe the energy
characteristics of buildings within the framework of a geometric
model and requires additional consideration of the thermophysical
properties of the elements of enclosing structures. The contribution
of these effects to the energy efficiency of the building is reflected
in the directive document SP 50.13330.2012" and for some spatial
planning solutions is analyzed in [2-6].

The integral heat flow through the enclosing structures is deter-
mined by three physical mechanisms with qualitatively different
dependence on the geometric parameters of the structure. Firstly,
there is the heat flow, the value of which is proportional to the area
of the enclosing structures and the average difference in indoor
temperature and ambient temperature AT. In accordance with
the law of thermal conductivity in the static approximation and
the one-dimensional temperature distribution along the axis per-
pendicular to the boundaries of the orthotropic structure, the power
of thermal energy losses determined by this part of the heat flow is
described by the equation:

P=k-S-AT, 1)

were « is the heat transfer coefficient of N-layer building structure,
expressed in terms of layer thicknesses @, (i = 1, 2, ..., N) and
the thermal conductivity coefficients of materials A, in the form:

1
K:N—'
24/
i=1

In the areas of sharp geometric and thermal inhomogeneities,
the so-called TSE (in English-language literature — thermal bridg-
es) arise, leading to the emergence of additional heat flows through
external enclosing structures. TSE arise, first of all, in the areas of
coupling of structural elements of the enclosing structure [7].
The presence of TSE leads to a decrease in the integral energy ef-
ficiency of the building [8-10]. In addition to reducing energy effi-
ciency in the areas of TSE, the intensity of condensate formation on
the inner surface increases, leading to the development of mold,
which negatively affects the health of the inhabitants [11, 12].

A highly effective method of reducing the negative impact of
TSE formed at the junctions of two outer walls and the interface of
the outer and inner walls is based on the addition of local layers of
thermal insulation (thermal pads) [13]. Heat flows through the TSE
are proportional to the lengths of the interface areas of structural
elements. In addition, additional heat losses are realized at
the points of intersection of the interface areas, independent of
geometric characteristics. The method of calculating heat flows av-
eraged over the area of enclosing structures is formulated in SP
50.13330.2012". Simila.rules are in EN ISO 102112 are mandatory in
EU countries.

We present the developed method for calculating the total heat
energy losses during the heating period of all types (including com-
ponents proportional to the areas, linear characteristics of thermal
bridges and independent of geometric parameters) through the en-
closing structures of perspective buildings having the shape of
a spherical segment, and methods of energy optimization of space-
planning solutions of such buildings.

)

The total power of heat losses through the areas of the spheri-
cal segment and the circular base in accordance with [14, 15] is
determined by the equation:

P, =2m-R-H-k -AT,+n-H-(2R—H)-x, - AT, =
=m-H-[2-R-x,-AT, +(2R—H)-x,-AT, |.

were kg and k,, are the heat transfer coefficients of the structures of
the spherical segment and the base, respectively;

AT, and AT, represent the average temperature differences of
the room and the surrounding air and soil during the description
intervals (hour, day, week, decade).

Let us determine the power of heat losses through enclosing
structures per unit of useful volume:

)

o n-H[2:-R-x,- AT, +(2R—H)-x, - AT, |

v

T

gz(3R—H)
3k, AT, [2+(2-x)x, ]
- XR(3-x) '

In equation (4), the following notation of a dimensionless ther-
modynamic parameter is introduced:

_x AT,

, 5
K, -AT, ®

;
from a practical point of view, describing the ratio of flows through
the base and the dome part.

Unlike the compactness coefficient, the position and value of
the minimum of the heat loss function (5) is determined not only by
the geometric characteristics of the space-planning solution, but
also by the parameter ;. The graph of the dependence of the re-
duced power P, on the geometric and thermophysical parameters
is shown in Figure. The scale along the application axis is logarith-
mic. The beginning of the ordinate axis, from a practical point of

13
0.8 1
0.6 1
0.4 3
0.2 3

The dependence of the reduced power at R = 1 (the axis of
the application) on the geometric parameter x (the axis of the abscis-
sa) and the thermophysical parameter « (the axis of the ordinate)

1 SP 50.13330.2012. Thermal protection of buildings (Updated version of SNiP 23-02—-2009).

2 EN ISO 10211. Thermal Bridges in Building Construction: Heat Flows and Surface Temperatures. Detailed Calculations.
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view, corresponds to negligible losses through the base of
the building.

By appropriate choice of k;, which corresponds to achievement
of necessary thermal insulation properties of the elements of en-
closing structures, energy optimality can also be achieved for hem-
ispherical dome part at x = 1. In this case, expression (5) is simpli-
fied and takes the form:

3k, - AT, ~(2+K7)

R, (1) R , (6)
minimized in the limit of small values of x; and large radii of curva-
ture. The nature of the dependence of the specific power on the x;
and the shape parameter x is reflected in Figure..

Dependencies (3)—(6) do not take into account losses through
TSE. Now let us take into account the heat flows through thermal
bridges. The interface area of the structural elements of the dome
part and the base in the structure under consideration is a circle
with a radius of:

r=yH-(2R—H) (7)

as a result, the power of heat losses through this linear element is
determined by the equality

P, =2m-AT, x,-\[H-(2R=H), (8)

where k, is the linear coefficient of heat transfer TSE at the junction
of the spherical segment and the base.

Summing up the heat loss capacities (6) and (8), we obtain
the total capacity of the heating systems necessary to maintain
a comfortable temperature in the building during the heating period:

P

tot

=m-H[2:R-x,- AT, +(2R—H)-k, - AT, |+
+1-AT, %, - JH-(2R—H) = ©)
= 1-H{2-R-x, - AT, + AT, -(2R—H)-| 1, + ——te
(2R—H)-H

Formula (3) describes the parameters of the heating system of
a building with homogeneous enclosing structures.

Let us consider an example of calculating the parameters of
TSE of the dome part of the building with the area S =2n-R - H (3)
for a parquet with an elementary cell in the form of a regular triangle

with side a and area S, =\/§az/3. The number of parquet tiles
completely and without gaps covering the dome is equal to
S/S, :3\/51r~R-H/az. The number of TSE points is equal to one
third of the number of tiles, and the total length of linear thermal
bridges is determined by half of the total perimeter of all tiles and,
therefore, is equal to 97t~R-H/\/§a.

The results of calculations of the TSE parameters for all types of
parquet are shown in Table 1.

The length of linear thermal bridges and the number of point TSE
are normalized by multipliers n - R - H/a and TE'R'H/GZ , respectively.

Linear thermal bridges and point TSE lead to additional thermal loss-
es, the power of which is described by the equality:

n-R-H-AT -(a-L-x,+n -K
Poga = . (az’ — 0)~ (10)

In equation (10) k; and k, are linear and point heat transfer co-
efficient, respectively, and the dimensionless normalized parame-
ters L; and n; are taken from Table 1. Taking into account equa-
tion (3), the total power of the building's heating systems takes
the form:

(a~L,.~K1+n,.~KO) N

aZ

P

tot

:TEH~{R-ATE~|:2KS+
(1)

K

+AT, -(2R-H)-| ¥, + ——=
N R Py

As can be seen from formulas (10) and (11), the contribution of
linear and point TSE to energy loss decreases uniformly with the in-
crease in the size of the unit cell and the number of sides. At
the same time, the optimal cell size is limited by technological fac-
tors, and the number of sides, in addition to energy efficiency re-
quirements, is determined by the features of the architectural solu-
tions of the project.

The highest power is consumed in the coldest periods when
the parameters AT, and AT, reach their maximum values. It is this
capacity that should serve as a reference point in the design of
engineering systems of the project. In addition, formula (11) makes

Table 1. Characteristics of the heat-stressed elements of the dome part of the building for parquet floors consisting of regular polygons with

side a
Number of \umber of slemenar Length of linear thermal bridges Number of TSE points
sides of the unit cells y Unit cell area
cell General Normalized General Normalized
3 3v2n-R-H J2a? on-R-H 9 Jan-R-H 5
a’ 3 V2a NG a’
2n-R-H 2n-R-H 2n-R-H 2
4 > a 2 > -
a a 3a 3
6 Am-R-H 3430 4m-R-H 4 Am-R-H 4
3430 2 V3a NE) 9342 93
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it possible to conduct an economic audit of the project, based, in
particular, on the assessment of the cost of measures to increase
the thermal insulation of the elements of enclosing structures and

reduce the cost of consumed thermal energy.

Energy efficiency of space-planning solutions is characterized
by the specific power of heating systems per unit of useful volume
of the building, and, in accordance with equations

V=nH’/3-(3R—H) [14] and (11), is equal to:

PV:;X R-AT,- 2"#% +
H-(3R—H) a
(12)
K
+AT,-(2R—H)-| k, + ————
R I P

Introducing the following designations for the specific loss ca-
pacities through all elements of the dome part of the enclosing
structure and the base, occurring per one degree of temperature
difference, we define:

- 3R 2KS+(0-L,.-K12+n,-1<0) ; 13
H-(3R—H) a
3(2R-H
szi( )| O SN (14)
H-(3R—H) (2R=H)-H

Let us express the indicator of the current energy efficiency of
the space-planning solution in the form of:

PV=PC-AT8+PB-ATQ. (15)

The total energy efficiency of the space-planning solution for
the heating period can be obtained by summing up the values of
current indicators for the intervals of determining average tempera-
tures, in the form of:

i
Q\/ ZZ[PC.(In_Tout)+PB.(7—/‘n_Tg):|=

t=t,

(16)
ty
=(P+R) Aty T, =D [P T +PT, |

t=t,

The following notation is used in equation (16):

T, — room temperature (for rooms of different purposes is de-
termined by sanitary standards);

T,.+ — average outdoor temperature for the evaluation periods
(hour, day, week, depending on the details of the description);

T, — average ground temperature for the assessment periods;

ty, t — the number of the period of the beginning and end of
the heating season, respectively;

Aty — duration of the heating season.

The formulated algorithms for describing energy flows through
the building's enclosing structures allow us to build an information
model of the energy and economic efficiency of the life cycle of
a capital construction object. The composition, dimension and for-
mats of the input data are determined by the technical content of
the corresponding components and are given in Table 2 and 3.

In Table 2, the data format of the first row is whole, the rest of
the data is valid. The data designations in lines 2-8 coincide with

Table 2. Technical parameters of the information model of
space-planning solutions

Number Content Dimension Class

The number of sides of ) )

1 . Dimensionless
the unit cell
2 R Geometric
3 H m
4 a
5 Ks
W/sq. mxK
6 Kp
Thermophysi-
7 Kt
W/mxK cal
7 Kq
8 Ko W/K
9 Specific price of thermal rub/W Economic
energy

the designations in (1)-(5). The data contained in line 4 describe
only heterogeneous dome structures.

In Table 3, parameter C is the unit costs (per unit of thermal
power savings) for technical measures aimed at reducing energy
consumption in the heating system. The data contained in co. 3
describes the specific cost of technical and technological meas-
ures carried out according to the results of an energy audit in
the process of capital repairs or reconstruction and aimed at reduc-
ing the corresponding heat transfer coefficients of structures and
energy costs (co. 2). Co. 5 shows the total duration of heating peri-
ods for the period of technical operation of the corresponding ele-
ments.

The information model also makes it possible to optimize not
only the technical, but also the economic parameters of the project.
At the design stage, summing up the cost of the energy carrier for
the heating period:

£
Grot :Cezpror(t)l (17)
t=t,
where C, is the unit cost of the energy carrier, we will determine
the total cost of heating for the season.
Similarly, the total economic efficiency of the space-planning
solution of the object for the heating period is equal to the sum of
the values of the current indicators of energy costs:

Table 3. Economic parameters of the information model of
space-planning solutions

Reduction of . Period
) Unit cost ) )
Number | the thermophysi- . Dimension | of opera-
of reduction ;
cal parameter tion
1 Ak C T
5 : W/sq. mxK s
2 Ak, Cy T
3 Ak c T
- - W/mxK -
4 Ak Cy T
5 Axg Cq W/K T
Unit costs
9 of reducing pow- Cc rub/W T
er consumption
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0, =C, Y [P AT(0+5, AT, ()]

t=t,

(18)

Replacing the heat transfer coefficients in (5) with the corre-
sponding specific reduction costs (co. 3 of Table 3) and adding
the costs of improving the heating system, we obtain expressions
for one-time costs for technical measures to improve the thermo-
physical properties of the project in the form:

c. =nH-{R‘An-{zKS+M
a
(19)
C
AT -(2R—H)-| ¢, + ———t L4y
R P

On the other hand, replacing the heat transfer coefficients in
formula (5) with their reduction (co. 2 of Table 3) allows us to calcu-
late the amount of reduction in heat consumption:

(a-L-Ax, +n-Ax,) .

2

AP = nH-{RATe ~|:2K5 +
a
(20)
Ax,

+AT (2R—H)-| Ak, + ———
g ( ) b (ZR — H) H
Summing up the values of the reduction coefficients for the pe-
riods of operation of the corresponding elements:

K,:min[rp,r,]-AKs. (21)

and substituting the result into formula (5), we get the total energy
savings during the project implementation:

(a-L-K, +n-K,) .

aZ

AQ=nH~{R-ATE-{2KS+
(22)
K
+AT,-(2R-H)-| K, + ———
(2R—H)-H
Formula (22) takes into account that the operating time of indi-
vidual elements, the modernization of which is carried out during
major repairs or reconstruction, may formally exceed the project
implementation time.
The total savings from technical energy — saving measures are
determined by the expression:

AC,

tot — Ce -AQ. (23)

Comparison of costs (19) and savings (23) determines the prof-
itability of technical energy-saving measures and their payback
period.

Conclusions and prospects of research. Thus, the informa-
tion model based on the data contained in Table 2 allows us to
calculate and optimize the consumption of stored and non-stored
resources necessary for the implementation of the project.
The scope of applicability of the model can be significantly expand-
ed with additional consideration of climate information describing
the localization region of the project.

In this case, in accordance with formulas (3)-(6) and (10),
the following tasks can be solved:
¢ at the design stage of engineering networks, the parameters
of the heating system can be determined, which make it pos-
sible to guarantee comfortable temperature in standard cli-
matic conditions and redundancy parameters in extreme con-
ditions;

the information model makes it possible to calculate the en-
ergy effect of using various types of elementary cells of
the dome part of the enclosing structure;

with additional accounting of the specific price of thermal en-
ergy, the information model allows you to calculate the dy-
namics of energy costs in both standard and extreme condi-
tions;

taking into account the data contained in co. 5 of Table 3,
the model allows us to evaluate the energy efficiency of tech-
nical measures aimed at increasing the thermal insulation
properties of all elements of enclosing structures, and opti-
mize the composition, timing and sequence of these meas-
ures.

The information model also makes it possible to optimize
the economic parameters of the project.

Supplementing the base of the information model with economic
data makes it possible to expand the scope of its practical application.
At the operational stage, the extended model allows us to calculate
the dependence of energy costs on climatic parameters. At the stage
of reconstruction, such information model makes it possible to opti-
mize the composition, timing of implementation and sequence of tech-
nical measures aimed at increasing the heat-insulating properties of
enclosing structures and thermally stressed elements, to determine
the profitability of these measures and their payback period.

Further development of the information model involves
the study of alternative methods of structuring the surface of
the dome part. For this purpose, it is necessary to develop methods
for describing heat-stressed elements for semi-regular and irregu-
lar parquet floors and rational methods for filling spherical surfaces
with heterogeneous cells. In addition, it is necessary to develop
methods for calculating losses through heat-stressed elements of
the triangular hemisphere and stratodesic dome.
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NHdopmaLmoHHaa mopgenb
3HepreTM4ecKom N 3IKOHOMUYECKOM
3¢pheKTUBHOCTN XKNSHEHHOIO LIKa
06beKkTa KanutanbHOro CTpouTenbLcTBa

[MoTeHuman aHeprocbepexeHnss MOXeT 6biTb 3PPEKTUBHO peanu-
30BaH MNpy COMPSH>KEHWUN ero MHCTPYMEHTapus ¢ MeToaammn NHAop-
MaLMOHHOr0 MOZESIMPOBaHNA XWU3HEHHOTO LMKNa 06bekTa Kanu-
TanbHOrO CTPOUTENLCTBA, YTO M OMPedenuio MOCTaHOBKY 3adayv
OaHHoro uccneposaHus. B paHHol pab6ote onpepeneHa 3aBucK-
MOCTb MWKOBOW M CpPepHEN MOLLIHOCTM CMUCTEM OTOMEHUS, HEOO-
XOOUMOW Ansi NoafepXaHus KOMhOPTHOM TemnepaTypbl B 30aHUM,
OT KNMMaTUHECKMX XapaKTEPUCTUK pErMoHa CcTpouTenbscTaea. [ns Ky-
MONbHOM 4acTu, NOBEPXHOCTb KOTOPOKM peanu3oBaHa B BUAE nepu-
OOMYEeCKOM MocneaoBaTeslbHOCTU ANeMEHTapHbIX S4eekK, paccyuTa-
Hbl 32BMCUMOCTY TEMSOBbIX MNOTEPb Yepe3 KYMofbHYO YacTb 3AaHUs
OT XapakTepucTuk sideek. OnpepenieH napameTp, OnUChbIBaoLLWIA
3HEPreTMHecKyro 3PdEKTUBHOCTb O6BLEMHO-NTAHNPOBOYHBIX pe-
LLIEHWIA, N paccymTaHbl €ero 3aBNUCMMOCTM OT FEOMETPUYECKUX U Te-
NnogM3NYECKNX CBONCTB OrpakaatoLLmX KOHCTPYKLUMIA. PaccumtaHa
nosiHas 3HepProadHEKTUBHOCTb O6BEMHO-NIAHUPOBOYHOMO pELLIe-
HVS 32 OTOMUTESbHBIN Nepuof. [okasaHo, YTo 3HepreTMyeckas or-
TUMM3ALMA XKMSHEHHOTO LIMKI1a BO3MOXHA TOMbKO Ha OCHOBE y4eTa
TEMNoBbIX MOTOKOB Yepe3 MOBEPXHOCTb OrPaXkAatoLLMX KOHCTPYK-
LI, NIMHENHbIE N TOYEYHbIE TEPMOHANPSKEHHbIE 3eMeHTbl (THI),
BO3HMKaIOLLIME HA FPaHuLE KYMOSIbHOM YacTu, rpaHuLiaX anemMeHTap-
HbIX iYEeK, 3arONHAOLLMX KYMOJ, U Ha KOHCTPYKTUBHBIX 3rIeMeH-
Tax TPUaHryNspHOW nonycdepbl UnvM CTPaTtofesnyeckoro Kyrona.
CdhopMynmpoBaHHbIe anropuTMbl OMMCAHNA BCEX 3HEPreTUHECKUX
MOTOKOB Yepes orpaxkJatoLLme KOHCTPYKLMM 30aHNsA MO3BOMIMA MO-
CTPOUTb MHPOPMALIMOHHYHO MOZESb SHEPTETUHECKOM N SKOHOMMYE-
CKOWN 3(PhEeKTUBHOCTU XMSHEHHOTO LIMKI1a 06BbeKTa KanutasibHOro
cTpouTenbcTBa. lNMocTpoeHHasi BeEKTOpHas WHOpPMauMOHHAs Mo-
Oenb SHepreTUHeckom U SKOHOMNHYECKOW IPPEKTUBHOCTU XXMUSHEH-
HOro LMKIa 06bekTa KanutanbHOro CTPOUTENbCTBa MO3BOMSAET pe-
LT CriegytoLLme NpakTu4eckme 3agadu: onpeaenmTb 3aBUCUMOCTb
3aTpaTtbl HA SHEPrOHOCUTENN OT KIMUMAaTUYECKMX NapamMeTpoB; Or-
TMMU3NPOBAaTb COCTaB, CPOKWN peanu3auum 1 nocnenoBaTenbHOCTb
TEXHNYECKMX MEPOMPUSATUN, HaNpPaBieHHbIX Ha yBENMYEHNEe Tenso-
N30JIMPYIOLLIMX CBOWMCTB OrpakJatoLLMX KOHCTPYKLMI U TepMOHa-
NMPSDKEHHBIX 3IEMEHTOB; OMNPERENUTb PEHTA6ENbHOCTb 3TUX MEPO-
NPUATUIA Y CPOK X OKYNMaeMOCTH.

KnioyeBble cnoBa: uvHopmaunoHHasi MOAESb, XU3HEHHbIV
YnKIl, 3¢hheKTUBHOCTL, ONTUMU3ALUS, (haKTOPbl, OOLEKT Karu-
TasIbHOroO CTPOUTE/ILCTBA, TEMNJIOHAMPSIXKEHHbIE 3/IEMEHTbI
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