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Natural lighting systems are important for the energy efficiency of the buildings.

Thus the size of light openings should be optimized to provide visual comfort and decrease the
energy needed to provide comfort in the environment. There exist tools to calculate solar energy gain
in the buildings of mass construction with enclosing structures in the shape of horizontal and vertical
planes. For structures with curvilinear surfaces systems of equations are compiled, to be solved by
numerical methods with significant use of computer time. The article proposes a method of simulation
solar energy gain for non-standard enclosing structures for buildings surrounded by existing housing
using an apparatus of Balyuba—Naidysh point calculation (BN-calculus). Apparatus of BN-calculus
allows forming of a point set optimized to match the shape of a geometrical object. Received point set is
used to form elementary solid angles within which energy inflows from direct, scattered and reflected
solar radiation into computational points are calculated. The sum of elementary values of energy
inflows defines the total value of energy gain of the room.
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Introduction

The problem of energy saving acquires currently a global pattern since the use of hydrocarbon fuels
approaches a critical level and mankind has not yet found a sufficiently cheap and technologically
advanced type of renewable energy resources. This worsens the ecological state of the environment and
forces climate change. There are certain achievements in solving this problem, but there is still a lot to be
done [Mkhitaryan, 1999]. Ukraine has adopted a number of laws and legislative acts including the law of
Ukraine “On the energy efficiency of buildings” [Law of Ukraine, 2017], that determine state policy on
this issue.

A significant part of the energy saving in housing belongs to natural lighting systems [Martynov,
2013; Sergeychuk, 2001; Sergeychuk, 2004]. On one hand, they form the visual and psychological
comfort in the rooms, on the other hand, they significantly influence the energy balance of the building.
In winter, windows and lanterns are a weak link in the insulating encasement of the building. In summer
they can cause overheating and visual discomfort due to brilliance. Therefore, architects seek to reduce
the area of the glazing to a minimum value, which provides comfortable conditions for natural lighting
[Natural and artificial lighting, DBN, 2018]. Thus, the area of the glazing should be optimal for creating
comfort in the rooms and reducing energy consumption for building maintenance. Tools of simulation of
solar energy gain proposed in [Energy performance of buildings, DSTU, 2015; Fanger, 1967] are just
approximate and can be used only to calculate solar energy gain in the buildings of mass construction
with enclosing structures in the shape of horizontal and vertical planes. If the building has a curvilinear
shape or non-standard windows and surfaces, then, in this case, it is necessary to create a system of
equations [Tabunshchikov, 2002] and utilize numerical methods, which significantly increase the
difficulty of the problem and the computer time required for its solution. Therefore, the authors usually
accept the following simplifications: the rooms are encased with by rectangular planes that are parallel or
at perpendicular to each other and do not shade each other.
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However, modern architecture often utilizes non-standard plans of buildings, which need to be
optimized for energy efficiency too.

Target of this article
This article is intended for the development of calculus of solar energy gain for non-standard
enclosing structures and urban planning environment using the mathematical apparatus of point
calculation (BN-calculus) [Naydysh, 1994; Balyuba, 2015; Adonyev, 2017].

Techniques used

The main element in point calculus is a point, which is described with several parameters. Points
calculus offers various ways of organizing a point set, which leads to the creation of elements capable of
displaying a geometric scheme for solving the problem posed (Konopatsky, 2008). This scheme can be
further used to determine the parameters of the environment.

A distinctive feature of point calculus is the projection of points not onto the projection planes, as
in ordinary geometry, but directly onto the coordinate axes. This simplifies the development of the
program and reduces the computer time required. The sets of scanning points form an emitting, irradiated
or reflecting the physical flux plane or surface without approximation, unlike the existing tools that utilize
the numerical method. As a result, the accuracy of calculations increases and the required time decreases.

In BN-calculus, the real geometry of the lighting systems is not replaced by any artificial mesh but
is formed as a set of points matching this geometry, however, complex it may be. This allows
representing any geometric algorithm in the form of analytical equations that form the basis of the
calculation method. Dot calculus allows you to work in the local coordinate system, and get the result in
the global system, and vice versa. Moreover, the transition from one to another coordinate system is
performed automatically.

As an example, let’s consider a non-standard light opening of the curvilinear building in the city of
Sopot (Poland) (Fig. 1a). Let’s define the necessary accuracy of calculations. We compile point equations
for all surfaces in the room that are turned inward, and, according to the accepted accuracy, calculate the
coordinates of the points of scan [ Yehorchenkov, 2015]. Then we do the same for the surfaces of the light
openings.

Obtaining a point set for enclosing structures of the house is shown on the example of a convex
quadrilateral curvilinear light opening 4,C,4;C44,C344C; (Fig. 1b). The coordinates of the vertices of the
corners and arcs, as well as the centre point R(xz, yr, zz) are set during the design. Point equations of the
sides of a quadrilateral are composed in one direction in the form of, for example, parabolas:

P = A;(1—1)(1—2t)+4Ci(1— 1) + 4t (21 —1);
O; = A, (1—1)(1—2t) +4C5t(1 — 1) + Ayt (21 —1); (1)
R, = Cy(1—0)(1—2t)+4Rt(1— 1)+ Cyt (2t —1),

where P, R; 1 Q; are the current points of corresponding arcs 4,C1A43, C4RC, 1 A4C3A,.

Fig. 1. An example of using quadrangular light apertures with curvilinear sides
in the “curved house” in the city of Sopot (Poland) (a), the calculated window layout (b)
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Then a point arc equation is compiled for scanning in the other direction P;R;Q;. Here, a form of a
parabola is also accepted, although it can be another type of curve:

M, =P(1-1)(1-21)+4R1(1-1)+O1(21-1), )

where M;; is a current point of scan in the boundaries of a flat; ¢ and t are parameters that describe the
movement of the point M in two directions. They vary from 0 till 1 according to the chosen number of
points of scan m u n, according to the required accuracy of calculations. Software implementation of
equations (3) in the form of coordinates is presented at a Fig. 2.

x; = Xp (1= 1) (1-21) + 4xp 1(1 - 1) + x,,1( 27 -1);

y; = yPl.(l—’C)(l—2’C)+4yRi’C(1—’C)+yQi’C(2’C—1); )
z; = 2p(1=1)(1-21) + 4z, 1(1 - 1) + 25, 1( 21— 1).

The proposed method for the simulation of solar energy gain at a given point of the room is as
* . W-h in the optical part of the

sol >

follows. Total solar energy gain over the estimated time period,
spectrum includes three components:

QSZOI — O + sc + ref ( 4)
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where QO is gain from direct solar radiation that reaches the room directly from the Sun, W-h; Q¥ is

sol sol
gain from solar radiation scattered in the atmosphere, W-h; Q¢

sol

is gain from solar radiation reflected
from the ground and ground objects, W-h.

The first component is determined from the expression: vy . . .
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solevk = A ot " COS Ol (6) for a quadrangular light opening with

where o is solar constant, equal to 1366.1, W/m? A is the curvilinear contours in Mathcad

distance from the Sun to Earth in astronomical units; p is
transparency of the atmosphere, M is air mass of the
atmosphere (Bemporad, 1907); f,,, €V is the area of the surface element that is insolated, m* oev is angle
between the sunbeam and the normal to the surface of ev-element; 1o is a coefficient which describes
radiation losses during the passage of direct radiation flux through the window filling of the opening.

The second component — the total solar energy gain of the room, incoming with the scattered
radiation from the sky over the entire optical spectrum, is determined using the BN-calculus by the
formula

environment

Q.::/ = (ZZ q):z:;/,sv) -t s (7)

Kt &V

where @

sol ,gv

is monthly average energy flux onto the gv-th element of the room encasement from ij-th

elementary part of the sky that is bounded by adjacent scan points, W (Fig. 3); t is the same as in the
formula (5).
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sc _ 7z
cho/,sv,k - Lso/gij’twcij](sv s (8)

where L is energy brightness in the zenith of the sky in the optical spectrum (according to materials of

'sol

European project Satellight [Satellight, 1996], W-st"-m™; g;; coefficient of relative energy brightness of
the ij-th elementary part of the sky in the direction from the center of the elementary area of the irradiated
surface to the center of the elementary part of the light-opening; t, transmittance of scattered solar
radiation by window filling; f;, is area of the element of the irradiated surface, m’; & and v are numbers of
elements of the irradiated surface in two directions; i and j are the numbers of elementary parts of the sky
visible from a given point through the opening, in two directions; o; is the value of the projection vector
of the elementary solid angle of the ij-th element of the sky onto the vector R normal to the element of the
irradiated surface (Fig. 3b). This value is determined by the formula of Wiener [Wiener, 1884].

i(j+1)

1 N gy v - - " "
_ j (i+1)j (+1)(j+D) (i+1)(j+1) (j+1) i(j+1) ij ij
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" points
Fig. 3. The layout of the elements involved in the process of solar energy gain: a — the relative position
of the window and surfaces; b — the elementary solid angle of irradiance

Solar energy gains incoming into the room through the opening with radiation reflected from the
ground and the facades of opposing buildings are calculated by the formula:

surf __ yref.bd ref .1d
Qsol,sv - Qsol,sv + Qsol,sv ’ (10)
where 0’9" is the gain from solar radiation reflected from the facades of surrounding buildings, W-h.
ref.bd __ bd
Q.wl,sv - (ZZ(D.YOI,KL).t ’ (11)
oo

where ®%*

sol,xLk

elementary part of the building’s facade, W; ¢ is the same as in the formula (5).
(ijl,m,k = mem svrw H (12)

where L, is energy brightness of the ki-th part of the fagade of an opposing building, W-sr'-m™; t,, and f;,
the same as in the formula (8).
Ly determined by the energy illumination from the total solar radiation I

inc 2

is monthly average energy flux onto the gv-th element of the room encasement from xi-th

W-n’, from the

firmament, ground and ground objects incoming onto the «i-th elementary part of the opposing building’s
facade using the coefficient of reflection of thermal radiation p,, of the facade’s surface, obeying the law
of Lambert.
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Kl
L, =2uPe (13)
s

where v, is a coefficient of irradiation of the ki-element of the facade of the opposing building in relation
to the ev-th element of the encasement of the room, sr. Determined in the same way as the projection of
the solid angle vector to the normal to the plane by (8). From the town-planning situation, the areas
shaded by neighboring buildings are determined, for example, the abcd section (Fig. 3, a). Separate point
equations are compiled for them, which form a point set similar to that shown in Fig. 2. Four adjacent
scan points are combined into the base of an elementary pyramid for which the irradiation coefficient is
determined.

Component of radiation reflected from the ground is determined in a similar way.

Ol = 2 Pt (14)
ev ki

The scientific novelty of the proposed calculus lies in the use of a more efficient mathematical
apparatus when developing tools for calculating solar energy gain for non-standard solutions of enclosing
structures and urban planning environment with a sufficient degree of accuracy. This method differs in
that it does not require approximation and compilation of cumbersome equations with the subsequent
numerical solution. As a result, the accuracy of calculations increases and the required time is reduced.

The practical value lies in the obtained point equations are, with the help of which a point set of
geometric objects is formed. Using the coordinates of scan points, formulas are obtained for determining
the values of solar energy gain that can be easily programmed on personal computers.

Conclusions
1. Studies have shown that the mathematical calculus apparatus is effective for simulation of many
physical processes, including the regime of solar energy gain in rooms, which is important from the point
of view of creating a comfortable environment and energy efficiency of buildings.
2. A method has been developed for the formation of a regime of solar energy gain in buildings of
complex geometry, both from direct sunlight, scattered radiation from the sky and reflected from the
ground and ground objects.
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B. O. €ropuyenkos, JI. M. Koaas, O. B. Cepreiiuyk, B. C. BypaBuenko
KuiBchkuii HallioHaTbHUHN YHIBEpCUTET OyIiBHUITBA i apXiTEKTYpH,
kadenpa apXiTeKTYpHUX KOHCTPYKIIH

MOJEJIOBAHHSI COHSIYHUX TEIJIOHAIXO’KEHD Bl CHCTEM ITPUPOIHOI'O
OCBITJIEHHSI CKJIAJHOI TEOMETPIi

© €zopuenkos B. O., Kosanw JI. M., Cepeeiiuyx O. B., bBypasuenxo B. C., 2019

BaxxuBy poinb B eHepro30OepekeHHI Oy/iBeNlb BiAIMPAIOTh CHCTEMH MPHPOTHOIO OCBITICHHA. ToMy
IUIOIIA CBITJIOBHX TIPOpi3iB TNOBMHHA OYyTH ONTHMIi30BaHa, MO0 3a0€3NEYUTH CBITIOBUH KOMQOPT Yy
MPUMIIIEHHSAX 1 3HIDKEHHS €HeprOBHTPAT Ha MiATPUMKY KOM(OPTHOTO TEIUIOBOTO PEeXHMY. [HkeHepHi
METOIM PO3paxyHKy COHSYHUX TEIUIOHAIXO/DKEHb 3aCTOCOBYIOTHCS Ul OyaAiBenb MacoBoi 3a0yZoBH 3
OrOpO/IKYBAJILHUMH KOHCTPYKIISIMU Yy BUIIISI TOPU30HTAILHUX | BEPTUKAJIBHUX ILIOMWMH. J[1s TOBEpXOHb
KPHUBOJIIHIHHOI (pOpMH CKITaJaf0Th CHCTEMH PIiBHSHB, SIKI PO3B’S3YIOTh YHMCIOBUMH METOAMH 31 3HAUHHMH
3aTpaTaMyd KOMIT IOTEPHOI'0 4acy. Y CTarTi 3alporoOHOBAaHO METOJ MOJENIOBAHHS COHSYHHMX TEIUIOHA-
XOJDKEHb ISl HECTAHJAPTHUX PIllIeHb OrOpOKYBAIBHUX KOHCTPYKIIN B yMOBaxX HasBHOI 3a0y/0BU 3 BUKO-
PHUCTaHHSM amapary TOYKOBOI'O YHMCJIEHHs. AmapaT TOYKOBOI'O YHCIEHHS Ja€ 3MOry (hOpMyBaTH TOYKOBY
MHOXKHHY, ONTHMI30BaHy JIO0 3aJaHoi (OpMHU TeOMETpHYHOro 00’ekTa. OTpHMaHy MHOXUHY BHUKOpHC-
TOBYIOTH JUIsl ()OPMYBAHHS €IEMEHTAPHUX TIIECHUX KYTiB, Y MEXKaX SKUX BU3HAYAIOTHCS TEIUIOHAIX O/IKEHHS
B PO3paxyHKOBI TOYKH NPUMIIIEHHS BiJ MpsAMoi, pO3CisHOI Ta BiAOMTOI coHsuHOI paaianii. Cyma
€JIEMEHTAPHUX BEJIMYHMH TEIJIOHAIXO/PKEHHsS BH3HAYa€ 3arajbHy BEJIHMYMHY TEIUIOHAJXOMKEHb Y MpPUMi-
mieHHi. J{ocmipkeHHsT TOKas3alk, HI0 MaTeMaTHYHHH anapaT TOYKOBOTO YHCIEHHS e(EeKTUBHHN JUIs
MOJICTTIOBaHHsI 0araTbox (pi3MYHMX MPOLECIB, 30KpPEMA PEKUMY COHSYHUX TEIIOHAIXO/PKEHb Y ITPUMIIIEHHS,
10 BaXXJIMBO T (hOpMYyBaHHS KOMGMOPTHOTO CEPEIOBUINA Ta eHeProe(EeKTUBHOCTI OymiBenb. Y pe3yibTaTi
PO3p0o0IIEHO METOMUKY (DOPMYBAHHS PEKUMY COHSYHHMX TCILIOHAIXOKEHb Y OYIIBIII CKIIATHOT TeOMETpii SIK
BiJl TPSIMHUX COHSYHUX IPOMEHIB Ta PO3CISTHOrO BHUIIPOMIHIOBAaHHS HEOO3BOAY, TaK i BiJ MPOMEHEBHX
MIOTOKIB, BIJOUTHX BiJl IOBEPXOHb 3eMIIi Ta CYyCiiHIX 00’ekTiB. [IpakTHyHe 3HAYEHHS MPOBEIECHOI'O JOCIi-
JOKEHHSI TIOJISITae€ y TOMY, IO OTPUMAHO TOYKOBI DPIBHSHHSA, 3@ JOIMOMOTOI0 SIKUX (POPMYIOTH TOYKOBY
MHO)KUHY T€OMETPUYHHX 00’ €KTiB. BUKOPHUCTOBYIOUM KOOPAWHATH TOUOK CKaHYBAaHHS, OAEPkKaJH (GOPMYIIH
JUIE BU3HAYCHHS BEJIMYMH COHSYHHMX TEIUIOHAJXOKEHb, SKi JIETKO IPOrpaMyBaTH Ha IEPCOHAIBHHUX
KOMIT IOTEpax.

Knaw4oBi cioBa: coHsiYHI TENUIOHAIXOMKEHHSI; TeOMETPUYHE MOJENIOBAHHS; TOYKOBE
YHCJIEHHS; CHCTEMHU MPUPOTHOTO OCBITJIEHHS; TOYKOBA MHOKHHA; COHSIYHA paiamisi.



