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Abstract: There has recently been a great interest in the outdoor lighting that is energy-efficient
and does not intensify a light pollution phenomenon. In architectural lighting, these demands are
difficult to implement and rarely analyzed. However, it is possible to introduce and use certain
parameters based on the utilization factor for the quantitative assessment of floodlighting design
in terms of both light pollution and energy efficiency. This paper presents the definitions of new
parameters and the results of their calculations for several typical architectural objects. Different
lighting concepts were created for each object together with appropriate computer simulations.
The research shows a high potential for usefulness of new parameters in the design process. The
floodlighting utilization factor is characterized by relatively low values of around 35%. In addition,
obtaining the recommended lighting power density value below 2.2 W/m? does not sufficiently
determine the correctness of the design implementation considering the natural environment. This
determines a great potential for opportunities to improve the implemented designs and provides
a basis for redefining the currently used approach in architectural lighting. In order to create high-
quality, sustainable solutions, all quantitative parameters should be analyzed simultaneously in
addition to the esthetic visual effect issue.

Keywords: outdoor lighting; architectural lighting; floodlighting; light pollution; energy efficiency;
sustainable lighting design

1. Introduction

In the recent years, architectural lighting designs (also known as floodlighting) have
become very popular [1,2]. This trend can be seen all over the world [3-5]. At the begin-
ning of the development of electric light sources, only architectural objects of the highest
historical symbolic or representative rank were illuminated [6]. Some of them are still lit
today. Figure 1 shows two different architectural objects where floodlighting has been
implemented almost continuously for almost a century. The first of them, the Colosseum
in Rome, practically has not changed at all in terms of architecture and the method of
illumination. The picture of illumination of this object in 1926 can be found in book “Bu-
dapest Diszvilagitasa” written by J.B Horvath [6]. The second of them, the Saxon Palace
in Poland, was destroyed during the Second World War. After the war the ruins of this
building became an important memorial called the Tomb of the Unknown Soldier in War-
saw. This object is still being illuminated using up-to-date luminaires with high-efficiency
electroluminescent light sources [7-12].

However, the rapid development of lighting equipment over the past few decades has
resulted in architectural lighting being dedicated not only to the most important objects,
but almost to any existing architectural structure, e.g., palaces, monuments, skyscrapers,
bridges, churches, etc. [13]. For example, more and more designs are being implemented
in Poland alone and over the past thirty years their number has increased from a dozen
throughout the country to a few dozens in every larger city [14]. This is because architectural
lighting creates the night-time esthetics of modern cities [3,15].
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Figure 1. Examples of architectural objects that have been almost continuously illuminated for about
a century. (a) The Colosseum in Rome in 2014—photo: J. Kowalska; (b) The Saxon Palace in Warsaw
in 1934 [16], (c) The Tomb of the Unknown Soldier in Warsaw in 2013—photo: K. Skarzynski.

There is also a relatively high interest in the floodlighting in the literature. Addition-
ally, over the past twenty years, two scientific monographs, approximately 130 engineering
and master’s theses and 6 doctoral dissertations on floodlighting have been prepared at
the Lighting Technology Division of Warsaw University of Technology. These disserta-
tions mainly concern modeling and floodlighting of architectural complexes [17,18] and
neo-Gothic objects [19], testing the color contrast and luminance [20], as well as evaluating
the floodlighting designs [21,22]. Approximately 150 commercial floodlighting designs
have also been created at the authors’ research unit and a large number of them have been
implemented. These architectural objects are located across Poland, Germany and the
Netherlands. The number of these papers and designs provides a solid basis for conducting
research and analyses in the field of floodlighting [23-27]. What is crucial is that all of
them are based on computer visualization of lighting. Currently, floodlighting should be
considered as implementing lighting designs whose main value is to obtain an esthetic
effect of extraordinary beauty [28,29]. Computer software enabling the creation of such
visualization is so advanced that is possible to render reality with even photorealistic
accuracy [13,30-34]. Due to the use of computer visualization of lighting, it is possible
to save time that earlier was consumed in field trials. In fact, the computer visualization
method allows creation of an infinite number of floodlighting concepts, which was impos-
sible to carry out during field trials. What is more, this relatively large number of created
and implemented designs at the Lighting Technology Division of Warsaw University of
Technology is only a small part compared to the multitude of architectural objects that
are illuminated at night in an especially typical modern city [3,35]. More than a thousand
architectural lighting installations can be found in larger cities. Each such installation has an
average installed power level of approximately 4 kW. This is conditioned by the relatively
high consumption of electricity, which also impacts the local economy and the functioning
of the natural environment. Nowadays, there is definitely a great need to find the most
ecological and high-energy-efficiency solutions [8,36—40]. In the context of architectural
lighting, it is the right approach to find a quick, practical way to verify designs both at the
design stage and after the implementation.

The main aim of this article is to present the method of quantifying an architectural
lighting design based on new parameters that can be calculated and analyzed at the design
level. They are mainly based on the definition of utilization factor parameters. The literature
and the authors” own observations have shown that the value of lighting efficiency in the
case of architectural lighting is usually low. This paper also focuses on the results of
quantitative parameter evaluation of five representative architectural objects.

2. The General Aspects of Architectural Lighting Requirements

While analyzing the night appearance of a typical city, it can be observed that in the
majority of floodlighting cases, the light is directed to the object from bottom to top [23].
This means that part of a luminous flux of the luminaires may not reach the surfaces
designated to be illuminated. This situation is extremely unfavorable as it impacts electrical
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energy losses [41—-44]. A floodlighting design in which the installed power load is only a
few kilowatts will not cause high losses. However, from the macro-scale point of view, a
few hundred objects floodlit in an energy-inefficient way can cause relatively high and
unnecessary losses of electrical energy [21]. The luminous flux not reaching the illuminated
facade affects the brightening of the night sky, referred to as sky glow. It creates the
light pollution phenomenon that has recently been commonly discussed in the literature
in terms of its causes [45—-49], effects [50-52], design recommendations [53-56], standard
requirements [57-59], as well as measurements [60-62]. This phenomenon of light pollution
has a harmful impact on the whole environment. Therefore, it is necessary to implement
certain mechanisms and tools aimed at reducing it. The floodlighting area is extremely
exposed to the intensification of this phenomenon. That is why floodlighting designs
should be considered not only in terms of their visual beauty, but also in technical terms
taking into account their engineering correctness. This correctness is understood as the
appropriate energy efficiency and light pollution reduction in a given solution [14,21].
Until now no universal standard requirements or legal regulations have been defined
for architectural lighting. In fact there is one standard related to outdoor lighting [57].
However, it does not directly relate to the issues of floodlighting. Moreover, due to the fact
that there is a requirement related to the ULR (upward light ratio), it can be stated that most
architectural lighting designs are prohibited completely, especially when the illumination
in these designs is “from bottom to top”. It can be observed that many architectural lighting
installations are designed and made in a careless manner. As a matter of fact, there are also
some technical reports that refer to floodlighting referring to both energy efficiency and
light pollution. They include the following documents:

e International Commission on lllumination (CIE), technical report no. 094:1993—A Guide
for floodlighting [63];

e International Commission on Illumination (CIE), technical report no. 126:1997—Guidelines
for minimizing sky glow [64];

e International Commission on Illumination (CIE), technical report no. 150:2017—Guide
on the Limitation of the Effects of Obtrusive Light from Outdoor Lighting Installations,
2nd Edition [58];

e International Commission on Illumination (CIE), technical report no. 234:2019—A Guide
to Urban Lighting Masterplanning [65];

e  CIBSE (Chartered Institution of Building Services Engineers), The Society of Light and
Lighting—Lighting Guide 6: The Exterior Environment [66];

e ANSI/ASHRAE/IES (American National Standards Institute/ American Society of
Heating, Refrigerating and Air-Conditioning Engineers Illuminating Engineering Soci-
ety) Standard 90.1-2019 Energy Standard for Buildings Except Low-Rise Residential
Buildings [67].

However, these give general recommendations rather than offering a full coherent
design standard that is used by electrical engineers and lighting designers, as it is, for
example, for road lighting [68]. These documents certainly need expanding and updating,
considering current knowledge and technology, and some clarifications and better adapta-
tion to the architectural lighting area [14]. For example, the CIE 094 and CIE 234 reports
specify the average luminance parameter of the object illuminated at night. In fact, it is the
only parameter that quantitatively characterizes this type of lighting. The CIE 094 report
states that it can take one of the values of 4, cd/m?, 6 cd/m?2, 12 c¢d/m? depending on
the brightness of surroundings of the illuminated object. This means the brightness of
location of a given object is differentiated and the appropriate average luminance level of
the object is selected in relation to it [63]. For example, an object located in a less urbanized
area, e.g., in a rural area, should be characterized by a luminance of 4 cd/ m?, whereas one
located in the city center should be 12 cd/m?. This issue was solved in a similar way in the
latest report on this field-CIE 234. However, it can be seen that the ideas from the CIE 126
and CIE 150 reports were applied. The average luminance level of illuminated objects is
determined depending on the environmental zone (E1-E4) and it can take one of these
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recommended values: 0 cd/m?, 5 cd/m?2, 10 cd/m?, 25 cd/m?2. Nevertheless, a condition
was added that the luminance might not exceed a certain maximum value for the specific
emphasis depending on a given zone [65]. The list of the luminance requirements defined
in both reports is included in Table 1.

Table 1. Requirements of average luminance of floodlighting specified in reports CIE 094 and
CIE 234 [63,65].

CIE 094 CIE 234
Lavg Lavg Lmax
ZONE ZONE
ON [ed/m?] ON [cd/m?]  [cd/m?]

Poorly lit (rural areas poorly
lit or dimly lit) 4 El—large parklands and natural spaces 0 0
Average (small towns, suburbs 6 E2—centre of large squares small parks, 5 10
of large urban areas) some residential areas

E3—some residential and small
Brightly lit (recreational and 12 business areas 10 60
commercial zones in city centers)

E4—city centers and other busy commercial areas 25 150

In the CIBSE Lighting Guide 6: The Exterior Environment publication of 2016, an
algorithm for designing outdoor lighting was presented [66]. Undoubtedly, it can be useful
for a lighting designer; however, it does not take into account the current possibilities
of computer lighting visualization in the design process. It is very general and deals
superficially with the quantitative issues of floodlighting design based on illuminance
calculations instead of determining the luminance. Nevertheless, as far as floodlighting is
concerned, the average luminance and the luminance distribution are important due to the
light pollution phenomenon. Additionally, it should be admitted that in this publication,
there are some general problems related to the low floodlighting utilization factor, which
conditions the light pollution of the environment (please see Section 3.1 for the definition of
floodlighting utilization factor). However, for calculations and design purposes they advise
to use the assumption that its value does not exceed 30% in every case. However, this
parameter ought to be as high as it is possible in the analyzed architectural lighting case.
This type of approach is outdated and, for example, in many countries it was applied in the
days when the software for computer aided lighting calculations had not yet been created
and developed. Moreover, calculations presented in this paper will show that higher values
of utilization factor in architectural lighting can be obtained.

In the case of the energy efficiency of architectural lighting, there are also stan-
dards regarding the permissible levels of lighting power density (LPD), which should
be characteristic of facades of illuminated buildings. The ANSI/ASHRAE/IES document
Standard 90.1-2019 Energy Standard for Buildings Except Low-Rise Residential Build-
ings [67] is an example of such a standard. It presents the values of lighting power density
for E1-E4 individual environmental zones. In the case of architectural lighting located in
urban areas (E4 zone with the high brightness), the value of the lighting power density
parameter should not exceed 0.2 W/ft?, which corresponds to approximately 2.2 W/m?.

However, it is worth noting that the abovementioned technical reports do not specify
in any way how to design the floodlighting of a given object so as to adapt to the average
luminance level required in a given zone. The calculation method at the design level and
the measurement method after implementing the designs are not described. A lack of
presentation of comprehensible procedures means that probably the presented recommen-
dations are not verified in practice. This is an unfavorable situation since the light pollution
level in the environment depends on, among other things, the gained luminance levels. In
the event of a shortage of the tools for their control, the implementations can be character-
ized by the large oversizing luminance level. Moreover, the authors are also familiar with
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extreme cases where the average luminance of a facade of an unilluminated object is more
than 20 cd/m? as a result of incorrect implementation of road lighting installations. Such a
large oversized luminance level (simply, over-illumination) is certainly a negative aspect in
any lighting applications. In this case, it should definitely be recognized as unfavorable
from the point of view of light pollution and therefore some quantitative methods for
its control as well as reduction should be introduced [21]. In turn, the other parameters
specified in the CIE 126 and CIE 150 reports, such as upward light ratio (ULR) and upward
flux ratio (UFR), determining the distribution of the luminous flux for a given luminaire
or installation above the horizontal line, are in no way adapted to floodlighting needs,
because, as practice shows, most luminaires used for floodlighting are directed above the
skyline [58]. Nevertheless, based on the luminous flux analysis and the utilization factor
parameter, it is possible to create a new, quantitative approach to floodlighting. Some
useful assessment parameters (described in detail in the next chapter of this paper) can help
lighting engineers to evaluate floodlighting designs in terms of light pollution and energy
efficiency as well. It should be emphasized here that these new quantitative parameters
cannot, however, constitute an imperative for the implementation of a given floodlighting
design. In architectural lighting, the visual effect is of key importance compared to any
technical and quantitative issues [14]. Nevertheless, according to the authors of this paper,
it is possible (and even necessary from the point of view of the environmental issues and
sustainability) to implement such floodlighting concepts that will be visually beautiful and
characterized by high energy efficiency as well as minimal generation of environmental
light pollution. For this purpose, the authors propose a completely new, quantitative
approach to architectural lighting designs.

3. Materials and Methods
3.1. Parameters of Quantitative Assessment of Floodlighting Design-Definitions

When conducting research in the architectural lighting design field, a shortage of the
tools and parameters linked to the quantitative analysis of this issue is revealed. Until
now the designs and implementations of floodlighting designs have been assessed only
qualitatively on the basis of a designers’ (or investor’s or heritage conservator’s) subjective
vision and their sense of aesthetics. This makes the designs (usually) visually beautiful, but
it is not clear if they are just so well designed when it comes to the electrical energy con-
sumption by their lighting installation. So far the issue of energy efficiency of architectural
lighting has not been analyzed due to the utilization factor or the minimizing of lighting
equipment power under certain photometric assumptions. It seems to be unfavorable due
to the high demand for implementation of near-zero energy solutions [37,38,69]. Moreover,
the literature review shows that some countries have introduced some hard-to-achieve
requirements connected with the floodlighting utilization factor (min. 75%) in order to
reduce light pollution [70]. Unfortunately, a shortage of the tools and methods for con-
trolling light pollution from the floodlighting of objects is also seen and they have to be
immediately developed. For this purpose, the utilization factor, one of the basic parameters
of lighting technology, can be used and it can be applied to the object of illumination as
the floodlighting utilization factor [26]. Additionally, for the quantitative assessment of
floodlighting design, where many luminaires of different types have been used, other
parameters derived directly from the floodlighting utilization factor and based on the
analysis of individual luminous fluxes are also useful. These parameters are: maximum
floodlighting utilization factor, coefficient of floodlighting utilization factor and oversizing
luminance. The definitions of some parameters have already been presented in the litera-
ture [26]. However, because of their specific development, they are also presented below in
this paper.

The floodlighting utilization factor (1) is the ratio between the total useful luminous flux
that directly reaches the designated area of the object to be floodlit and causes some specific
visual effects in the form of luminance distribution and the total luminous flux of all light
sources (2).
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The maximum floodlighting utilization factor(3) is the ratio of the total luminous flux
emitted from all luminaires used in a given solution (4) and the total luminous flux coming
from all light sources (2). Its value directly gives information on the quality of lighting
equipment applied to a given solution. In fact, it is the weighted arithmetic mean of light
output ratios for a given project. The higher the values of light output ratios are, the higher
the value of the maximum floodlighting utilization factor parameter is. Moreover, the issue
of absolute photometry should be briefly discussed as the most common phenomenon
for LED luminaires. It is a negative aspect because the light output ratio (LOR) enables
one to obtain knowledge about energy conversion in the optical system. On this basis, it
can be emphasized that manufacturers of lighting equipment face this problem because
the majority of them provide the luminous efficacy of the luminaire (and not the light
sources themselves).

The coefficient of floodlighting utilization factor (5) means the ratio between the gained
value of the floodlighting utilization factor for a particular lighting solution and the maxi-
mum floodlighting utilization factor for a given project. However, if the proper definitions
of the floodlighting utilization factor and maximum floodlighting utilization factor are
carefully analyzed, it can be defined as the quotient of the useful luminous flux and the
sum of the luminous fluxes of all luminaires used in a given project (5). This parameter
also describes the energy potential of the design. The higher it is, the better the use of
energy required for the floodlighting in the entire solution is. The range of values for this
parameter is between 0 and 100%; 100% means that the total luminous flux of all luminaires
used reaches the designated surfaces to be illuminated and in practice, it can be interpreted
as an ideal case. The floodlighting designed in this way does not intensify light pollution
since the luminous flux emitted in the upper hemisphere is only the effect of reflection of the
luminous flux of luminaires from the object surface. In addition, of course, the appropriate
level of average luminance of the object adjusted to the level of ambient brightness has to
be obtained so that unnecessary (too large) oversizing luminance should not be created.

The oversizing luminance (6) is the value of the ratio of the gained luminance to the
assumed luminance (7). This parameter is very important since it is directly connected
to the energy efficiency of a given floodlighting solution. Due to specifying its value, the
lighting designer can precisely determine the average luminance level the floodlighting
design. This makes it possible to correct the power (luminous flux) of the luminaires used.
It can be done by using an appropriate control system (dimming) or replacing the lumi-
naires with ones of a power (luminous flux) higher/lower than the oversizing luminance
gained. For example, if this parameter is 2, it means that the luminance level generated
was twice as high as the assumed one. The use of luminaires with the same arrangement,
luminous intensity distributions, but with twofold lower power (luminous flux) will cause
the adjustment to the assumed luminance level. The oversizing luminance parameter is
therefore of a great design importance. Thanks to it and any convenient lighting control
tools, it is possible to adequately counteract the unwanted environmental light pollution
phenomenon and have full control over the average luminance obtained in a given design.
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where:

fus—Tis the floodlighting utilization factor [%];

fmax—is the maximum floodlighting utilization factor [%];
fc—is the coefficient of floodlighting utilization factor [%];
@, —is the useful luminous flux [Im];

®p—is the total luminous flux of all light sources [Im];
@, —is the luminous flux of i — th light source [Im];
Dy,,m—is the total luminous flux of all luminaires [Im];
@Dy, —is the luminous flux of i — th luminaire [Im];

Lo—is the oversizing luminance [%];

Ly—is the gained luminance [cd/ mZ] ;

L ,—is the assumed luminance [cd/m?];

N;—is the amount of the i — th luminaire or light source [—].

3.2. Methodology for Calculating Useful Luminous Flux and Average Luminance

The main problem connected with architectural lighting design is the lack of a uni-
fied method of calculating the useful luminous flux needed to identify the floodlighting
utilization factor and the average luminance (gained luminance) of the object illuminated.
This is a certain inconsistency because, as shown in Section 2, architectural lighting design
is projected to a given level of average luminance. However, software for computerized
lighting calculations, such as DIALux or 3ds MAX, can help. Using these programs enables
creation of calculation planes which will then be used for discrete calculations of the rele-
vant photometric parameters. To do this, the analysis of a typical situation in architectural
lighting, shown in Figure 2, should be performed. The luminous flux of the used luminar-
ies can be divided into two parts: useful (useful luminous flux) and useless (the loss of
luminous flux). The loss of luminous flux can be calculated by applying the cuboid method.
This method can be used in any lighting simulation software. It consists of surrounding
the illuminated object and the lighting equipment with computational surfaces forming
a cuboid (Figure 3). Adding the luminous flux reaching each of the six cuboid faces, the
loss of luminous flux is obtained (8). Bearing in mind the best computational accuracy,
the side of this cuboid should be at least twice as large as the largest dimension of the
analyzed object. [lluminating the faces of this solid from the inside will be a consequence
of maladjustment of the luminous intensity distributions of the luminaires used (and their
aiming and location) to the geometry of the floodlit object. Knowing the loss of luminous
flux of a given floodlighting design, it is possible to calculate the useful luminous flux by
deducting the loss of luminous flux from the total luminous flux of luminaires (9) and
then all quantitative parameters presented at the beginning of this section [26]. It is worth
adding that the average gained luminance can be calculated on the basis of Equation (10)—
assuming the diffusion reflection phenomenon as a practical simplification. However,
obtaining satisfactory computational accuracy in the case of illuminating classical architec-
tural objects (with a small share of glass materials in the facade structure) can be achieved.
However, before this is done the average weighted reflectance has to be calculated (11).
Additionally, when using the cuboid method, it is essential to analyze the illuminance
distributions on such sufficiently large surfaces that all luminaires used should be inside a
closed surface composed of computational planes. Additionally, these planes should be
characterized by an appropriate discretization which here is understood as the number of
calculation points [21]. It is also worth noting that the application of this method is very
useful in design practice considering the complexity of the illuminated object’s geometry.
In design reality, flat facades are rare and they are usually characterized by an architectural
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detail. The use of this method eliminates the need to enter a large number of computational
planes into the computer software, which to a great extent makes work much easier and
speeds up both calculations and the entire design process.

Puss = 1 Eg . ] ®
L
D = Ppy — Dl I ©)
o= P ) a0
puog = TP ] an
i=14%

where:

®},ss—is the loss of luminous flux [Im];

@, —is the useful luminous flux [Im];

®;,,mi—is the total luminous flux of all luminaires [Im];

L,—is the gained luminance [cd/m?];

Egog,—is the average illuminance on the i — th side of calculation cube [Ix];
S,—is area of one side of caulcation cube [mz] ;

Aop—is the total illuminated area of object [m?];

A;—is the area of object characterized by particular reflectance p; [m?] ;
Pavg—is the average reflectance of illuminated object [—];

pi—is the reflectance of particular material of object [—];

4
=

Figure 2. Typical situation of architectural lighting: 1—architectural object (object to be floodlit),
2—luminaire, 3—useful luminous flux, 4—loss of luminous flux.
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Figure 3. Idea of calculating loss of luminous flux by the cuboid method: 1—object to be floodlit,
2—luminaire, 3—effect of loss of luminous flux, 4—closed surface surrounding object to be floodlit,
5—shadow of object.

3.3. Lighting Energqy Efficiency—Installed Power and Lighting Power Density

In the case of electric lighting, the classic approach to assess the issue of energy
efficiency is based on the analysis of the energy efficiency potential, i.e., parameters related
to electric power of used lighting equipment. There are mainly two basic parameters:
installed power and lighting power density (LPD) [71].

Installed power means the sum of the electric powers of all lighting equipment used
in a given project (in a given area) (12). In general, the lower the installed capacity, the
lower the electricity consumption. However, the parameters of the luminous environment
must also be maintained at the appropriate level and this is the basic principle of creating
energy-efficient lighting solutions [43,72].

Lighting power density means the maximum allowable value of the lighting power
per illuminated area unit in relation to the appropriate classification of the type of lighting,
lighting situation, environmental zone, etc. (13). As has been mentioned in the earlier part
of this paper, it is recommended that the value of this parameter in the case of architectural
lighting in urban areas should not exceed 2.2 W/m? [67].

n
Pipst = 2 Pluml- [W] (12)
i=1
o Pz'nst W
LPD = e (13)

where:

P;,4—is the installed power [W];

Py, —is the power of i — th luminaire [W];
LPD—is the lighting power density [W / mz] ;
Ag—total area to be lit [m?].
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3.4. The Selection of Objects to Make Calculations

Floodlighting can apply to virtually all architectural objects. These objects may differ
in their style of architecture. When designing the floodlighting of objects, it is necessary
to consider highlighting some characteristic features of a given architectural style by
using a floodlighting concept [29]. Highlighting may consist of marking the shapes of
individual elements, specific rhythm of the facade, richness of decorations, etc. This
means that depending on the architecture style, the appropriate way of illuminating
individual surfaces should be considered by relevantly placing and aiming various types
of lighting equipment (as well as selecting them in terms of their quality and photometric
solidity). The authors” experience in the field of floodlighting suggests that it would
be beneficial to analyze the architectural objects that significantly differ in architectural
style (geometry). For the purposes of this research, it was established that the selected
objects should be a typical representation of the illuminated objects, which resulted in
limiting the research to the most common architecture across Europe. As a result of this
assumption, the decision on selecting the following groups of floodlit objects and their
typical representatives was made (Table 2). Since the authors are Polish, objects located
in Poland were chosen as the subjects of this research. It made obtaining any appropriate
input data for creating the floodlighting design, such as photographic documentation or
architectural plans, much easier. Therefore, for this purpose, groups of objects were defined
as follows: very wide, soaring, frontage, engineering and modern. The examples of objects
were determined for the appropriate group: very wide—baroque styled, soaring—Gothic
and neo-Gothic styled, frontage—old tenement houses, engineering—cable-stayed bridges
and high-voltage lines, modern—shopping centers and town halls. Then, as a result of the
analysis of the assumptions of individual groups and their typical representatives, real
objects were selected. This was the basis for the preparation of professional illumination
projects in a variant approach and for the performance of its quantitative analysis.

Table 2. List of architectural and geometric analysis results while selecting objects to carry out
lighting simulations.

No. Group of Objects Example Objects Real Object View
1 Very wide-stretching,  Baroque palaces The Zamoyski Palace
' but relatively low and residences in Koztéwka
Very tall buildings, . .,
5 but relatively little Gothic and St. John the Baptist’s

wide-stretching

neo-Gothic churches Church in Tczéow

photo: Google Maps
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Table 2. Cont.

No. Group of Objects Example Objects Real Object View
The old tenement
Qb]ects locat.ed. Old tenement building at 65
3. in close proximity buildi Krakowskie
to other facilities uiidimes Przedmiescie Street
in Warsaw
. Cable-stayed bridge
Translucent objects Cable-stayed bridges, stylized as the
4. . . . relay towers, 7. o
- engineering objects hi . Swietokrzyski Bridge
igh-voltage lines .
in Warsaw
photo: Google Maps
5 Modern buildings Town halls, shopping = The Ursynéw Town

malls, hotels Hall in Warsaw

photo: Krzysztof Skarzyriski

For all representatives of a particular group of architectural objects, the geometric
models, defined materials and professional floodlighting designs (including computer
visualization) were made in the Autodesk 3ds MAX software. It was agreed that 3ds Max
software had sufficient calculation accuracy for the needs of simulations [32]. What is more,
this software is considered by floodlighting designers as a package that enables photo
realistic lighting effects to be achieved [13,30,33].

Two concepts of floodlighting were created for four out of five models. One of them
presents the planar method and the other the accent method. The planar method is
connected with highly uniform illumination, whereas the accent method emphasizes the
architectural details. The uniformity of illumination is relatively low in this case. The
proper definitions and features of the planar and accent methods can be found in [29]. The
exception was an engineering structure (cable-stayed bridge), for which only one concept
was made. While designing the floodlighting, no design restrictions associated with real
field conditions were assumed. The most important task was to meet the floodlighting
rules connected with particular floodlighting methods and to obtain a satisfactory esthetic
effect, which is described in the literature [29]. For all objects and concepts, the calculations
for new assessment parameters of energy efficiency and light pollution for the floodlighting
design were carried out in accordance with the following assumptions:
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e  The cuboid method was implemented using the 3ds MAX software. It is very often
used to create photorealistic visualizations of lighting, in this case the floodlighting
of architectural objects. The software includes a “LightMeter” tool that allowed us to
calculate the illuminance distribution on a given plane. This tool was used to create a
computational cuboid surrounding individual objects.

e  The condition of appropriate size/dimensions and discretization of computational
surfaces was met.

e  The calculations were made for the case when all the luminaires together with the
object were inside the cuboid built of the computational planes.

e  The calculations were made only for the direct component of lighting (without taking
into account the phenomenon of interreflections).

e Lighting equipment from top quality and price manufacturers having a reputation
of the highest quality of workmanship in the market was used. While choosing this
equipment, attention was paid to whether the manufacturer provided all the basic
data (luminous flux of light source, luminous flux of luminaire, luminaire efficiency,
photometric solid) required for further calculations.

e  The average reflectances should be treated as an assumption resulting from the authors’
design experience—in fact, the reflectance depends both on the type of material and
the spectral power distribution (SPD) of a light source it is illuminated with.

e  The average luminance levels were assumed for each analyzed object in accordance
with the recommendations available in the CIE 094 report and the location of a given
object: wide-stretching object—4 cd/m?, soaring object—6 cd/m?, engineering object,
frontage object, modern object—12 cd/m?. Reference to the earlier CIE 094 technical
report of 1993 connected with object floodlighting was made. The reason for this was
in the authors’ view the increase in average luminance levels specified in the new CIE
234 report of 2019 is unfavorable from the point of view of light pollution. In general,
increasing average luminance levels seems to be unnecessary and hazardous. For
instance, in road lighting the highest average luminance level is 2 cd/m?, so a value
from about 4-5 to about a dozen cd/m? seems to be fine to properly distinguish the
object of floodlighting from its surroundings (due to light pollution). However, the
issue of the appropriate level of average luminance of the illuminated object is very
complex [73]. It seems that it should also be investigated in the near future mainly in
relation to environmental protection against light pollution.

e Inorder to assess the energy efficiency of architectural lighting, the parameters of the
installed power and lighting power density were used, with the simultaneous adop-
tion of values for these parameters from the ANSI/ASHRAE/IES Standard 90.1-2019
Energy Standard for Buildings Except Low-Rise Residential Buildings [67].

4. Results and Discussion

Figures 4-12 present the results of the computer simulation of floodlighting—visualizations
and luminance distributions in pseudocolor technique for the selected architectural objects.
In all cases, it was noted that the designed floodlighting met the visual requirements and
had satisfactory esthetic values meeting the basic floodlighting principles [29]. This means
that for all objects, the illumination images obtained in the form of renderings were con-
sistent, orderly and the lighting equipment was arranged in such a way that it was not
visible to the observer. At the same time the principle of enhancing the depth and height
of the object (the higher and further, the brighter) and walls perpendicular to each other
have to be characterized by different luminance values. However, it should be emphasized
that the issue of the reception of the floodlighting design is subjective, while the basic
principles of illumination help to achieve satisfaction with the visual effects for the majority
of viewers [29]. The results of the quantitative analysis are presented in Tables 3 and 4.
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Figure 4. Baroque palace floodlighting with the planar method: (A)—visualization, (B)—
luminance distribution.

Figure 5. Baroque palace floodlighting with the accent method: (A)—visualization, (B)—
luminance distribution.

Figure 6. Neo-Gothic church floodlighting with the planar method: (A)—visualization, (B)—
luminance distribution.
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Figure 7. Neo-Gothic church floodlighting with the accent method: (A)—visualization, (B)—
luminance distribution.

Figure 8. Cable-stayed bridge floodlighting with the mixed method: (A)—visualization, (B)—
luminance distribution.

Luminance (cdim*2)
0.00 1

45.09 100.00

Figure 9. Old tenement building floodlighting with the planar method: (A)—visualization, (B)—
luminance distribution.



Sustainability 2022, 14, 3934 15 of 23

2514 50.00

Figure 10. Old tenement building floodlighting with the accent method: (A)—visualization, (B)—

luminance distribution.
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Figure 11. Modern building floodlighting with the planar method: (A)—visualization, (B)—

luminance distribution.
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Figure 12. Modern building floodlighting with the accent method: (A)—visualization, (B)—

luminance distribution.
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Table 3. List of data used in cuboid method and results of calculations of useful luminous flux and

loss of luminous flux for particular concepts of floodlighting of selected objects.

Object Method ~ CURESE NI umben e o] s
Wide-stretching planar 100 m 1m 60,000 180,000 130,680 39,720 90,960
(Figures 4 and 5) accent 100 m 1m 60,000 403,503 310,057 162,962 147,095

Soaring planar 100 m 1m 60,000 890,050 667,319 357,989 309,330
(Figures 6 and 7) accent 100 m 1m 60,000 757,720 504,309 163,134 341,175

E&gi;frirg)lg mixed 1500 m 10m 375,000 189,4860 1,164,840 323596 841,244
Frontage planar 50 m 1m 15,000 30,400 19,462 12,830 6632
(Figures 9 and 10) accent 50 m 1m 15,000 24,828 14,370 10,032 4338

Modern planar 300 m 2m 135,000 1,948,324 1,632,046  108,8934 543,112

(Figures 11 and 12) accent 300 m 2m 135,000 1,792,766 1,016,526 587,596 428,930

Table 4. List of results of calculations of new parameters and luminance gained for individual

concepts of floodlighting of selected objects.

. P; L A f f f L L LPD
Object Method st 4 P 9 Jmax uf ¢ ¢ 0
jec Bom | 17 N - I S S 11 B 73 N €79 B C75 B €5 B A R 618
Wide-stretching Planar 2200 , 040% 1450 73 22 30 19.2 480 1.52
(Figures 4 and 5) Accent 4940 77 40 53 14.3 360 3.41
 Soaring Planar 5650 ; 030% 3200 75 40 53 10.7 180 1.77
(Figures 6 and 7) Accent 10,130 67 22 33 49 80 3.17
Engineering Mixed 19,360 12 035* 10,000 61 17 28 3.6 30 1.94
(Figure 8)

 Frontage Planar 390 b 050% 220 64 42 66 9.3 80 1.77
(Figures 9 and 10) Accent 700 58 40 70 7.3 60 3.18
Pl 13,270 84 56 67 26.4 220 2.88

~ Modern anar 12 025* 4600
(Figures 11 and 12) Accent 16,200 57 33 58 14.2 120 3.52

* assumption.

Table 3 includes all the data that was used to calculate the new assessment parameters
for all five objects presented in this chapter. The parameters related to the cuboid method
used were also shown by specifying the side length of the cuboid that was used for the
calculations as well as the mesh size of the computational grid and the number of calculation
points. The side of the cuboid in individual cases as well as the discretization of the grid
on the individual faces were not determined in a random way. The calculations were
preceded by the analysis of these parameters and the values shown in the table are those
for which the condition of “providing the sufficiently large computational planes of appropriately
high discretization” was met [26]. All the luminaires applied were inside the cuboid that was
used for calculations. In design and computational practice this means that there are no
longer any changes in the values of individual parameters when starting with given side
dimensions of the cuboid and mesh size of the computational grid. These parameters are
included in Table 3. The total loss of luminous flux emitted by the applied luminaires is
captured by the individual planes of the cuboid, which mainly guarantees the correctness
of the method and the reliability of the results obtained. Attention is drawn to the fact
that in most cases it was sufficient to create a cuboid of dimensions twice as big as the
floodlit object with mesh size of 1 m. This cuboid gave a dozen or a few dozen thousand
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calculation points on the surface of the whole cuboid. This is an advantage because in
the case of a significant increase in the number of computational points, the calculation
time is significantly longer. It happens especially in the case when a very large number of
luminaires are used in floodlighting design, as in the case of an engineering object—such
as a cable-stayed bridge (the largest number of luminaires and the largest number of
calculation points). Nevertheless, the presented calculations show that this type of analysis
in floodlighting is perfectly possible. Of course, the computing ability of a given computer
has also an impact; however, it is not the subject of any detailed study in this paper.

The highest value of the useful luminous flux over 1000,000 Im was obtained for a
modern facility illuminated by the planar method. While the smallest value of approxi-
mately 10,000 Im was obtained for the object located in the frontage and illuminated with
the accent method. These values and their difference result from the different dimensions of
the objects. These examples show what differences (more than 100 times) may be in terms
of the useful luminous flux requirement for various architectural objects with a different
geometry and size. However, the useful luminous flux cannot be the parameter for the
quantitative evaluation of the architectural lighting design because its value depends on
the size of the illuminated area and, consequently, on the electric power and number of
luminaires used in a given architectural lighting design.

Moreover, analyzing the obtained useful luminous flux values (Table 3), it can be
seen that it is not directly related to a given floodlighting method. The general reasons
for this can be a shortage of strict conditions on selecting the power and the luminous
intensity distribution of luminaires with the expected value of average luminance for the
floodlighting. It should be noted, however, that this inadequacy problem is only visible at
the quantitative level of the floodlighting design analysis. The qualitative aspects in terms
of correctness of the esthetic effect are as appropriate as possible.

Table 4 presents the calculation results of the following parameters: floodlighting
utilization factor, maximum floodlighting utilization factor, coefficient of floodlighting
utilization factor, gained luminance, and lighting power density. The visualization of the
received data for the new parameters is presented in Figure 13 and for the lighting power
density for each case in Figure 14. Table 4 also gives the value of the average reflectance
for a given object, the size of the illuminated surface, the value of the average luminance
for which the solution was designed. It also shows the oversizing luminance obtained as
the result of dividing the value of the luminance gained (calculated) by the value of the
designed luminance.

fmax fuf fc I'u
300 | : :
! N
| | | £
| i B
200 }| PN
IS ! ! 1 E 3
; 3
' o
3
100 | 2 8
® 1 1 1
33 g | | - d
[l g E | I & S
1 BB 5 = 1 O
' S © o Wy W %
N N -] bl
| M N5
0 |
B Wide-stretching (Planar Method) B Wide-stretching (Accent Method) O Soanng (Planar Method)
B Soaring (Accent Method) B Engineering (Mixed Method) EFrontage (Planar Method)
OFrontage (Accent Method) OModern (Planar Method) OModem (Accent Method)

Figure 13. Visualization of selected values of individual quantitative assessment parameters of
floodlighting design obtained as a result of calculations carried out.
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Figure 14. Visualization of lighting power density values for particular case.

The obtained maximum floodlighting utilization factor values were around 70%. This
means that about 30% of the luminous flux was lost in the optical systems of luminaires
and it consequently had a negative effect on the energy efficiency of the floodlighting
solution. Simultaneously analyzing this parameter indicates the need to use high-quality
equipment with accurate basic quantitative data (luminous flux of light source and of
luminaire, luminaire efficiency, luminous intensity distribution of luminaires) provided by
its manufacturer.

The gained floodlighting utilization factor values were relatively low (around 35%).
The lowest value of the floodlighting utilization factor was in the case of the cable-stayed
bridge floodlighting (17%), which can be explained by the large distances from which
the light came with respect to relatively small areas to be illuminated (shrouds). The
highest value of the floodlighting utilization factor was obtained for floodlighting of
the modern object with the planar method (56%). This means that most luminous flux
from the light sources reached the surface of this object from all the discussed cases.
However, it is not identical to the lowest environmental light pollution due to the nature
of reflection (the directional feature dominates) and a change in value of the reflectance
of glass surfaces with respect to the angle of incidence of the luminous flux directed on
them. High values of this parameter (40%) were also obtained in the following cases:
in the accent method for floodlighting of the wide-stretching object, the planar method
for floodlighting of soaring objects as well as both methods for floodlighting of frontage
objects. In addition, the generally low floodlighting utilization factor values obtained are
not obvious. In all analyzed cases, the esthetic effect obtained was compliant with the rules
of floodlighting art principles of floodlighting [29]. What is more, it is not stated explicitly
where a given floodlighting method (planar or accent) was characterized by significantly
better floodlighting utilization factor values.

While analyzing the coefficient of floodlighting utilization factor, it can be specified
that its average value for all nine cases was about 50%. This means that half of the luminous
flux emitted from the luminaires did not reach the surfaces designated to be floodlit and
diffused in the space around the object. Both this fact and the maximum floodlighting
utilization factor of 70% condition the statement that a given floodlighting design can be
improved nearly twice in terms of the values of assessment parameters of floodlighting
energy efficiency and light pollution.

Additionally, for all cases the average luminance value (gained luminance) and its
reference to the assumed luminance level (assumed luminance) for which the design
was created were calculated. So far, this has been rarely applied in practice despite the
requirements set in the technical reports. The average luminance was assessed on the
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basis of the provisional estimation based on a visual analysis of the gained luminance
distribution of a given lighting solution. As mentioned above, this method generated large
errors and discrepancies in reading out the average luminance value of a given design. The
obtained values as well as their reference to the designed value (oversizing luminance)
show whether the average luminance level meets the assumptions. For example, the value
of about 19 cd/m? was reached for the planar method for floodlighting the wide-stretched
object (Figure 4). This value is about four times higher than required (due to the location
of the object in an out-of-the-way place where the level of luminance in the surroundings
is very low). This means that it is possible to successfully reduce the power of the used
luminaires four times, achieving a similar esthetic effect with significantly lower power
consumption. Calculating the oversizing luminance also allows for a reaction when this
obtained level of average luminance is lower than designed—as in cases such as engineering
objects and frontage objects. In these cases, it would be necessary to look for the increase
in average luminance level due to the location in a place where the surroundings are very
bright: the center of a large city (frontage object) or observed from a very long distance
(engineering object).

Table 4 also presents the values of the parameters of the installed power and lighting
power density for particular cases. The highest value of installed power of above 19 kW
was obtained for the cable-stayed bridge, and the lowest value of 0.3-0.7 kW for the facility
located in the frontage. This is because these objects differ significantly in their dimensions.
The area for lighting (taking into account the dimensions of the outline) in the case of the
bridge was approximately 45 times larger than in the case of structures with a frontage.
However, the installed power depends on the quality of the lighting equipment used,
the matching of luminous intensity distribution of luminaires to the lighting task, the
assumed and obtained average luminance, and mainly on the floodlighting utilization
factor. In the case of the facility located in the frontage, the floodlighting utilization factor
was almost 2.5 times greater than in the case of an engineering facility. Therefore, it should
be concluded that in this case the architectural lighting implemented for the facility located
in thefrontage was definitely more environmentally friendly than the lighting of the cable-
stayed object.

Attention should also be paid to the obtained values of the lighting power density
presented in Table 4 and visualized in Figure 14. Only for four of the nine analyzed cases
was the value of this parameter below the standard requirement of 2.2 W/m?. These are
wide, soaring objects and the frontages were illuminated with the planar method, and the
cable-stayed bridge illuminated with the use of a mixed method of floodlighting. Attention
is drawn to the fact that in these cases the obtained value of the floodlighting utilization
factor was relatively low and in the order of 20-30%. This means that there is still a great
potential for improving the energy efficiency issues for these objects. The criterion value of
lighting power density was met, but a significant part of the luminous flux did not reach
these objects, increasing the phenomenon of light pollution, which should definitely be
eliminated. Therefore, in the case of the quantification of architectural lighting projects,
it is not possible to rely solely on the criterion of lighting power density, as it may lead
to incorrect conclusions that meeting the criterion value determines an environmentally
friendly solution. However, all parameters should be analyzed simultaneously considering
what their definitions refer to.

The results included in Tables 3 and 4, and Figures 13 and 14 do not allow us to draw
any far-reaching conclusions that would combine the floodlighting method, type of object
and the obtained values of assessment parameters of energy efficiency and light pollution
in the object floodlighting field. For example, starting with designing the floodlighting of a
given object, it is unknown whether better energy efficiency will be achieved thanks to the
planar or accent method. In addition, it is not the energy efficiency that should influence a
choice of floodlighting method but the esthetic vision together with all other considerations
that have an impact on a selection of the floodlighting method, e.g., object observation dis-
tance, style of architecture, etc. Nevertheless, it seems that the new proposed quantitative
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assessment parameters can be very helpful in evaluating the engineering correctness of a
given created floodlighting design. At the same time, these proposed novel parameters can
certainly differentiate specific architectural lighting solutions.

5. Recommendations on Using the New Quantitative Parameters and Energy
Efficiency Parameters

While analyzing the definitions of new quantitative parameters of floodlighting pre-
sented in the Section 3.1 and results of their calculations in Section 4, some general principles
for their use can be specified, too. The recommendations may seem obvious after the dis-
cussion of the results in the previous section. However, in order to systematize the new
approach, it is worth describing the recommendations related to the use of the new quan-
titative approach a little more accurately. Thus, the quality of the architectural lighting
design in terms of quantity is described by the dependence (14). Firstly, the maximum
floodlighting utilization factor should be as close as possible to 100%, which means that
top-quality lighting equipment has been used in terms of energy conversion in the optical
system. Then the floodlighting utilization factor should obtain the maximum floodlighting
utilization factor, which can be checked by analyzing the coefficient of floodlighting utiliza-
tion factor. As already mentioned, its value being equal to 100% will mean that the total
luminous flux of all luminaires reaches only the designated surfaces to be floodlit, which is
very beneficial from the perspective of light pollution. Additionally, the average gained
luminance of the object should be as close as possible to the assumed value of the average
value of the floodlighting design. If this happens, the oversizing luminance parameter will
have a value equal to 1. This parameter shows how many times it is necessary to reduce
or increase the power (luminous flux) of a given lighting system in order to adjust it to
the set, assumed level of average luminance. The aim should be to achieve parameters
related to energy efficiency, installed power and lighting power density close to zero. In
practice, this means that these parameters should be characterized by minimum values
so that it is possible to generate appropriate parameters of the luminous environment
by means of an appropriate level of average luminance. Finally, it has to be stated that
meeting the conditions described by Equation (14) will guarantee the implementation of the
floodlighting design in a proper way in quantitative terms. That is why we should aim for
the designed objects to be characterized by the desired values of quantitative parameters.

fmax — 100%
fuf - fmax
fo — 100%

Lo — 100%
Pipst = 0
LPD — 0

where:

ALD(HQ)—high quality of the architectrual lighting design in terms of quantity;
fus—Tis the floodlighting utilization factor [%];

fmax—is the maximum floodlighting utilization factor [%];

fe—is the coefficient of floodlighting utilization factor [%];

Lo—is the oversizing luminance [%];

Ly—is the gained luminance [cd/ mz] ;

L ,—is the assumed luminance [cd/m?];

P;st—is the installed power [W];

LPD—is the lighting power density [W/m?].
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6. Conclusions

This paper presents a methodology for the quantitative assessment of floodlighting
design (architectural lighting design). New parameters, their desired values as well as
their calculation method are shown. Five typical floodlit objects that were different in
geometry and architectural style were analyzed. Floodlighting was designed for each of
them, with the use of the planar and accent methods. Afterwards, by the means of the
presented calculation method, calculations were made for all new quantitative parameters
that are used to assess the floodlighting design with respect in particular to the light
pollution issue. The results of these calculations clearly show that the values of individual
quantitative parameters obtained in a typical floodlighting design process are relatively
low: floodlighting utilization factor of 35%, maximum floodlighting utilization factor
of 68%, coefficient of floodlighting utilization factor of 50% and oversizing luminance
of 1.8. The installed power parameter depends on the size of the illuminated area. As for
the lighting power density value, it does not sufficiently describe the correctness of the
created architectural lighting design. However, taking into account the new quantitative
parameters and by analyzing all the parameters, it is possible to improve the design in terms
of creating a sustainable lighting solution for a given object. This means that floodlighting
designs can be improved at the design level in terms of both energy efficiency and light
pollution. Finally, it has to be stated that by using these parameters it is definitely possible
to quantitatively differentiate architectural lighting designs and their individual lighting
solutions. This differentiation is mainly connected to the issues of energy efficiency and
light pollution and can be a big advantage when it comes to creating environmentally
friendly solutions.
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