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Abstract: This article deals with options for how to express the luminous flux from outdoor electrical
substations of the electric transmission system. Processing of the models of light emissions before and
after refurbishment of lighting systems was motivated by setting out rules for the design and erection
of refurbished lighting systems in outdoor electrical substations, which are most commonly built in
inhabited rural areas with low luminance of the background. The proposed model and calculations
are based on requirements of international standards and recommendations for lighting of outdoor
workplaces as well as on internal regulations of the ČEPS (Czech Transmission System Operator).
These requirements are implemented in real electrical substations and lighting models that are
extended by the calculation space of the software goniophotometer. The software goniophotometer
was used to evaluate light distribution characteristics of entire electric stations in various situations.
This article assesses the impact of different lighting systems installed at electrical substations from
the perspective of both direct and total luminous flux directed to the upper hemisphere. It takes into
account three outdoor electrical substations (420 kV) of a transmission network and their lighting
systems before and after refurbishment. The aim of this article is to determine to what extent the
electrical substations contribute to emissions of luminous flux to the upper hemisphere. Results
from calculations on models show reduced radiation to the upper hemisphere up to 52.3% after
refurbishment of obsolete lighting systems, although total installed flux actually increased due to a
change in the ratio of direct and reflected luminous flux after refurbishment of lighting systems.

Keywords: software goniophotometer; light pollution; electrical substation; light distribution charac-
teristic; model; lighting system; sustainable development

1. Introduction

Electrical substations as nodes of the electric transmission network are very good
examples for creating a model for distribution of light emissions in the framework of
geographical locality. In the Czech Republic, there are a total of 32 outdoor electrical
substations of the transmission network with a total area of 2.57 mil. m2. In the Slovak
Republic, 19 substations represent a total area of 1.2 mil. m2. The average area of one
electrical substation in both the Czech and Slovak Republic is then 73,906 m2 and the total
area is 3.77 mil. m2. Electrical substations of the transmission system work in principle
in two modes. Only luminaires of the perimeter, some of the major communications and
entrances to the buildings, are running all night long. Such systems can be compared to
road-lighting systems in cities and villages. All other luminaires are operated occasionally
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(in a control or emergency mode), and thus are comparable to lighting systems of outdoor
workplaces or sport facilities. Average horizontal illuminance of all areas of such outdoor
workplaces is in the range of several tens of lux. In collaboration with the Czech Transmis-
sion System Operator (ČEPS) on the design of lighting systems for electrical substations of
the transmission system, it is possible to compare models of the emission of three electrical
substations (TR Prosenice, TR Nošovice and TR Slavětice) within this case study. Models
of the mentioned substations were created for an optimized lighting system so that these
could be compared with the TR Prosenice electrical substation modelled in the stage before
refurbishment.

Lighting recommendations for outdoor workplaces were established in CIE S 015/E:2005
Lighting of Outdoor Workplaces with further guidelines in CIE 129-1998 Guide for lighting
exterior work areas. Lighting requirements for safety and security of outdoor workplaces
are specified in ISO/CIE 8995-3:2018 Lighting of workplaces. These international standards
and recommendations are implemented in national or regional standards; for example, in the
European Union, the scope of the EN 12464-2 covers both safety/security and application-
specific aspects. From a safety point of view, a very low risk level poses min. 5 lx of
maintained illuminance, low-risk areas need at least 10 lx, medium risks require 20 lx or
more and high-risk workplaces, including the investigated electric switchyards, shall be
illuminated to a min. 50 lx. The uniformity must be at least 0.25 for very low risks and 0.40
otherwise. Photometric parameters required for selected workplaces in electrical substations
are shown in Table 1.

Table 1. Photometric requirements for specific power- and electricity-related outdoor workplaces [1].

Type of the Space, Task or Activity Ēm [lx] Uo [-] RGL [-] Ra [-]

Pedestrian movements within electrically safe areas 5 0.25 50 20

Overall inspection 50 0.40 50 20

General servicing work and reading of instruments 100 0.40 45 40

Repair of electric devices (local lighting should
be used) 200 0.50 45 60

Key: Ēm—maintained average illuminance, Uo—overall uniformity of illumination, RGL—glare rating index GR,
Ra—color rendering index.

We are focusing on electric substations because commissioning of these led to refusal
of getting approval from the authorities due to excessive light emissions upwards. In the
International Commission on Illumination, CIE, the problems of obtrusive light are in the
scope of three Technical Reports: CIE 126-1997 Guidelines for minimizing sky glow, CIE
001-1980 Guidelines for minimizing urban sky glow near astronomical observatories, and
the CIE 150:2017 Guide on the limitation of the effects of obtrusive light from outdoor
lighting installations, Second Edition. In addition to CIE documents on obtrusive light,
requirements for the mitigation of adverse effects of outdoor lighting installations are
included as self-standing sections in application standards such as CIE S 015, CIE 129
and EN 12464-2. In contradiction to the presumed higher contribution of the lighting of
outdoor workplaces, very little is known about particular figures of radiation emission
characteristics to the upper hemisphere and there is huge gap in peer-reviewed studies
focused on this kind of obtrusive light.

In road lighting, the highest lighting class for pedestrians and slow traffic P1 requires
illuminance of 15 lx, and in C classes (conflict zones) the highest class C0 specifies 50 lx. In
comparison to road lighting there is a considerable distinction when it comes to outdoor
workplaces. First of all, light levels are significantly higher than for road lighting. Values
in Table 1 indicate that for rough visual tasks such as overall inspection 50 lx is required
and for more visually demanding work this can be as high as 100 or 200 lx. To compare
these figures with road lighting, lighting classes for pedestrians range from 2 lx (class P6) to
15 lx (class P1) and the highest class for conflict areas (class C1) recommends an illumination
level of 50 lx. Required illuminance for outdoor workplaces is of course that for common
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illuminance in indoor workplaces for comparable work tasks, but outdoors this is applied in
large areas and leads to a huge amount of the needed luminous flux to satisfy the required
luminous parameters. Moreover, having no walls and ceilings outdoors, there is no indirect
component helping to satisfy the needs and no physical barrier to hinder the light from
reaching the adjacent surroundings. In this respect the illuminance levels and the necessary
luminous flux associated with these levels and the illuminated areas must be treated as
very high. High light levels in combination with illumination of large areas result in a
number of adverse effects and light pollution is just one of the aspects. More light means
increased energy consumption, which is chained with climate changes and remarkable
carbon footprints from a long-term perspective [2]. It is crucial to design the illumination
of outdoor workplaces aiming for the maximum possible efficiency, localizing the lighting
to the task area where it is needed and tailoring the operation time only to periods when
the particular task is carried out.

Luminaires for illumination of outdoor workplaces and for public lighting in resi-
dential areas have typical luminous intensity distribution curves (LIDC) in e.g., C-planes
where the direction is described by the pair of angles (C, γ) [3] and orientation of selected
C-planes, and an example of LIDC curves of a road-lighting luminaire in two principal
C-planes is depicted in Figure 1.

Figure 1. Orientation of selected C-planes for an outdoor lighting luminaire.

The paper is based on the results of previous investigation of large light-source mod-
els [4,5] and from the setting of lighting calculations that are used to evaluate the radiation
of large lighting systems in the upper hemisphere [6]. Outcomes of this article are intended
to demonstrate the change in luminous flux before and after refurbishment of lighting sys-
tems and comparison of radiation in the upper hemisphere between similar large sources.
Knowledge of these changes can help to assess the behaviour of emissions of outdoor
workplaces and potential for the mitigation of these emissions in both time and space.

2. Description of the Illumination of Electrical Substations

Illumination of electrical substations of the transmission system is respecting require-
ments of the standard EN 12464-2—Light and Lighting—Lighting of workplaces—Part 2:
Outdoor workplaces. More detailed requirements are specified in the in-house standard
ČEPS TN/59—Outdoor lighting in electrical substations of the transmission system. Be-
cause the investigated substations are located in Czech Republic, all relevant national
standards were also taken into account where applicable.

2.1. Surveillance Lighting

This lighting installation should work all night long like the classical road lighting
installation does. Annual operation time can be thus estimated to ca. 4100 h. For optimiza-
tion of the operation time, it is suitable to associate this lighting system with requirements
of the surveillance security cameras so that during dusk and dawn any situations when the



Energies 2022, 15, 345 4 of 21

surveillance system is unable to provide necessary information from security cameras [7,8]
are fully avoided.

For the purpose of surveillance lighting, common road lighting luminaires are nor-
mally used. Luminous flux distribution of these luminaires (primarily constructed for
road lighting) can perform well in the area of corridors covered by security cameras and
safeguard sufficient camera component of illumination needed for quality imaging of the
security cameras, and at the same time satisfy requirements for the horizontal component
in order to warn potential intruders that the area is under permanent monitoring. The
luminaires are equipped with flat glass and are not tilted. Flat glass is recommended in
order to minimize the luminance observed by the security cameras and also to limit the
emission of direct luminous flux into the upper hemisphere. In the role of light sources,
the LED lamps are used, having correlated colour temperature (CCT) of ca. 3000 K (warm
white colour of light) and colour rendering index better than 70 due to sensitivity of the
security cameras to higher wavelengths [9].

2.2. Road Lighting

The road-lighting installation is designed to ensure safe drive-through for inspection
workers. For this lighting system, operation time is only a few tens of hours per year and
is assumed when it comes to situations of common monitoring, inspection, maintenance
and servicing of equipment of the electrical substation. For this purpose, again ordinary
road lighting luminaires can be used. Circular internal roads in electrical substations do
not have properties of roads. On the other hand, such properties within workspaces have
specific sections of roads near transformers, buildings of secondary equipment and the
central building, and roads along switchers where values of maintained illuminance level
Ēm ≥ 5 lx for pedestrians and Ēm ≥ 10 lx for slowly moving vehicles is stated according to
standard EN 12464-2 (see Table 1) are required [1]. The European Standard EN 13201 and
document CIE 115:2010 are not implemented at electrical substations.

2.3. Distribution Fields (Operational Lighting)

The lighting installation for illumination of distribution fields is designed to safeguard
safe inspection of devices in fields of the distribution substation. For illumination of
distribution fields, luminaires with asymmetrical light distribution curves are used. Such
luminaires can uniformly illuminate large areas without glaring from high mounting
heights because it is not necessary to tilt the luminaires. Flat glass is needed in order to limit
the emission of direct luminous flux into the upper hemisphere. For illumination of outdoor
workplaces in electrical substations, values of maintained illuminance level Ēm ≥ 50 lx for
overall inspection visual task according to EN 12464-2 (see Table 1) are required.

2.4. Transformers, Shunt Reactors and Terciars Lighting Systems

The lighting installation for illumination of transformers (shunt reactors, terciars)
is designed to safeguard safe inspection of devices placed on transformers and read the
key indicators by the camera system. For illumination of transformers, luminaires with
asymmetrical light distribution curves are used. Such luminaires can uniformly illuminate
both vertical and horizontal areas without glaring from high mounting heights (fireproof
walls) because it is not necessary to tilt the luminaires. It is necessary to illuminate all
surfaces of the transformers (shunt reactors, terciars), in particular their upper parts in-
cluding bushings of power transformers. For safety reasons, it is indispensable to obey
requirements for horizontal and vertical maintained illuminance Ēm ≥ 50 lx (see Table 1).

2.5. Lighting Systems of Buildings and Drive-Ins

The lighting installation for illumination of buildings and drive-ins is designed to
safeguard safe inspection of drive-ins and entrances of buildings by means of a camera
system. For this lighting system, operation time of only a few tens of hours per year is
assumed when it comes to situations of common monitoring, inspection, maintenance and
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servicing of equipment of the electrical substation. For illumination of vertical surfaces, in
particular, luminaires with asymmetrical light distribution curves are used. In surroundings
of the luminaire observed by cameras, such luminaires can ensure sufficient horizontal as
well as camera component of lighting for quality imaging of the security cameras. Flat glass
is recommended in order to minimize the luminance observed by the security cameras and
also to limit the emission of direct luminous flux into the upper hemisphere. Illumination
of buildings and drive-ins is part of the surveillance lighting.

3. Materials and Methods

Methodology and basic principles of the proposed model on selected case studies
of electrical substations are described in the following two sections to clarify what ap-
proach was used to achieve results for reducing obtrusive light and reduction of power
consumption of refurbished lighting systems while respecting normative documents with
appropriate visual conditions for employers of electrical substations.

3.1. Methods

The shape of the LIDC for different luminaires depends on particular lighting applica-
tion and the target exterior area to be lit [1] comprising the task area and other associated
areas that should be illuminated according to the relevant lighting standards. From the
spatial distribution of the luminous intensity, it is possible to calculate the total luminous
flux of a luminaire using the Formula (1).

Φ =
∫ π

γ=0

∫ 2π

C=0
I(C, γ)sinγdγdC·(lm) (1)

In practice, the total luminous flux is measured by means of goniophotometers that
differ in construction and measurement principle. The far-field goniophotometer is one of
the common types based on longer photometric distance with which the inverse square
law for a point source can be applied to calculation of luminous intensity in a given
direction [9,10]. The measured data are then stored in photometric exchange file formats
(e.g., CEN, LDT, IEC, CIE etc.) for given angular intervals of the pair of angles (C, γ) [6].
For the purpose of this article, the total luminous flux emitted by an outdoor lighting
installation is calculated using a software goniophotometer created in the WILS lighting
calculation software. Furthermore, this software goniophotometer was validated by means
of goniophotometry with known LIDC of real luminaire [11]. Graphically, it is presented in
Figure 2, which respects theoretical principles of the goniophotometry of luminaires, where
from sufficient distance the outdoor lighting installation with areas of specified reflectance
can be deemed as a point light source placed in a photometric center and by which it is
possible to compose a LDT exchange file format, similarly as for luminaires including
both the direct and reflected component of a light directed in the upper hemisphere which
represents a basement for determination of quantitative parameters of obtrusive light of a
sky [12,13] in vicinity of illuminated outdoor workplaces or public lighting in residential
areas. Thus, the normal illuminance EN which is determined in each calculation point of a
software goniophotometer can be expressed by Formula (2),

EN =
Iγ

l2 (lx) where Iγ = I⊥ cos γ (cd) (2)

where l is the distance between the modelled object and the grid of calculation points.
The software goniophotometer then by calculation transforms the normal illuminance in
individual calculation points into the luminous intensity Iγ coming out from the middle
of the model (point source). Usual lighting calculation software, which can work with
measured LIDC in the form of photometric files of real luminaires, can work only with
Lambertian surfaces. In real surroundings the mirror reflection is negligible and all surfaces
are very close to the Lambertian surface.
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Figure 2. The grid of calculation points of a software goniophotometer for calculation of emission
characteristics of outdoor lighting systems [4,11].

3.2. Modelling of Emission Characterestics of Case Studies

Calculation of individual luminous intensities in given directions (calculation points
of the software goniophotometer are depicted in Figure 2 by yellow colour dots) is used
for composition of the luminous intensity distribution curves, not only of primary light
sources (luminaires) but also for generation of emission characteristics of large entities
(e.g., lighting systems of electrical substations). In result there is the emission characteristic
with the calculated efficiency related to the total luminous flux of a lighting systems either
only for the direct component or for combination of the direct and the reflected component
of the luminous flux. Comparison was made from the viewpoint of verifying the shape
of the luminous intensity curve and from the viewpoint of the total luminous flux that is
generated in the space from the obtained LDT data [11].

Object in the red circle (see Figure 2) is an enclosed area representing the light source
which can be, e.g., an urban quarter, neighbourhood, industrial yard or other large area
under investigation. For modelling purposes, the area is supposed to be a point source
with a given spatial luminous flux distribution. Detail of area in the red circle is depicted
in Figure 3. The direct component is that part of luminous flux which is directly emitted
from luminaires and spreads out in the upper hemisphere. The reflected component is
part of the luminaire’s flux which hits the target area of illumination as well as any other
surrounding areas where it is partly reflected upwards, thus also spreading in the upper
hemisphere. The calculation grid displayed normal illuminance in direction to the middle
of sphere and represents virtual luxmeter sensors [11], depicted in Figure 3.

Common surfaces that can be found in outdoor workplaces have usually diffuse (matt)
finishing with a certain reflectance [11]. As secondary sources of light these surfaces can be
described by the Lambertian luminous intensity distribution curve as depicted in Figure 4.
Then, assumed LIDCs of reflected parts of light from the ground are rotational symmetric
according to axis of normal luminous intensity directions.

These spatial characteristics recorded in form of photometric exchange file formats
represent light emissions from outdoor lighting installations. These files serve as input data
for calculation of obtrusive light parameters such as the total luminous flux to the upper
hemisphere by means of lighting calculation software. The upward luminous flux can be
used, e.g., for comparison of lighting systems before and after refurbishment. Obtrusive
light represents a total luminous flux that spreads to the upper hemisphere and therefore
increases sky glow. It is formed by direct and indirect (reflected) luminous flux from the
terrain and particular objects. The most important thing is the evaluation of the luminous
flux that is distributed directly to the upper hemisphere by non-dimensional parameter
ULR, defined by equation [14]:

ULR =
ULOR

ULOR + DLOR
(3)
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where:

ULR—proportional direct luminous flux radiated to the upper hemisphere
ULOR—luminous flux radiated directly from the luminaire to the upper hemisphere
DLOR—luminous flux reflected from the surfaces of the surrounding objects
ULOR + DLOR—total luminous flux radiated to the upper hemisphere.

Figure 3. Calculation grid showing normal illuminance of the software goniophotometer [11].

Figure 4. Spatial distribution of the reflected component from outdoor lighting installations.

Results of the modelling of spatial emission characteristics by means of the software
goniophotometer can be used also for the design of outdoor lighting installations as a practi-
cal tool for lighting designers instead of application of more expensive and time-consuming
measuring systems for determination of the extent of sky glow [15,16]. Modelling of the
luminous flux emissions is based on an application of the software goniophotometer [11,14]
into a standard lighting calculation software in which it is possible to work and calculate
with real luminous intensity curves of discrete luminaires, where it is also possible to
insert any arbitrary distribution curves (windows, car headlights) [4,6] and which enables
calculation of the reflected component based on behaviour of a Lambertian surfaces. This
kind of modelling has been proved [11] on implementation of known luminous intensity
curves into a lighting software and consequent evaluation after calculation by the software
goniophotometer. The software goniophotometer enables insertion of a grid of calculation
points as a sphere where calculation points represent normal illuminance aiming into the
centre of the sphere. Thus, the designed system is emulating the function of a real gonio-
photometer. Hence, the software goniophotometer fulfills the same function, and the only
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difference is that instead of virtual insertion of a luminaire described by its calculation data
it is possible to insert directly entire models such as part of a city or an electrical substation
assuming true dimensions and the given calculation data. The software goniophotometer
also enables to choosing any density of calculation points in angular steps according to the
normally used C, γ-planes for measurement of luminaires. Density of calculation points
has, of course, significant influence on the computing time and accuracy of the results.

Due to the fact that calculation of obtrusive light is not yet standardized and assess-
ment of lighting designs from this point of view is not yet unified, it is necessary to look at
this calculation from a different vantage point. In addition, the boundary conditions for
modelling of obtrusive light must respect these specific aspects.

• The most important boundary condition is setting of the total maintenance factor to 1.
It means carrying out calculations for lighting systems in the condition when they are
new because new installations have the highest light emissions [17] and thus also the
upward component of these emissions;

• The second boundary condition is based on consensus for reflectance of surfaces
so that these are as close as possible to their true reflectance and at the same time
these are mutually comparable within evaluation of the impact of individual lighting
installations [4,6]. In a flat area what corresponds to the case of electrical substation it
is to take only a few reflections into account because other interreflections between
buildings and luminaires are negligible. In the town areas or residential zones, it
is necessary to assume for calculation higher orders of reflections, but it is a time-
consuming calculation for usual computers used in the practice of lighting designers;

• The third boundary condition is that the modelled object must behave like a point
source. This means that the object has neglectable dimensions with respect to the grid
of calculation points of the software goniophotometer used for the calculation. This
ratio is usually more than 5 and such light source (model of a lighting installation) can
be then deemed as a point source [11].

3.3. Example of Background on the Model before Refurbishment of Outdoor Lighting System in the
Electrical Substation

Processing of the results of light emissions in the upper hemisphere before refurbish-
ment of the electrical substation was divided into two principal operation modes so that
these modes could be compared with the situation after refurbishment and with other light-
ing installations. Light-emission characteristics of the model for both principal operational
modes of the electrical substations are presented in Section 5. Besides the characteristics
themselves (direct and total emission), the luminous flux of the lighting systems is figured
out as well.

The calculated light emission of the direct luminous flux from the surveillance lighting
corresponds to the light emission characteristics of the used luminaires equipped with high-
pressure sodium lamps and with a convex cover of the optical chamber with a luminous
intensity distribution curve suitable for road lighting. A major part of light emissions to
the upper hemisphere is, however, formed by the reflected component of the surveillance
lighting system, which is in good correlation with the resulting emission characteristics
shape, which is close to the cosine function.

On the other hand, the electrical substation with fully operated lighting systems has
a completely reversed behaviour. From the calculated luminous intensity distribution, it
follows that the direct component of luminous flux to the upper hemisphere is clearly dom-
inant. This is caused by usage of symmetrical-beam and yet tilted luminaires illuminating
distribution fields and the transformers. While assessing the emission characteristics of
both direct and reflected components of the luminous flux to the upper hemisphere it is ev-
ident that the reflected component (the cosine shape of part of the emission characteristics)
is proportionally and significantly lower than, e.g., the sole surveillance lighting.
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3.4. Example of Background on the Model after Refurbishment of Outdoor Lighting System in the
Electrical Substation

For processing of the results of upward light emissions, electrical substations have
been divided into two essential operation modes the same as before refurbishment. In the
first step the light emission of the electrical substation in the mode of surveillance lighting
(all night operation) was evaluated. It means that the lighting is provided predominantly
around the station’s perimeter, along major communications and drive-ins to the build-
ings. To fulfill safety requirements, these lighting installations are operated all night long,
i.e., 4100 h annually. Such lighting systems, the parameters of which (luminaire types,
mounting heights, spacings, illuminance on the target area) are similar to road-lighting
installations and can be compared with light emissions from classical road-lighting systems,
in particular in sparsely inhabited areas (low number of shading elements). The second part
of the analysis is again taking into account the whole electrical substation in full lighting
mode for potential failure in the substation. It means that all lighting installations of the
electrical substation are on. Operation time of this mode is at most only a few tens of hours
per year. In this operation mode the substation is comparable with other outdoor work-
places (storage areas, sewing yards, transhipments etc.) and eventually with less-occupied
shopping centres.

Light emission characteristics of the model for both principal operational modes of
the electrical substations are presented in Section 5. Besides the characteristics themselves
(direct and total emission), the luminous flux of lighting systems is figured out as well.
Shape and magnitude of luminous intensities of the calculated emission characteristics
for the model of the electrical substation correspond to the assumptions. The calculated
luminous intensity distribution curve for the direct component is zero thanks to light
distribution characteristics and no tilt of luminaires. Hereby it is necessary to emphasize
that the light distribution and zero tilt of luminaires belonged to key requirements laid
on the design and erection of refurbished lighting systems so that no direct component
of the luminous flux is emitted in the upper hemisphere. Hence, the calculated luminous
intensity distribution curves correspond solely to the reflected component of the flux and
their shape even approaches the cosine function. Deviations from the cosine function are
caused by vertical obstructions in the model (buildings, fireproof walls, transformers) that
lead to deformation of the cosine curve.

4. Case Study on Particular Outdoor Lighting of the Electrical Substations of the
Transmission Network (420 kV)

The first part of this section is describing outdoor lighting system of the electrical
substation TR Prosenice and boundary conditions that are necessary for calculations needed
to estimate emission of radiation in the upper hemisphere. This part of the section treats
examples of modelled lighting systems in TR Prosenice before and after refurbishment and
shows basic information about installed power, radiated luminous flux and average initial
illuminance overall area of electrical substation. The second part of this section describes
new outdoor lighting systems of electrical susbtations TR Slavětice and TR Nošovice
after refurbishment.

4.1. Description of Outdoor Lighting Systems TR Prosenice

In the framework of lighting refurbishment, the electrical substation TR Prosenice
was classified to the environmental zone E2 (represents low district brightness areas, such
as industrial or residential rural areas) according to EN 12464-2. It means that for this
installation a maximum 5% of the luminous flux from all luminaires of the installation
is allowed to be directed upwards. A model of light emission in the upper hemisphere
for the electrical substation TR Prosenice was constructed in variants as for the electrical
substations TR Nošovice and TR Slavětice.
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4.1.1. Surveillance Lighting

Surveillance lighting is installed along the whole outer fencing including entrances to
buildings of secondary equipment, the central building, drive-ins and along the operational
fencing. The surveillance lighting is safeguarding correct sensing of the cameras that
monitor the surveillance perimeter, and this is common for the entire electrical substation.
The surveillance lighting is in operation all night long regardless of any lighting control [18].
Before refurbishment of the electrical substation TR Prosenice, common road-lighting
luminaires with high-pressure sodium lamps 70 W, system power 81 W and luminous
flux 3.77 klm were used for surveillance lighting. In the first part of the installation,
luminaires were mounted 8 m above the ground, in amount of 11 pcs. Luminous flux
from the luminaires was directed from fences towards fields of the distribution substation.
After extension of the substation, the surveillance lighting also was prolonged. Seventeen
luminaires of the same type were installed in mounting height of 6 m. Spacing between
luminaires was reduced from 47 m to 19 m and the luminaires were rotated by 180◦ so
that their light was then directed from the fields towards the fence. The extension of the
installation also comprised an additional 5 luminaires installed at a height of 8 m, used for
road lighting and simultaneously as part of the surveillance lighting. In total, 28 luminaires,
were directed from fencing towards the distribution fields.

Within refurbishment (reconstruction) of lighting of the electrical substation, all lu-
minaires were replaced. The luminaires equipped with high-pressure sodium lamps were
replaced by LED luminaires with input power 52 W, flat glass, CCT 3000 K, luminous flux
7.45 klm and wide beam angle for road lighting. A total of 46 luminaires were used for
surveillance lighting, directed towards the fencing. At the same time the mounting height
of luminaires was unified to 7 m and the spacing of luminaires was unified to 26 m. The
distance between the installed luminaires and the fence of the facility equals 4 m. This dis-
tance is needed for marking out the surveillance perimeter, which is used for surveillance
cameras so that these are able to detect persons attempting to intrude the locality of the
electrical substation. This lighting system is turned on for the whole night after sunset, an
operational time corresponding to 4100 h per year, like the usual road lighting systems.

4.1.2. Operational Lighting

Operational lighting is used for illumination of technological elements to provide
good visual conditions for overall verification of the equipment and its parts. Operational
lighting illuminates fields of the distribution substation and the site of the transformers
and the shunt reactors.

Within refurbishment of the operational lighting, a former lighting system consisting
of symmetrical-beam luminaires with input power 2280 W and luminous flux 147 klm
equipped with metal halide lamps with 2000 W wattage and CCT 4200 K in the amount of
18 pcs installed at a height of 24 m and tilted to 50◦ was replaced by asymmetrical-beam
luminaires with input power 1100 W, luminous flux 97 klm equipped with high-pressure
sodium lamps with 1000 W wattage in the amount of 17 pcs installed at a height of 23 m.
The installed power was significantly reduced to ca. 50% after refurbishment. The new
lighting system utilizes solely asymmetrical luminaires with zero tilt angle, i.e., no luminous
flux is emitted directly to the upper hemisphere. This lighting system is turned on only
a few hours per year according to the need to use it during malfunctions and tests of the
electric power substation.

4.1.3. Road Lighting

Road lighting is used to illuminate important internal communications such as roads
and footpaths in outdoor areas of the electrical substation for safe operation, movement
of persons and mechanical vehicles at reduced visibility. With respect to the importance
level of internal communications, major roads are illuminated (the drive-in road from
the gate to the central building and the road between the central building, buildings for
secondary equipment and sites of the transformers and the shunt reactors). The former
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lighting installation utilized common road-lighting luminaires with high-pressure sodium
lamps 70 W with system power 81 W and luminous flux 3.77 klm installed in the amount of
21 pcs at a mounting height of 6 m and identical luminaires with 150 W sodium lamps with
system power 165 W and luminous flux 9.42 klm in the amount of 5 pcs at an 8 m mounting
height. After refurbishment the new lighting system now consists of 64 LED luminaires
with wattage of 68 W, flat glass, CCT 3000 K, luminous flux 7.17 klm and wide-beam light
distribution suitable for road lighting purposes, installed at a mounting height of 6 m. The
operation time of road lighting is turned on in order of tenth hours per year. It serves only
for maintenance of the electric power substation systems.

4.1.4. Lighting of the Transformers and Shunt Reactors

Before refurbishment the lighting was provided only for 1 transformer and consisted
of 8 symmetrical-beam luminaires with input power 440 W and luminous flux 25.6 klm,
equipped with 400 W metal halide lamps. Luminaires were installed at a 9 m height and
tilted to 40◦. For security reasons and for the sake of sensitivity of camera systems, the
new lighting covers all sites of the transformers and the shunt reactors including upper
parts with bushings, as required. At areas where important equipment and displays are
placed, the normal illuminance is designed to 50 lx. Here, asymmetrical LED luminaires
with input power 68 W, luminous flux 7.17 klm and CCT 3000 K were installed. A total of
41 luminaires were mounted at a height of 5 m, and their tilt angle is zero. The operational
time is the same as it was stated in the Section 4.1.2 for operational lighting.

4.1.5. Model of Light Emissions from the Electrical Substations (Case Studies)

This section presents boundary conditions, models and parameters of the electrical
substation TR Prosenice before and after refurbishment of outdoor lighting by replacing
old luminaires for LED luminaires. The total reflectance of diffuse surfaces was chosen
as follows:

• reflectance of the grass vegetation—10%;
• reflectance of the communications—10%;
• reflectance of the building facades and the fireproof walls—30%;
• reflectance of the surfaces of transformers and shunt reactors—30%;
• reflectance of the walkable concrete ground surface—25%.

4.1.6. TR Prosenice before Refurbishment

• Model of the electrical substation before refurbishment is based on the project docu-
mentation from 2013;

• The electrical substation before refurbishment covered total area of 83,000 m2;
• The maintenance factor used for calculations was set to f m = 1;
• Rules for LIDC calculation are the same as for luminaires. Plane C0 is perpendicular

to the longer dimension of the electrical substation;
• The final 3D model of emission characteristics before refurbishment of outdoor lighting

luminaires is shown in Figure 5.

4.1.7. TR Prosenice after Refurbishment

• Model of the electrical substation after refurbishment is based on the project documen-
tation from 2018;

• The electrical substation after refurbishment covers a total area of 94,000 m2;
• The maintenance factor f m = 1 and reflectance of surfaces have been selected identically

as for the case before refurbishment;
• The final 3D model of emission characteristics after refurbishment of outdoor lighting

luminaires is shown in Figure 5.
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Figure 5. 3D models of light emissions from the electrical substation TR Prosenice before (left-hand
side) and after (right-hand side) refurbishment.

4.1.8. Comparison of the Old and New Lighting System in TR Prosenice

For assessment of behavior of all lighting systems before and after refurbishment in
TR Prosenice (see Table 2), a comparison of the total installed input power and the initial
horizontal illuminance on the entire area of the electrical substation was performed.

Table 2. Comparison of key parameters of the model of lighting installation in TR Prosenice before
and after refurbishment.

Status
Total Installed Power of

All Lighting
Systems [kW]

Total Installed
Luminous Flux of All
Light Sources [klm]

Illuminance
E0 [lx]

after refurbishment 29.4 3375 27.9

before refurbishment 49.4 4649 32.3

4.2. Description of Outdoor Lighting Systems of the Electrical Substations TR Nošovice
and TR Slavětice

To compare behavior of other electric stations of the transmission network, models of
electric stations TR Nošovice and TR Slavětice have been also analyzed. These models were
established on the similar principle as the model for the electrical substation TR Prosenice
(maintenance factor, reflectances). Because these models were prepared for the needs of the
ČEPS as a document to prove the limitation of the luminous flux emissions to the upper
hemisphere, the models were been constructed only for new lighting systems and not the
older systems before refurbishment. It means that in this section, only models for the new
systems are presented.

4.2.1. Parameters and Emissions from the Electrical Substation TR Nošovice

Figure 6 below shows the layout of the TR Nošovice and its lighting model based
on the 172 pcs luminaires. The average horizontal illuminance of the entire area of this
station with all lighting systems is calculated in Table 3 with other relevant key parameters.
Lighting systems both for surveillance purposes and for road lighting are optimized for
camera-system sensing requirements, utilizing LED luminaires with flat glass and emission
characteristics corresponding to road lighting luminaires. Zero tilt is obvious.
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Figure 6. Layout of the electrical substation TR Nošovice; the area for modelling is marked.

Table 3. Key parameters of the model of new lighting installation in TR Nošovice after refurbishment.

Status
Total Installed Power of

All Lighting Systems
[kW]

Total Installed
Luminous Flux of All
Light Sources [klm]

Illuminance
E0 [lx]

All lighting 61.0 8068 67.0

Other lighting systems (for distribution fields, transformers) comprise luminaires
with slightly asymmetric light distribution, equipped with metal halide and high-pressure
sodium lamps, unavoidably tilted to the maximum value of 55◦.

The model for light emissions to the upper hemisphere for the electrical substation
TR Nošovice was again constructed for two variants. Only with direct component of the
luminous flux and combination of direct and reflected components. Calculations for these
variants have been carried out for the surveillance lighting system and for all lighting
systems too.

4.2.2. Description of Parameters and Emissions from the Electrical Substation TR Slavětice

The Figure 7 below shows the layout of the TR Slavětice and its lighting model. The
average horizontal illuminance of the entire area of this substation with all lighting systems
is presented in Table 4 with other key parameters. Lighting systems consist of 319 pcs of
luminaires both for surveillance purposes and for road lighting. They are also optimised
for camera system sensing requirements, utilizing LED luminaires with flat glass and
emission characteristics corresponding to road lighting luminaires and asymmetrical-beam
luminaires for illumination of the entrances to the buildings of secondary equipment. Zero
tilt is obvious.

Table 4. Key parameters of the model of new lighting installation in TR Slavětice after refurbishment.

Status
Total Installed Power of

All Lighting Systems
[kW]

Total Installed
Luminous Flux of All
Light Sources [klm]

Illuminance
E0 [lx]

All lighting 96.9 11,148 43.0

Other lighting systems (for distribution fields, transformers) comprise luminaires
with asymmetric light distribution, equipped with metal halide and high-pressure sodium
lamps, with zero tilt angle.
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Figure 7. Layout of the electrical substation TR Slavětice, the area for modelling is marked.

5. Results

LIDCs describe emission of the radiation in the upper hemisphere from electric susb-
tations areas in different modes are presented in the section. Evaluation and comparison of
results for each case study is shown in figures and tables.

5.1. Results Acquired from the Model of Light Emissions in TR Prosenice before Refurbishment

The ratio of the total, i.e., the sum of the direct and reflected luminous flux to the
upper hemisphere, from the surveillance lighting was calculated by the means of software
goniophotometer to 4.1% of the total luminous flux of all light sources of the surveillance
lighting installation and corresponds to the value of 15.1 klm. The direct component of
the luminous flux to the upper hemisphere equal to 1.48 klm corresponds to 0.4% of the
total luminous flux of all light sources of the surveillance lighting installation. In the case
of the overall lighting of the electrical substation the direct component of luminous flux
251 klm corresponds to 5.4% of the total luminous flux of all light sources of all lighting
installations. When considering both direct and reflected components of the luminous flux
emitted to the upper hemisphere, the luminous flux equals 432 klm and corresponds to
9.3% of the total luminous flux of all light sources of all lighting installations (see Table 5).

From model calculations it follows that the overall illumination of the electrical sub-
station TR Prosenice is able to generate almost 29 times more luminous flux in the upper
hemisphere than in the mode of surveillance lighting only. The model also gave evidence
that the former lighting installation did not obey requirements to the environmental zone
E2 to which this lighting system was historically classified, i.e., the directly emitted lumi-
nous flux to the upper hemisphere did not fall into the range of a maximum 5% of the
total luminous flux from all luminaires, according to the standard EN 12464-2. Because the
percentual comparison leading to 5.4% is related to the luminous flux of light sources, it is
obvious that percentual expression related to the luminous flux emitted from luminaires
will be higher, 8.1% in particular.
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Table 5. Light emission characteristics of two operational modes of the electrical substation TR
Prosenice before refurbishment.

Operation Mode of the Electrical
Substation

Light Emission Characteristics Comprising
Only the Direct Component of the

Luminous Flux to the Upper Hemisphere

Light Emission Characteristics Comprising
Both the Direct and Reflected Components

of the Luminous Flux to the
Upper Hemisphere

Surveillance lighting

1.48 klm 15.1 klm

All-purpose lighting—
the electrical substation

completely on

251 klm 432 klm

5.2. Results Acquired from the Model of Light Emissions in TR Prosenice after Refurbishment

The ratio of the total luminous flux to the upper hemisphere was calculated by the
means of software goniophotometer to 7.4% of the total luminous flux of all light sources
of the surveillance lighting installation and corresponds to the value of 59.3 klm. In the
case of the overall lighting of the electrical substation the total luminous flux to the upper
hemisphere corresponds to the value of 233 klm and equals 6.9% of the total luminous flux
of all light sources of all lighting installations (see Table 6).

From verification it follows that the overall illumination of fully switched on refur-
bished electrical substation TR Prosenice generates almost four times more luminous flux
to the upper hemisphere than in the mode of surveillance lighting only. Based on the
software model it is also possible to show that the refurbished lighting is complying with
the requirements of the E2 environmental zone. Because the electric substation is located
outside inhabited areas, this classification can be assigned only on the basis of quantification
of the direct emission of light into the upper hemisphere.
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Table 6. Light emission characteristics of two operational modes of the electric station TR Prosenice
after refurbishment.

Operation Mode of the Electrical
Substation

Light Emission Characteristics Comprising
Only the Direct Component of the

Luminous Flux to the Upper Hemisphere

Light Emission Characteristics Comprising
Both the Direct and Reflected Components

of the Luminous Flux to the
Upper Hemisphere

Surveillance lighting

0 klm 59.3 klm

All-purpose lighting—
the electrical substation

completely on

0 klm 233 klm

5.3. Comparison of the Modeling Results before and after Refurbishment of Lighting Installations in
the TR Prosenice Electrical Substation

When comparing the surveillance lighting systems it can be concluded that in respect
to the standard EN 12464-2 the new outdoor lighting has the direct emission of luminous
flux to the upper hemisphere mitigated to zero, but considering both the direct and the
reflected component of the luminous flux it is increased four times because the surveillance-
lighting installation was optimized to respect requirements for lighting of the camera
systems [19] as is presented in Table 7.

Table 7. Comparison of the operational modes of the TR Prosenice electric station before and after
refurbishment.

Lighting System Area
(m2)

Installed Power
(kW)

Installed Luminous
Flux of All Light

Sources
(klm)

Direct Luminous
Flux to the Upper

Hemisphere
(klm)

Direct and Reflected
Luminous Flux to the
Upper Hemisphere

(klm)

TR Prosenice—after
refurbishment

(surveillance/all lighting)
94,000 6.74/29.4 802/3375 0/0 59.3/233

TR Prosenice—before
refurbishment

(surveillance/all lighting)
83,000 4.79/49.4 369/4649 1.48/251 15.1/432

TR Prosenice—relative
change before and after

refurbishment
(surveillance/all

lighting) in %

+13.2% +40.7%/−40.5% +117.3%/−27.4% −100%/−100% +292.7%/−46.1%

Thanks to optimization of the lighting of the distribution fields and the transformers,
the luminous flux emitted from these lighting systems was considerably reduced. The
direct luminous flux in the upper hemisphere was eliminated and the total luminous flux
emitted from the electric station in the upper hemisphere then dropped to almost half. By
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means of usage of modern luminaires and light sources, the installed power of the lighting
of the electrical substation was significantly reduced by 40%, although area of the station
was extended by 12%.

5.4. Results of the Modeling of Lighting Installations in the TR Nošovice Electrical Substation

From results of the modelling of luminous flux emitted to the upper hemisphere,
it follows that the surveillance lighting generates no direct luminous flux in the upper
hemisphere (see Table 8). The reflected luminous flux 43.8 klm corresponds to 8.6% of the
luminous flux emitted by the surveillance lighting system.

Table 8. Light emission characteristics of two operational modes of the electrical substation TR
Nošovice.

Operation Mode of the Electrical
Substation

Light Emission Characteristics Comprising
Only the Direct Component of the

Luminous Flux to the Upper Hemisphere

Light Emission Characteristics Comprising
Both the Direct and Reflected Components

of the luminous Flux to the Upper
Hemisphere

Surveillance lighting

0 klm 43.8 klm

All-purpose lighting 702 klm
the electrical substation

completely on

113 klm 702 klm

When taking into account all lighting systems in the electrical substation TR Nošovice,
the impact of the direct emission to the upper hemisphere is clearly visible (see Table 9). It
is caused by tilted luminaires, respecting that the tilting is necessary in order to fulfill the
lighting task. The value of the direct luminous flux 113 klm is, however, still very low and
corresponds to only 2% of the total luminous flux emitted from all luminaires. Thus, this
electric station can be classified to the environmental zone E2.

Table 9. Overview of the operational modes of TR Nošovice electrical substation.

Lighting System Area
(m2)

Installed Power
(kW)

Installed Luminous
Flux of All Light

Sources
(klm)

Direct Luminous
Flux to the Upper

Hemisphere
(klm)

Direct and Reflected
Luminous Flux to the
Upper Hemisphere

(klm)

TR Nošovice
(surveillance/all lighting) 73,000 3.31/61 509/8068 0/113 43.8/702

5.5. Results of the Modeling of Lighting Installations in the TR Slavětice Electrical Substation

From results of modelling of the luminous flux emitted to the upper hemisphere it
follows that the surveillance lighting generates no luminous flux in this direction (see
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Table 10). The reflected luminous flux 47.1 klm corresponds to 5.6% of the luminous flux
emitted by the surveillance lighting system.

Table 10. Light emission characteristics of two operational modes of the electrical substation TR
Slavětice.

Operation Mode of the Electrical
Substation

Light Emission Characteristics Comprising
Only the Direct Component of the

Luminous Flux to the Upper Hemisphere

Light Emission Characteristics Comprising
Both the Direct and Reflected Components

of the Luminous Flux to the Upper
Hemisphere

Surveillance lighting

0 klm 47.1 klm

All-purpose lighting—
the electrical substation

completely on

0 klm 479 klm

When taking into account all lighting systems in the electrical substation TR Slavětice,
nil impact of the direct emission to the upper hemisphere is clearly visible. It is caused by
asymmetrical-beam luminaires with zero tilt angle from the horizontal plane. Zero direct
component of the luminous flux thus confirms the previous classification of this electrical
substation to the environmental zone E2 (see Table 11). With respect to direct emission to
the upper hemisphere, this electrical substation is in compliance with requirements of the
environmental zone E1.

Table 11. Overview of the operational modes of TR Slavětice electrical substation.

Lighting System Area
(m2)

Installed Power
(kW)

Installed Luminous
Flux of All Light

Sources
(klm)

Direct Luminous
Flux to the Upper

Hemisphere
(klm)

Direct and Reflected
Luminous Flux to the
Upper Hemisphere

(klm)

TR Slavětice
(surveillance/all lighting) 175,000 6.87/96.9 842/11,148 0/0 47.1/479

5.6. Final Comparison of Results of the Modeling of Lighting Installations in Chosen
Electrical Substations

From Table 12 it follows that thanks to simple refurbishment of lighting installations
and by implementing rules for proper lighting design aimed at the most efficient and the
least obtrusive lighting, there is huge potential to reduce the installed power of lighting
and at the same time to significantly mitigate the upward luminous flux.
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Table 12. Final comparison of the light emissions from lighting of outdoor workplaces versus light
emissions from road-lighting systems.

Lighting System Area
(m2)

Installed Power
(kW)

Installed Luminous
Flux of All Light

Sources
(klm)

Direct Luminous
Flux to the Upper

Hemisphere
(klm)

Direct and Reflected
Luminous Flux to the
Upper Hemisphere

(klm)

TR Prosenice—before
refurbishment
(all lightings)

83,000 49.4 4649 251 432

TR Prosenice—after
refurbishment
(all lightings)

94,000 29.4 3375 0 233

TR Slavětice
(all lightings) 175,000 96.9 11,148 0 479

TR Nošovice
(all lightings) 73,000 61 8068 113 702

TR Prosenice—before
refurbishment

(surveillance lighting)
- 4.79 369 1.48 15.1

TR Prosenice—after
refurbishment

(surveillance lighting)
- 6.74 802 0 59.3

TR Slavětice
(surveillance lighting) - 6.87 842 0 47.1

TR Nošovice
(surveillance lighting) - 3.31 509 0 43.8

Another important factor having an essential impact on the reduction of obtrusive
light is the operation time of individual lighting systems. To satisfy appropriate luminous
conditions for the operation of camera systems it is sufficient to keep running all night long
only the surveillance lighting, which makes only a few tens of percent of the total upward
luminous flux generated within the entire electrical substation while other lighting systems
shall be operated only in case of emergency situations or equipment monitoring activities
for what is annually only a few hours in total (see Table 12).

6. Discussion—Comparison of the Results of Modelling of Upward Light Emissions
from Large Entities

Models of light emissions from large entities described above can help to estimate the
extent of the total as well as direct luminous flux emitted to the upper hemisphere. Potential
reduction of light emissions can be derived from comparison of lighting systems before
and after refurbishment. In the overall context it is also possible to apply the models to
similar systems of outdoor lighting [20] because constructing an accurate model dedicated
to a particular lighting installation is very demanding on time and working capacity.

The model can be used also for comparison of light emissions from outdoor workplaces
with light emissions from road-lighting systems and urban settlements [21,22]. The model
can be easily extended and supplemented by further light sources such as luminous
advertisement, car headlights or interior lighting passing out through windows. This case
study can also establish a base for a database of specific luminous fluxes emitted from unit
areas of various types of illuminated spaces as is described in Table 13.

For future comparisons of radiation in the upper hemisphere it would be interesting
to check not only luminous flux, but luminous exitance (lm/m2). This parameter can be
helpful to recognise if the lighting system (luminaires [23] and reflected areas) is from a
point of view of obtrusive light generation appropriate or not.
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Table 13. Final comparison of the area-related specific upward light emissions from lighting installations.

Lighting System Area
(m2)

Installed Power
(W/m2)

Installed Luminous
Exitance of Light

Sources
(lm/m2)

Direct Luminous
Exitance to the

Upper Hemisphere
(lm/m2)

Direct and Reflected
Luminous Exitance to

the Upper Hemisphere
(lm/m2)

TR Prosenice—before
refurbishment
(all lightings)

83,000 0.595 56 3.02 5.2

TR Prosenice—after
refurbishment
(all lightings)

94,000 0.313 35.9 0 2.48

TR Slavětice
(all lightings) 175,000 0.554 63.7 0 2.74

TR Nošovice
(all lightings) 73,000 0.836 111 1.55 9.62

Note: the worst results of calculated parameters according to proposed model; the best results of calculated
parameters according to proposed model (green colour best values, red colour worst values).
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