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Abstract

The rational use of daylight can significantly reduce the cost of electricity for artificial lighting. This research aims at investigating the
parameters of translucent structures of building envelope, and the value of daylight factor, for which maximum efficiency of daylight
usage is achieved in office rooms. The study analyzes the dependence duration of daylight autonomy in office rooms, on the value of
daylight factor for four European cities. The specific daylight autonomy (h/(year-m?)) of office rooms were found. It was proved, that
regardless the size of the rooms, the maximum specific daylight autonomy in Ternopil city (at illumination of 300 Ix, which is prescribed
by regulations), with lateral daylight, occurs when the daylight factor is in the range of 1.7% to 1.9%. Maxima — at 1.8%. At illumination

of 500 Ix, the maximum specific daylight autonomy will occur at a daylight factor range of 2.6% to 3.0%. Maxima — at 2.8%.

© 2020 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license

(https://creativecommons.org/licenses/by/4.0/).

1. Introduction

Presently, in solving the problem of office rooms lighting,
attention is focused on the use of artificial light sources. According
to the IEA’s data, artificial light consumes about 2650 TWh-h
electricity per year (=19% of world electricity production),
exceeding the total amount of electricity produced by all nuclear
power plants in the world [1]. In Ukraine, artificial lighting
accounts for about 16% of total electricity consumed in the
country. These indicate that the lighting system is a significant
consumer of electricity, especially in office rooms (up to 80%).

The use of daylight to illuminate office rooms is one of the most
obvious ways to save energy. According to International Labour
Organization (ILO), complete absence of daylight in workplace is
hazardous. Man is biologically adapted to daylight. Its optimal use
can significantly reduce the cost of electricity for artificial
lighting. For this reason, it is necessary to choose the right size and
thermal characteristics of translucent structures of building
envelope (TSBE). Until recent advancement in daylight
technology, TSBE was the weakest link in the building envelope
(BE) of office rooms.
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In a world currently concerned about global warming, carbon
emission, sustainable design and capital costs for industrial
construction, irrational design of buildings lighting system, can
cause discomfort and enormous heat loss, which are no longer
acceptable. Therefore, it’s necessary to strive for the maximum
use of daylight.

The economic benefits of daylight are often considered in terms
of energy saving, without taking into account the effort of labour
and productivity, which can be more significant than energy
saving [2]. Investment in lighting modernization, heating and
cooling systems can easily be done by increasing labour and
productivity.

Such studies were carried out by S. Samoilov and A. Soloviov
[3], V. Bartenbach [4], J. Koso [5], Yu. Tabunshchikov [6], E.
Neuert [7], A. Korkina [8] and others, in respect to daylight
modernization.

The research [8], conducted by A. Korkina, that analysis the
design and size of TSBE effect on solar radiations relative
penetration coefficient (SRRPC), was a huge breakthrough. The
energy efficiency of combined lighting was taking into account;
the energy balance of the premises was considered by T. G.
Korzhneva in [9]. A study of the impact of various types, sizes and
locations of TSBE on lighting of office rooms was carried out in
[10] by H. Altan and J. Mohelnikova. The results of the study
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Nomenclature

DA Daylight autonomy, h/vear

DA3zpo  Daylight autonomy with prescribed by regulations
illumination in 300 Ix, h/year

DAcon  Ratio between the illuminance determined only by
daylight on a point and the minimum daylight
illuminance required on the workplane required by
the standards;

DAyax  Annual percentage of time during which a
maximum illuminance level is trespassed and over
which visual discomfort may occur

DF Daylight factor, %

drp,irp  Coordinates of the RP location in the room, m

E Average monthly horizontal illumination, kix
Specific daylight autonomy efficiency of the TSBE
area using, h/(yearm?)

hat Glazing height, m

daTSBE

hrsge TSBE height, m

ictsee TSBE coordination index, rel. un
IGLr Composite room glazing index, %
/ TSBE opaque part width, m

IrF Foam filling width, m

lor Glazing width, m

lpror  Profile width, m

Irspe TSBE width, m

Sor TSBE glazing area, m?

Srspe Area of TSBE, m’

Sws Working surface area, m?

WFR  Window to floor ratio, %

WWR  Window to wall ratio, %

eGL Glazing solar radiations relative penetration

coefficient
BE building envelope
CRGI Composite room glazing index
EDR  Energy daylight rate
LF Light factor
RP Reference point
SRRPC Solar radiations relative penetration coefficient
TSBE  Translucent structures of building envelope
WS Working surface

indicate that not only the size and type of TSBE are important, but
also their location in the BE.

Dynamic daylight simulation is very useful instrument in
daylighting design process. It allows thorough analyzing of indoor
daylight availability level and defining if they are adequate to
perform a particular visual task. Their results can be used to design
shading devices or lighting control systems and to compare
different technical solutions. The use of simulation is widely
spread in the common design practice, since some regulations and
green building rating systems suggest their use. Paper [11]
presents dynamic daylight simulation result related to an open-
plan office. The study shows the functionality of this software in
dynamic daylight simulation field and proposes a methodology on
how it should be used. Study [12] demonstrated that evaluating
energy costs with different software can vary the results up to
15%. Differences in results depend on the definition of indoor
daylight availability, it also depend on the control systems'

modeling that neglect important factors, such as the specific
characteri stics of photosensors, luminaires or drivers [13-16].
Even though these calculation techniques are very useful in the
entire design process, experimentations are necessary to improve
software performance in order to make calculation models more
similar to realistic conditions.

The study [17] showed that the implementation of the new
requirements of the EN-17037 standard is important, since it
addresses daylighting concerns. The authors focus on the need to
use software modeling, which allows one to calculate the criteria’s
presented in this research. Also, in this article, we compared the
required standards with practical tasks, which arise during the
construction process. I.e. In practice, there were fears that only
rooms located in a very open environment (upper floors) can be
well evaluated.

Due to the fact that the theoretical combination of the
characteristics of natural and artificial lighting is problematic (this
is because various software packages are required to perform
detailed calculations) [18,19], the authors proposed a new
parameter, the Energy Daylight Rate (EDR), which allows
optimizing the design of the BE at the early stage of room
designing.

Studies [20-22] examined ways to increase the energy efficiency
of artificial lighting systems in administrative buildings. The study
[20] showed the need to optimize artificial lighting systems for
office buildings due to their significant consumption of artificial
lighting. In [21], the feasibility of introducing an artificial lighting
control system was considered. Arguments are also given in [22],
regarding the appropriateness of using combined lighting systems.
In general, these studies indicate the need for the introduction of
daylighting systems in administrative premises to ensure
maximum energy efficiency of artificial lighting systems of the
building.

Due to the fact that the intensity of solar radiation input depends
on climatic conditions, a methodology was developed that focused
on the use of climatic data for the construction of climatology in
the calculations [23] by O. V. Serheichuk. The methodology
determines the effect of shading devices, used on the flow of solar
radiation through TSBE.

A study [24] reviews the comprehensive calculation method for
lighting energy requirement in non-residential buildings,
introduced by the European Standard EN 15193: 2007 and
investigates its feasibility in China. The location of office rooms
influences the intensity and duration of daylight. In EN 15193
calculation method, the daylight supply factor, which represents
the effect of daylighting on artificial lighting usage, is the only
factor related to location and is calculated according to the
latitude, however the current method (EN15193: 2007) limits the
latitude range from 38° to 60° north in Europe, for which the
relationship between daylight supply factor and latitude is
approximately linear. The study [24] shows that a quadratic
relationship needs to be used for a wider range of latitudes. The
coefficients of the proposed quadratic relationship are determined
for classified daylight penetration and maintained illuminance
level. Various control types are also considered.

Papers [25,26] proposes a concept for a new daylighting
analysis framework for residential architecture. It consists of two
sub-metrics that capture diurnal and seasonal daylight availability,
as well as the average duration of access to direct light. It is shown
that through the use of the proposed framework, significant and
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actionable qualitative differences between apartment units can be
identified, that would otherwise remain unnoticed during the
design and evaluation process. The framework also provides
several levels of details, which ranges from a simple score to
spatial plots that allow modelers to understand and optimize the
daylighting characteristics of a room, apartment building or
neighborhood.

The annual energy consumption of an office building depends
on the various types of TSBE in the climatic zone, with hot
summer and cold winter presented [27]. The authors developed a
calculation model for the office rooms, and carried out a series of
simulations on the energy consumption of the building when
changing TSBE parameters. It was found that when using both
single glazing and a two-pane double-glazed window made of
ordinary glass and those painted green, the most energy-efficient
rooms are achieved with a window to wall ratio (WWR) close to
20%.

In the study [28], the relationship between the attributes of the
building structure and the existing parameters of daylighting
measuring was studied based on the new methodology. This
methodology includes a statistical study. It helps analyze a large
amount of input data and the impact of a large number of design
changes. In particular, this statistical methodology can be used to
analyze which parameters are important and which are not, as well
as the type of dependencies on each other. Using these methods,
statistical models can be created to predict the values of the
daylighting metric for various types of buildings and design
decisions. This article describes the principle of operation of this
methodology and analyzes the structural features of the building,
which have the greatest impact on the efficiency of daylighting.

The review [29] reveals that energy intensity of around 10
kWh/(m?2-yr) is a realistic target for office electric lighting, for
future low energy office buildings. This target would yield a
significant reduction in energy intensity of at least 50%, compared
to the actual average electricity use for lighting (21 kWh/(m?-yr)
in Sweden). Strategies for reducing energy use for artificial
lighting are presented and discussed, which includes:
improvements in lamp, ballast and luminaire technology, use of
task/ambient lighting, improvement in maintenance and utilization
factor, reduction of maintained illuminance levels and total
switch-on time, use of manual dimming and switch-off occupancy
sensors. Strategies based on daylight harvesting are also presented
and the relevant design aspects such as effects of window
characteristics, properties of shading devices, reflectance of inner
surfaces, ceiling and partition height are discussed. The study
indicates the need to optimize the parameters of artificial lighting
to reduce the load on the energy system that is constantly growing.

Paper [30] presents a literature review about energy-efficient
retrofit of electric lighting and daylighting systems in buildings.
The review, which covers around 160 research articles, addresses
the following themes: a) retrofitting electric lighting in buildings,
b) electric lighting energy use and saving potential and c) lighting
retrofit strategies. The retrofit strategies covered in the review are:
replacement of lamp, ballast or luminaire; use of task-ambient
lighting design; improvement in maintenance; reduction of
maintained illuminance levels; improvement in spectral quality of
light sources; improvement in occupant behavior; use of control
systems; and use of daylighting systems. The review indicates that
existing general knowledge about lighting retrofit is currently very
limited and that there is a significant lack of information

concerning the actual energy performance of lighting systems
installed in the existing building stock.

Despite a significant amount of research in the field of
daylighting, issues of TSBE design, determining the daylight
factor (DF) value, at which the maximum use of daylight will be
ensured, is not sufficiently disclosed. This indicates the relevance
of conducting this research, aimed at developing
recommendations for improving the energy efficiency of office
rooms, not only by increasing the thermal resistance of BE, but
also by making more efficient use of daylight for their lighting.
That is why the purpose of this study was to determine the
parameters of TSBE and to establish the DF value at which the
maximum efficiency of daylight usage in office rooms of various
sizes is ensured.

2. Methodology

Artificial lighting is much lower than daylight, even in the
overcast sky conditions. L.e., the level of horizontal room’s
illumination without daylight is 100-500 1x and 1000 to 2000 Ix or
more with daylight. On a clear sunny day under the open sky
condition, this figure may rise up to 100,000 Ix.

The effectiveness of daylight usage is determined by rational
design solutions, when introducing daylight in an office rooms, the
intensity and spectral composition of sunlight must be taken into
consideration. The first step in solving this problem is to determine
the relationship between daylight autonomy (DA) and DF value,
at a reference point (RP) on a working surface (WS) for the office
room (Fig. 1).

Calculations were carried out for room parameters, which are in
confirmatory with current requirements of regulatory documents
[32-37]. According to their data, the room height, the thickness of
its walls and the reflection coefficients of the internal surfaces of
the building envelope were selected and presented in (Table 1).

2.1. Daylight autonomy

The concept of DA was introduced for the first time in CIE
Daylight Technical Report [38]. It was proposed again in 2001 by

d, m

(98]
I
1
|

l,

m
. + T T —
0 1 2 3 4

I~ "1 the estimated work surface

@ the reference point on the work surface

Fig. 1. Layout of a room with dimensions 4x4 m and TSBE area 6 m* [31].
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Table 1. The estimated parameters of the rooms.

Parameter Height, m Thickness of the walls, m Coefficients of ceiling/wall/floor reflection, rel. units
Value 3.0 0.38 0.7/0.5/0.2
Table 2. The monthly working hours number for each month, h/month.
Value Month
1 1 111 v \% VI viI VIII IX X XI X1I
Tw 207 180 198 189 207 189 198 207 180 207 198 189

Reinhart and Walkenhorst, as the annual percentage of the
occupied time of a space during which the minimum illuminance
prescribed by regulation is achieved [39]. In 2006, Rogers
extended the DA and introduced the DAcon [40]. It is calculated as
the ratio between the illuminance determined, only by daylight on
an RP and the minimum illuminance required, on WS standard.
For example, if an illuminance equal 400 Ix is registered and the
minimum illuminance on WS is equal 500 I1x, DAcon Will be 0.8
(400/500).

The DAmax was introduced by Rogers himself in 2006, to
consider discomfort risks depending on excessive light levels [40].
The DAmax can be defined as the annual percentage of time during
which a maximum illuminance level is trespassed, which may lead
to visual discomfort. This limit is set at 10 times the minimum
illuminance on WS. L.e., if the law establishes 150 1x on WS, this
limit will be equal to 1500 Ix.

Let us determine the dependence of DA in office rooms on DF
value at RP for Ternopil city, Ukraine. The problem was solved
using the software Relux (v. 2020.1.3.0) [41]. The reliability of the
results of this software package was tested in [42-44].

Since the standard CIE overcast sky conditions were used in the
DA calculation in the Relux program, and the calculation was
made only for the diffused light, we assume that the TSBE in this
study oriented to the north. In this study minimum daylight
autonomy values were used.

For calculations, we adapted 9 hours working day (from 9:00
am to 6:00 pm). In accordance with [32,45], minimum
illumination prescribed by regulations for office rooms is 300 Ix
(DA300). By setting the total duration of work for a month, it is
possible to determine the dependence of DA3p0 on DF value. The
data of monthly working hours, which were used for calculations
in the Relux, are given in Table 2.

2.2. Determination of the TSBE size and area, that is necessary
to ensure the appropriate DF value at the RP

Due to the fact that DF value does not allow us to determine the
size of the room or the area of TSBE, it is advisable to replace it
with the composite room glazing index (CRGI) [31]. This was
given in Eq. (1).

IgLr = 1.1(—2.148-DF? + 27.087-DF + 0.487),%, (1)

where 1.1 is the the safety factor [31];

However, when determining the CRGI [31], the influence of the
SRRPC (egL) on the DF value was not taken into account. In the
study [31], its value was taken as egr. = 0.8. According to [32], the
DF value is directly proportional to the light transmittance.
Therefore, to take it into account, Eq. (1) must be multiplied by
0.8/ecr. Then Eq. (1) will take the form Eq. (2).

Ior = 1.10.8/ 5. (—2.148 DF? + 27.087 DF + 0.487),% (2)

Based on these data, as well as with the dependence of CRGI on
DF value in Eq. (2), it is possible to determine the required glazing
area of TSBE by the Eq. (3) [31].

lor = Sou/Sws~ "2 Trp /drp 100, %, 3
where Sgi is the TSBE glazing area, m? [46], Sws is the working
surface area (Sws=2 - [rp - drp’), m% and drp and lrp are the
coordinates of the RP location in the room (Fig. 1), m.

According to the regulatory document [32], which is
harmonized with European standard [45], lateral daylighting is
prescribed by regulations to the minimum DF value. Therefore,
RP determination is selected at the farthest point on the WS, which
is located at a distance of 1 m from the wall opposite TSBE and
0.5 m from the side BE.

A metal-plastic window with a Veka Softline 82 profile and a
double-glazed window 4Solar-16Ar-4-12Ar-4 with thermal
resistance 1 (m?°C)/Wh and SRRPC 0.68 rel. un was used as the
TSBE. (Fig. 2).

Based on the obtained CRGI value, it is possible to determine
the minimum TSBE glazing area, which provide prescribed
regulation illuminance at the RP of the WS by using the Eq. (4)
[31].

l
SeL = IgLr Sws- RP\/ drp/(21rp)/100,m?, (4)
Next, according to the algorithm [31], it is necessary to set the
TSBE coordination index (ic.tsge), the proportions of TSBE affect
the value of DF in RP [48]. TSBE glazing dimensions are
determined using the Eq. (5) and Eq. (6)

he1, = +/Ser/icrspE, Mm%, )

where ictsge 1S the TSBE coordination index;

lor. = /ScLicTsBE, M- (6)

To determine TSBE area, it is necessary we obtained the data
on its width of the profile and foam filling. For this reason, it is
necessary to determine the height and width of TSBE. Based on
the size of the glazing and the thickness of the profile, they can be
determined by the Eq. (7) and Eq. (8)

hrsge = hgr + 2-lpror, M, @)
where lpror — profile width, m [47],
lrsge = lg + 2lpror, M. (®

The foam filling width is determined from [46], by the Eq. (9)
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(a)
Fig. 2. (a) The appearance and (b) dimensions of the profile Veka Softline 82 with double-glazed window 4Solar-16Ar-4-12Ar-4i [47].

if lTSBE < hTSBE, then lF.F = (125h%SBE - 123'hTSBE + 1050) ‘10_5,1'1'1

{lf lTSBE > hTSBE, then lp.p = (125[%53]5 - 123'lTSBE + 1050) ‘10_5, m,
if lTSBE or hTSBE24'5 m, then lp.p = 0.03, m.

(€)]

The TSBE area is determined by the Eq. (10) [31].

Stsee = Sor + 21-(lrsge + hrspe + 2), m?;
where [/ — TSBE opaque part width [46], m;

The TSBE opaque part width is determined by the Eq. (11) [46].

11

The calculations were carried out according to the algorithm

shown in the flow chart (Fig. 3).

(10)

l = lpror + lgp,m;

3. Results

3.1. Testing the feasibility of using WFR, WWR and CRGI to
evaluate daylighting

In Eastern European countries, such as Ukraine, Belarus, Russia
etc., to compare the energy efficiency of TSBE, the light factor
(LF) is used, which is named window-to-floor ratio (WFR) in
other countries and defined as the ratio of TSBE area to the floor
area of the room (Sgr), which is given in Table 3.

As can be seen from the Table 4, the WFR value, at which DF
value of 1.9% and 2% are ensured for the rooms examined, varies
from 14.5% to 47.0% in the first case and from 15% to 48.9% in
the second. That depends on the size of the room, the WFR value
may differ by 3.24-3.26 times. From which we can conclude the
inadmissibility of using WFR to assess the daylighting of rooms.
In studies [3,16,27,49-57], WWR was used to summarize the
results, that is, the ratio of the TSBE area (Stsge) to the internal
area of the TSBE in the BE in which it is installed. The height of
the investigated room is 3 m.

As can be seen from the Table 4, depending on the size of the
room, the WWR value, at which DF value of 1.9% and 2.0% are

51

124

113.025

73

1
L sl
40

82

(b)

achieved, varies from 9.6% to 78.3% in the first case and from
10.0 to 81.5% in the second. That is, for a room with dimensions
(width x depth x height): 4x2x3 m, the WWR value will be 8.15
times less than room with dimensions 4 x 5 x 3 m. This indicates
the inadmissibility of using this indicator in the study of energy
efficiency using natural lighting. As we can see, the use of both
WEFR and WWR to evaluate the efficiency of using natural light is
unacceptable.

In order to determine the error, it is observed when using CRGI,
we determine the DF value at the RP, at which will be provided in
the rooms under consideration with the TSBE area indicated in
Table 5.

The calculations were carried out in the Relux program
according to the global illumination algorithm (Radiosity). The
error did not exceed 7% [58]. According to [59], the calculation
error in the Relux program does not exceed £10%. This is quite
enough for various kinds of lighting calculations.

The methodology for calculating DF at RP is given [31]. The
pollution and absorption coefficients of TSBE are taken to equal
0.9. The results of DF value at RP calculation, which will be
achieved when establishing the TSBE area, is shown in Table 2,
and are given in Table 5. Analysis of the Table 5 data showed that
for DF values of 1.9% and 2.0%, in rooms with dimensions of 4x5;
5x5, and 6x5, the TSBE area equal 9.78 m?, 10.72 m? and 12.19
m?, respectively. Since the height of the premises is assumed to be
3 m, and according to expression (5), for these cases it will be 3.13
m, 3.27 m and 3.49 m, their height exceeds the height of the room.
So the calculation of the DF value deviation from its set value, we
use DF value of 0.8% (IgL.r = 20.66) and 1% (IgLr = 26.89).

As can be seen from the Table 5, for rooms of different sizes,
with the same value of CRGI, the deviations of the DF value do
not exceed 26.1% ((0,8-1,009)/0,8-100), except when the width of
the room is twice the depth (lr > 2 - dr). Such a large error is
explained by the fact that to compensate for the non-
synchronization of DF changes from TSBE proportions for rooms
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C D

Building location; prescribed by regulations illumination value; room dimensions;
SRRPC; window profile width; TSBE coordination index; n; m

Begin

DFj0=0
% j=1l...n >
DFjj) = DFjj.a1+m
DAy = DA(DFy)

IgLr = 1.1:0.8/ &6, (—2.148-DF}; + 27.087 DF;; + 0.487

1
SeL = IGL.R'SWS’RP\/ drp/(21gp)/100
lor = /SeL-icTsBE
heL = \/SGL/iC.TSBE

hrspe = har + 2-leror

Lrspe = lgL+ 2-IproF

lrr (9)

!=IproF + IrF

Srsprin = Saut2-L(Frspet Arspet2-1)

dayj) = DAyyStsry

damax < da[/']

damax = da[/’]

k=j

/ damax; DFi; STSBE[K /

n — number of calculations;
m — DF change value

C

D

Fig. 3. The flow chart of the DF value calculation, at which the maximum DA value is achieved.

of any sizes, the safety factor is used, which leads to an
overestimation of DF values over the prescribed by regulations
[31].

While WFR and WWR, depending on the size of the room, can
differ several times, the use of the CRGI allows you to develop
common criteria for assessing the effectiveness of daylighting.
Therefore, to solve this problem, we propose the use of a CRGI,
since it takes into account the size of the room.

To establish the optimal parameters of the TSBE, in future
studies it is necessary to consider the effect of TSBE on the energy
balance of the room, taking into account not only energy savings
through the use of daylight but also the increase in heat loss due to

heat transfer and heat from solar radiation during the heating
period, as well as heat transfer during the cooling period that is
partially reviewed [60].

3.2. Office rooms daylight autonomy

Since the prescribed regulations illuminance of office rooms
should be 300 1x, knowing the monthly duration of work, we can
determine the dependence of DA3o0 on DF value. In Fig. 4, graphs
are shown of D430 dependence on DF value during the year for
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Table 3. WER value, at which the required DF value will be provided for rooms of various sizes, %.

DF, % Room dimensions, m

4x2 4x3 4%4 4x5 5x3 5x4 5x5 6x3 6x4
1.9 14.5 26.7 37.4 47.0 259 342 41.2 26.0 332
2.0 15.0 27.7 38.8 48.9 26.9 35.6 42.9 27.0 34.6

Table 4. WWR value, at which the required DF value will be provided for rooms of various sizes, %.

DF, % Room dimensions, m

4x2 4x3 4x4 4x5 5x3 5x4 5x5 6%3 6x4
1.9 9.6 26.7 49.8 78.3 25.9 45.6 68.7 26.0 443
2.0 10.0 27.7 51.8 81.5 26.9 47.4 71.5 27.0 46.1

Table 5. The results of the DF value calculation for the investigated room of various sizes, in the deposits from the CRGI, %.

CRGI (DF),% Room dimensions, m
4x2 4x3 4x4 4x5 5x3 5x4 5%5 6x3 6x4 6x5
20.66 (0.8) 0.256 0.931 1.009 0.922 0.922 0918 0914 0.527 0.957 0.803
26.89 (1.0) 0.467 1.113 1.173 1.084 1.052 1.139 1.100 0.906 1.158 1.067
A DAy, h/year
2200 .
] —e&— Ternopil
2000 + —e— Kyiv
1800—- - -u- - Berlin
1 —-A—- Paris
1600
1400 -
1200 +
1000 +
800
600
400 !
[}
2007 DF, %
0 T t >

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5 5,0 55

Fig. 4. Dependence of the room’s D439 on the DF value, with a prescribed by regulations illumination value of 300 Ix for four cities.

the cities of Ternopil (49° 34' N. 25° 36' east), Kyiv (50°27'N. 30°
31'E), Paris (48° 51' N. 2° 21 'E) and Berlin (52° 31' N, 13° 24'
E).

As can be seen, from the Fig. 4, for Ternopil city, when DF
value changes from 0.4% (Fig. 4, p. 4) to 0.6% (Fig. 4 p. B) and
from 1.2% (Fig. 4, p. D) to 1.4% (Fig. 4, p. E) there is an abrupt
change in DA3g0. That is, in these areas, an increase in DF by 0.2%
leads to a significant increase in energy saving for artificial
lighting. In general, with an increase in DF value by 1%, we obtain
the following difference in DA4300: when changing from 0% to 1%
(Fig. 4, p. C) — 599.00 hours; from 1% (Fig. 4 p. C) to 2% (Fig. 4,
p. F)—986.58 hours; from 2% (Fig. 4, p. F) to 3% (Fig. 4, p. G) —
187.92 hours; from 3% (Fig. 4, p. G) to 4% (Fig. 4, p. H) —77.52
hours; from 4% (Fig. 4, p. H) to 5% (Fig. 4, p. I) — 46.98 hours.

Whereas the difference between 0.4-0.6% is 211.41 hours and
between 1.2-1.4% — 239.60 hours. Based on the obtained results,
it can be argued that when you change certain DF values (Fig. 4,
p. 4 and p. D) by 0.2% (Fig. 4, p. B and p. E), you can achieve the
same effect as when the other (Fig. 4, p. F and p. G) change by 1%
(Fig. 4, p. F and p. H).

If we compare the graphs of the dependence of DA300 and DAsoo
on DF value (Fig. 4 and Fig. 5), then we will see the difference in
values, but similar in form of dependence. It should also be noted
that despite the fact that according to the value of prescribed by
regulations illumination for DAsgo, it is expected to be 1.67 times
greater than DAz, the values of DA will differ, when DF is 1%
(Fig. 4, p. C) and Fig. 5, p. B) — 17.25%, 2% (Fig. 4, p. F and Fig.
5,p. E)—43.56%, 3% (Fig. 5, p. G and Fig. 5, p. F) — 15.10%, 4%
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Fig. 5. Dependence of the room’s D45y on the DF value, with a prescribed by regulations illumination value of 500 Ix for four cities.
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Fig. 6. Dependences of the DA3y on the CRGI value for Ternopil city, Ukraine.

(Fig. 4, p. Hand Fig. 5, p. G) — 9.01%, 5% (Fig. 4, p. [ and Fig. 5,
p. H) — 6.56%.

To establish the analytical dependence of DA3o0 on the size of
the room and the area of TSBE, we construct the graphic
dependences of DA3p on CRGI (Fig. 6), for this we use the data
obtained in determining the dependence of DAz on DF value in
RP (Fig. 4). Data are given for Ternopil city, Ukraine.

As a result of approximating the obtained point data (Fig. 6(a))
by the least squares method, Eq. (12), was received, this helped
determine the value of DA3go for arbitrary values of CRGI for
Ternopil city. The size of room and TSBE area, with a standard
deviation of 82.6 and determination coefficient of 0.979 is shown
in (Fig. 6(b)). Approximation was carried out by the method of
least squares, using Advanced Grapher (v. 2.2).

0 70 80 90 100 110

DA300 = _0'227.1(%L.R + 45.854'IGL_R - 4’20.953, h/year. (12)

For the Kyiv city, the values of DA3p with a standard deviation
of 71.22 and determination coefficient of 0.983 is determined by
Eq. (13)

DAsgo = —0.203 I g + 42.680I;, g — 401.236, h/year. (13)

For the Berlin city, the values of DA3o with a standard deviation
of 67.66 and determination coefficient of 0.987 is determined by
Eq. (14)

DAsgo = —0.11513, g + 34.564 1. g — 414.578, h/year. (14)

For the Paris city, the values of DAz with a standard deviation
of 76.73 and determination coefficient of 0.987 is determined by
Eq. (15)
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DF, % Room dimensions, m
4x2 4x3 4x4 4x5 5%3 5%4 5%5 6x3 6x4 6x5
0.6 0.51 1.30 2.35 3.63 1.56 2.67 3.96 1.86 3.10 4.48
0.8 0.62 1.63 2.98 4.62 1.97 3.40 5.05 2.35 3.94 5.73
1.0 0.73 1.95 3.58 5.58 2.35 4.09 6.10 2.82 4.75 6.92
1.2 0.84 225 4.15 6.49 2.72 4.75 7.11 327 5.52 8.07
1.6 1.03 2.81 5.23 8.21 341 5.98 8.99 4.11 6.97 10.22
1.7 1.07 2.94 5.48 8.62 3.57 6.28 9.44 430 7.31 10.73
1.8 1.11 3.07 5.73 9.01 3.73 6.56 9.88 4.50 7.65 11.22
1.9 1.16 3.20 5.98 9.40 3.88 6.84 10.30 4.68 7.98 11.71
2.0 1.20 332 6.21 9.78 4.03 7.11 10.72 4.87 8.30 12.19
22 1.28 3.56 6.67 10.51 4.33 7.64 11.52 522 891 13.10
3.0 1.56 4.39 8.27 13.08 5.35 9.49 14.35 6.47 11.08 16.33
4.0 1.81 5.17 9.79 15.51 6.31 11.23 17.02 7.64 13.13 19.38
Ada,,, h/(year-m?)
1400 B
1300 4
1200
1100
1000 -+
900
800 -+
700
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100 ] DF, %
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Fig. 7. Dependence of the specific D43 on the DF value, for rooms of various sizes, with a prescribed by regulations illumination value of 300 Ix, located in the

Ternopil city.

DAsgo = —0.146 13, g + 40.248 1, g — 480.275, h/year. (15)

3.3. Specific daylight efficiency

Let’s consider an example on how to determine the minimum
parameters of TSBE, at which we can get energy savings for
artificial lighting. Study is carried out for the room with
dimensions (widthxdepthxheight): 6x4x3 m. From Eq. (2), CRGI
values were calculated, which corresponds to the required DF
value.

The selected double-glazed window (see Fig. 2), according to
the manufacturer, has the SRRPC of 0.68 rel. units and profile

thickness 0.073 m, for blind TSBE. For DF value 0.6%, with
SRRPC 0.68, CRGI is:

IgLr = 1.1/0.68-(—1.718-0.6% + 21.67-0.6 + 0.39) = 20.66%.

(16)

Based on the obtained DF value at RP, the minimum glazing
area value, is determined by Eq. (4), and is:

SeL = 20.66-15-*3/3/(2 - 2.5)/100, m?. (17)

Since, according to [31,48], for rooms of various sizes, the
dependence of DF value on the various sizes TSBE proportions is
not synchronous, for each specific case it is necessary to choose
the best option for the proportions of TSBE. Therefore, to simplify
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Fig. 8. The dependence of the specific DA4sy on the DF value, for rooms of various sizes, with a prescribed by regulations illumination value of 500 Ix, located in the

Ternopil city.

the calculations, the TSBE coordination index was taken as 1
(ictse = 1).

To obtain a DF value equal 0.6% with SRRPC equal 0.68, with
ictsse = 1, in accordance with Eq. (5) and Eq. (6), the TSBE
glazing ought to have the following dimensions: AgL = 1.59 m,
lGL =1.59 m.

To determine TSBE area, it is necessary to determine TSBE
profile and foam filling width. According to [47], the profile width
for the blind TSBE (see Fig. 2) is 0.073 m.

Based on the size of the glazing and the thickness of the profile
according to Eq. (7) and Eq. (8), TSBE height and width have the
following dimensions: Arsge = 1.736 m, lrsgg = 1.736 m.

With TSBE width 1.736 m, according to Eq. (9), the foam filling

width is:
lgr = (125-1.736% — 123-1.736 + 1050)-10™> = 0.012 m.
(18)

The TSBE opaque part width, according to Eq. (11), is:

[ =0.0734+0.012 = 0.085 m. (19)

To ensure DF value of 0.6%, according to Eq. (10), the TSBE
area should be:

Srspe = 2.53 + 2-0.085-(1.59 + 1.59 + 2-0.085) = 3.097 m2.
(20)

To determine the TSBE area at which DF value will be ensured,
in which the maximum TSBE efficiency is achieved, it is
necessary to calculate the area of rooms with various sizes. To do
this, we carry out the above calculations for rooms with
dimensions (w x d): 4x2 m, 4x3 m, 4x4 m, 4x5 m, 5x3 m, 5x4 m,
5%5 m, 6%3 m, 6x4 m and 6x5 m. The calculation results are given
in Table 6.

The specific daylight autonomy is determined by Eq. (21)
da = DA/Stsgg, h/(year-m?). 1)

As a result of the calculation, data were obtained regarding the
efficiency of TSBE area use for the Ternopil city, which are
presented in Fig. 7.

As can be seen from Fig. 7, the maximum specific DAz for
providing daylighting, with a prescribed by regulations
illumination of 300 Ix (from 1342.82 h/(year-m?) to 1351.52
h/(year-m?)) is observed with the DF value of 1.7% (Fig. 7, p. 4)
up to 1.9% (Fig. 7, p. B), maxima — at 1.8%.

According to Fig. 8 at the illumination of 500 Ix, the maximum
specific DAsoo (from 997.71 h/(year-m?)) to 1009.35 h/(year-m?))
is observed at DF value of 2.6% (Fig. 8, p. A4) up to 3.0% (Fig. &,
p. B), maxima — at 2.8%.

4. Discussion

This research is dedicated to the determination of the analytical
dependences of daylight autonomy on DF value and the TSBE
area in rooms of various sizes. The feasibility of the study is due
to the need to reduce the energy consumption in office buildings.
It can be achieved by ensuring maximum specific efficiency of
TSBE usage.

In studies [3,12,16,18,19,29,29,39,40,49-56], the results of
TSBE energy efficiency, using WWR and WFR to determine the
parameters of its maximum energy efficiency were presented.
Articles [18,19] present the results of modeling energy
expenditures for 108 cases. There is also presented the energy
efficiency indicator EDR. However, these results were obtained
using computer simulation for specific cases, which makes their
widespread use impossible. In order to be able to present the

2383-8701/© 2020 The Author(s). Published by solarlits.com. This is an open access article under the CC BY license (https://creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/licenses/by/4.0/

V. Burmaka et al. / Journal of Daylighting 7 (2020) 154—166 164

results of this study in the form of analytical expressions, there
was a need to study the dependence of the energy efficiency of
daylighting (which is expressed in its autonomy). Therefore, in the
framework of this study, a research was conducted on the
dependence of DA3o0 and DAsoo on the DF value for several cities.

It is proved that the efficiency of using the TSBE area to provide
daylight illumination of 300 Ix in an office building is maxima
with a DF value of 1.8%. For 500 Ix — with 2.8% DF value. It was
found that to assess the TSBE effectiveness for rooms lighting, it
is advisable to use the composite room glazing index (CRGI).
When using the window to floor ratio (WFR) or window to wall
ratio (WWR), changing the size of the rooms leads to a significant
increase in the calculation error, — 3.24 times for WFR and 8.15
times for WWR. At the same time, when using the CRGI, the error
does not exceed 26.1%, but it also has certain limitations. If the
room width is double the depth (/lr > 2 - dr), the error can increase
up to 68%.

It should be noted that, depending on the location of the
investigated object, the values of the maximum specific daylight
autonomy may differ from those presented in this study. This is
due to the changing climatic condition during the year, in addition
to changing the trajectory of the incidence of sunlight, cloudiness
also changes quite dynamically. Therefore, such calculations must
be carried out separately for each specific case.

Since the daylight autonomy takes into account the level of
illumination above the prescribed by regulation values, for a total
assessment of the potential for use daylighting, it is necessary to
take into account the limiting values of illumination on the
working surface at 3000 Ix [61]. This is necessary in order to take
into account glare and the need to use shading devices. That’s why
in further studies it is necessary to combine the daylight autonomy
with the useful daylight illuminance (UDI) metric [62].

5. Conclusions

The research aimed at establishing the DF values, for which

maximum efficient use of daylighting was ensured in office rooms.

As a result of the research, it was established, that irrespective of
the size of the rooms, the maximum specific daylight autonomy
(at illumination of 300 Ix), with lateral daylight, occurs when the
daylight factor is in the range of 1.7% to 1.9%. Maxima — at 1.8%.
At illumination of 500 Ix, the maximum specific daylight
autonomy will occur at a daylight factor range of 2.6% to 3.0%.
Maxima — at 2.8%.

When DF values are in the range of 0.8% to 1.2% at DA300 and
1.2% to 1.7% at DAsoo, there is a sharp decline in the efficiency of
daylight usage. As a result of the approximation of point values,
an expression is obtained for determining the daylight autonomy,
for a prescribed regulations illumination value of 300 Ix, for rooms
of various sizes with different TSBE areas.

The parameters of translucent structures of building envelope
and DF' are determined, at which the maximum efficiency of
daylight usage in office rooms of various sizes is ensured. Also, it
was found, that evaluating the efficiency of daylight usage for
rooms of various sizes is impossible to perform using WFR and
WWR. It is proved that the using of the composite room glazing
index makes it possible to adequately assess the energy efficiency
of daylight usage in rooms of various sizes, except when /r > 2-dr.
In practice, the results of this study can be used in the design of
premises by ensuring maximum efficiency of daylight usage and

saving energy by reducing the duration of the artificial lighting
consumption. Another area where the results can be applied is the
development of regulatory documents for each region, by
determining the maximum specific daylight autonomy for them. It
help will reduce the total energy consumption and increase the
total energy efficiency of office buildings.
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