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After a serious illness at the age of 77, a distinguished lighting technician, the largest figure in international standardization in the field of lighting engineering, Mr. Lou Bedocs died. Lou was a former Technical Director of Thorn Lighting Limited and the manager of the Thorn Lighting
Technology Centre (Spennymoor, England). He was also a permanent active member of the international editorial board of our journal Light & Engineering (since 1993).
Lou (his real name is Lajos) was born in Hungary and after the long
twists and turns of the post-war period and the events of the year 1956 in
Hungary, he landed in England, where he finished his education and graduated from Malvern Chase Secondary School. Thanks to exceptional energy, inexhaustible optimism and great curiosity, he found work at the leading lighting company Thorn Lighting Limited (from 1957).
Since then, he has been interested in lighting engineering which became the work of his life, 60 years of which Lou gave to successful work
at Thorn Lighting Limited. Mr. Lou Bedocs creatively and actively collaborated with many international organizations (ISO, CEN, BSI, CIE,
CLL, Lux-Europe). He was awarded a number of Gold and Silver medals
for research work. He also led the work on the preparation of a number of
important European standards.
Not only a great specialist and public figure has left us, a wonderful,
open and kind person has gone, whose memory will remain forever in our
hearts and souls.
The members of the editorial board of the Svetotekhnika/ Light & Engineering
Journal, including the ones who knew the deceased well, and Julian Aizenberg,
Peter Thorns, and Raisa Stolyarevskaya who communicated and collaborated
with him for many years
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Light & Engineering” is an international
scientific Journal subscribed to by readers
in many different countries. It is the English
edition of the journal “Svetotekhnika”
the oldest scientific publication in Russia,
established in 1932.
Establishing the English edition “Light
and Engineering” in 1993 allowed Russian
illumination science to be presented
the colleagues abroad. It attracted
the attention of experts and a new
generation of scientists from different
countries to Russian domestic achievements
in light and engineering science. It also
introduced the results of international research
and their industrial application on the Russian
lighting market.
The scope of our publication is to present
the most current results of fundamental
research in the field of illumination science.
This includes theoretical bases of light
© Svetotekhnika

source development, physiological optics,
lighting technology, photometry, colorimetry,
radiometry and metrology, visual perception,
health and hazard, energy efficiency,
semiconductor sources of light and many
others related directions. The journal also aims
to cover the application illumination science
in technology of light sources, lighting
devices, lighting installations, control systems,
standards, lighting art and design, and so on.
“Light & Engineering” is well known by its
brand and design in the field of light and
illumination. Each annual volume has six
issues, with about 80–120 pages per issue.
Each paper is reviewed by recognized world
experts.
To promote the work of the Journal, the
editorial staff is in active communication with
Thomson Scientific (Citation index) and other
international publishing houses and agencies,
such as Elsevier and EBSCO Publishing.
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REVIEW OF THE CURRENT STATE AND FUTURE DEVELOPMENT
IN STANDARDISING ARTIFICIAL LIGHTING
Peter Thorns
Thorn Lighting Ltd.
E-mail: Peter.Thorns@zumtobelgroup.com

“It is with gratitude that I dedicate this paper to the memory of Lou Bedocs. Lou was a mentor
throughout much of my professional life and also a good friend. He helped me write my first ever research report and collaborated with me on a number of research projects. He encouraged my involvement in the world of standards and regulations and was always ready to give help or guidance.”

links between standards organisations and regulatory bodies. For instance the documents EN15193–
1:2017 [1] and PD CEN TR15193–2:2017 [2] were
developed under a European Union Mandate to support the European Energy Performance of Buildings
Directive [3].
Professional and trade associations can also help
drive the standardisation process as they develop
concepts regarding best practice and solutions that
provide more functions. They also tend to provide
a large number of the experts working within standards development.

ABSTRACT
This paper discusses the organisations involved
in the development of application standards, European regulations and best practice guides, their
scope of work and internal structures. It considers
their respective visions for the requirements for future standardisation work and considers in more detail those areas where these overlap, namely human
centric or integrative lighting, connectivity and the
Internet of Things, inclusivity and sustainability.
Keywords: artificial lighting, standardisation,
application requirements, regulatory body, IoT
1. INTRODUCTION
When considering artificial lighting there are
two main areas of standardisation, product requirements and application requirements. Product requirements are predominantly concerned with safety and performance whilst application requirements
consider what criteria need to be satisfied when using a product within a lighting installation. This paper shall predominantly focus on the work of standardisation of application requirements.
As the development of standards may be performed to address specific regulatory requirements
from an individual state such as the United Kingdom or Russia, or from a wider political body such
as the European Union, there can also be close

Fig. 1. Inter-relationships and inputs to standardisation

4

Light & Engineering

Vol. 27, No. 2

However standards need a solid scientific basis,
and therefore make use of papers presented in academic journals and technical conferences. The academic input in terms of new research helps guide
standards development to define/refine established
best practice.
Therefore the standardisation landscape can be
quite complex and confusing when viewed from the
outside, Fig. 1.
Who works within these structures and organisations in developing standards and who they represent can be difficult to appreciate and can change
depending upon the organisation they are a member
of and their role within the organisation.
However within this arena, much valued work is
produced to help guide lighting professionals in best
practice.

lighting-industry organisation that aims to standardise components of LED luminaires.
These organisations can roughly be split into four
categories;
· Professional societies which generally concern a specific discipline and further the interests
of professionalism within that discipline and their
members.
· Trade associations and industry consortia which generally represent the interests of a specific industry with respect to standards and regulations and may also develop the market potential for
that industry.
· Standards bodies, which develop technical
standards giving requirements based upon good
practice and acceptance.
· Law making or regulatory bodies such as governments who enact laws to enforce safety and standards and protect consumers.
When working across these organisations a person may be representing themselves, their employers or their country as shown in Fig. 2.
So within professional societies a person generally acts as an individual, unless they have a formally appointed position, in which case they tend
to represent the society; within industry associations a person tends to represent a company; and
within standards bodies they tend to represent
a country. It is difficult for a person from academia or industry to be directly involved in law-making although they can influence the process through
lobbying and informing politicians and government
organisations on what is good practice and practicably achievable.

2. STRUCTURES AND
REPRESENTATIVES
At an international level standardisation is generally performed within the International Electrotechnical Commission (IEC) for product standards
and the International Organization for standardisation (ISO) for application standards. Within Europe these equate to CENELEC for product standards, the European Committee for Electrotechnical
Standardisation, and CEN for application standards,
the European Committee for Standardisation.
International standards may also be produced by
other organisations such as the International Commission on Illumination (CIE) or less formally by
various industry consortia such as Zhaga, a global

Fig. 2. National and International organisations and representation
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Fig. 3. Visualisation of horizontal cooperation between ISO/TC274 and CIE in lighting [36]

To help coordinate work between committees
and organisations formal liaison arrangements may
be agreed, and in this case a person will represent
the organisation they are liaising for. So, for example, a liaison officer for ISO/TC274 to the CIE
would represent ISO/TC274 within the CIE.
National standards bodies, such as BSI, will shadow the standards work, being performed at an international level, propose national experts to help
in the work and submit comments on proposed
work items and draft documents. They will also
vote on the acceptance of documents submitted for
approval and publication. For example, BSI shadows the work being performed within CEN/CENELEC and also ISO/IEC.
Each of these categories and their component organisations are considered below.

of ergonomics standardisation committees. To ensure lighting was considered correctly by dedicated
lighting experts, and that the chain of national shadow committees commenting and voting on lighting related standards corresponded correctly, the
topic of lighting was centralised within ISO/TC274.
It works closely with the International Commission on Illumination (CIE) and coordinates work
programs. This cooperation results in three possible
routes for new work items depending upon the level
of cooperation that is considered relevant:
· Informative relation – One organization is fully entrusted with a specific work item and keeps the
other fully informed of all progress.
· Collaborative relation – O ne organization takes the lead in the activities, but the work
sessions and meetings may receive delegates from
the other organisation who have observer status and
who ensure the technical liaison with the other organization. These delegates may also make written
contributions would be considered appropriate during the progress of this work.
· Integrated liaison – Joint Working Groups ensure integrated meetings for handling the realisation of standards under a principle of total equality
of participation.
This is visualised in Fig. 3, taken from the Strategic Business plan of ISO/TC274, where the work of
CIE is identified as concerning fundamental knowledge and based upon research whereas the work of

3. STANDARDS ORGANISATIONS
3.1. ISO/TC274: Light and Lighting
At the level of international standardisation ISO/
TC274 is the main technical committee with a scope
of standardisation in the field of application of lighting. It is a relatively new technical committee, previously at ISO level lighting was considered as
a factor within a diverse set of technical committees producing not lighting specific standards. For
example, lighting was considered within the work
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ISO/TC274 is based upon application knowledge.
Joint standards use both of these areas of expertise
in their development.
ISO/TC274 is responsible for the existing
standards:
· ISO 8995–1:2002 Lighting of work places – 
Part 1: Indoor;
· ISO/CIE 8995–3:2018 Lighting of work places – Part 3: Lighting requirements for safety and
security of outdoor work places;
· ISO 30061:2007 Emergency lighting.
At the time of writing this paper ISO/TC274 has
four standards, technical specifications or reports
under development as work items:
· ISO/CIE FDIS20086 Light and lighting – 
Energy performance of lighting in buildings,
and this draft standard specifies the methodology for evaluating the energy performance of lighting systems for providing general illumination inside non-residential buildings and for calculating or
measuring the amount of energy required or used
for lighting inside buildings. It is closely related
to EN15193–1:2017[1];
· ISO/WD TR21783 Light and lighting – Integrative lighting – Non-visual effects, and
this draft Technical Report shall include a summary of the published scientific studies on nonvisual effects of light on humans, plus an evaluation of related material that is suitable for use
in practice or an indication where more knowledge
and validation is necessary for safe and beneficial
lighting applications;
· ISO/CIE PRF TS22012 Light and lighting – 
Maintenance factor determination – Way of working, and this draft Technical Specification specifies a standardised way of working for determining
the maintenance factor for both outdoor and indoor

lighting installations using the methodologies as
described in CIE154:2003 [37] and CIE097:2005
[38];
· ISO/TC274 WG2 Commissioning process of
lighting systems and this technical specification will
give requirements on the commissioning of lighting systems.
The requirements will include procedures, methods, and documentation for the commissioning of
the functionality of lighting systems. It will present
details on the commissioning of lighting systems
without focusing on technical characteristics of specific components.
One further working group is also active but currently has not raised their work to a formal work
item.
· ISO/TC274 JWG5 Lighting for work places.
This joint working group is to update the existing standard ISO 8995–1:2002 Lighting of work
places – Part 1: Indoor.
When developing standards a view to possible
future technologies and applications is always necessary to ensure relevant standards are available
in a timely manner. ISO/TC274 identifies the path
of technological development as shown in Fig. 4,
where:
· Adaptive lighting is defined as lighting responding to circumstances or according to predefined conditions, while maintaining the lighting
quality within the specified requirements for these
circumstances or conditions [39];
· Integrative lighting is defined as lighting specifically designed to produce a beneficial physiological and/or psychological effect upon humans [39].
Additional key considerations identified are the
aging population within society and energy performance, especially with respect to environmen-

Fig. 4. Relevant technological developments and their evolution over time [36]
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tal concerns and global climate change. Climate
change is becoming an important regulatory driver
within the lighting industry, as it is within all aspects of life, and this is reflected in its increased importance in standardisation. However, the lighting
needs for an increasingly aging yet active population needs careful consideration within this energy
aware scenario. The growth of digitalisation and the
Internet of Things (IoT) should help lighting meet
these requirements by efficiently providing light
when needed and ensuring it is the correct light for
the individual as opposed to purely lighting for the
task.

Each working group has a convenor organises
and acts as a facilitator for the work of the group
and reports back to CEN/TC169 on progress a minimum of twice a year at the annual plenary meeting
and also at a mid-term convenors meeting.
At the time of writing this paper, CEN/
TC169 has seven work items in progress, updates
to EN1837, EN13032–1, EN13032–4, EN12464–1
and EN15193–1, and also two new work items concerning “BIM Attributes for Luminaires and Sensors” and “Guidance Notes on the use of dynamic
signage systems”.
Again, similar to ISO/TC274, when developing
standards a view to possible future technologies and
applications is always necessary to ensure relevant
standards are available in a timely manner. CEN/
TC169 identifies the external factors that will influence lighting and therefore standards development
work as:
· Urbanisation – the trend towards increased urban living and more densely populated urban areas;
· Sustainability – the need to reduce energy usage and preserve natural resources;
· Aging populations – the need for proper design of both indoor and outdoor spaces including
lighting, to cater for aging occupants or those with
reduced visual capacity;
· Connectivity / Internet of things – the increasing trend to link products and services;
· Glazing technologies – developments in window and shading technologies helping the move
to near zero-energy buildings;
· Building Information Modelling – the requirement for data-rich virtual models to help throughout
the entire building and components life cycles.

3.2. CEN/TC169 LIGHT AND LIGHTING
At the level of European standardisation for
lighting application CEN/TC169 is the main technical committee with a scope of standardisation in the
field of vision, photometry and colorimetry, involving natural and man-made optical radiation over
the UV, the visible and the IR regions of the spectrum, and application subjects covering all usages of light, indoors and outdoors, including environmental, energy and sustainability requirements
and aesthetic and non-image forming biological
aspects.
As such, it is responsible for many standards,
technical specifications (TS) and technical reports
(TR) (Table).
To manage the development and maintenance of
such a list of documents covering a diverse set of
subjects requires careful organisation. To help with
this CEN/TC169 contains many working groups.
Each working group is responsible for one or more
of the above standards:
WG 1 Basic terms and criteria;
WG 2 Lighting of work places;
WG 3 Emergency lighting in buildings;
WG 4 Sports lighting;
WG 6 Tunnel lighting;
WG 7 Photometry;
WG 8 Photobiology;
WG 9 Energy performance of buildings;
WG 11 Daylight;
WG 12 Joint Working Group with CEN/
TC226 – Road lighting;
WG 13 Non-visual effects of light on human
beings;
WG 14 ErP Lighting Mandate Management
Group.

4. PROFESSIONAL SOCIETIES
4.1. CIE
The International Commission on Illumination (CIE) is a professional organisation that advances knowledge on topics concerning the science
and art of light and lighting, colour and vision, photobiology and image technology. It has a strong tradition of technical and scientific excellence and is
recognized by ISO as an international standardisation body (see section 3.1 and Fig. 3).
The work of the CIE is split between six divisions and each division may establish a technical
committee (TC) to carry out a specific work item,
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Table
EN1837
EN1838
EN12193
EN12464

Safety of machinery – Integral lighting of machines;
Lighting applications – Emergency lighting;
Light and lighting – Sports lighting;
Light and lighting – Lighting of work places
Part 1: Indoor work places
Part 2: Outdoor work places;
EN12665
Light and lighting – Basic terms and criteria for specifying lighting requirements;
EN13032
Light and lighting – Measurement and presentation of photometric data of lamps
and luminaires
Part 1: Measurement and file format
Part 2: Presentation of data for indoor and outdoor work places
Part 3: Presentation of data for emergency lighting of work places
Part 4: LED lamps, modules and luminaires
Part 5: Presentation of data for luminaires used for road lighting;
CEN/TR13201–1 Road lighting – Part 1: Guidelines on selection of lighting classes
EN13201
Part 2: Performance requirements
Part 3: Calculation of performance
Part 4: Methods of measuring lighting performance
Part 5: Energy performance indicators;
EN14255
Measurement and assessment of personal exposures to incoherent optical radiation
Part 1: Ultraviolet radiation emitted by artificial sources in the workplace
Part 2: Visible and infrared radiation emitted by artificial sources in the workplace
Part 3: UV-Radiation emitted by the sun
Part 4: Terminology and quantities used in UV-, visible and IR-exposure
measurements;
CR14380
Lighting applications – Tunnel lighting;
EN15193–1
Energy performance of buildings – Energy requirements for lighting – Part 1: Spe
cifications, Module M9;
CEN/TR15193–2 Energy performance of buildings – Energy requirements for lighting – Part 2:
Explanation and justification of EN15193–1, Module M9;
EN16237
Classification of non-electrical sources of incoherent optical radiation;
EN16268
Performance of reflecting surfaces for luminaires;
EN16276
Evacuation Lighting in Road Tunnels;
CEN/TR16791 Quantifying irradiance for eye-mediated non-image-forming effects of light in
humans;
EN17037
Daylight in buildings;
CEN/TS17165
Light and lighting – Lighting system design process.
Division 4 Transportation and Exterior Applications;
Division 6 Photobiology and Photochemistry;
Division 8 Image Technology.
Each division has a division director, division secretary, division editor and a number of associate directors who ensure the divisional work program
continue.
The CIE has a vast range of technical reports
and standards, many of which contain the fundamental knowledge that is used to define require-

such as producing or updating a technical report or
standard. When the work item is complete the TC
is closed, unlike, for example, CEN/TC169 where
the working group still exists after a particular work
item is completed. The divisions cover:
Division 1 Vision and Colour;
Division 2 Physical Measurement of Light and
Radiation;
Division 3 Interior Environment and Lighting
Design;
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ments within standards and regulations. It is continually striving to understand the next key issues and
uses this to define a research strategy which currently include:
– Recommendations for Healthful Lighting and
Non-Visual Effects of Light;
– Colour Quality of Light Sources Related
to Perception and Preference;
– Integrated Glare Metric;
– Adaptive, Intelligent and Dynamic Lighting;
– Visual Appearance: Perception, Measurement
and Metrics;
– Support for Tailored Lighting Recommendations, and other fundamental issues including those
concerning photometry and colorimetry.

Government on lighting matters and provide members with a recognised professional standing.
Both organisations produce a range of publications covering individual application areas, relevant legislation and information on the technology
of light. In general the content of these documents
is driven by lighting standards but on occasions
the content may drive standards work. An example is the guidance on obtrusive light that is found
in CIE150 [4]. For a period the requirements specified by the Institution of Lighting Professionals [5]
was more proscriptive than those in the CIE150 document but with the latest edition of CIE150 they
have become harmonised again.
It should be noted that The Society of Light and
Lighting is the UK member of Lux-Europa.

4.2. Lux-Europa

5. INDUSTRY ASSOCIATIONS

Lux-Europa is the European Lighting Society
and its members are representatives from national
European lighting societies.
Lux-Europa does not give professional status
or produce codes of practice but it has importance
in standards work in that every 4 years it hosts the
Lux-Europa Conference. This provides an arena for
the presentation of much research and also Euro-centric topics such as new or upcoming legislation and standards.

5.1. LightingEurope
LightingEurope is the industry association that
represents the lighting industry within Europe. Its
mission is to advocate and defend the lighting industry in Brussels, working with European agencies
and the European Commission to reconcile EU policy with lighting best practice. It aims to promote
efficient lighting practices for the benefit of the global environment, human comfort and the health and
safety of users.
To help in this, LightingEurope brings together
industry experts with local and European policy experts in Working Groups covering specific areas of
lighting policy. The Working Groups are the next:
– LEDification – LEDs have enabled energy efficient solutions, which allow more ambitious energy targets to be written into legislation, and it is,
however, important to preserve the balance between
energy efficiency and lighting best practice and
to protect the basic quality requirements for LED
luminaires;
– Intelligent Lighting Systems – As buildings
become smarter lighting will become the backbone
of an intelligent building, and through increasing
use of sensors and controls intelligent lighting systems will provide users and building owners more
control over the quality, flexibility, and scalability
of a lighting system, similarly, the development of
smart city concepts based upon intelligent systems
will provide a city-wide matrix of network points
for data gathering and control;

4.3. Society of Light and Lighting and
Institution of Lighting Professionals (UK)
Many countries have their own professional organisations and these organisations produce
best practice guides on many aspects of lighting.
Within the UK the two main professional organisations for lighting are the Society of Light and Lighting (part of the Chartered Institute of Building Services Engineers) and the Institution of Lighting
Professionals.
The Society of Light and Lighting (SLL) is the
descendant of the UK Illuminating Engineering
Society that was formed in 1909. The Institute of
Lighting Professional has its origins in the Association of Public Lighting Engineers, founded in 1924.
The organisations to a large extent complement
each other with relatively little overlap in work.
They aim to promote the benefits of good lighting,
good practice in lighting design, and the development of lighting as an integral part of a low-energy
and sustainable future. They also liaise with the UK
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Fig. 5. Developments
in the lighting market
[35]

– Human Centric Lighting – Light has the power to energize, to relax, to increase alertness, cognitive performance and mood, and to improve the
sleep-wake cycle of people, so this WG aims to promote the idea of human centric lighting by making information available, initiating scientific studies and organizing events targeted at legislative
and business decision makers; and as a note in this
sense, the term human centric lighting is equivalent to the term integrative lighting used by CIE and
ISO;
– Circular Economy – The principle of the circular economy is to minimize the ecological footprint of products that means elements of circular
economy include refurbishment, remanufacture and
reuse, and re-distribution.
Industry associations need a view to the future
to ensure relevant standards are available in a timely manner, to educate legislators and the market
in the potential new markets and to prevent legislation from inadvertently interfering with new ideas and applications. LightingEurope has a strategic
roadmap showing how it expects the lighting market will develop and how this will add to the value
of light and the quality of installations (Fig. 5).
This shows that LED deification, the adoption of
LED technology considered well established, allow
increased use of controls. The digital nature of solid-state lighting technology will aid in the growth
of intelligent lighting systems and the IoT which
in turn will open the way to human centric solutions. All the while sustainability in terms of the circular economy will increase in importance.
Fig. 4, showing the vision of ISO/TC274, and
Fig. 5 show obvious parallels, so both organisations

see lighting application and technology developing
in a similar way.
5.2. Lighting Industry Association (UK) and
ZVEI (Germany)
National trade associations aim to represent their
trade within the country to the marketplace and
to legislators. A fundamental difference between the
LIA and ZVEI is that the LIA is purely concerned
with lighting whereas ZVEI represents the German
electrical and electronics industry, and therefore has
much wider concerns. However, within ZVEI different divisions address different industry sectors and
there is a division dedicated to lighting.
Both, the LIA and the lighting division of ZVEI
are members of LightingEurope, representing their
member’s rights in the European arena and they are
heavily involved in standards committees, both nationally and worldwide.
The LIA and the lighting division of ZVEI have
a number of working groups made up of experts
from member companies. These tend to monitor
any relevant legislation and liaise with and submit
comments to legislators, and also address technical
topics to provide a resource of technical information and guidance that members may use to develop
the lighting market. Therefore, to an extent national
trade associations mirror LightingEurope, although
on a national level. However national associations
may identify key issues and these may be developed
at a national level, promoted up to LightingEurope
for a more European approach, or both as is considered appropriate.
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Fig. 6. A typical technology life-cycle curve

ment of new products and application techniques, at
times significantly. In terms of a typical technology
life-cycle, such as shown in Fig. 6, this means that
a standard on the application of a technology might
only be published during the growth phase of the
technology life-cycle and the introduction phase is
used to gain enough experience with the technology
to define standard criteria. An example of this could
be human-centric lighting, where products and applications have been produced but recommendations and design criteria within standards are still
very limited.
However, as has been shown above, each organisation within lighting standardisation has a view
to the future, be it a standards body, trade association or professional organisation. These viewpoints show a large amount of overlap and in terms
of lighting application they cover: – Human centric or integrative lighting; – Connectivity and the
Internet of Things; – Inclusivity, in terms of visual
capabilities; – Sustainability.

6. STANDARDS INTO THE FUTURE
Lighting is in a time of change, not just in terms
of technologies such as light sources and solid-state
devices but from the practice of lighting for the
task to now lighting for people and individuals,
from lighting purely for vision to lighting for vision,
wellbeing and communication, and into the world of
connected devices and the Internet of Things where
lighting moves from being a source of light to being a data point.
This is a challenge for standards. Standards are
not guides or research documents but factual documents based upon evidence and proven fact. They
give established best practice metrics and criteria without necessarily defining how these criteria should be achieved. This creates a problem as
radically new concepts and techniques need researching and proving before they are likely to be
incorporated into a standard. In addition, to develop a standard normally takes at least three years.
This means that standards can lag the develop-

Fig. 7. Simplified overview of impacts of light
on humans
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Fig. 8. The α-opic
action spectra [6]

These topics provide challenges in terms of practice, metrics and usage and can lead into discussion about additional topics such as colour.

A number of proposals have been made for
metrics to measure this non-visual impact from
lighting.
The WELL Building Standard [8] uses the unit
of Equivalent Melanopic Lux (EML). This is calculated from the visual illuminance within a space
(L) and the melanopic ratio (R), a weighting factor
based upon the light source. The visual illuminance
is measured vertically 1.2m above floor level.
The WELL Building Standard provides a spreadsheet to calculate this based upon the melanopic action spectrum given in CIE S026.E:2018 and the
CIE V(λ) curve, the spectral luminous efficiency
function for photopic vision (https://www.wellcertified.com/en). Based upon the spectral content of
the light source the melanopic response and spectral
response is calculated and then the total melanopic
response is divided by the total visual response and
this value is then multiplied by 1.218.
Then

6.1. Human-centric/Integrative Lighting
As shown in Fig. 7, humans interact in many
complex ways with light. Light itself has many properties and these create the visual scene, the emotional response and also the biological response.
These different responses require new metrics as
existing units no longer reflect what is being measured. The units of lumen, candela and lx are visual
metrics based upon the eye photopic response
curve, which itself is a compromise whose validity
is openly questioned due to it not correctly accounting for the S-cone response (amongst other issues).
These metrics are not really valid for a photo-biological response based upon both visual and nonvisual receptors.
In Fig. 8 the melanopic sensitivity function is
shown as a function of wavelength (smel), as defined by Lucas et al [7]. It is significantly different
to the 3 CIE short (ssc), medium (smc) and long
(slc) cone sensitivity functions for the 10° observer, nor does it correspond to the CIE scotopic rod
sensitivity function (srh). Therefore any measure
using conventional cone-based (photopic) or rodbased (scotopic) metrics cannot correctly account
for the human biological response to light. Fig. 8
does demonstrate that the circadian effect will be
impacted by spectral content in addition to flux density, or in very simplistic terms the light level and
colour temperature.

EML = L x R (unit: equivalent melanopic lx). (1)
A second proposal came from the Lighting Research Centre, Rensselaer Polytechnic Institute.
M.S. Rea et. al. [9] proposed the metric Circadian Light which is the irradiance at the cornea weighted to reflect the spectral sensitivity of the
human circadian system as measured by acute melatonin suppression after a one-hour exposure. A second metric, the Circadian Stimulus (CS) is the effectiveness of the spectrally weighted irradiance
at the cornea from threshold (CS = 0.1) to saturation (CS = 0.7).
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Fig. 9. Lighting system
design process and
documentation [11]

Similar to EML a spreadsheet is freely available
to download and calculate these values or a webbased on-line tool may be used (https://www.lrc.rpi.
edu/cscalculator/).
This demonstrates that there is no universally accepted measure to allow human centric design, let
alone accepted limits.
Even assuming accepted metrics and limits are
agreed upon there is then the question of timing.
When discussing biological rhythms we have to understand these are not the same as the physical day/
night rhythms of our planets 24 hour cycle. The
wake/sleep cycle of an individual may be removed
from the natural cycle of day and night to a greater
or lesser extent due to work patterns, social habits,
and age, gender or chronic-biological traits. There
is no universal clock that people are in time with;
everyone has their own personal clock which is synchronised to their own wake/sleep cycle.
The implication of this is that human-centric
design involves not only some measure of circadian flux but also biological time and light history. Therefore, unless a relatively uniform population exists with complimentary needs, such as a care
home for Alzheimer’s patients, or at least relatively uniform day/night timings, such as an office with
single shift fixed working hours or a factory which
may have multiple shift patterns but with only 1
shift in operation at any one time, human-centric
design will potentially require a careful approach
to avoid penalising some occupants in preference
to others.
The WELL Building Standard provides an attempt at accounting for this by stipulating the re-

quired level of 200 EML should be present at least
between the hours of 9:00 until 13:00. However,
this makes the assumption that a person is working a normal daytime shift pattern synchronised
with the natural day/night cycle. This is not valid
in many situations and could result in applying
a circadian lighting design out of step with the occupant biological time.
Therefore without effective lighting controls,
human-centric lighting can only be applied with
a broad brush on a generic level.
6.2. Connectivity and the Internet of Things
Whilst we discuss the benefits of increased connectivity and the Internet of Things it must be accepted that despite lighting sensors and controls being widely available for many years many lighting
installations, both old and new, still do not use any
but the more basic control techniques, generally
a manual switch.
The European Commission highlighted this
in their “Preparatory study of lighting systems Lot
37”, produced by consultants VITO [10]. This concluded that:
· The maximum EU‑28 total savings for optimised lighting system designs with controls are depending on the reference light source scenario;
· The maximum EU‑28 total annual electricity
savings due to lighting system measures are 20–29
TWh/a in 2030 and 48–56 TWh/a in 2050;
· This is approximately 10 % (2030) or 20 %
(2050) of the total EU‑28 electricity consump-
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Fig. 10. Flow chart
illustrating methods to
determine energy for
lighting [1]

tion for non-residential lighting in the BAU-scenario for light sources 1.
To support this, CEN produced a new technical
specification PD CEN/TS17165:2018 [11] which
sets out the general framework of a lighting system
design process that can be applied to lighting of any
project including smart buildings. It describes the
expected inputs into producing a lighting system design and the expected outputs, as shown in Fig. 9.
To produce energy efficient lighting systems and
to support the use of lighting controls it is necessary
to demonstrate energy savings. Standards exist for
both: for buildings and roads. EN15193–1:2017 [1]
details the calculation for LENI, the Lighting Energy Numeric Indicator. This calculation is shown
in equation 2 below.
 Pj 


LENI =  FC × 
× FO (t D × FD ) + t N   +

 1000 



LENI is the lighting energy numeric indicator
(kWh/(m² year),
Fc is the savings from constant illuminance controls for the area,
Pj is the power density of the area (W/m²),
FO is the savings from occupancy controls for
the area,
t D are the daylight operating hours for the
area (h),
FD is the savings from daylight controls for the
area,
tN are the night time (non-daylight) operating
hours for the area (h),
Pci is the total luminaire control standby power,
Pem is the total emergency standby power.
Techniques for calculating the savings from control technologies are given within the standard.
A LENI value may also be produced for existing
lighting installations either through metering of
the electrical supply to the lighting or by estimation based upon a lighting installation audit. The 3
methods are shown in Fig. 10.
An equivalent energy calculation exists for road
lighting, as specified within EN13201–5:2015 [12].

(2)

+ Pci + Pem ,
where
1 Note: BAU means “Business as Usual” or in effect we
continue as we are.
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This defines the Annual Energy Consumption Indicator (AECI), which is given in equation 3 below.

∑ (P × t ) ,
=

systems is very important to give a good practice
yardstick to work to.
With the development of more advanced concepts such as the IoT and smart cities many more
possibilities are being developed and considered.
For a smart city this could include aspects such as
social profiling of application spaces, for example
in terms of:
· Expected age profile of users across time of
day and time of week;
· Expected social activities across time of day
and time of week;
· Expected transportation modes;
· Prevalence and type of any crime;
· Area category, such as inner-city/urban/rural,
retail/entertainment/residential, etc.
As the usage and occupant profile changes
within a space so should the lighting.
Similarly for buildings a profile may be developed on space or energy usage. Sensors and system software can detect when rooms or single desks
are occupied and this data can be visualised, allowing space usage to be optimised. In addition utilising daylight, presence and time-based controls allows energy usage to be minimised. So lighting
within buildings should complement the people
performing a task, and not just consider the task
requirements as if they were being performed by
a “standard” person with “standard” visual capacity
and no emotional needs.
Another potential application of advanced control techniques is in emergency lighting. Current
practice provides lighting to allow the evacuation of
a building but has no knowledge of the state of the
building and escape routes. Therefore it is up to individual occupants to ascertain if an escape route is
safe to use, the lighting and signage is constant irrespective of the true condition. Linking the emergency lighting to other building services such as
smoke or heat detection systems, would allow occupants to be directed around areas of potential danger, whilst the use of monitors that can detect occupant density within spaces and escape routes could
allow routing around congested areas, smoothing
the evacuation process in the quickest possible time.
However these systems have their own particular
considerations and concerns.
Testing the functionality of the intelligent emergency lighting system through life becomes more
complex with numerous interdependencies and
links with external systems. Automatic testing

m

DE

j

j =1

A

j

(3)

where
DE is the annual energy consumption indicator
for a road lighting installation (Wh/m²),
Pj is the operational power associated with the jth
period of operation (W),
tj is the duration of the jth period of operation (h),
A is the size of the area lit by the same lighting
arrangement (m²),
m is the number of different operational periods.
When lighting controls are in use an operational
period would also include the period during daylight hours when the lighting was not active to account for the controls standby power. When presence detection is used it is necessary to assume the
probability for each of the lighting levels.
Given that we can calculate energy usage and the
impact of lighting controls, more widespread use
of control technologies is required. There is much
additional help and advice available for the use of
lighting controls. CIE222 [13] provides guidelines
in order to balance lighting quality, user comfort
and energy efficiency in lighting controls solutions
for lighting in non-residential building. It describes
the background to lighting control strategies, contains an extensive literature study on application of
controls and 12 tables that evaluate the influence of
controls in applications. The report allows an appropriate control strategy to be chosen either starting
from the application and working forward to predicted outcomes, or starting with desired outcomes
and working back to the required control strategies
to achieve these.
An alternative resource is the Lighting Control Guide from the UK Lighting Industry Association [14] which provides an appreciation of the
benefits of lighting controls, helps match lighting
controls and light sources with application and provides a decision tree to assist in the selection of the
most suitable lighting controls.
A major consideration with the use of a more advanced control systems is commissioning, ensuring that the system operates correctly. This is where
the work of standards committees such as ISO/
TC274 WG2 Commissioning process of lighting
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would be essential and would require careful configuration. Security of communications would be essential. Loss of communication with internal or external system components would compromise the
system ability to direct occupants safely, of especial
concern when these types of systems become established and people start to rely on them to keep them
safe. Cybersecurity will also be an issue as any connected system introduces security risks. These are
not just at the level of the emergency lighting system, although a third-party being able to activate
evacuation alarms whilst simultaneously disabling
evacuation systems is a concern, but any connected
system is a potential gateway into more sensitive
areas of an IT network. Therefore parts of the functionality of lighting systems may become under the
remit of IT departments and specialists.
In recognition of the increased risks posed by
the IoT and enhanced connectivity a new document
being prepared is the EU Cybersecurity Act [15]
which will provide schemes to certify products for
Cybersecurity. Certification will be to either basic,
substantial or high levels where:
· Basic – minimises known basic risk;
· Substantial – m inimises known security
threats from actors with limited skills and resources;
· High – minimises state of the art attacks by
actors with significant skills and resources.
National governments and organisations are
also developing guidance, for example a publication from the UK CIBSE [16], a white paper from
the German ZVEI [17] and the UK Department for
Digital, Culture, media and Sport [18].
However, as data collection and usage increases through the IoT and intelligent lighting systems,
individual rights are in danger of being compromised. Therefore developments both in technology
and in standards and application are tempered by legal regulation. In the European Union this is principally covered by the General Data Protection Regulation (GDPR) [19]. This covers the processing
of personal data in the context of the activities of an
establishment of a controller or a processor in the
European Union, regardless of whether the processing takes place in the European Union or not, and
it covers the monitoring of the behaviour of individuals within the EU. Key definitions include:
– Personal data – any information relating to an
identified or identifiable natural person;.
An identifiable natural person – A person who
can be identified, directly or indirectly, in particu-

lar by reference to an identifier such as a name, an
identification number, location data, an online identifier or to one or more factors specific to the physical, physiological, genetic, mental, economic, cultural or social identity of that natural person.
Therefore any information that allows a specific
identifiable occupant to be located, and even more,
so if this allows, information to be gathered about
their current mental state (think personalised human-centric lighting concepts) is covered. This will
extend to areas such as smart phone applications
that allow users to move through a smart city or
building easier, permissions on data gathering and
usage and how they are granted and accepted must
be very carefully considered.
6.3. INCLUSIVITY
The concept of a standard person has existed for
a long time. Leonardo da Vinci’s painting of Vitruvian Man (1490) showed a standardised representation of the proportions of a human body but this
was based upon the much earlier work of an architect from Ancient Rome, Vitruvius, who published
a correlation of ideal human proportions with geometry in book III of his treatise “De architectura”
[20]. A standard person is important because it allows the principle of “one size fits all”, in workplaces, homes, public buildings, furniture, appliances,
transport and lighting. Chairs, desks, stairs, doors,
etc. all benefit from the availability of a standard
person to design around. However the standard person also indirectly promotes discrimination in that
those who do not conform to the norm are either
forced to comply or disadvantaged.
And this exists in lighting as much as in any other profession. Lighting installations are designed
to provide the correct lighting condition for the majority of the population, but those with particular
physical, mental or visual requirements are generally not considered.
Inclusive design (alternatively termed as universal design) ensures all people are included by quality of design, irrespective of their capabilities, and
designers have to accept responsibility for the impact of their designs. This quality of design should
consider multiple impacts from the relatively obvious, such as wheelchair users have a different eyeheight and therefore experience glare differently,
to issues requiring more consideration. If we ex-
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Guide dogs are trained to walk down the centre
of a footway or corridor and avoid obstacles. They
are also trained to locate crossings and entrances. If
a guide dog cannot detect a space big enough to fit
through it will just stop, leaving its owner stranded.Careful siting of lighting fixtures and furniture at
key points such as crossing areas and building entrances helps the guide dog navigate these spaces
Lighting standards frequently only address these
issues with relatively basic comments. The European Standard EN12464–1 [22] states that lighting levels may be increased when “the visual capacity of
the worker is below normal”. However, like most
standards, it gives little advice on what this means
in application. For more in-depth information publications such as CIE227:2017 [23] gives valuable
advice, both on the causes of reduced visual capacity and what this means and also lighting requirements to help counteract these issues. This includes
recommendations on lighting requirements for older occupants to move through escape routes, a safety issue that is frequently forgotten. It also discusses some applications of integrative / human-centric
lighting in a section on the non-visual effects of
light on older people and people with low vision.
Lighting not only has an impact based upon the
visual capacity of an observers eye, it also has
a mental impact based upon the ability of an observer to decode the visual scene. Observers with
dementia may have good eyesight but their ability
to understand common features and effects that we
take for granted may not function correctly. Shadows become holes in the ground, or giant spiders,
etc., the direction of shadows may be disturbing, for
example light from below an object, and glare sources disorientate and confuse. Sources of information for this include papers by Torrington et al [24]

plore sight loss there are three main generic types of
sight loss, such as:
· Residual sight users is the group, which
makes up the majority of people with sight loss;
typically their sight will be bad enough to be registered blind or partially sighted but still of considerable use;
· Long cane users when long canes are a mobility aid used primarily by people with very little useable sight and allow changes in levels and texture
to be perceived as well as detection and identification of obstacles;
· Guide dog users group represents a small
fraction of the sight loss population; they are often
amongst the most mobile.
Inclusivity is not just how we light a space but
also where we position lighting fixtures and fittings.
For example, if we consider how these people move
through a space and how the siting of lighting fixtures will impact this (based upon Sight Line [21]).
· Residual sight users
Tonal contrast is the most important source of
information. Residual sight users feel more comfortable on wide, spacious, uncluttered footways
and pedestrian areas.
Sight, and therefore light, is still is a major
factor.
For lighting, fixtures that have little contrast with
the background can render them almost invisible.
· Long cane users
Rely predominantly on tactile and audible sources, and will usually attempt to walk along the
building line.
Careful siting of lighting furniture away from the
building line can aid these users
· Guide dog users

Fig. 11. Atmospheric
CO2 levels through
time (source: NASA
https://climate.nasa.
gov/evidence/)
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and Sloane et al [25], IES CG‑1–09 [26], or the University of Stirling [27].
6.4. SUSTAINABILITY
Lighting performs a balance in that people need
lighting to live, however lighting has a global impact on our climate. Fig. 11 shows the levels of CO2
in the atmosphere through a period of time and it is
obvious that levels have increased and are still increasing dramatically.
In a 2013 report [28], the United Nations Environment Programme (UNEP) stated
“Electricity for lighting accounts for almost
20 % of electricity consumption and 6 % of CO2
emissions worldwide. According to the International Energy Agency, approximately 3 % of global
oil demand can be attributed to lighting. If not addressed immediately, global energy consumption for
lighting will grow by 60 % by the year 2030.”
In addition in a report from the Organisation for
Economic Co-operation and Development (OECD)
[29] Angel Gurria, OECD Secretary-General stated
“Growth in materials use, coupled with the environmental consequences of material extraction,
processing and waste, is likely to increase the pressure on the resource bases of our economies and
jeopardise future gains in well-being.”
These facts are driving regulation and legislation to push for more energy efficient and sustainable solutions and a move to a circular economy as
shown in Fig. 12.
After collection as we push the product, its components or its materials back into the manufacturing
chain we can see that the further up the chain we go
the greater the environmental impact. So we can see
that the preferred options at product end-of-life are
to reuse or to refurbish the product or its individual components. Recycling has a larger environmental impact as more processes are required to turn the
waste into a new usable product.

Fig. 12. Principle of the circular economy [35]

However, as identified by UNEP and illustrated
in Fig.13, whilst the end-of-life phase is important
to preserve the environmental investment in the existing product, the in-use phase before this is critical. Fig.13, from an environmental product declaration produced according to EN ISO 14025 [30] and
EN15804 [31], shows that 99 % of the global warming potential for this product is in the use phase.
Therefore it is critical that the product is as efficient
in use as possible, and is also used as efficiently as
possible.
Within Europe eco-design regulations exist to remove less efficient products and components from
the market. Current regulations are
· Regulation (EC) No 244/2009 with regard
to ecodesign requirements for nondirectional household lamps [32].
· Regulation (EC) No 245/2009 with regard
to ecodesign requirements for fluorescent lamps
without integrated ballast, for high intensity discharge lamps, and for ballasts and luminaires able
to operate such lamps [33].

Fig.13. Extract
from Environmental
Product Declaration
(source: Thorn
Lighting Ltd,
Product code
96628133)
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Fig. 14. Graphical
representation of efficacy limits based upon
equation 4

· Regulation (EU) No 1194/2012 with regard
to ecodesign requirements for directional lamps,
light emitting diode lamps and related equipment
[34].
However these are in the process of being replaced by a single regulation which will come
into effect on 1st September 2021. Efficiency limits
will be calculated using equation 4.
Φ 

Ponmax =C ×  L + use  ) × R,

F ×η 

pending on the reference light source scenario and
the maximum EU‑28 total annual electricity savings due to lighting system measures are 20–29
TWh/a in 2030 and 48–56 TWh/a in 2050. This is
approximately 10 % (2030) or 20 % (2050) of the
total EU‑28 electricity consumption for non-residential lighting in the BAU-scenario for light
sources.”
So efficiency will move towards the regulation of full lighting systems with sensors and controls and sustainability will move towards maintainable luminaires with replaceable LED light sources
and reusable components.

(4)

where
Ponmax is the maximum on-mode power (in W);
η is the threshold efficacy (in lm/W, light source
type dependant);
L is the end loss factor (in W, light source type
dependant);
C is the correction factor for light source
characteristic;
F is the efficacy factor (1.0 for Non-Directional
Light Sources, 0.85 for Directional Light Sources);
R is the CRI factor (0.65 for CRI≤25,
(CRI+80)/160 for CRI>25).
Equation 4 results are shown in Fig. 14 with
light source efficacy limits approximately between
(100–120) lm/W.
It must be recognised that increasing the efficiency limits for lighting sources and luminaires
will have diminishing returns. As more high-efficiency luminaires are installed, less significant gains
will be made by more efficient product replacing
already efficient product. Therefore the focus will
move towards lighting systems as opposed to individual lighting products. This is demonstrated by
a document produced by consultants VITO [10] that
concluded:
“The maximum EU‑28 total savings for optimised lighting system designs with controls are de-

7. CONCLUSIONS
As has been described the world of standards
and regulations is complex and attempts to address the needs of changing and evolving markets
and technologies. They aim to provide a measure
against which solutions may be compared for suitability but increasingly also address issues such as
environmental and security concerns.
As our world changes in the future, automation increases along with connectivity, social demographics and expectations change, tasks and functions develop to meet the requirements of a 21st
Century society, so will standards and regulations
have to evolve to meet the needs of new generations. Research will be required to understand possibilities and impacts and the results will have to be
embodied into documents that describe codes of
practice.
As our predecessors in lighting struggled with
how to quantify and codify basic principles so
will the next generation of lighting professionals in an ever changing and exciting environment
where boundaries between professions blurs and vision becomes only one aspect of design.
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light for spatial organization and optimization of
the light environment of architectural objects are
very important. The shape formation and space
in architecture appear only in the presence of light.
It should be noted the environmental aspect of natural lighting due to its significantly higher energy
efficiency compared to artificial lighting, what may
be a decisive indicator of the optimization of future
possibilities of the architecture. The problem of inhabited space organization by means of the natural
light use always was in the architectures interests.
Suffice it to recall such masterpieces of architectural creativity as the building of the Central city library of Vyborg town in Russia, built in 1933–1935
by the Finnish architect A. Aalto. In the main hall
of the library there are no traditional windows (the
surface of the walls was left for hanging bookshelves). Natural diffused light, which not makes
shadows, enters in the room through the round window on the roof. Another well-known example is
the building of the headquarters of the company
“Johnson wax “(1936–1939), in Racine (Wisconsin,
USA), in which the constructive basis of the Central hall of the company is designed in the form of
“tree” expanding upward columns by the American
architect F.L. Wright. Light is carried out through
transparent glass tubes, giving a smooth soothing
lighting throughout the room. Later, 13 years later,
a research complex was built, and there is the outer glazing of the laboratory tower was made of bent
glass tubes giving an extremely pleasant aesthetic
effect of diffused soft light. In this regard, the purpose of the article is to identify innovative ways of

ABSTRACT
The purpose of the article is identification of the
innovative conceptions of using natural light properties to form architectural space interactively associated with the habitable environment. It is noted
that the natural light, being an extremely powerful
tool for the organization of architectural objects,
attracts attention of many scientists and designers
working in different fields of architecture. The results of the review of their architectural researches
and developments are presented in connection with
the considered problem. It is established that the innovative conceptions of the natural light modelling
can be used to create the appropriate objects of architecture. The obtained results can be useful for the
theory and practice of habitat formation opening up
completely new opportunities in architecture.
Keywords: light environment, artificial sunlight,
energy potential, natural light
1. INTRODUCTION
Relevance and Actuality
It is known, that natural light not only provides
visual perception of a person, but also performs
psychological, biological and aesthetic functions.
It plays a major role in the habitable space, changing architectonics, proportions, and the nature of
the emotional impact. Depending on its quality, impressions can be very diverse and have a profound
effect on the perception and enrichment of our understanding of the environment. The features of
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Fig. 1. Trap of light in
the lobby of the tower “
Eqho “(Paris): a – lattice
structure of mirror ceiling panels; b – coloured
light spots on the inner
wall facing North placed
in direct, in which sunlight never gets

using natural light as an important component of
the architectural space lighting interactively associated with the environment. This is due to the fact
that the versatility and complexity of using of natural light as well as the breadth of its “manifestation” techniques requires consideration of the relevant concepts in some aspects. In connection with
the relevance of this problem, a review of existing
architectural solutions for the use of natural light
in the formation of the architectural environment
was carried out in different areas.

Among the examples there are the modernization of the facade of the 130-meter tower “Eqho”,
built in 1988 in the business district Defance (Paris), and the reconstruction of its lobby, that allowed
the natural light penetration to it.
Development of the project of transformation of
day and night appearance of the lobby was carried
out by the architectural Studio Hubert & Roy with
the participation of Studio Concepto specializing
in the field of lighting design [1]. The architecture
of the lobby, due to the presence of a glass roof, allows incoming natural light to change the perception of its space during the day by projection on the
walls and the floor of shadows from the special elements located at the top (Fig. 1).
The use of dichroic glass allows painting
the light passing through it, changing its colour
within the specified limits depending on the angle
of incidence of sunlight. This is provided by the deflection of certain rays of light with the help of mirror panels suspended inside the metal lattice structure, which allows coloured rays directing to the
inner wall. The proposed lighting system as a “trap”

2. CONCENTRATION AND
TRANSPORTATION OF THE NATURAL
LIGHT
In accordance with present time requirements
to the shaping of spatial habitat in the practice of
design and construction of the architectural objects
there are a variety of proposals for the use of the natural light to change the perception of space during
the day and the season’s changes.

Fig.2. Trap of light
in the transport interchange hub “Fulton
Center“(New York):
a – general view of the
building node; b – internal space with a mesh
structure of the dome
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Fig.3 Device simulating
sunlight “CoeLux”:
examples of interior
solutions

of light allows you to enhance the impression of
the perceived space of the lobby and to control natural light for 24 hours a day, as long as you want.
The ability to transport natural light for its delivery
to the subway platform is provided in a large transport interchange hub “Fulton Centre” in the heart
of lower Manhattan, which combines 11 subway
lines (the authors of the project – Grimshaw Architects Bureau together with engineering and design company Arup). The glazed rectangular volume of the interchange unit is about 34 000 m2. It
has a spacious atrium with a height of about 34 m
with a waiting room in the centre and outlets at the
edges. The steel dome with an angled light aperture,
under which the lift surrounded by a ladder stand is
located, completes the construction (Fig. 2).
On the inner walls of the dome, complex mesh
structure is fixed on the crisscrossing steel cables
with a height of over 21 meters and a diameter of
about 15m (developed by the office of James Carpenter Design Associates). In this case, the process
of creating a mobile design by engineers who needed to first understand how it will work depending
on pressure, air temperature, air conditioning system and other factors is of professional interest. At
the same time, the behaviour of the object in 815 situations, both standard (heat, cold, time changes)
and force majeure, as well as in case of fire, was simulated using special software. Having thus determined the optimal form of the structure, the engi-

neers studied and calculated the distribution of the
levels of natural and artificial lighting depending
on the external conditions. It should be noted that
the electric lighting in the interchange unit is used
only in pedestrian crossings, where a kind of grid of
fluorescent lamps is also used [2]. An example of
the creation of “artificial sunlight” to simulate realistic natural lighting in enclosed spaces (rooms
without Windows, museums, metro stations) is the
unique device “CoeLux” developed by Professor
Paolo Trapani from the University of Insabria (Italy). It looks like an ordinary skylight and is designed to recreate realistic “sunlight” in enclosed
spaces. A complex optical system that accurately simulates the sun and its rays uses LEDs with
high colour quality. A special visualization mechanism has an interface designed to simulate the sky
and sunlight falling into the windows (Fig. 3) [3].
“CoeLux” not only delivers artificial daylight in enclosed spaces, but can be programmed to emulate
three lighting scenarios depending on geographical
location (for example, providing warm light, typical for Northern regions, or Equatorial, vertical type
lighting, cool shades and more dramatic shadows).
The device has a small thickness and can be built
into any suspended ceiling. The usual methods of
using and transformation of natural light, scientists
try to complement by the new ways. For example,
physicists from Chile and Germany have developed
a two-dimensional optical trap of light using mutu-

Fig. 4 Model and
diagram of natural light
blocking in two-dimensional trap
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Fig. 5 Complex “Louvre
Abu Dhabi” (UAE)
a – general view; b, c,
d – options for solving
of the interior space

al interference of electromagnetic oscillations. It is
a two-dimensional version of the crystal structure of
perovskite – one of the hardest materials on Earth.
The method, where light is blocked on the two coordinate axes and can freely spread in the third one,
has advantages over other methods. It is much simpler and requires materials with a small refractive
index (Fig. 4) [4].
It is absolutely obvious that the considered tendency of concentration and transportation of natural light would be absolutely impossible without the
using of parametric approach to the formation of architectural space as a system of conceptual, technological and aesthetic components.

the winner of the Pritzker prize architect J. Nouvel. In this complex city with exhibition area about
8000m2, 55 Museum buildings are covered with
a floating dome.
The complex pattern of the dome, as a result
of geometric design repeated in different volumes
and angles, is formed by eight layers, which are arranged in a certain order (four outer one and four
inner one), which gives the dome an exquisite
mesh structure, which realizes the constant struggle of shadow and light expressing the nature of
this country. The geometric lace dome of “Louvre
Abu Dhabi” creates the impression of intertwined
palm leaves traditionally used in this country as
a roofing material producing the effect of “rain of
light” (Fig. (5) [7]. Inside the huge “floating” dome,
the rain of light patterns illuminates the micro-city
small galleries, lakes and landscapes.
The dome covers two-thirds of the Museum,
creating shading and reducing energy consumption. In addition, the Museum complex passes light
through the underground water channel, turning the
space into a refreshing oasis. An example of dynamic reception in natural light control is the al
Bahr office towers in Abu Dhabi, which also have
a sun protection system. Fully glazed buildings have
a movable facade consisting of 2000 dynamic panels, which can completely close or open the facade areas. The panels are equipped with photovoltaic cells, which react to sunlight and accumulate
solar energy (Fig. 6),8]. This allows you to reduce

3. PROTECTION FROM SOLAR
RADIATION AND CONTROL OF
NATURAL LIGHT
Another aspect of natural light modelling is protection from solar radiation.
This problem is widely described in publications
about practical and theoretical developments in the
field of shadow systems of sun protection [5–6], etc.
The developments using new methods of working with light, using innovative approaches, manifested in two forms: static and dynamic, are of
interest.
An example of a static approach is the complex “Louvre Abu Dhabi” which was opened in November 2017 (UAE) and had been developed by
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Fig. 6. The system of
sun protection in the
office towers “Al Bahr”
in Abu Dhabi:
a – general view;
b – modification of sun
protection devices;
c – transformation
scheme panels

the temperature of the rooms and supply buildings
with electricity.
The art centre in Shanghai also has a movable
façade built by the Foster + Partners Bureau and
the Heatherwick Studio [9]. A feature of the complex is a constantly changing, dynamic facade,
which, in accordance with the required lighting of
the interior space, can be transformed and significantly changes building view by moving a set of
bronze pipes arranged in three rows and covering
the main volume of the building, Fig. 7, [9].
Protection from solar radiation and control the
fluorescent light causes the necessity of development and implementation in the development of
kinematic methods of formation and functioning
of architectural objects. This is due to the fact that

natural changes and the nature of human activity determine the contradiction between the static
and dynamic components of the environment under
the influence of constantly changing factors of socio-cultural and natural environment.
4. ORGANIZATION OF LIGHT
ENVIRONMENT OF ARCHITECTURAL
OBJECTS
Innovative approaches to the formation of habitat are directly related to the modelling of natural
light in the organization of the light environment of
architectural objects.
This is manifested in the creative pursuits of the
Swiss architect P. Zumthor. In 2010, the architect

Fig. 7. Dynamic facade
of the art centre in
Shanghai (China): general view (transformation
options)
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Fig. 8. Baths in Vals
(Switzerland): a – the interior of the pool; b – the
interior of the restroom

P. Zumthor won first prize at the prestigious competition “Daylight – Award” (in the category “Architecture”) 1 for the project term in the Vals.
The thermal baths in the Vals, according to experts, gave reasons to take in attention the relationship of properties of water and stone, light and shadow (Fig. 8) [11]. At the same time, the light in the
building of the Museum “Columbus” of the Cologne diocese plays a crucial role – “it snatches out
space in time and broadcasts it to people, offering
them to decide on the time.” (P. Zumthor). Significant for P. Zumthor the construction of the chapel
of St. Benedict in Sumvitg (Graubünden, Switzerland) (Fig. 9), [10, 11] may be attributed to an analogical case.
The trend of using bionic methods of consumption of the maximum amount of solar energy throughout the day is manifested in the project
“solar cycle”, developed by the architectural Stu-

dio “Paolo Venturella & Meno Meno Piu Architects” for the amusement Park “Freshkills park “
(New York, USA). The object is both a large-scale
solar battery and a multi-purpose pavilion for concerts, sports events, lectures, etc. The shape of the
building structure aimed at the trajectory of the sun
collects its rays at all angles (Fig. 10) [12]. The “solar cycle” has two surfaces. The first one, the photoelectric surface, looks always to the Sun, and the
second one, the mirror, reflects everything around
and multiplies the entertainment of the landscape
distributing natural light under the closed part of
the pavilion. In addition to the well-known and sufficiently detailed methods of collecting and concentration of natural light, the most effective solution is guaranteed by light-water systems [13, 14].
Such systems collect natural light through light intakes, installed on the roof and walls, and transmit
it into the interior through hollow pipes with mirror surfaces.
The application in architecture of methods using
biologically useful structures are the subject of research and design of architectural objects by many
creative groups of architects, using in their activities, the methods of computational design.

It should be noted that the idea of evaluating architectural
works in the context of modelling light belongs to the Swiss
foundation VELUX STIFTUNG, since 1980 supporting and
financing projects related to the study of natural light and optimal possibilities for its use in medicine and architecture [10].
1

Fig. 9. Architecture of
natural light by Peter
Zumthor:
a – Museum, Cologne
diocese of Columbus;
b – St. Benedict chapel
in Sumvitg
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Fig. 10. Pavilion “ Solar cycle”

The progressive direction in the development of
architecture, using new environmentally friendly
technologies in the creation of project proposals, is
associated with a new attitude to the importance of
maintaining of the environment and to the conservation of energy.

Fig. 11. The skyscraper “Walkie-talkie”, (London)

flects the collected light. On the concave mirror the
Sun’s rays gather at the point of focus, where the
temperature reaches 3500 °C, and the temperature
in the huge solar furnace can be adjusted by installing mirrors at different angles. Heliostats move after the Sun to maximize the collection of solar energy (Fig. 12) [17]. An illustration of the potential
use of solar energy is the Solar Ark, the largest solar energy monument in Gifu (Japan) created by the
company Sanyo, which is connected with the 50year history of human relations with clean energy.
A large photovoltaic system (declared maximum
power of 630 kW) is combined with a modern scientific centre. The building has a “Solar energy Museum” and “Solar laboratory”, which hold symposiums and forums to discuss problems and exchange
ideas (in cooperation with the science Foundation of
Japan and international organizations). The total
length of the structure‑315 m, height is the 31.6 m
in the centre and 37.1 m at the edges, width is the
13.7 m at the bottom and 4.6 m at the top, weight is
the 3000 tons.

5. ENERGY POTENTIAL OF NATURAL
LIGHT
Alongside with the considered methods of natural light modelling, the potential possibilities of
solar radiation energy management arouse professional interest now. So, according to a well-known
legend, Archimedes almost completely burned the
Roman fleet, which attacked in 212 BC his native
Syracuse in Ancient Greece to do this, he used an
array of concave mirrors made of polished copper [15]. On the other hand, architects have always
considered and took into account the power of solar lighting of buildings. And it is fraught with failure to account for force majeure situations. So,
the new skyscraper, “Walkie-Toki”, in the financial district of London, thanks to its configuration,
reflects sunlight so intensely that it is able to melt
the plastic parts of cars parked nearby (Fig. 11)
[16]. The correct using of solar energy was demonstrated in 1970, in the creation of the solar furnace
in Von ROM-Odeyo (Eastern Pyrenees, France)
as an ecological source of high temperatures. The
mirror structure has a diameter of 54 m and consists of 10,000 concave mirrors that reflect and focus the Sun’s rays on a size measuring 40 cm diagonally. The group of mirrors acts as a parabolic
reflector, which concentrates light in its focus. The
furnace power is 1 MW. While on the contrary a parabolic mirror set a heliostat is a special mirror 63
plate with 180 partitions. The array of mirrors acts
as a parabolic reflector, concentrating light in its focus. Each heliostat has a parabola sector, which re-

Fig. 12. Solar furnace in the Pyrenees (France)
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The concentration and transportation of natural
light change the perception of the surrounding space
during the day and as the seasons change.
There is a possibility of natural lighting of underground spaces. More and more new ways of collecting of the natural light and creating “artificial
sunlight” for the device to simulate realistic natural
lighting in enclosed spaces are being invented.
Modern methods of working with light in different areas of man’s activity are manifested in the
sun and natural light control, which are associated
with the use of new kinematic techniques of formation and functioning of architectural objects, using
innovative approaches to working with light and
manifested in two forms: static and dynamic. This
indicates the need to revise the usual means of architecture and to expand the use of achievements
in other areas of science and technology. Alternative
approaches to the organization of the light environment of architectural objects are manifested in the
creative researches of modern architects-researchers of light, sound and space. The emergence of
the concept of “living light” and the trend of using
bionic methods of consumption of the maximum
amount of solar energy during a day is manifested
in the developments of architectural objects, which
is associated with a new attitude to the value of the
environment, conservation of energy, increase comfort and safety of the people habitat. The energy potential of natural light (p. 5) and control of the latter
are of the professional interest. A competent attitude
to the use of natural radiation would be impossible
without appropriate technical means and the development of high technologies, without the application of environmental principles in architecture.
The considered directions in the use of natural
light, as an important component of existence, indicate the breadth of methods of its manifestation,
and the variety of means of its transformation and
regulation. In this regard, it should be noted that
these examples of the use of natural light in the formation of the architectural environment arose due
to many areas of knowledge, which are developing
very actively.
The obtained results can be useful for the theory
and practice of habitat formation, opening up completely new opportunities in architecture. This sets
the task of further research of completely new methods of work in this direction.

Fig. 13. Solar energy monument “Solar Ark” (Japan):
a – facade; b – general view

The number of photovoltaic cells is equal
to 5046, in the dark time on the façade 77200 cells
of red, blue and green LEDs, controlled from a computer, are switching on.
The complex has water and air purification systems (95 tons of carbon per year).
“Sunny ark” is surrounded by a kind of
Aqua Park, which includes fountains and two
ponds, each of which has a waterfall (Fig. 13) [18].
The interior lighting of the complex is carried out
by “Solight” lamps (unique products equipped with
a compact engine controlled by a small solar battery), which automatically change the direction of
radiation in accordance with the movement of the
Sun in the sky, which is used as a source of natural
light due to the lack of Windows in restaurants and
other rooms.
In this regard, it is important to note the need
to revise the usual means of architecture, taking
into account the achievements in other fields of
science and technology, especially to improve the
comfort and safety of the environment, as well as
to save financial costs and energy resources.
6. CONCLUSION
The typology of architecture is updated today
with new types of architectural objects, which are
the scientific and technological denominators of our
epoch. Innovative ways of using natural light as an
important component of the environment are presented in this article-review in the context of the
conceptions considered in it.
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THE SUN RAY AS A TOOL TO DESIGN AN ARCHITECTURAL FORM
Nicolai L. Pavlov
Moscow Architectural Institute (State Academy, MARKHI)
E-mail: pavlovnl@mail.ru

The role of the sun and sunlight in relation to architecture, built environment, structures, and their
complexes, is analysed in sufficient detail. In some
instances, this role is determined by respective technical and medical standards regarding orientation,
solar exposure, etc. The role of the sun in the professional architectural environment is usually considered a presentation of general and detailed appearance of buildings, which creates the best conditions
for perceiving their architecture. We can talk from
that perspective about the influence of the sun and
sunlight on modern architectural form-making.
Apart from other obvious technical, biological,
and utility factors, the role of the sun in traditional cultures for constructing any architecture was determined by a notional setting based on the natural
role of the sun in the world. During many thousands of years, the system of common and religious images of a godly and creative role of the Sun
was created based on that setting. The key to revealing the meaning and setting of the wide range
of architectural approaches which determined the
form-making from extreme antiquity to our times
may be a typical image of the Sun as the creator of
everything in traditional cultures.

ABSTRACT
The regularities of constructing crucial architectural forms are shown based on the architecture of Ancient Egypt, Western Europe, and Russia: obelisks, pyramids, statues, tents, and spires. It
is shown that the source of projection for these and
some other architectural forms was the Sun 1 or its
image in the shape of a golden ball. The sun ray is
serving as a tool for solar elevation.
Keywords: sun ray, solar projection, projection angle
1. INTRODUCTION
The topic of the sun, its light, the sun ray as the
physical phenomena and the source of life on the
Earth is studied by almost all natural sciences: astronomy, physics, chemistry, biology, etc. Its influence on the structure and properties of living and
non-living matter, climate, life of animal and vegetable worlds, and, of course, on humans is being
studied. It turns out that, under conditions of our recently formed industrial civilization, different kinds
of solar emission influence functioning of most engineering systems.
The Sun and sunlight have formed a set of
pre-scientific and religious understandings in the
traditional cultures that were developing for thousands of years. These understandings have determined the evolution of the human culture in many
ways.

2. THE OBELISKS, PYRAMIDS,
AND STATUES IN ANCIENT EGYPT
When talking about the role of the sun in architecture-setting, it is essential to look at the architecture of Ancient Egypt where the cult of the Sun
prevailed for almost 3,000 years. The beginning of
the solar cult dominance is already noted in the age
of the Old Kingdom in the days of Pharaoh Djoser

1 By request of the author, the Sun in a number of cases is
capitalized (ed. note).
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Fig. 1. The obelisks:
a – Thutmose III;
b – Ramesses II;
c – Hatshepsut

Fig. 2. а – the statues of Ramesses II in the Ipet-isut 1 Temple [1] and Abu Simbel; b – the radial and modular arrangements
of the sphinxes in front of the western pylon of the Ipet-isut Temple
1 The temple that we know as the Amun-Ra Temple in Karnak was called Ipet-isut in Ancient Egypt, i.e. the chosen place for the residence of the god. The temple that we know as the Luxor Temple was called ipet resyt in Ancient Egypt, i.e. the harem of the god.

known for his funerary complex with a first big step
pyramid (28th c. B. C.) 2.
Let us start with the construction of an obelisk.
This theme has received little attention in terms of
the aspect covered by us. Herodotus noted an obelisk as the ray of the sun on the earth. Marie-Henri
Stendhal, a faithful soldier of Napoleon and a future
writer, noted that in his Egyptian diary.
Our goal is to show the architectural means that
allowed to reach that effect. Let us start with the
shape of an obelisk. Its tetrahedral pillar has a face
widening from top downward from 1.5 to 0.5°. The
classic obelisk of Queen Hatshepsut almost defi2

nitely has 35’ which is equal to a visible angular
scale of the high sun. The pyramid-shaped top of the
same obelisk called pyramidion by the Greeks has
a 30° top forming angle which is equal to 2 hours
of solar motion on the horizon 3. The upper part of
pillar ribs was covered with white gold or electrum
(green gold) as early Greeks called it 4. The pyramidion was covered with similar gold.
The top of the obelisk, ribs framed with white
gold in some cases, had literally represented a vertical sun ray. It was always possible to find the bearing point of the ray reflected from the pyramidion in the field. The pyramidion faces were made

There are differences of opinion among scholars concerning dating from the 28th to 27th c. B. C. [1, p. 265; 2, p. IX; 3, p. 12].

3 Daylight time in the Ancient times and the Middle Ages was calculated with 12 hours similar to a solar year that had 12 lunar
months. Daylight time had different length in different seasons before invention of a water clock in the Hellenistic period and with
invention of a mechanical clock in the Middle Ages. However, it was enough to determine the mean angle of a sun dial with a sun
clock which was knows in Egypt in the age of the Old Kingdom, as well as with special surveys of solar motions on the horizon.
There are indications of a 24-hour daytime notion appearing in Egypt in the 19th c. B. C.
4

So called white gold is still very widespread in Egypt.
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Fig. 3. Luxor: a, b – Amun-Ra as ithyphallic Min gives birth to the Pharaoh-headed sphinxes, his children, with his semen
ray; c, d – the avenues of the sphinxes confirm the ritual path of the god, the giver of life, in the temple system of the eastern and western banks of the Nile

a bit out-bowed (curved) in early obelisks. As a result, the ray reflection from curved gilded face was
visible almost for the whole daylight time. The obelisks at the entrance pillars of the temple created a special effect at the sunrise. They were taller than temple walls. Their tops were illuminated
first by rays of the rising sun. It is not a coincidence
that Hatshepsut wrote this at the pedestal of her obelisks: “Their rays illuminate Both Lands when our
Father rises between them.”
The images and texts on granite faces of the obelisks are a whole new topic. The faces show the
Pharaoh kneeling down in front of the throne of his
Father, the god of the Sun. There is a serekh – a conventional design of a palace with falcon-headed Horus – at the top of pillar faces. The divine text flows
from this palace to the pedestal of the obelisk. The
Ancient Egyptians, similar to people that possessed
scientific knowledge of the 20th century, considered
the sun ray to contain some sort of information. It
was a text of a divine and solar origin in their case.
The text ended with zet that means eternity (Fig. 1).
The sun ray falls on the earth, petrifies, and becomes a granite pillar and the monument to eternity.

This is how the Ancient Egyptians called their sacral constructions: pyramids, temples, obelisks, steles, and statues 5.
The son of the Sun – the Pharaoh – represented
in different forms such as walking, standing, sitting,
and lying statues (sphinxes) has been the obelisk
in its initial form. They all fit into the contour of the
obelisk, the top forming angle of which is around
30°. Many walking statues are literally coming out
from the obelisk, presented in a form of a stele behind their back. The sun ray which falls on the earth
gives birth to children of the Sun – Pharaohs. The
sun ray demonstrably burns into the rock, and the figure of Ramesses II appears in the famous Abu Simbel Temple (Fig. 2a).
The momentum of posture usually correlates
with its proximity to the sanctuary. The closer to the
sanctuary: the more powerful is the creating ability
of the god of the Sun and the holier is the land where
it falls. The god and the Pharaoh are shown walking
Cf. generally accepted modern terms as historical landmark, cultural landmark, architectural monument, ancient manuscript, etc.
5
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Fig. 4. The Ancient Egyptians imagined and built pyramids from the Sun, with an angle of about 30°: a – the scheme of
from-the-Sun projection of the outer contour of the pyramid; b – the Ancient Egyptian images of the pyramid; c – the
construction of the traditional tombstone, mastaba; d – the construction of the inner structure of the pyramid for Sneferu,
the 1st Pharaoh of the Dynasty IV, 27th‑26th c. B. C.

both in and before the sanctuary. The throne statue of the Pharaoh, the son of the god and the king
on the earth, is put before the pylon of the temple.
The Pharaoh begotten by the sun ray in the body of
a lion – the king of animals – is shown at the avenue of sphinxes.
The contour of the sphinx is projected from the
Sun with an angle of 15°, i.e. through hourly motion of the Sun on the horizon. The 15° contour of
the solar sphinx with the head of a ram is completed with a demonstrable image of the contour of the
obelisk with a top forming angle of 30°. The stone
disk covered with white gold between the horns of
the ram used to serve as the upper base of the contour. This golden disk demonstrably represented the
Sun as the source of projection, the divine creator of
the ram-headed sphinx, the patron of the image of
the Pharaoh under its beard.
The sphinx was a procreation of the Sun, a solar
projection, for both the architect and the worshipper of Amun-Ra. The golden disk was a sacral block
equal to the ell of the king, 52.5 cm, for stonecutters who cut the sphinx out of the stone block using
a modular grid.
The altar pedestal of the sphinx at the avenue before the western entrance to the temple, from the
side of the Nile (Egypt), which shows the cosmic
journey of Amun-Ra from east to west, is projected
with a 15° top angle. The sun ray gave birth to the
ram-headed sphinx when it fell on the altar pedestal, the monument to eternity. The hourly shift of the
sun ray with a 15° angle was focused by 2 cornices
between the pedestals. The sun ray measured 1 hour
of real time, 1 hour of life, with the 15° angle between the sphinxes. One of the hymns to the god of
the Sun says:

“You are far away, but your rays are on the
earth. You are in front of the people, your motion.”
Amun-Ra was shown as Min, the giver of life,
in the avenue of the sphinxes. He walked south
in an ithyphallic form to the female temple: first
to the temple of his spouse, Mut, and then to his
own harem temple in Luxor (Egypt). It is interesting that, upon exiting from his own temple, AmunRa was turning left, to the South, “answering the
call of his heart”, and walking down the avenue of
the sphinxes to the temple of his spouse. When exiting the temple of the spouse and heading to the harem temple, he was turning left again. He was walking down the avenue of the sphinxes, passing the
temple of his son, Khonsu, all the way to the temple
in Luxor (Egypt). He was dropping not just a ray,
but a seed ray, along the way. An hour-long sun ray
with the 15° angle was falling there on the altar pedestal and giving birth to the Pharaoh-headed sphinx.
The sun ray gave birth to real vegetation: fruit trees
planted in ditches between the sphinxes. The motion of Amun-Min, the giver of life, was shown with
a huge system of sacral avenues on both sides of the
Nile (Fig. 3):
“You are walking like father, giving birth to children, bringing heirs into the world, pristine for your
children. …His spouse is the earth, which he inseminates” (Leyden Papyrus). “The semen of the god
is good, coming in front of him,” said architect Ineni about Queen Hatshepsut ([5, p. 330], [8. p. 56],
[6, p. 59]).
The West European Egyptology studies architectural monuments based on translated texts and
archaeological data including excavations data, i.e.
from the ground. The same from-the-ground approach is used when dealing with the issue of build-
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Fig. 5: a – the small pyramids in Meroë, first centuries; b, c, d – a pyramid drawn by an Ancient Egyptian artist (b)
and by a Western European artist of the 15th c. (c, d)

of the pyramid. This proves that the ancient Egyptians built a pyramid and thought about it as a construction with an apex forming angle close to 30°.
The Egyptians could not build a big pyramid
with apex forming angle close to 30° and a 200-meter foot side. The height of the pyramid would be
more than doubled with such size of the base. Limestone and sandstone blocks in the base would also
break down under the pressure. When there was no
necessity to build huge pyramids, small pyramids
with an about 30° apex forming angle and a chalkstone top were built on a massive scale (Figs. 4, 5).

ing pyramids: the parameters of the base and the
angle of the face slope to the foundation are meticulously measured.
The obvious fact that the Egyptians thought
about building a pyramid not from the ground but
from the Sun as their main deity is somehow lost
in this approach. With that approach, the top of the
pyramid should be considered as a starting point
of the projection, and it is necessary to calculate
not the angle between the face and the base, but
the forming apex angle, the angle of a solar projection that creates the pyramid.
The top of the pyramid and the top of the obelisk were ornamented with gold-covered stone,
a shining pyramidion. The faces of the pyramid
were coated with white limestone from stone mines
in Tora located opposite of Giza, upstream of the
Nile (Egypt). The top of the pyramid and the top of
the obelisk shone with sunlight reflected by white
gold.
It is important to note the fact which is usually addressed only through the constructive point of
view when describing pyramids: the pyramid had
not one but two apex forming angles.
The angle that shaped the outer contour of the
pyramid is evident to everybody. This angle – the
projection angle of the outer contour faces for the
big pyramids of the Old Kingdom and the Middle
Kingdom – oscillated about 52° within 45 to 70°.
The other angle, hidden in the body of the pyramid and forming its inner structure, usually is about
30°. This angle is evident in memorial tombs, mastaba, since the first dynasties. It is also important
that this angle and its solar projection exist in different representations of pyramids. The life-bearing
role of the sun is shown with green colour, the colour of vegetation, both inside and along the outline

3. THE TENTS AND SPIRES
IN WESTERN EUROPE
The Europeans that visited Egypt in the middle
of the 15th century depicted the pyramids with an
approximately 30° apex forming angle, just like the
ancient Egyptians designed them. Mediaeval Christian Europe did not save such a developed cult of
the Sun as Ancient Egypt. But the image of a deity of the Sun that creates life with its ray lived deep
inside the traditional folk-life culture from the earliest times. It is natural that tents crowned with
a golden ball above the temples were seen as the
sun ray which blesses the land, the church, and the
man. The world perceived the European cities as the
magnificence of dozens of tents and spires. There
were tents with an apex forming angle close to 30°.
It is obvious that the obelisks taken out of Egypt
by the Roman Caesars and Napoleon were naturally but not always consciously perceived by the
Europeans as the procreation of the Sun. The obelisks were put up in front of the churches in Ancient Rome and later in Papal Italy. There are much
fewer sunny days in Europe and even in Italy
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Fig. 6: a – the Church in Saint-Germer-de-Fly Abbey (France, 13th c.); b – the Church of Saint Patrokli, Soest (Germany,
early 13th c.); c – the Saint Mary’s Church, Lübeck (Germany, early 14th c.); d – the Cathedral Church of the Blessed
Virgin Mary, Salisbury (England, 13th‑14th c.); e – the tents and the spires in Trier (Germany); f – the Egyptian obelisk in
front of the City Church, Rome (Italy); g – the Egyptian obelisk in the square in front of the Saint Peter’s Basilica, Rome
(Italy); h – the Egyptian obelisk in Place de la Concorde, Paris (France)

than in Egypt. The obelisks and church tents were
crowned for more clarity with a golden ball or a depiction of the Sun with outgoing rays. The Egyptian
obelisk was put in a place in Paris (France) where,
during the French Revolution, stood the guillotine
that executed thousands of people, and the square
was renamed to Place de la Concorde. The pyramidion of the obelisk was made in modern time as
shiny as it was in Ancient Egypt (Fig. 6).

roofs were covered with aspen boards, and complex-shaped roofs were covered with an aspen shingle. Aspen is a hydrophobic wood. The aspen roofing turns silvery after 2–3 years. The aspen roofing
looks silver against the background of a cold northern sky and in a cold northern sun.
With stone construction, tent churches became
more widespread. An apex forming angle was
around 30° even more often in Russia than in Western Europe. A copper or gilded ball was put up instead of a wooden ball at the upper base of the tent.
The tent was projected from that golden solar ball.
It is not a coincidence that the height of the temple
in texts describing the construction order and later
in reports on measurements was set as up to the apple. The ball may have been combined with a gold-

4. THE TENTS, SPIRES, AND OBELISKS
IN RUSSIA
Temples, royal mansions, and fort towers in Russia were crowned with tents from the earliest times.
Russia had no white gold but aspen. Simple-shaped
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Fig. 7. The tents in the Russian architecture: a – the Trinity Church in Nyonoksa (early 18th c.); b – the Saints Zosima
and Savvaty Church, the Trinity Lavra of Saint Sergius (early 17th c.); c – the Church of Ilya the Prophet, Yaroslavl
(middle 17th c.); d – the Spasskaya Tower, Moscow (Kremlin); e – the tents on the Palace of Tsar Alexei Mikhailovich
in Kolomenskoye near Moscow (middle 17th c.), watercolour by G. Quarenghi (18th c.); f – the tents
on the Kremlin (engraving, 18th c.)

en onion dome that shone in the sun and visibly represented the celestial body in a grey sky. The golden
ball under the cross was put up not only above the
tents but also above the domes.
Foreign architects who worked in Russia were
brought up according to the European traditions of
tents and spires and perceived the Russian tent traditions as quite natural [9, p. 140–141]. Christopher Galloway from Scotland built a tent over the
Spasskaya Tower at the Moscow Kremlin (Russia).
He put up the same golden ball in the upper base
of the tent. From the golden ball down the ribs of
the 8-faced tent, Galloway stretched a chain of outbowed tiles which are alternating on yellow and
green colours. The sparkling light ran down the ribs
of the tent. This theme was now developed, and trichromatic illuminations are stretched over the tiles.
It can be seen that the ruby star with golden strips
may be perceived as a form of a golden ray star that
the Catholics put up on the Egyptian obelisks.
The Russian cities were reaching to the sky
towards the Sun with many tents crowned with

a golden ball as representation of the sun up until
the 1930s (Fig. 7).
Peter the Great built Saint Petersburg (Russia), imitating traditions of Northern Europe where
spires were preferred over tents. The desire to pierce
the grey sky with the sun ray can be understood
since there are just over 60 sunny days in Saint Petersburg just as in Northern Europe. The crowning
of spires for the Saints Peter and Paul Cathedral
and the Admiralty Building with a golden ball and
their projection from top downwards, from the sun,
even unconscious, is also understandable. The golden ball also appeared under the royal eagle at the top
of the obelisk that was put up in honour of victories
by Count Rumyantsev over the Turks. Spires found
their own perception in Russia. Commoners viewed
them as a peculiar form of a tent.
The spire fashion reached the outlying north
provinces in the first half of 18th century. The architect put up 3 copper spires on the top of the Saint
Gate of the Archangel Michael Monastery in Veliki
Ustyug (Russia). Copper acidifies and turns green
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Fig. 8. The spires and obelisks in the Russian architecture: a – the spire over the Saints Peter and Paul Cathedral,
St. Petersburg (early 18th c.); b, c – the spire over the Admiralty Building, St. Petersburg (early 19th c.); d – the Obelisk in
Honour of the Victories by Count Rumyantsev-Zadunaisky, St. Petersburg (late 18th c.); e – the Saint Gate of the Archangel
Michael Monastery in Veliki Ustyug (early 18th c.); f – the Obelisk in Honour of the 300th Anniversary
of the House of Romanovs, Moscow (early 20th c.)

with time, and the sound keeper paints it green with
no extra thought. The spire was crowned with a copper ball and a cross above the central span. The ray
celestial bodies, the same as on the Egyptian obelisks in front of the Roman churches, are still shining above the side entrances even after their restoration (Fig. 8).
The obelisks were put up as monuments in honour of heroes and important historical events in Russia of the 19th and 20th centuries. Even the weirdshaped Obelisk in Honour of the 300th Anniversary
of the House of Romanovs is crowned with some
sort of a stone ball. The plywood obelisks were
put up as tombstones for fallen soldiers during
and shortly after the World War II. They were of-

ten crowned with a plywood star that was hastily
sawed-out. They were eventually substituted with
concrete obelisks crowned with a gilded star. The
grave of the hero fallen for his nation should be illuminated by the sun ray (Fig. 9).
The only thing left to understand is why an apex
forming angle of an obelisk, a pyramid, and a tent
was tilting to 30° in Ancient Egypt, Medieval Europe, and Russia. There is one fundamental regularity that exists not only in the architecture. This
mathematical regularity is usually called the golden ratio. The golden ratio is simply represented with
a bisected line segment where the small part is related to the big part as well as the big part is related to the whole segment. This correlation is nume-

Fig. 9. The spires, the obelisks, and the tents in Russia (from the latter half of the 20th c. to the early 21st c.): a – the
Kudrinskaya Square Building, Moscow (middle 20th c.); b – the obelisk on the grave of a country policeman, Vologda
Region (early 21st c.); c – the Memorial to Yugra Oilers, Western Siberia (late 20th c.); d, e – the upper corner of the projection in the tent construction from the golden apple: the tent of the Church of the Ascension, Kolomenskoye, Moscow,
(middle 16th c.) (d) and the scheme of the projection angle of the golden ratio (e)
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rically represented as 0.618…: 1.00: 1.618… The
Ancient Greeks knew about this harmonious correlation, and it was empirically used even before that.
The theoreticians of the Renaissance in the 19th and
20th centuries perceived the golden ratio either mono-dimensionally – by a linear series – or bi-dimensionally – by a dimensional ratio of rectangles.
This proportional regularity was constantly
found outside of the architecture and art in the construction of natural bodies: crystals, plants, animals,
and human. This regularity is now found in the
structure of the planetary orbits in the Solar System [4, p. 256–284]. Pavel Florensky, a great Russian scientist and a philosopher, wrote in 1916: “…
the golden ratio is an ONTOLOGICAL LAW; as
understood before, it expresses the construction of
a WHOLE BODY as such” [7, p. 485].
When imagining a three-dimensional correlation of the golden ratio, one will get an infinitive series of spheres in the same common axis with their
radii correlating as… 0.618…: 1.00: 1.618…: …
(Fig. 9e). The apex forming angle for such a series of spheres will be about 27° 18’ 34”, i.e. 30°
in rough approximation. This is one of the ontological aspects of this topic. The other aspect is determined by the construction of our eyeball, an optimum sight angle which has approximately the same
angular dimensions. The whole perception of the
outer world by the human is determined with these
parameters. The human system of the land navigation and the choice of the motion path are based
thereon. If that assumption is correct, it means that
the nature created its ontological construction in the
course of evolution, including the construction of
people which determines their space impression of
the outer world. That explains the universal human
tendency to projecting architectural forms from the
universal human celestial body, the Sun, with an
apex forming angle of about 30°.

reasoning. Many scientific and technical discoveries were made almost simultaneously and totally independently from each other in different countries,
as we know from the recent history.
One can say in terms of a specific subject of research that the human felt a life-giving role of the
Sun from the very beginning and perceived it as
the source of life. This ancient belief which created a simple and natural solar cult in some historical situations and a well-developed religious system in other situations is fully proven by the modern
science. It is natural that the sun ray was perceived
as the bearer of the prizes of life, first unconsciously and then consciously, in some cases as the bearer
of the celestial information and, of course, as a divine weapon that can give life, warm, or burn, and
that can also create. There is no better example of
the universal creating natural phenomena expressed
in culture than the Sun and its rays.
Plutarch, a famous Greek historian of the 1st and
nd
2 centuries, said: “There is only one sky above all
nations, and one god has many names.”
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ring the daytime. The ideal condition is to light the
tunnel to a typical road luminance level. However, such a solution cannot be applied in practice as
both the installation and operating cost will be high.
The main purpose of this study is to find a sufficient,
economic, and optimal solution. When considering
the adaptation of eyes to darkness, intense lighting
in the first section of the tunnel and a gradual decrease in lighting will aid driver vision.
In this study, luminance levels from the technical report for tunnel lighting published by the International Commission on Illumination (CIE) in 1990
and 2004 were used [1,2].

ABSTRACT
An optimal solution for tunnel lighting designs
was determined using a computer software. The
road tunnel under construction 14481 m in length
was selected in order to get an optimal design solution for tunnel lighting.The lighting, luminaries,
and road parameters were changed and the resulting
scenarios were examined in a simulation environment. The proposed approach can be applied for the
illumination of interior zones in tunnels of 10 km
or longer with significant reduction in energy consumption. The optimal luminance values that affect
vision comfort in the tunnel were calculated in a simulation environment. As a result, the most economic lighting system and luminaries were chosen
among solutions conforming to technical standards
for luminance values.
Keywords: tunnel lighting, luminance, glare,
HPS lamp

2. LUMINANCE
Luminance is represented by L and has a unit of
cd/m2. L is the luminous intensity emitted in a certain direction from unit surface area. The luminance
of the unit area at point M of a luminous surface at
a normal direction and α angle of this surface is
the limit of the ratio of the ∆Iα luminous intensity

1. INTRODUCTION
Tunnels are underground road constructions that
are alternatives to over ground pedestrian ways,
railways, highways, and channels, and they are used
to enable urban or rural traffic flow. Vision comfort, speed, and safe traffic flow should be ensured
in the tunnel just as in typical roads. When tunnels
are not sufficiently lit, an approaching driver will
experience a black hole effect during the daytime.
A gradual lighting level decrease should be provided into the tunnel considering the time required
for eyes to adapt to the dark to avoid vision loss du-

Fig. 1. The geometric state of glow from point M in the α
direction
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of the ∆S surface element involving point M in the
∆S n apparent area of ∆S at a plane perpendicular
to this direction [3]. The geometric state of the glow
from point M of a surface in the α direction is illustrated in Fig. 1. The relative luminance calculation is presented in Equation 1.

=
Lα

∆Iα dIα
.
lim
=
∆Sn → 0 ∆S
dS n
n

(1)

The surface can produce light itself or can reflect
the light emitted from other sources. The levels of
surfaces brightness with equal illumination but different reflection properties are different. For example, dull asphalt and bright asphalt have different
glitter levels because of their reflection properties
[3, 4–6].

Fig. 2. Zones of the tunnel

· Around the tunnel entrance, “equivalent veiling luminance” ( Lseq ) formed by different luminance values;
· Luminance at the centre of the driver’s field
of view.
Equivalent veiling luminance is one of the most
important factors in determining adaptation of the
driver [1, 2, 13].
Entrance zone is the place where adaptation accurately starts from the tunnel entrance and continues to the interior zone of the tunnel. It is examined
in two different zones:

3. TUNNEL ZONES AND
CLASSIFICATION
When a driver travelling safely on an open road
enters a tunnel, he/she continues to move on without experiencing a visual loss. Intense lighting is required in the first zone of the tunnel, so visual conditions do not go wrong for the driver entering the
tunnel from daylight into darkness [7–9].
In tunnel lighting, there are differences between
night time lighting that need to be established regardless of tunnel length and daytime lighting for
tunnels longer than a critical length [10–12]. A tunnel can be illuminated at night similar to a typical
road. However, the illumination level of the tunnel
should be greater than open roads to make the tunnel safer and consider the noise in the tunnel. Previous studies demonstrate that a luminance level
equal to 3cd/m2 is sufficient throughout a tunnel
in night time lighting even in long tunnels that have
low traffic and a specific speed limit.
3.1. Tunnel Zones
Tunnel lighting is examined by classifying different luminance zones in order to ensure adaptation and provide economic solutions. Fig. 2 presents
the zones of the tunnel.
The access zone is the area starting before the
tunnel entrance (100–200) m and ending at the tunnel entrance. There are two factors affecting the adaptation luminance:

Fig. 3. Stooping distance based on speed [2, 13]
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Fig. 4. The algorithm
of the simulation program and data entered

– Threshold zone: limits of the zone starting
from the tunnel entrance are determined on the basis
that a critical object that may be dangerous in that
zone can be seen by the driver in the approach at
least from a distance equal to the stopping distance;
– Transition zone: after the threshold zone, the
transition zone is where the luminance in the threshold zone is reduced to a luminance level in the interior zone. The length of the zone varies by the initial and final luminance value and the allowed speed
limit.
Interior Zone: the constant luminance zone between entrance and exit zones of the tunnel.
Exit Zone: the zone from the end of interior
zone to the exit that makes the adaptation easier
to the zone with high luminance at the exit.

than low-pressure lamps. As a result, less luminaries and area are required for lighting. Lighting efficiency (in terms of electricity consumption) of
a similar lighting system increases up to 90 % with
HPS lamps compared to fluorescent lamps based
on results obtained from various tunnels with different structures that are open to vehicular traffic. The luminous efficiency is defined as the luminance level from the power required for the tunnel
(for 1 m2).
Previous studies on the photometric properties of
HPS lamp armatures used in road lighting with LED
light sources were performed. In the study designs,
M3, M4, and M5 road lighting classes with 100 W
and 150 W LED armatures could be achieved. M1
and M2 road lighting classes did not produce acceptable lighting magnitudes [14]. Since the road
lighting class in this study is M2, LED lamps were
not used as HPS lamps are widely used in road
lighting [15–18]. Additionally, in Turkey, regulation studies, which were concluding in 2006, are requiring HPS lamps. As a result, this study simulation was performed accordingly with HPS lamps.
Since HPS lamps have more luminous flux than
fluorescent lamps, glare can be prevented using reflection suitable for the direction of the driver. Sufficient luminance can be achieved by placing HPS
lamps with proper power in a band-like order (correct line) at the entrance and transition zones. Since
the lighting system is always band-like, problems
concerning flickers and luminance uniformity are
automatically addressed.

3.2. Stopping (Brake) Distance
The stopping distance or safe driving distance is
the distance, from which the driver observes a dangerous object and can stop the vehicle safely. This
distance depends on reaction time of the driver,
stopping distance of the vehicle, allowed speed limit, inclination of the road, road pavement, and
brake jamming ability of the vehicle. Fig. 3 presents
a graphic for the stopping distance based on the
speed considering the inclination of the road for the
vehicle with moderately worn tires on a wet, clear
road [2, 13].
4. LIGHT SOURCES
High-pressure sodium vapour (HPS) lamps are
preferred under conditions of higher luminance level including under water tunnels, as HPS lamps
have higher luminous flux and smaller dimensions

5. TUNNEL LIGHTING SYSTEM
Tunnel lighting is supposed to allow the driver
travelling on a clear road with a certain comfort and
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Fig. 5. Simulation program: a) road parameters, b) illumination parameters, c) luminary parameters, and d) results

safety without visual loss when moving into a tunnel. A tunnel entrance that is not illuminated sufficiently creates a “black hole” effect for a driver
moving on a clear road, especially on a sunny day.
The threshold zone constituting an important part
of the tunnel lighting cost (the first entrance zone)
depends on the luminance level of the access zone
encountered while approaching the tunnel. For that
reason, the first starting point of the most proper
tunnel lighting, which is economic but provides the
required conditions of view, is the accurate determination of the luminance level of the access zone
in the tunnel approach zone.
There is an adverse condition for night time
lighting compared to daytime lighting in terms of
the technique of tunnel lighting. While outside the
tunnel is brighter in daytime hours, the interior sections of the tunnel are brighter in night time hours.
This condition eliminates the adaptation problems
and the black hole effect from occurring in daytime. Since adaptation of eyes to low luminance
takes more time than adaptation to high luminance,

a luminance level of 3cd/m 2 should be ensured
throughout the tunnel in night time lighting even
in longer tunnels with low traffic and a certain speed
limitation.
In tunnel lighting design, the vehicle speed limitation on a clear road approaching the tunnel should
be considered. The tunnel design speed is the 90
km/h. The “stopping distance” of 130 m for a driver
travelling with speed 90 km/h is to see a risky object
and stops their car safely.
Tunnel lighting design calculations performed
in this study are based on the recommendations involved in the technical report “Guide for the Lighting of Road Tunnels and Underpasses” CIE‑1990
dated 2004 no‑88.
5.1. Design and Planning Processes
Luminaries to be used in tunnel lighting should
be chosen by taking into account glare level, luminance level of the road and walls, lighting uniformity and economy, and they should be determined
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Table 1. Tunnel Road and Lighting Parameters
Tunnel road parameters

Tunnel parameters of illumination

Double armature, transverse arrangement

Armature height

6m

Road class

R3

Fence distance

0m

Number of lanes

2

Console angle

0

Strip width

3.5 m

IP protection

IP65

Road width

7m

Pollution category

Middle

Qo

0.07

Annual clear period

Road lighting class

M2

1
13 m (400 W)
17 m (250 W)

(M2: Speed of 90 km per hour can be
done the way)

Distance between armatures

15 m (150 W)
17 m (100 W)
15 m (70 W)

Table 2. Tunnel Lighting Parameters for HPS Lamps at Various Powers
Lamp
type

Lamp
power,
W

Distance
between
armatures, m

Laverage,
cd/m2

Uo

Uı

Number of
luminaires
(binary)

Current
consumption,
kW

Consumption
situation

HPS

400

13

10.24

0.70

0.87

2208

883200

Over
consumption

HPS

250

17

7.91

0.65

0.73

1688

422000

Over
consumption

HPS

150

15

3.78

0.60

0.71

1912

286800

Over
consumption

HPS

100

17

5.14

0.82

0.85

1688

168800

Suitable

HPS

70

15

2.46

0.65

0.75

1912

133840

Does not fit

Various choices are available for the road parameters in the simulation program. For the road parameters, the lighting system (bilateral, displaced,
divided road, tunnel road with single luminary, tunnel road with two luminaries, etc.), road classes
(R1, R2, R3, R4, N1, N2, N3, N4, etc.), number
of lanes, lane width, refuge width, and road lighting classes (M1, M2, M3, M4, M5, M6, etc.) can be
chosen. For the lighting parameters, features such
as distance between the luminaries, height of the
luminary, distance of the luminary from the road,
console angle, IP protection class, pollution rate,
cleaning period, and maintenance factor are chosen
for post or hanger system lighting. For the luminary
parameters, the name, angle of the luminary (angle
relative to the road), power of the lamp used, lifetime, luminous flux, ballast power, and new lamps
can be added into this simulation under the Database process at any time. As a result, it is possible
to add any kind of lamp into the simulation [20–24].
An easy and accurate calculation is achieved in the

in consequence of computer calculations according
to the luminance method.
Even though lighting systems provide a good
mean road surface luminance, there may be zones
with low luminance where contrast is weak and
small obstacles cannot be detected. The difference
between minimum and mean road surface luminance into the field of view is expected to be lower than a certain value in order to obtain enough
illumination at all points on the road. This obligation brings us to the overall uniformity (U o ) and
longitudinal uniformity (U I ) values that are important secondary parameters.
Road types are defined in international technical
reports and an optimal solution range is presented
technically for these road types [19]. The required
design calculations should be made through luminaries with known photometric characteristics, and
the number and type of the luminaries should be determined according to these calculations.
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Table 3. Luminance Values According to the 1st and 2nd Observers under the 400 W HPS Lamps
Laverage = 10.24 cd/m2 Uo = 0.70 Uı = 0.87
1st

observer,
metre

HPS‑400 W

0.65 m

1.95 m

3.25 m

4.55 m

5.85 m

7.15 m

8.45 m

9.75 m

11.05 m

12.35 m

0.583 m
1.750 m
2.917 m
4.083 m
5.250 m
6.417 m

8.70
8.86
8.01
8.12
9.07
8.57

10.82
9.00
8.11
8.23
9.31
10.72

13.08
9.02
7.40
7.64
9.58
12.99

14.82
9.49
7.61
7.86
10.12
14.82

15.84
9.78
7.88
8.08
10.46
15.83

16.08
9.63
7.90
8.03
10.14
16.21

15.09
9.03
7.18
7.32
9.33
15.08

14.93
9.54
7.52
7.71
9.82
14.85

12.90
10.24
9.08
9.20
10.52
12.92

9.17
9.26
8.39
8.47
9.44
9.10

2nd observer.
metre

0.65 m

1.95 m

3.25 m

4.55 m

5.85 m

7.15 m

8.45 m

9.75 m

11.05 m

12.35 m

0.583 m
1.750 m
2.917 m
4.083 m
5.250 m
6.417 m

8.57
9.07
8.12
8.01
8.86
8.70

10.72
9.31
8.23
8.11
9.00
10.82

12.99
9.58
7.64
7.40
9.02
13.08

14.82
10.12
7.86
7.61
9.49
14.82

15.83
10.46
8.08
7.88
9.78
15.84

16.21
10.14
8.03
7.90
9.63
16.08

15.08
9.33
7.32
7.18
9.03
15.09

14.85
9.82
7.71
7.52
9.54
14.93

12.92
10.52
9.20
9.08
10.24
12.90

9.10
9.44
8.47
8.39
9.26
9.17

Table 4. Luminance Values According to the 1st and 2nd Observers under the 250 W HPS Lamps
Laverage = 7.91 cd/m2 Uo = 0.65 Uı = 0.73
1st

observer,
metre

HPS‑250 W

0.85 m

2.55 m

4.25 m

5.95 m

7.65 m

9.35 m

11.05 m

0.583 m
1.750 m
2.917 m
4.083 m
5.250 m
6.417 m

7.49
7.40
7.05
7.27
7.77
7.24

8.81
7.28
6.11
6.30
7.69
8.61

7.97
6.43
5.13
5.34
6.98
7.74

8.77
7.09
5.67
5.99
7.81
8.58

9.29
7.48
6.01
6.29
8.13
9.22

10.75
8.15
6.24
6.44
8.85
10.66

11.31
8.16
6.21
6.37
8.74
11.34

2nd observer,
metre

0.85 m

2.55 m

4.25 m

5.95 m

7.65 m

9.35 m

11.05 m

0.583 m
1.750 m
2.917 m
4.083 m
5.250 m
6.417 m

7.49
7.40
7.05
7.27
7.77
7.24

8.81
7.28
6.11
6.30
7.69
8.61

7.97
6.43
5.13
5.34
6.98
7.74

8.77
7.09
5.67
5.99
7.81
8.58

9.29
7.48
6.01
6.29
8.13
9.22

10.75
8.15
6.24
6.44
8.85
10.66

11.31
8.16
6.21
6.37
8.74
11.34

simulation results for the lighting system in which
data is entered. Fig.4 shows the algorithm of the simulation program and the data entered.
The simulation and design study was performed
for the New Zigana Mountain Tunnel (14481 m). As
a result, the most economic and accurately calculated lighting data was achieved for a tunnel in which
the lighting will be supplied. In the simulation, it

12.75 m 14.45 m 16.15 m

11.18
8.38
5.83
6.04
8.79
11.10

11.20
8.82
6.98
7.15
9.22
11.10

7.87
7.71
7.38
7.58
8.06
7.71

12.75 m 14.45 m 16.15 m

11.18
8.38
5.83
6.04
8.79
11.10

11.20
8.82
6.98
7.15
9.22
11.10

7.87
7.71
7.38
7.58
8.06
7.71

was easier to calculate the most suitable luminance
values, which is one of the most important problems
in tunnels that need to be optimized.
Luminance values were first chosen. Luminaries were then chosen to provide the illumination level and they were placed to provide proper adaptation and safety conditions. This tunnel example
requires daytime lighting because of its length and
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Table 5. Luminance Values According to the 1st and 2nd Observers under the 150 W HPS Lamps
Laverage = 3.78 cd/m2 Uo = 0.60 Uı = 0.71
1st

observer,
metre

0.583 m
1.750 m
2.917 m
4.083 m
5.250 m
6.417 m
2nd observer,
metre

0.583 m
1.750 m
2.917 m
4.083 m
5.250 m
6.417 m

0.75 m 2.25 m

5.05
3.73
2.94
3.01
3.88
4.98

3.93
3.00
2.51
2.57
3.16
3.87

0.75 m 2.25 m

4.98
3.88
3.01
2.94
3.73
5.05

3.87
3.16
2.57
2.51
3.00
3.93

HPS‑150 W

3.75 m

5.25 m

6.75 m

8.25 m

9.75 m

3.99
2.77
2.26
2.36
3.00
3.92

5.12
3.47
2.74
2.87
3.77
5.09

5.83
3.85
2.97
3.07
4.13
5.82

6.19
3.74
2.86
2.96
4.03
6.18

5.52
3.24
2.64
2.69
3.41
5.51

3.75 m

5.25 m

6.75 m

8.25 m

9.75 m

3.92
3.00
2.36
2.26
2.77
3.97

5.09
3.77
2.87
2.74
3.47
5.12

5.82
4.13
3.07
2.97
3.85
5.83

6.18
4.03
2.96
2.86
3.74
6.19

5.51
3.41
2.69
2.64
3.24
5.52

11.25 m 12.75 m 14.25 m

4.67
3.23
2.60
2.70
3.37
4.64

4.64
3.42
2.76
2.82
3.56
4.63

5.40
3.90
3.07
3.12
4.02
5.36

11.25 m 12.75 m 14.25 m

4.64
3.37
2.70
2.60
3.23
4.67

4.63
3.56
2.82
2.76
3.42
4.64

5.36
4.02
3.12
3.07
3.90
5.40

Table 6. Luminance Values According to the 1st and 2nd Observers under the 100 W HPS Lamps
Laverage = 5.14 cd/m2 Uo = 0.82 Uı = 0.85
1st observer,
metre

0.583 m
1.750 m
2.917 m
4.083 m
5.250 m
6.417 m
2nd observer,
metre

0.583 m
1.750 m
2.917 m
4.083 m
5.250 m
6.417 m

0.85 m 2.55 m

5.14
5.35
4.66
5.01
6.04
4.87

5.18
5.46
4.97
5.27
6.16
4.96

0.85 m 2.55 m

4.87
6.04
5.01
4.66
5.35
5.14

4.96
6.16
5.27
4.97
5.46
5.18

HPS‑100 W

4.25 m

5.95 m

7.65 m

9.35 m

11.05 m

5.14
5.32
5.06
5.29
6.05
4.91

5.00
5.37
5.42
5.74
6.07
4.79

4.75
5.42
5.86
6.10
6.00
4.58

4.54
5.00
5.46
5.61
5.56
4.32

4.43
4.62
4.68
4.84
5.17
4.23

4.25 m

5.95 m

7.65 m

9.35 m

11.05 m

4.91
6.05
5.29
5.06
5.32
5.14

4.79
6.07
5.74
5.42
5.37
5.00

4.58
6.00
6.10
5.86
5.42
4.75

4.32
5.56
5.61
5.46
5.00
4.54

4.23
5.17
4.84
4.68
4.62
4.43

a 90 km/h vehicle speed limitation in the clear road
approaching the tunnel. The stopping distance of
approximately 130 m for a driver travelling with
speed 90 km/h is to see a risky object and stops their
car safely. A symmetrical lighting system was preferred at night time lighting, which would continue
through the threshold, transition, interior zones, and
throughout the tunnel.

12.75 m 14.45 m 16.15 m

4.68
4.98
4.63
4.88
5.55
4.46

4.91
5.24
4.75
5.03
5.87
4.73

5.04
5.19
4.50
4.80
5.78
4.89

12.75 m 14.45 m 16.15 m

4.46
5.55
4.88
4.63
4.98
4.68

4.73
5.87
5.03
4.75
5.24
4.91

4.89
5.78
4.80
4.50
5.19
5.04

5.2. Features of the Tunnel Lighting System
The road pavement is asphalt, class R3. Additionally, Qo = 0.07, the wall coating is concrete, the
reflectivity is the 0.4, and the height of the luminary is the 6 m. The maintenance factor of the luminary is 0.92 and all calculated luminance values
are corrected. The ratio of the smallest luminance
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Table 7. Luminance Values According to the 1st and 2nd Observers under the 70 W HPS Lamps
Laverage = 2.46 cd/m2 Uo = 0.65 Uı = 0.75
1st

observer,
metre

HPS‑70 W

0.75 m

2.25 m

3.75 m

5.25 m

6.75 m

8.25 m

9.75 m

11.25 m

12.75 m

14.25 m

0.583 m

2.72

3.06

2.73

2.64

2.49

2.58

3.06

3.36

3.49

2.77

1.750 m

2.59

2.65

2.37

2.28

2.17

2.15

2.48

2.85

2.87

2.61

2.917 m

2.11

1.96

1.80

1.68

1.66

1.59

1.72

1.96

2.01

2.14

4.083 m

2.18

2.02

1.89

1.77

1.73

1.66

1.78

2.05

2.07

2.20

5.250 m

2.77

2.85

2.59

2.50

2.36

2.35

2.64

3.00

3.02

2.74

6.417 m

2.68

3.02

2.69

2.61

2.48

2.56

3.05

3.35

3.49

2.75

2nd observer,
metre

0.75 m

2.25 m

3.75 m

5.25 m

6.75 m

8.25 m

9.75 m

11.25 m

12.75 m

14.25 m

0.583 m

2.68

3.02

2.69

2.61

2.48

2.56

3.05

3.35

3.49

2.75

1.750 m

2.77

2.85

2.59

2.50

2.36

2.35

2.64

3.00

3.02

2.74

2.917 m

2.18

2.02

1.89

1.77

1.73

1.66

1.78

2.05

2.07

2.20

4.083 m

2.11

1.96

1.80

1.68

1.66

1.59

1.72

1.96

2.01

2.14

5.250 m

2.59

2.65

2.37

2.28

2.17

2.15

2.48

2.85

2.87

2.61

6.417 m

2.72

3.06

2.73

2.64

2.49

2.58

3.06

3.36

3.49

2.77

value to mean luminance value is greater than 0.4
in the calculations for tunnel lighting, ensuring that
the rate of the smallest luminance value to the largest at the latitude coordinate of the observer is greater than 0.7 (U I ≥ 0.7) . The luminance levels and
uniformities of the tunnel walls are in accordance
with relevant standards and that is very important
for driving safety. All lighting luminaries were established in two lines 2.33 m from the tunnel walkways to the axis of the road and at a height of 6 m.
The lighting in the tunnel will be supplied by the luminaries with symmetric light distribution. The contrast revealing coefficient, which is the most important criterion in the application of symmetric light
distribution, is less than 0.2 and the flicker frequency of the interior zone is out of the 2.5–15 Hz range
as mentioned in CIE‑2004.

m, all day. While the large part of the total power is
consumed by the threshold zone in relatively short
tunnels, consumption in the threshold zone is very
low in a 14351 m long tunnel compared to the entire tunnel. In this study, lighting was established
in a simulated environment with HPS luminaries for
400 W, 250 W and 150 W, 100 W and 70 W through
the entire tunnel, excluding the threshold zone (130
m). Table 1 illustrates the tunnel road and lighting
parameters.
Acceptable luminance values that do not disturb
the vision comfort into the tunnel were calculated
in the simulation performed with the values in the
table. According to CIE‑88 on 3.5 m wide road
with two lanes, 1st observer stands at 1.75 m (transversal) and a 2nd observer stands at 5.25 m (transversal). Fig. 5 illustrates the simulation program
and data entered for a 400 W HPS lamp. These processes are repeated at 250 W, 150 W, 100 W, and
70 W.
The simulation program written with Visual
Basic is illustrating the optimum spacing between
the two fittings, shown in Table 1 and with use of
400 W HPS lamps, is 13 m. 2x1104=2208 luminaries at 400 W were required for 14351 m of the remaining length of the tunnel, excluding the threshold zone. For the M2-type road lighting class, the
desired criterions are, Laverage ≥ 1.5cd/m 2 , U 0 ≥ 0.4,
U l ≥ 0.7 and TI ≤ 10% , and all results obtained

5.3. Simulation Study
The tunnel entrance lighting is approximately 130 m for a 90 km/h speed because of the stopping distance. The New Zigana Mountain Tunnel is
14481 m long, and the threshold zone has a length
of 130 m, equal to the stopping distance. If 130
m of the road length is deducted from the whole
road distance, 14351 m of the remaining road is
the length of the transition, interior, and exit zones.
There will be continuous lighting through 14481
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from this study are available for the CIE31 standards. As a result of the simulation, the mean luminance of the road is the Laverage = 10.24cd/m 2 , the
mean luminance uniformity is the U 0 =0.7 and the
longitudinal luminance uniformity is the U l =0.87 .
This process is performed for 17 m with 250 W luminaries, 15 m with 150 W luminaries, 17 m with
100 W luminaries, and 15 m with 70 W luminaries.
The chosen distances are optimal for luminance values based on the simulation. Table 2 illustrates the
tunnel lighting parameters for HPS lamps at various
powers (3 cd/m2 or higher for highway tunnel lighting in Turkey).
According to simulation results, the 100 W HPS
lamp is preferred as the most economic and optimal
solution meeting the conditions. The M2-type road
lighting class is available since TI is lower than
10 % in all regions in the tunnel.

ed from right, displaced, bilateral, and double-sided
from the refuge. According to CIE140, the luminance values for all points, mean luminance level,
mean and longitudinal uniformity values were calculated for the observers.
Scenarios for HPS lamps meeting the desired
conditions at various powers were examined by
changing the luminary distance, height, and lamp
power of the current tunnel lighting. Calculations
were performed on simulations for 400 W, 250 W,
150 W, 100 W, and 70 W HPS lamps, and the 100 W
HPS lamp was the most economic that met the minimum conditions conforming to the standards.
As shown in Table 2, the mean luminance value
was greater than the 3 cd /m2 value specified in the
standards for the 100 W HPS lamp, which reached
5.14 cd /m2 mean luminance. The 100 W HPS lamp
provides sufficient luminance conditions. The 70 W
HPS lamp luminance is equal to 2.46 cd /m2 and
that is less than the standard requirements.
When examining the instantaneous consumption values presented in Table 2, the 150 W HPS
lamp consumed 1.7 times more energy than the
100 W HPS lamp, the 250 W HPS lamp 2.5 times,
and the 400 W HPS lamp 5.23 times.

5.4. Luminance Values
Table 3 presents the luminance values for the 1st
and 2nd observers under 400 W HPS lamps in the
tunnel according to simulation results.
Table 4 presents the luminance values for the 1st
and 2nd observers under 250 W HPS lamps in the
tunnel according to simulation results.
Table 5 presents the luminance values for the 1st
and 2nd observers under 150 W HPS lamps in the
tunnel according to simulation results.
Table 6 presents the luminance values for the 1st
and 2nd observers under 100 W HPS lamps in the
tunnel according to simulation results.
Table 7 presents the luminance values for the 1st
and 2nd observers under 70 W HPS lamps in the tunnel according to simulation results.
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1. INTRODUCTION

ABSTRACT
To save the architectural appearance of cultural heritage stations is one of the main problems for
the Moscow Metro. Development of station appearances is mainly connected to illumination devices
that provide light to every station zone and define
a comfort level to passengers and staff. They were
designed in the first half of the 20th century. Now
they do not meet any modern requirements. Many
of these illumination devices are lost or replaced by
more efficient illumination devices that totally misrepresent the original appearance of stations. Appearance of LED light sources allows to optimize
luminous environments and to save the historical
appearance of illumination devices and stations.
This paper shows the ways of problem-solving
in case of the entrance hall and the inter-escalator
anteroom at Krasnye Vorota (station).
Keywords: metro, station lighting, architecture,
luminous environment, cultural heritage, reconstruction, renewal, LEDs, energy saving, sconces

Lighting upgrade of spaces at the first stations of
the Moscow Metro that are considered to be cultural
heritage sites is a complex, multi-variable, and contradictory task. The main problem is that the stations
were designed in the early 1930s. The construction of illumination devices (chandeliers, sconces,
torchères, platform lights) suggested incandescent
lamps (IL) as light sources (LS) that were replaced
to fluorescent lamps (FL) in the 1950s. With regard
to solutions of that time, there were no restrictions
of direct radiant influence on the human eye and
they are not exist up to now, if it not related to light
emitting diodes (LEDs) as we can conclude from
modern lighting requirements for stations [1].
As a result, we see a situation where FL illumination devices (IDs) are used in the Moscow Metro (Fig. 1), which is significantly uncomfortable due
to luminous flux pulsations and dazzle created by

Fig. 1. Exterior of IDs with a transparent diffuser and an FL

Fig. 2. Specific pulsation level of the FL luminous flux
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Fig. 3. Illuminance
distribution (lx) on the
floor of the entrance
hall and the inter-escalator anteroom: a,
b – E27 IL and CFL; c,
d – bottle-shaped LIC
of ID (sconce), with
100 W IL and 30 W
CFL

Fig. 4. Exterior of the
ceiling in the entrance
hall and its lighting
principle before ID
reconstruction: a – exterior; b – illuminance
distribution

Fig. 5. IDs at Krasnye
Vorota before reconstruction: a – sconce;
b – chandelier

At the same time, the significant dimensions of
a luminous element in FLs and CFLs devalue the
role of glass diffusers (lamp shades) of these IDs
that visually plays with relatively small dimensions
of an IL filament. These IDs were designed with regard to such small dimensions [2]. The features of
IDs that are mainly used now and especially in the
1930s are not enough for appropriate lighting of
such architectural zones as ceilings. The lighting nature of IDs with traditional LSs is shown in Fig. 4.

direct radiation of LSs from these devices on the
visual sensory system (Fig. 2). Besides, the attempt
to enhance the station lighting with traditional FLs
and modern compact fluorescent lamps (CFLs)
hardly improves the luminous environment. The
Moscow Metro lighting mainly remains below the
standard that is shown in Fig. 3, calculated with
DIALux evo 7.0. The source data were the measured luminous intensity curves (LICs) of 100 W IL
sconces and 30 W CFL sconces.
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Fig. 6. Illuminance distribution (lx) on the floor of the
inter-escalator anteroom with a luminous flux increase by
2000 lm

Fig. 7. ID (sconce) engineering solution: a – layout for the
zone division of the ID luminous flux, its part in zone 1
with an LED module, its parts in zone 2 and zone 3 with
Philips LED filaments (Е27); b – LIC of IDs with such
light sources
Fig. 8. Exterior of the LED module installed on the radiator: 1 – LED matrix; 2 – E27; 3 – decorative ring with
attach fitting; 4 – radiator

ed LSs that allow for IDs to operate with regard
to their service specifications. Development of
a comfortable luminous environment can be more
complete with concord of LS correlation in colour temperature to the human circadian biorhythm,
e.g. from (4200–3700) K in the morning to
(3200–2800) K in the evening [7, 8].
This complex task-solving should be accomplished while developing a common luminous environment that would meet the modern requirements
of architectural lighting at a single station (in our
case, Krasnye Vorota which is a cultural heritage
site) and save the historical appearance of IDs presented in the original project of 1935.

Fig. 9. Lighting layout of the inter-escalator anteroom – 
lighting distribution zones: main part of the ID luminous
flux created with the LED module (1) and its reflection (2);
part of the ID luminous flux created with an LED lamp (3);
total of parts 2 and 3 (4)

2. RESULTS OF RESEARCH

Powerful white LEDs enable 1 to reconstruct and
renew the given IDs.
As we solve these tasks, we should remember that lighting upgrade should be accomplished
with a minimal stock list and with maximally unit-

The study subjects are IDs (chandeliers and
sconces) with transparent glass diffusers or lamp
shades (Fig. 5) that are installed at many stations
of the Moscow Metro (with minor differences
in their design and construction) such as Prospekt
Mira (Koltsevaya line), Komsomolskaya (Koltsevaya line), Kiyevskaya (Koltsevaya line) and
VDNKh.

1 Their main disadvantage is blue light that extremely damages the human eye [3–6].
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Fig. 10. Exterior
of operational IDs
(sconces): a – before
reconstruction; b – after reconstruction; c – 
location of the power
and control gear (for
an LED module and
standby lighting)

Fig. 11. Exterior of
the illuminated ceiling
in the inter-escalator
anteroom: a – before
reconstruction; b – 
after reconstruction
(installation)

Their work is shown in the case of the entrance
hall and the inter-escalator anteroom at Krasnye Vorota. According to the 1935 project, the inter-escalator anteroom is illuminated with 11 sconces with
4 prismatic cylindrical glass diffusers, first with
100 W ILs [9], then with 30 W CFLs.
The illumination level (Fig. 3) of these IL and
CFL sconces does not meet any modern standards.
The analysis shows that the growth of the luminous flux, e.g. by 2000 lm (Fig. 6), does not eliminate all specified disadvantages since the used lighting scheme plan for this station is not quite perfect 2.
So, another lighting scheme for the entrance hall
and the inter-escalator anteroom was offered, which
suggests the separation of the luminous flux for each
ID (sconces, chandeliers) into 3 zones (Fig. 7). Zone
1 includes the 7000 lm luminous flux generated by
an LED module with 4 LED matrices that are located at the bottom of a diffuser inside the ornamental
ring of the ID in the way to avoid the radiant direction to get within the sight of passengers (Fig. 8).
This flux is directed to the ceiling and is reflected
from there (Fig. 9). The 800 lm luminous fluxes are
formed in zone 2 and zone 3 by Philips LED filaments (6 pcs.) that are set at an angle that provides
the desired effect of the light on the diffuser cutting
and creates an illusion [10] of the main LS, illuminating the whole space without blinding any passengers because of a dull filament luminance. The rest

of the ID luminous flux corresponds to the required
lighting level of the wall and the floor (Fig. 9).
The offered method is obviously more expensive
than just replacement of lamps. The price should be
balanced by a decrease in maintenance costs which
is possible due to a greater service life of LEDs.
The ID power and control gear is located on the
main bracket under the decorative cover that saves
the ID historical appearance (Fig. 10) and provides
functions that match the modern requirements.
Only lower parts of the ID with appropriate
LEDs are operating in a standby lighting mode.
That provides the total illuminance of the floor at
about 60 lx. The power source comes from a backup circuit with a rated voltage of 100 V DC, and
wherein the ID power and control gear feature is
a separate polar input.
The offered ID construction totally excludes
any discomfort [11] (the average UGR is about 10)
and provides the appropriate lighting level and the

The lighting quality decreases: a bit brighter lighting of
the floor causes hard visual discomfort (with non-illuminated
ceiling) with increasing power consumption.

Fig. 12. Illuminance distribution on the floor of the inter-escalator anteroom after reconstruction in operating (a)
and emergency (b) modes

2
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Fig. 13. Illuminance
distribution (lx) on the
floor and the ceiling of
the entrance hall: a – 
on the floor before reconstruction; b – on the
floor after reconstruction; c – on the ceiling
before reconstruction;
d – on the ceiling after
reconstruction

necessary uniform illuminance distribution both
on the art-treasured ceiling (Fig. 11) and on the floor
(Fig. 12) with a decrease of total power consumption by 50 %.
While implementing the offered lighting scheme,
the calculations of illuminance and UGR were conducted with DIALux evo 7.0, using results of the
luminous intensity curves (LICs) of IDs (sconces) with the given LED module and the given LED
lamps of 7.5 W (Fig. 12).
Lighting of the entrance hall is implemented
in the same way. The only difference is that LED
matrices (in an LED module) feature an additional cylindrical diffuser that spreads the light beam
along the plasterwork to evenly illuminate the ceiling. The first torchère of the escalator (designed as
per the solution described in [12, 13]) is used with
the same purpose. The LS of the torchère provides
additional illumination of the outer plasterwork.
We can see from the illuminance distribution of the ceiling and the floor in the entrance hall
(Fig. 13) that the ceiling “works” after the implementation of the project. The floor is also fully illuminated (in total compliance with the requirements
of [1]) with the necessary lighting level and the calculated UGR ≤ 20.

· Compliance with the illumination level requirements [1], no visual discomfort, energy consumption reduction, and compliance with the requirements for cultural heritage sites.
Unfortunately, during the 2017 renewal of
Krasnye Vorota, the Moscow Metro has totally ignored the presented result of work. That is why the
previous FL and CFL IDs remain at the renewed
station with a pulsing luminous flux and a low colour quality that do not meet any modern requirements [1, 14].
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ces by reducing CO2 emissions. One of the sectors that consume energy is road lighting, and in recent years, the subject of meeting electricity energy
demand of road lighting installations via off-grid
renewable energy systems has gained an interest.
Many studies have been evaluated in this area including the techno-economic feasibility of PV based
lighting installations [1–5]. Under current economic
conditions, off-grid lighting systems are feasible
only in the rural areas, where electricity does not
reach and new transmission lines are required to be
installed. However, owing to the declining trend
in LED luminaire and PV system component prices,
the systems have a potential to become attractive
in the rest of the world [6].
In the last seven years, PV costs reduced by
more than 70 % due to the developments in the material technology and reached from 1.34 $/W to under 0.5 $/W [7, 8]. Beside the decreasing trend of
PV prices, recent developments in LED technology have made it possible to switch from traditional lighting to energy efficient LED lighting. Apart
from their cost benefit, LED luminaires with lower
power requirements made it available to use smaller sized and thus cheaper PV panels and batteries,
which led to investments in off-grid PV lighting installations at lower costs.
In this study, a techno-economic analysis of offgrid PV LED road lighting systems is made for
Antalya, the fifth most populous province and tourism centre of Turkey being located at the south of
the country with high solar irradiation and sunshine
duration levels. DIALux software is used for road
lighting calculations and HOMER software is used

ABSTRACT
In this study, a techno-economic analysis of offgrid PV LED road lighting systems is made for
Antalya province of Turkey. DIALux software is
used for road lighting calculations and HOMER
software is used in modelling, sizing, and optimization of the energy systems. Calculations are made
to determine whether maximum or minimum pole
spacing options for both twin-bracket central and
opposite lighting arrangements provide the optimal system design for off-grid PV LED road lighting systems under the M3 lighting class in Antalya.
The techno-economic analysis of the energy system in case of dimming LED luminaires after midnight is made. Since the payback periods of the systems are found to be above the system lifetime (20
years) with and without dimming, in addition to the
current case, future projections, in which electricity
unit prices increase and cost of PV system component and battery costs decrease, are examined.
Keywords: LED, road lighting, PV system,
techno-economic analysis
1. INTRODUCTION
Renewable energy systems without giving rise
to any greenhouse gas emissions unlike conventional energy sources have gained widespread support by governments, businesses and consumers
in recent years. Photovoltaic (PV) and wind turbine
technologies are among the most competitive renewable technologies, which provide a clean source
of electricity and can replace traditional fossil sour-
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Table 1. Road Lighting Criteria for Selected Road Lighting Classes
Road Lighting Class

Lavg (cd/m²)

Uo

Ul

TI (%)

SR

M3

≥1.0

≥0.4

≥0.5

≤15

≥0.5

nent and battery costs, 50 % decrease in PV system
component and battery costs, and 25 % increase
in electricity tariffs with 50 % decrease in PV system component and battery costs.

in modelling, sizing and optimization of the PV
energy systems. In the first part of the study, calculations are made to determine whether maximum
or minimum pole spacing options for both twinbracket central and opposite lighting arrangements
provide the optimal system design in off-grid PV
LED road lighting systems under the M3 lighting class in Antalya. In case of meeting lighting
criteria using maximum pole spacing, more durable, higher, and thus more expensive lighting poles
mounted with higher capacity and costly PV system components and LED luminaires are required
per kilometre. However, the number of poles to be
built is lesser. On the contrary, in case of using minimum pole spacing, a higher number of lighting
poles is required per kilometre whereas size, capacity and cost of the system components and length
of the lighting pole decrease. In the second part of
the study, a techno-economic analysis in case of
dimming LED luminaires after midnight is made
over the optimal design determined in the first part.
Lighting calculations and energy system optimization is carried out once again over the optimal design. In addition to the current case, payback periods of the systems were calculated considering
future scenarios for cases of 25 % increase in electricity tariffs, 25 % decrease in PV system compo-

2. ROAD LIGHTING CALCULATIONS
Today, road lighting criteria are determined
by the International Commission on Illumination (CIE) and the European Committee for Stan
dardization (CEN) [9, 10]. Turkish Electricity Distribution Co. (TEDAŞ) holds the responsibility for
the installation and maintenance of approximately 5
million lighting poles located in cities and rural areas in Turkey [11]. In 2016, according to Turkish
Statistical Institute (TÜİK) data, electricity consumption in general lighting was 4161 GWh, which
is 1.8 % of the total 231,204 GWh electricity consumption of Turkey [12].
In the study the M3 road lighting class is selected, where relatively high-powered luminaires could
be used without exceeding limited PV battery capacity that can be mounted on a lighting pole. Road
lighting calculations are made for the twin-bracket
central and opposite arrangements for a 4-lane road
with a width of 14 meters. Median length is taken
as 2 meters.
The road lighting calculations are performed according to TEDAŞ Technical Specification for LED
Road Lighting Luminaires, Procedures, and Principles on the Usage of LED Luminaires in the General Lighting Scope, TS EN13201–3 and Technical Specifications for Road Lighting Luminaires
TEDAŞ MYD‑95–009.B [13–16]. The road lighting
criteria need to be followed for the M3 road lighting class are given in Table 1. The maintenance factor is set as 0.89 for the protection class of IP66 that
is guaranteed according to CIE154:2003 [17]. Road
surface class is assumed to be R3.
The luminous intensity diagram of the luminaires used in the study is given in Fig. 1.
According to the TEDAŞ Technical Specifications for LED Road Lighting Luminaires, minimum
pole spacings to be provided in the M3 road lighting
class are 30 m and 28 m for the twin-bracket central
and opposite arrangements respectively [13]. There-

Fig. 1. The luminous intensity diagram of the luminaires
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Table 2. Road Lighting Calculations for M3 Road Lighting Class
Arrangement

Parameter

Opposite

Twin-bracket central

Spacing (m)

28

51

30

49

Luminaire luminous flux (lm)

4641

9270

5642

9270

Luminaire power (W)

39

73

46

73

Luminous efficacy of luminaire (lm/W)

119

127

123

127

Height (m)

7

10

8

9.5

Boom length (m)

1

1

1.5

0.5

(cd/m2)

1.01

1.00

1.09

1.02

Uo

0.47

0.42

0.53

0.40

Ul

0.76

0.53

0.78

0.51

TI (%)

10

13

10

14

SR

0.61

0.85

0.76

0.89

Lavg

Table 3. Average Lighting Times and Durations for Antalya
Month

Daily average lighting time, h:
min

Daily average lighting duration,
h: min

Monthly average lighting duration, h

Jan

06:41 / 17:33

13:08

407.13

Feb

06:20 / 18:03

12:17

343.93

Mar

05:41 / 18:31

11:10

346.17

Apr

05:55 / 20:00

09:55

297.5

May

05:19 / 20:28

08:51

274.35

Jun

05:07 / 20:49

08:18

249

Jul

05:21 / 20:45

08:36

266.6

Aug

05:48 / 20:14

09:34

296.57

Sep

06:13 / 19:30

10:43

321.5

Oct

06:40 / 18:45

11:55

369.42

Nov

06:09 / 17:15

12:54

387

Dec

06:35 / 17:11

13:24

402

Total

3961.17

fore, in DIALux calculations, pole spacing ranged
from 30 m to 55 m and 28m to 55m in 1 m increments, pole length ranged from 7 m to 10 m in 0.5
m increments and boom length ranged from 0 m
to 1.5 m in 0.5 m increments with 0° boom angle.
In the study, to determine the most cost effective
off-grid lighting installation for the M3 road lighting class, the twin-bracket central and opposite arrangements are compared. Besides, maximum and
minimum pole spacing options are compared in order to determine whether higher number of lighting
poles with lower capacity luminaires, PV panels,
and batteries or lower number of lighting poles with

higher capacity luminaires, PV panels, and batteries give the most feasible result. Road lighting calculations according to the maximum and minimum
pole spacing options for both twin-bracket central
and opposite arrangements for the M3 road lighting
class are shown in Table 2.
3. CALCULATIONS
3.1. Modelling of Energy Systems
Energy system optimization is carried out using
National Renewable Energy Laboratory (NREL)’s
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Fig. 2. Solar map of Turkey and global radiation and clearness index data of Antalya

micropower optimization model HOMER software.
The lifetime of the energy systems to be installed is
considered to be 20 years with 3 % real interest rate.
Since lighting load demand must be supplied uninterruptedly throughout a year, no capacity shortage
is allowed.
The PV panel capacity is searched in the range
of (100–855) W for the twin-bracket central and
in the range of (100–570) W for the opposite arrangements in 10 W increments with a lifetime of
20 years. The capital and replacement cost of a panel is taken as 0.52 $/W and operation and maintenance cost is taken as 7 $/year. Panels are tilted with
a slope of 36.90º in respect to the latitude of the
study area. The PV derating factor is assumed to be
90 %, and ground reflectance is set as 20 %. Solar
irradiation data is extracted from the National Aeronautics and Space Administration (NASA) Meteorology and Solar Energy Database through HOMER.

Batteries with nominal voltage of 12 V and nominal capacity varying between 33.3 Ah and 500 Ah
are used. 30 % minimum state of charge (SoC) is
allowed with round trip efficiency of 86 %. Battery
prices varied between $117 and $997.5. Due to being installed on the same lighting pole, maintenance
cost of the batteries are included in maintenance
cost of the PV panels.
In the calculations, road lighting systems are assumed to be operating from dusk until dawn and out
of operation during the daytime and civil twilight.
Civil twilight is the time of the day, where the angle
between the horizon and the Sun is less than 6º, the
objects are identifiable, and people can perform daily tasks without any requirement of artificial lighting. Table 3 shows the daily and monthly average
lighting durations for Antalya. As of the study date,
daylight saving time is taken into account in the calculation of lighting durations.
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Table 4. Optimization Results for Antalya under M3 Lighting Class
Arrangement
Parameter

Pole spacing (m)
Luminaire power (W)
Battery capacity (V/Ah)
PV panel power (W)
PV tilt angle

Opposite

Twin-bracket central

Min.

Max.

Min.

Max.

28

51

30

49

39

73

2x46

2x73

12/166.6

12/250

12/416.6

2x12/333.3

240

540

530

800

(o)

36.90

Cost of energy ($/kWh)

0.258

0.228

0.227

0.225

Battery + PV initial cost ($)

490.05

790.80

1129

1829

Battery + PV net present cost ($)

594.19

977.51

1233

1933

384

886

823

1227

Excess electricity production (kWh per
year)

204.5

551.7

400.3

559.7

Excess electricity production / electricity
production (%)

53.3

62.3

48.7

45.6

Load electricity consumption (kWh per
year)

155

289

365

578

Operation&maintenance cost ($)
PV electricity production (kWh per year)

104.14

Unmet load (%)

0

Autonomy (h)

79.13

63.66

83.84

84.86

CO2 emission reduction (kg per year)

75.95

141.61

178.85

283.22

In the study, off-grid PV LED road lighting systems’ contribution to the environmental sustain
ability is also taken into consideration, since one of
the goals of the systems is to reduce CO2 emissions.
In CO2 reduction calculations, the International Energy Agency (IEA) data are used, which determine
the amount of CO2 emission produced per kWh
in Turkey as 490 g/kWh [18].

tre of Turkey and the fifth most populous province.
The province has an average annual total sunshine
duration of 3014 hours and the average total radiation intensity is 1650 kWh/m2 per year [19]. The solar potential map of Turkey and the clearness index
and global radiation data of Antalya province are
shown in Fig 2. The data have been extracted from
NASA’s Surface Meteorology and Solar Energy Database through HOMER software.
Energy system configurations are simulated and
optimized according to the lowest total net present
costs (NPC) using HOMER. Detailed optimization results for single pole are given in Table 4.
Following the optimization stage, payback periods of PV energy systems and total cost of entire lighting installations per km are calculated. The
electricity cost of 0.128 $/kWh for general lighting is used in the calculation of payback periods as
of May 2016. As can be seen in Table 5, the lowest payback period and installation cost per km are
found as 27.82 years and $62526.45 respectively
with maximum pole spacing for the twin-bracket
central arrangement whereas the highest payback
period and installation cost per km is found to be

3.2. Optimization Results, Payback Periods,
and Total Installation Costs per km
Turkey is situated between 36° – 42° North latitudes and 26° – 45° East longitudes and has the
highest solar potential in Europe after Spain. According to the study carried out by the Electricity
Affairs Survey Administration (EİE), Turkey has
an average annual total sunshine duration of 2737
hours (daily total 7.5 hours) and the average total
radiation intensity is 1527 kWh/m2 per year (total
4.2 kWh/m2 per day). Antalya is situated between
North latitudes at 36o 07’ – 37o 29’ and East longitudes at 29° 20’ – 32° 35’. Located in the Mediterranean Region of Turkey, Antalya is the tourism cen-
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Table 5. Comparison of Payback Periods and System Installation Costs per km
Arrangement
Parameter

Opposite

Twin-bracket central

Min.

Max.

Min.

Max.

Pole spacing (m)

28

51

30

49

Luminaire power (W)

39

73

92

146

Pole length (m)

7

10

8

9.5

594.19

977.51

1233

1933

LED luminaire cost ($)

285

295.5

591

649.5

Charge regulator cost ($)

75

100

100

125

Payback period of the energy system (years)

33.73

29.13

28.53

27.82

Single pole system CoE ($/kWh)

0.258

0.228

0.227

0.225

Galvanized steel polygon lighting pole cost ($)

102.62

184.10

123.04

170.36

Boom cost ($)

7.35

7.35

10.09

4.60

Pole mounting cost ($)

54.47

97.72

65.31

90.43

Cable cost ($)

2.52

3.6

2.88

3.42

Cabling cost ($)

0.84

1.2

0.96

1.14

1121.99

1666.98

2126.28

2977.45

36x2

20x2

34

21

80783.28

66679.2

72293.52

62526.45

Battery + PV net present cost ($)

Total cost of single pole system ($)
Number of poles per km
Total installation cost per km ($/km)
Annual operation duration (h)

3961.17

Annual electricity consumption per km (kWh)

11122.96

33.73 years and $80783.28 respectively with minimum pole spacing for the opposite arrangement.

11566.62

12390.54

12144.95

tion, lights will be dimmed and illumination will be
performed according to the M4 road lighting class.
In this case, the lighting system will be under operation for 3961.17 hours annually and will illuminate
for 1777.26 hours under the M3 and 2183.91 hours
under the M4 road lighting class. Lighting calculations in case of dimming are given in Table 7.
In case of dimming, to switch from the M3 lighting class to the M4 lighting class after midnight, luminous flux of 73 W luminaire is reduced by 25 %
and thus power consumption is decreased from
73 W to 51.1 W. In order to obtain new PV and battery capacity under dimming conditions, HOMER
simulations are conducted once again. Comparison of detailed optimization results for normal case
and dimming case are given in Table 8.

3.3. Calculation Results in Case of Dimming
According to the Procedures and Principles Regarding the Usage of LED Luminaires in the Scope
of General Lighting [13] published by the Ministry
of Energy and Natural Resources, it is obligatory
to use dimmable luminaires in the LED lighting installations in order to reduce the illuminance levels.
Dimming for the M3 road lighting class is done by
lowering the lighting class from M3 to M4.
The calculations are carried out for the M3 road
lighting class using the twin-bracket central arrangement and dimming is applied from the M3
to the M4 road lighting class. The lighting hours of
operation and load energy consumption during one
year for the selected road are given in Table 6.
It is assumed that from the beginning of lighting operation until midnight illumination will be
performed according to the M3 road lighting class
and from midnight until the end of lighting opera-

3.4 Payback Periods and Total Installation
Costs under Current Conditions and for Future
Scenarios
Following the optimization stage, payback periods of PV energy systems and total cost of entire
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Table 6. The Lighting Hours of Operation and Load Energy Consumption (kWh) During One Year in
Case of Dimming
Hour

Jan.

Feb.

Mar.

Apr.

May.

Jun.

Jul.

Aug.

Sep.

Oct.

Nov.

Dec.

0

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

1

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

2

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

3

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

4

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

0.102

5

0.102

0.102

0.07

0.094

0.032

0.011

0.036

0.081

0.102

0.102

0.102

0.102

6

0.07

0.034

0

0

0

0

0

0

0.022

0.067

0.015

0.015

There is no need for lighting between 7 and 17
17

0.066

0

0

0

0

0

0

0

0

0

0.11

0.11

18

0.146

0.144

0.07

0

0

0

0

0

0

0.036

0.146

0.146

19

0.146

0.146

0.146

0

0

0

0

0

0.074

0.146

0.146

0.146

20

0.146

0.146

0.146

0.146

0.078

0.026

0.036

0.112

0.146

0.146

0.146

0.146

21

0.146

0.146

0.146

0.146

0.146

0.146

0.146

0.146

0.146

0.146

0.146

0.146

22

0.146

0.146

0.146

0.146

0.146

0.146

0.146

0.146

0.146

0.146

0.146

0.146

23

0.146

0.146

0.146

0.146

0.146

0.146

0.146

0.146

0.146

0.146

0.146

0.146

Table 7. Lighting Calculations with and without Dimming
lighting installations per km are
calculated in case of dimming
Lighting Class
Parameter
under the M3 lighting class acM3
M4
cording to the maximum pole Arrangement
Twin-bracket central
spacing for the twin-bracket
Luminaire luminous flux (lm)
9270
6952.5
central arrangement. In addi73
51.1
tion to current conditions, pay- Luminaire power (W)
Luminous
efficacy
of
luminaire
(lm/W)
126.99
136.06
back periods of the energy
49
system investments are also Spacing (m)
calculated considering future Height (m)
9.5
scenarios: 1) 25 % increase Boom length (m)
0.5
in electricity tariffs; 2) 25 %
2
1.02
0.77
Lavg (cd/m )
decrease in PV system compo0.40
0.40
Uo
nents and battery costs; 3) 50 %
0.51
0.51
decrease in PV system compo- Ul
TI
(%)
14
13
nents and battery costs; 4) 25 %
increase in electricity tariffs SR
0.89
with 50 % decrease in PV system components and battery costs. The payback pe- grid PV LED road lightings systems under the
riods of the energy system investments and total in- M3 lighting class in Antalya is obtained with the
stallation costs per km under current conditions and twin-bracket central arrangement using maximum
for future scenarios are given in Table 9.
pole spacing. In the second part of the study, over
the determined optimal design, the techno-eco4. CONCLUSION
nomic analysis of the energy system in case of
dimming LED luminaires after midnight is made.
In this study, a techno-economic analysis of In case of dimming, LED luminaire power is deoff-grid PV LED road lighting systems have been creased from 2x73 W to 2 x 51.1 W after midnight
made for Antalya province of Turkey. In the first and thus, required PV and battery size of the enerpart of the study, optimal system design for off- gy system to supply LED luminaires are decreased
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Table 8. Comparison of Optimization Results for Normal Case and Dimming Case
Parameter

Battery capacity (V/Ah)
PV panel power (W)

Normal case

Dimming case

2×12/333.3

12/500

800

770

PV tilt angle (°)

36.90

Levelized COE ($/kWh)

0.225

0.210

Battery + PV initial cost ($)

1829

1398

Battery + PV net present cost ($)

1933

1506

Charge regulator cost ($)

125

Operation&maintenance cost ($)

104.14

Load consumption (kWh per year)

578

Unmet electric load (%)

483
0

Autonomy (h)

84.86

76.16

CO2 emission reduction (kg per year)

283.22

236.67

Table 9. The Payback Periods of the Energy System Investments and Total Installation costs per km
under current conditions and for future scenarios
Scenario

Current conditions

25 % increase in electricity tariffs
25 % decrease in PV system component and battery costs
50 % decrease in PV system component and battery costs
25 % increase in electricity tariff and 50 % decrease in PV system component and battery costs

Case

Energy System
Net Present
Cost ($)

Load Electricity
Consumption (kWh
per year)

Payback
Period
(years)

Total Installation
Cost per km ($)

Normal
case

2058

578

27.82

62526.45

Dimming
case

1631

483

26.38

53559.45

Normal
case

2058

578

22.25

62526.45

Dimming
case

1631

483

21.10

53559.45

Normal
case

1599

578

21.61

52887.45

Dimming
case

1280

483

20.70

46188.45

Normal
case

1144

578

15.46

43332.45

Dimming
case

929.87

483

15.04

38835.72

Normal
case

1144

578

12.37

43332.45

Dimming
case

929.87

483

12.03

38835.72

20 years when electricity tariffs increase by 25 % or
PV system component and battery costs decrease
by 25 %. While payback periods are above the system lifetime in the former scenarios, payback periods can go below 20 years and be reduced to 15
years in case of 50 % reduction in PV system component and battery costs, and moreover can be re-

from 800 W to 770 W and from 2x12V 333.3Ah
to 12 V 500 Ah respectively. LED luminaires operated 2183.91 hours dimmed and 1777.26 hours
without dimming annually.
For both normal and dimming cases, payback
periods of the systems are found to be between 28–
26 years under current conditions and between 22–
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duced to 12 years along with 25 % increase in electricity tariffs.
When dimming is applied, in current case the total NPC of the entire lighting installation per km decreases from $62 526.45 to $53 559.45 by 14.3 %
and in the most favourable future scenario (25 % increase in electricity tariffs with 50 % decrease in PV
system component and battery costs) the total NPC
of the entire lighting installation per km decreases
from $43 332.45 to $38 835.72 by 10.4 %.

11. Güler Ö., Onaygil S. Yol Aydınlatması Tesisatlarında Armatür Fotometrik Değerlerinin Önemi, IV [Importance Of Luminaire Photometric Values In Road Lighting Installations] // Ulusal Aydınlatma Sempozyumu,
İzmir, 2017, p. 125–135.
12. TUIK. Distribution of net electricity consumption by sectors. May, 2016. URL: www.tuik.gov.tr/PreIstatistikTablo.do?istab_id=1579.
13. TEDAŞ. Technical Specification for LED Light
Sourced Road Lighting Luminaires, 2015
14. Republic of Turkey The Ministry of Energy and
Natural Resources. Procedures and Principles on the Usage of LED Luminaires in the General Lighting Scope,
2015.
15. EN13201:2004. Road lighting. Part 3: Calculation of Performance, CEN, Brussels EN, 2003.
16. TEDAŞ, Technical Specifications for Road Lighting Luminaires TEDAŞ MYD‑95–009.B. 2008.
17. CIE154–2003. The Maintenance of Outdoor
Lighting Systems, International Commission on Illumination, Wien, 2003.
18. ABB. Turkey Energy Efficiency Report, 2011.
19. General Directorate of Electrical Power Resour
ces Survey and Development Administration. Turkey Solar Energy Potential Atlas of Turkey. May, 2016. URL:
www.eie.gov.tr/MyCalculator/Default.aspx.
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Nicolai L. Pavlov
The Sun Ray as a Tool to Design an Architectural Form

Fig. 6: a – the Church in Saint-Germer-de-Fly Abbey (France, 13th c.); b – the Church of Saint Patrokli, Soest (Germany,
early 13th c.); c – the Saint Mary’s Church, Lübeck (Germany, early 14th c.); d – the Cathedral Church of the Blessed
Virgin Mary, Salisbury (England, 13th‑14th c.); e – the tents and the spires in Trier (Germany); f – the Egyptian obelisk in
front of the City Church, Rome (Italy); g – the Egyptian obelisk in the square in front of the Saint Peter’s Basilica, Rome
(Italy); h – the Egyptian obelisk in Place de la Concorde, Paris (France)

Fig. 7. The tents in the Russian architecture: a – the Trinity Church in Nyonoksa (early 18th c.); b – the Saints Zosima and
Savvaty Church, the Trinity Lavra of Saint Sergius (early 17th c.); c – the Church of Ilya the Prophet, Yaroslavl (middle 17th
c.); d – the Spasskaya Tower, Moscow (Kremlin); e – the tents on the Palace of Tsar Alexei Mikhailovich in Kolomenskoye
near Moscow (middle 17th c.), watercolour by G. Quarenghi (18th c.); f – the tents on the Kremlin (engraving, 18th c.)
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Natalia A. Saprykina
Innovative Conceptions of Natural Light Using as an Essential Component
of the Formation of Architectural Space

Fig.2. Trap of light
in the transport interchange hub “Fulton
Centre“ (New York):
a – general view of
the building node; b – 
internal space with a
mesh structure of the
dome

Fig. 6. The system
of sun protection in
the office towers “Al
Bahr” in Abu Dhabi:
a – general view; b – 
modification of sun
protection devices;
c – transformation
scheme panels
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Innovative Conceptions of Natural Light Using as an Essential Component
of the Formation of Architectural Space

Fig. 7. Dynamic facade of the art centre
in Shanghai (China):
general view (transformation options)

Fig. 9. Architecture
of natural light by
Peter Zumthor:
a – Museum, Cologne
diocese of Columbus;
b – St. Benedict
chapel in Sumvitg

Fig. 11. The skyscraper “Walkie-talkie”, (London)

Fig. 12. Solar furnace in the Pyrenees (France)
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Leonid G. Novakovsky and Sergei A. Feofanov
Reconstruction of Illumination Devices at the Moscow Metro

Fig. 4. Exterior of the
ceiling in the entrance
hall and its lighting
principle before ID
reconstruction: a – exterior; b – illuminance
distribution

Fig. 5. IDs at Krasnye
Vorota before reconstruction: a – sconce;
b – chandelier

Fig. 10. Exterior
of operational IDs
(sconces): a – before
reconstruction; b – after reconstruction; c – 
location of the power
and control gear (for
an LED module and
standby lighting)

Fig. 11. Exterior of
the illuminated ceiling
in the inter-escalator
anteroom: a – before
reconstruction; b – 
after reconstruction
(installation)
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POSSIBILITY OF USING IN RUSSIA THE EXPERIENCE
OF LED LIGHTING APPLICATION AT THE USA AIRFIELDS
Vladimir V. Vorozhikhin*, Eugenia L. Moreva, Vladimir G. Starovoytov,
and Igor G. Tyutyunnik
Financial University under the Government of the Russian Federation, Moscow
* E-mail: vorozhikhin@mail.ru

(airport) LEDs illumination, new market emergence
for aerodrome (airport) LEDs illumination

ABSTRACT
The purpose of this paper is an investigation of
LEDs illumination experience at US-based aerodromes with an assessment of its feasibility and its
necessity in Russia.
The following methods were used: the analysis
of aerodrome lighting requirements; the review and
the analysis of development features in aerodrome
LEDs illumination; the experience analysis of LEDs
illumination of US-based aerodromes; the deductive
analysis and the assessment synthesis of feasibility
and necessity of US experience in LEDs illumination at Russian-based aerodromes.
The following results were achieved:
– The analysis of issues and opportunities was
conducted for development of LEDs illumination at
US-based aerodromes and of American experts’ recommendations for its use;
– The cases were taken for use and assessment
of development in LEDs illumination at US-based
aerodromes;
– The review and the analysis were conducted
in relation to a developing market of LEDs illumination at Russian-based aerodromes.
The main conclusion is that the US experience
will improve quality and reliability of service provided in air transportation, comfort, and safety of
Russian flights, as well as competitiveness of Russian-based airports and airlines (indirectly).
Keywords: LEDs illumination, airport network
development, development features of aerodrome

1. INTRODUCTION
1.1. Aerodrome Lighting Requirements
The niche of air transportation in the international market of transport services is transportation of
passengers, as well as of expensive, perishable, and
hazardous goods, or of goods with small weight and
dimensional values over long distances, with a high
cost of payment per 1 kg of weight. Any non-scheduled delays, not to mention accidents and catastrophes, lead to significant and often irrecoverable
damages [1]. That is why reliability of flight safety
is so significant. Visual signals, including lighting
equipment, are the most important part.
The aerodrome electrical lighting is included
in the scope of airport activities [1, 2]. The international standards and the recommended practices are set out in the requirements for design and
operation of aerodromes [2] and in the certification rules [3]. The system of visual lighting equipment includes:
· Funnel lighting system;
· Runway landing lights;
· Runway threshold lights;
· Runway end lights;
· Runway centre-line lights;
· Touchdown zone lights;
· Stop bars lights at taxi-holding points;
· Main taxi track lights and stop bars lights
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(excluding stop bars lights at taxi-holding
points);
· Obstruction lights, etc.
The aerodrome lighting power network diagram
is designed in such a way that, when a single section of the power network fails, the pilot does not
lose any visual orientation and the luminance pattern does not become distorted. The properties of
power networks for aerodrome lights and the rules
for aerodrome lighting systems control are well
known [2, 3].
Interacting with airlines, airports should provide comfort and safety of flights in accordance
with the regulated service quality [4–6]. The importance of the infrastructure, which is a part of the
aviation traffic safety system, requires its protection, which is governed by the airport security regulations (Decree of the Government of the Russian
Federation dated 1 February 2011 No. 42 for Approval of the Security Rules for Airports and their
Infrastructure).
In accordance with Article 48 of the Aviation Code of the Russian Federation [7], the equipment, including lighting equipment installed at civil
aerodromes, joint civil/state aerodromes, and jointuse aerodromes, must meet the requirements for serviceability that are confirmed by an appropriate serviceability certificate [8, 9].
Multi-coloured lights (red, yellow, green, blue,
and white signals) are used in US lighting systems,
for which corresponding blackout curves are set (according to Engineering Brief No. 67D). White-yellow and red-yellow signal lights are used as well.
The lights have various intensity rates: low (low-intensity lights), medium and high (high-intensity
lights) [2, 3]. AC150/5340–30H provides replacement of three-stage regulators with a five-stage version. A variety of properties, as well as stiff requirements to luminance and reliability create the need
for LEDs illumination and its intellectual management for airports. The narrow LEDs radiation spectrum also allows us to work with various optical
systems, including infrared (IR) systems.
In addition to specified lights, the market sectors for LEDs illumination are lighting equipment
of aircraft, buildings, structures, and environs [7].
Under such a use, LEDs become part of architectural and cultural design of modern airports. They
ensure a comfortable stay of passengers in airport
premises. They can support transmission of internet
information with Li-Fi that allows for LEDs light

to be used as an information carrier. Luminous carpets, being navigation and communication tools that
show directions in multi-storey offices, airports, and
shopping malls, are already widely used in the US.
They feature arrows or text phrases to suggest directions for people and equipment. Smart light can provide security, transmit information about any accident or shot sounds to an appropriate service. Such
a lighting system is already successfully operating
not only at US-based airports, but also in streets of
some cities (e.g. Los Angeles).
In Russia, for instance, integrated lighting systems are developed on the basis of street lights with
Philips RoadFlair LEDs [10].
The need for development of home systems of
electric and signal equipment in Russia was caused
by rapid development of passenger flights and cargo flights in the 1970s and introduction of multi-seated jet aircrafts of the 2nd generation and of
the 3rd generation such as TU‑154, IL‑62, IL‑76,
and IL‑86. In 1971, the USSR joined the ICAO
which developed standards and rules for unified
properties and parameters of on-board equipment
and ground equipment for flight operations at all
weather conditions.
At that time, the airport equipment in the USSR
did not meet the requirements of the ICAO, which
significantly retarded development of international air transportation. Only few large airports were
equipped with foreign equipment (from Czechoslovakia or Finland) which put civil aviation with joint
air forces aerodromes (in particular cases) in a dangerous dependence on foreign suppliers [11].
The technical inferiority of Russia is repeated
through a half of a century, demanding a strategic
interaction of modern airport enterprises and airlines, innovative solutions (specifically, advanced
LEDs illumination) to achieve competitiveness
in the system of global air transportation [1].
1.2. Development of Smart LEDs Illumination
Technologies for Airports
The advantages of LEDs illumination include
the following: increased luminous efficacy, no hazardous substances, high durability features, extended service life, much smaller weight and size parameters [12–14].
In 2013–2016, a pilot project was implemented
which introduced LEDs illumination at the largest
international airport, PHL (Philadelphia, the US)
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[15]. PHL employees, with the assistance of GATEWAY specialists from the US Department of Energy,
first conducted a survey and an analysis of electrical
energy consumption for lighting equipment in aircraft parking areas, apron areas, and passenger terminal areas. The expected energy savings reached
almost 50 %.
The project implementation confirmed the calculations: the introduction of new lighting equipment
allowed saving significant amounts of energy, optimizing the distribution of airport lighting levels for
specific tasks of aircraft maintenance, ground equipment operation, passenger services, and flight safety [16, 17].
The practical use of new LED equipment prompted the Illuminating Engineering Society of North
America (IESNA) to make changes to IESNARP‑17–1987 (Airport Service Area Lighting) and
IESNA-RP‑14–1987 (Airport Road Automobile
Parking Area Lights): they have been updated and
merged into a single document, IES RP‑37–15,
which provides additional information on important
advantages of LEDs illumination [18].
A brief overview of the standards of the Federal
Aviation Administration of the United States (FAA)
is given in [19] in terms of LEDs illumination and
energy efficiency. FAA operations personnel controls lighting systems and visual indicators of approach flight tracks, and airport personnel controls
runways, taxiways, and parking lights [20].
LEDs can provide enhanced colour rendering,
which is important in determination of traffic route
dye marking and, with high-efficient control devices, can switch on and off, instantly or gradually, at
almost any temperature.
In December 2015, a 3 MW solar power plant
was commissioned at the Minnesota International
Airport (MSP) [21, 22]. During reconstruction and
modernization of lighting equipment under the company’s project on energy efficiency and renewable
energy, 7,700 Ameresco halide lamps were replaced
with energy-efficient LEDs which significantly reduced energy consumption. At the same time, this
solar power plant currently provides almost 20 %
of the total energy capacity for the airport, reducing
greenhouse gas emissions by 6,813 tonnes per year.
All this increases reliability and sustainability of
airport lighting, saves significant amounts of energy, and allows them to build an airport lighting system with a high degree of independence from external sources of energy supply.

1.3. US-based Airports and Organizations
that Explore LEDs Illumination Feasibility for
Airport-associated Needs
There are about 5,000 US-based airports [23],
3,300 of which are part of the National Airports
System and are eligible for federal development
grants [25]. The Transportation Research Board
(TRB), which offers innovative, research-based
solutions to improve transport activities, is involved
in air transportation development of the US. The
TRB is jointly managed by the United States National Academy of Sciences, the United States National Academy of Engineering Sciences, and the
United States Institute of Medicine.
The objective of this work is to study the experience of LEDs illumination at US-based aerodromes
(airports) with an assessment of feasibility and necessity of LEDs illumination in Russia.
2. METHODS
Such scientific methods as analysis, synthesis, and deduction were applied during our study
on modernization with an introduction of LEDs illumination at Russian airports based on the experience of the United States. The following analyses
took place: the analysis of aerodrome lighting requirements; the review and the analysis of development features in aerodrome LEDs illumination; the
experience analysis of LEDs illumination at USbased airports; the deductive analysis and the assessment synthesis of feasibility and necessity of
the US experience in Russian LEDs illumination.
3. RESULTS
The aerodrome ground lighting (AGL) ensures
visibility for runways and taxi tracks. Over the past
decade, significant steps have been taken to support
this activity at US-based aerodromes, and LEDs
technologies have become more common in AGL
(Figs. 1, 2).
Reconstruction of an AGL system requires development of high-quality project documentation. Acceptance testing and commissioning of AGL should
be linked to each construction project and applicable regulations. In case of phased introduction of
LEDs illumination, the issues of compatibility of
LED lamps with existing energy infrastructure may
arise at an airport. In order to ensure compatibility
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Fig. 1. The percentage for use of LED illumination devices
at the surveyed aerodromes [25]

Fig. 2. The current duration for use of LEDs illumination at
the surveyed aerodromes [25]

with existing equipment, design and installation of
lamps should be coordinated [24].
Acceptance inspection of an aerodrome lighting
system must include visual inspection and physical inspection of this system, electrical testing, photometric testing, and a systematic failure test [25].
LED lamps for various purposes (runway edge
lights, runway centre-line lights, taxiway lights, obstruction lights, touchdown zone lights, lift-off zone
lights, runway identification threshold lights, aerodrome signs, etc.) are used in various proportions
in AGL [25].
Visual check identifies compliance of orientation and physical condition (including integrity and purity) with an energy supply system design
(1 level, 3 levels, or 5 levels). It is recommended
to check a 20 % random sample of lamps. If a defect is found, other 20 % of lamps should be opened
and checked. All defective lamps should be repaired
and rechecked.
Electrical testing ensures that minimum specified standards are met and provides basic data for
service management. Circuit insulation resistance
measurement (50 MΩ, according to AC150/5340–
30H) ensures no current losses and is used to analyse dynamic properties of insulation processes and
use environment. Measurements of impedance and
power of system load should be carried out at regular intervals. Electrical equipment is non-resistant to dust and dirt which specifically contribute
to overheating and premature failure of lamps.
Photometric testing (with lamps commissioning) includes standard photometric measurements
that correspond to the type (purpose) of the tested lamp.
A systemic failure test allows you to detect substandard components (electronic components as
a source of failure) during sweeping or so called
burn-in. It is recommended to use a sweep period

that is 5–10 times longer than the normal daily operating period which is usually 12 hours.
The system of acceptance tests is important for
inventory management of lighting assets and for
lighting system savings. The recommended warranty period is 4 years according to AC150/5345–
43H, and the lamp replacement criteria are according to AC150/5340–26С. Airports should also
check lamps at least twice a month. Lamps may
have a higher failure rate due to vibration in the
middle of the runway, on taxiways, or in touchdown
zones. Modern LED lamps are much more reliable than their predecessors, requiring a much lower frequency of replacements. To manage warranty
obligations, it is necessary to specify a lamp installation date and to develop a post-warranty strategy
(e.g. including a service contract, an extended warranty period, or internal repair work).
The problem is equipment obsolescence due
to rapid development of LED technologies, especially for small airports which cannot often receive
any support from the FAA. The obsolescence problem is partially mitigated by adaptive electronics.
The typical empirical rule for spare parts is their
10 % share from the design quantity. However, with
due regard to LEDs longevity, it can be reduced
to 5 % (which also indicates LEDs advantage).
The savings of LEDs illumination depends
on technical and operational properties of LED
equipment. Decrease in expected operating costs for
aerodrome LEDs illumination is confirmed by reduction in maintenance costs and a decrease in energy consumption of LED lamps.
Long-term operation (over 100,000 hours of
continuous operation) is the main advantage of
LED lamps that contain electrolyte-free capacitors
in high-durable aluminium shells. At the same time,
costs of special equipment are reduced (no crane
trucks required for service of lamps up to 50 meters high).
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regard to cost recovery for introduction of modern
LEDs illumination [26, 27].
The following can be concluded based on the
materials of the article:
· The state of the art for aerodrome (airport)
LEDs illumination in Russia is lower than in the
US;
· The experience of this LEDs illumination technology in the US is of undoubted interest
for Russia since many of solved problems in the US
can be taken into account when modernizing lighting systems of Russian airports;
· Russian organizations and institutions in fields
of science, innovation, and operation of high-end
equipment should participate in cross-professional
discussion of various issues, and the scientific publications of the US, including the reports of the National Academy of Sciences of the United States,
can be used to enhance this process;
· The US experience will improve quality and
reliability of services provided in air transportation,
comfort, and safety of Russian flights, as well as
competitiveness of Russian-based airports and airlines (indirectly);
· It is advisable to use on-line tools in Russia that are recommended by US specialists to estimate life-cycle costs for LED lamps, with due regard to existing geographical and climatic factors.

4. DISCUSSION AND CONCLUSION
The article includes:
– The analysis of aerodrome lighting requirements, development features of aerodrome LEDs illumination, and experience of LEDs illumination at
US-based aerodromes;
– The deductive analysis and the assessment
synthesis of feasibility and necessity of the US experience in LEDs illumination of Russian-based
aerodromes.
There is the number of on-line tools to compare
estimated life-cycle values of various lighting systems [26], including in Russia:
1. The US Department of Energy (DOE) presents several methods to calculate energy savings
and necessary costs for reconstruction of airport
lighting systems (URL: http://www1.eere.energy.
gov/femp/technologies/eep_eccalculators.html);
2. The New York State Energy Research and
Development Authority (NYSERDA) offers an
electronic worksheet to calculate life-cycle costs
of commercial lighting systems. This worksheet
can be adapted to estimate aerodrome lighting costs
(URL: http://www.nyserda.ny.gov/Page-Sections/
Business-Partners/Commercial-Lighting/Ток-Partners.aspx);
3. General Electric Lighting provides a number
of simple tools to estimate energy costs and life-cycle costs (URL: http://www.gelighting.com/na/business_lighting/ education_resources/tools_software/
toolkit);
4. The manufacturer of aerodrome lighting
equipment, ADB Airfield Solutions, provides a tool
for work with electronic worksheets to assess investment profitability and life-cycle costs for a number of types of LED illumination devices.
LEDs illumination costs became the greatest
concern for personnel at the surveyed airports [25].
About 75 % of specialists said that LEDs illumination costs are a main barrier for aerodrome LEDs illumination. However, there is evidence that LEDs
illumination, which is currently installed at aerodromes, provides (20–50)% of their general lighting
in the majority of US-based airports [25]. Understanding the return on investment (ROI) required for
adoption of LED technology helps decision makers
select the best action plan for modernization of their
airports. It is advisable to determine landing fees
amounts for airlines at every aerodrome, with due
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areas through their advantages such as high luminous efficacy, long life-time expectations, and variety of white colour. On the other hand, high power
LED light sources convert some percent of input
electrical power to optical power, while the residual part is dissipated as heat [1–4]. If this heat energy is not removed steadily, the temperature of the
structure increases. LED properties such as luminous flux, luminous efficacy, and efficiency are adversely affected from the increasing temperature
[5]. The lifetime of an LED is also dependent on the
temperature [6]. There are many studies about active and passive cooling systems in order to reduce
the adverse effects of heat on the LEDs [7–11]. Passive cooling systems are more preferred in the market due to their advantages such as the ease of manufacturing, no maintenance need, no moving parts,
no power requirement, the low cost, and the simple
structure. Different type of metal fins are the most
popular passive cooling solutions used by luminaire
manufacturers.
With an appropriate cooling system, high power LEDs promise energy savings especially
in power-intensive applications. One of these applications is industrial high-bay luminaires. In industrial high-bay luminaires, mostly single chip high
power LEDs are used by combining large number
of them together. COB LEDs, with their day-by-day
increasing luminous efficacies, are also started to be
used in industrial luminaires. Additionally, the number of light sources that has to be used for reaching
a specified luminous flux value is less than single
chip LED based luminaires. This situation can highlight COB LED based luminaires in terms of the
mechanical design simplicity and the cost advan-

ABSTRACT
As the equipment is improving, the luminous efficacy of Chip on Board (COB) LEDs are increas
ing. In this study, the utilization of COB LEDs in an
industrial high-bay luminaire, which can be considered as a relatively high power application, has
been investigated starting from the initial design
process. For an industrial hall, single-chip LED
based reference luminaires, which can provide the
required lighting quality criteria have been identified. COB LED selection and photometric measurements are done, and the number of COB LEDs to be
used has been calculated by targeting the luminous
flux value of reference luminaires. The COB LED
based luminaire prototype with a plate finned heat
sink was modelled by using a CAD software and
the computer aided thermal simulations were performed. Then the prototype was manufactured and
experimentally analysed. The highest difference
between the experimental analysis and the thermal
simulation was found to be less than 7 %, which
demonstrates the consistency of design and analyses. This study is an example of the steps to be followed in the manufacturing stage of a COB LED
based luminaire. Additionally, it is aimed to provide
a perspective to the use of COB LEDs in high power applications.
Keywords: COB LED, thermal simulation, experimental analysis
1. INTRODUCTION
Nowadays, Light Emitting Diodes (LEDs) are
competing with conventional light sources in many
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Table 1. Analyses Results of Single Chip LED Based Industrial High-bay Luminaires
Luminaire

Average
illuminance
[lx]

Uniformity

Luminous
flux of
luminaire
[lm]

Electrical
power
[W]

Luminous
efficacy
[lm/W]

Number of
luminaires

Energy consumption
[W/m2/100 lx]

A

315

0.722

25000

182

137.4

36

0.83

B

303

0.600

25000

200

125

36

0.95

Fig. 1. Light distribution curves of reference
single chip LED based
industrial high-bay
luminaires

tage. On the other hand, COB LEDs have a dense
thermal power output from a small area, which indicates the importance of designing the cooling system to be used in the luminaire through thermal simulations and experimental analyses.
In this study, the procedure of designing a COB
LED based luminaire is examined in detail. Selection of reference luminaires for benchmark, COB
LED selection and measurements defining the number of COB LEDs, computer aided thermal simulations, experimental analyses and validation steps
are followed, respectively. In addition, the thermal
power value was determined by measurements rather than using a specific percentage of the electrical power, and then thermal simulations were performed according to these real measurement data.

and 20 %. The maintenance factor was also taken
as 0.80.
It was aimed to illuminate the selected industry
hall according to the value of 300 lx average illuminance and 0.60 uniformity, which is given in the
standard EN12464–1:2011 “Light and Lighting – 
Lighting of Work Places – Part 1: Indoor Work
Places” for general machine works with the reference number 5.8.3 [12]. Maximum 5 % tolerance
was allowed at the average illuminance for the determination of reference single LED chip based luminaires. DIALux, which is a lighting design software, was used in the analyses [13]. A large number
of single chip-LED based industrial high-bay luminaires on the market were analysed, and two of
them, which provided the aforementioned criteria,

2. LUMINAIRE BENCHMARK,
SELECTION AND MEASUREMENTS OF
COB LED
An industrial hall with the dimensions 50×50
m and 12 m ceiling height was used for analyses.
The work plane height, boundary zone (distance be
tween the walls and the calculation grid), the distance between the work plane, and the light emitting surface of the luminaires were 1 m, 1.5 m, and
9 m, respectively. The reflections of the ceiling,
walls, and the floor were assumed as 70 %, 50 %,

Fig. 2. Temperature controlled Ulbricht Sphere and
equipment
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Table 2. Properties Obtained from the Measurements and Calculations
Driving
Current, mA

350

700

1050

Property

Solder temperature [°C]
Voltage [V]
Current [A]
Luminous flux [lm]
Optical power [W]
CCT [K]
CRI
Electrical power [W]
Thermal power [W]
Efficiency [%]
Luminous efficacy [lm/W]
Solder temperature [°C]
Voltage [V]
Current [A]
Luminous flux [lm]
Optical power [W]
CCT [K]
CRI
Electrical power [W]
Thermal power [W]
Efficiency [%]
Luminous efficacy [lm/W]
Solder temperature [°C]
Voltage [V]
Current [A]
Luminous flux [lm]
Optical power [W]
CCT [K]
CRI
Electrical power [W]
Thermal power [W]
Efficiency [%]
Luminous efficacy [lm/W]

25

35

29.3
33.14
0.35
1963
5.81
3859
83.6
11.60
5.79
0.50
169.2
35.9
34.39
0.7
3695
10.95
3884
83.2
24.08
13.13
0.45
153.5
43.4
35.40
1.05
5236
15.57
3916
82.8
37.16
21.59
0.42
140.9

38.7
32.98
0.35
1940
5.75
3868
83.6
11.54
5.80
0.50
168.1
45.2
34.22
0.7
3648
10.82
3895
83.1
23.95
13.13
0.45
152.3
52.8
35.22
1.05
5161
15.35
3925
82.8
36.98
21.63
0.42
139.6

were selected as reference luminaires. The light distribution curves of selected reference luminaires
and analyses results are shown in Fig. 1 and Table 1,
respectively.
As it is seen from the Table 1, the luminous flux
values of both reference luminaires are 25 000 lm.
This value was determined as the target for the design of COB LED based industrial high-bay luminaire. A COB LED light source, which is well documented and has a high luminous flux value, was

Cold Plate Temperature, °C
45
55
65

48
32.82
0.35
1916
5.69
3881
83.5
11.49
5.80
0.50
166.8
54.5
34.05
0.7
3598
10.69
3908
83.1
23.83
13.14
0.45
151.0
62.1
35.05
1.05
5082
15.15
3939
82.7
36.80
21.65
0.41
138.1

57.5
32.67
0.35
1891
5.62
3893
83.5
11.43
5.81
0.49
165.4
64
33.89
0.7
3547
10.55
3922
83.1
23.72
13.17
0.44
149.5
71.3
34.88
1.05
5002
14.91
3956
82.7
36.63
21.72
0.41
136.6

66.7
32.53
0.35
1865
5.55
3908
83.5
11.38
5.83
0.49
163.8
73.3
33.73
0.7
3492
10.4
3937
83.0
23.61
13.21
0.44
147.9
80.7
34.73
1.05
4918
14.68
3973
82.7
36.47
21.79
0.40
134.9

75

76.3
32.38
0.35
1837
5.48
3924
83.4
11.33
5.86
0.48
162.1
82.7
33.59
0.7
3436
10.25
3957
82.9
23.51
13.26
0.44
146.1
89.8
34.58
1.05
4825
14.42
3998
82.6
36.31
21.89
0.40
132.9

selected and purchased from the market. The properties of COB LED for different currents and cold
plate temperatures were measured using a 1-meter-diameter temperature controlled Ulbrich Sphere,
which exists at the ITU, Energy Institute, Photometry and Radiometry Laboratory [14]. The temperature controlled Ulbrich Sphere and its equipment
are shown in Fig. 2. Voltage, current, luminous flux,
optical power, correlated colour temperature (CCT),
and colour rendering index (CRI) were measured.
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End of Table 2
Driving
Current, mA

1400

Property

Solder temperature [°C]
Voltage [V]
Current [A]
Luminous flux [lm]
Optical power [W]
CCT [K]
CRI
Electrical power [W]
Thermal power [W]
Efficiency [%]
Luminous efficacy [lm/W]

25

51.9
36.27
1.4
6588
19.62
3948
82.5
50.78
31.16
0.39
129.7

Solder temperatures, which are the key parameters
for the calculation of junction temperature, were
also measured by the K type thermocouple. Electrical power, thermal power, efficiency, and luminous
efficacy values were calculated from the Equations
(1)–(4), respectively. Properties obtained from the
measurements and calculations are given in Table 2.
Electrical power [W ] =

= Voltage [V ] × Current [ A].

– Optical Power [W ].

(1)

(2)

Efficiency [ % ] =
Optical Power[W ]
× 100%.
Electrical Power[W ]
Luminous Efficiency =

60.9
36.09
1.4
6486
19.32
3962
82.5
50.53
31.21
0.38
128.4

Cold Plate Temperature, °C
45
55
65

70.3
35.93
1.4
6379
19.03
3979
82.4
50.30
31.27
0.38
126.8

79.4
35.77
1.4
6260
18.68
3996
82.4
50.08
31.40
0.37
125.0

88.7
35.62
1.4
6143
18.34
4018
82.3
49.86
31.52
0.37
123.2

75

98
35.47
1.4
6017
17.98
4043
82.3
49.65
31.67
0.36
121.2

ties, 1050 mA current was selected to reach high
luminous efficacy values and also to obtain a cost
effective solution in terms of COB LED number.
When the optical losses and driver efficiency are
considered, the luminous efficacy value will also be
lower than the measured values of COB LED.
The solder point temperature has been targeted
as 60 °C for avoiding negative effects of high temperatures on COB LED properties and at the same
time not to cause very large heat sink dimensions.
The luminous flux at 1050 mA current and 60 °C
solder point temperature was calculated as 5 100 lm
by interpolating the luminous flux measurement values at 52.8 °C and 62.1 °C. The number of LEDs
used in the COB LED based luminaire was calculated with the Equation (5) (luminous fluxes of
reference luminaires were 25 000 lumens, the approximate efficiency value of the reflectors on the
market was 85 %, the measured luminous flux val
ue of COB LED at 1050 mA current and 60 °C solder point temperature was 5 100 lumens). From the
Equation (5), the number of COB LEDs was calculated as 5.8 and the number of 6 was selected as an
upper integer.

Thermal Power [W ] =

= Electrical Power [W ] –

35

(3)

Luminous Flux[lm]
. (4)
Electrical Power[W ]

As it is seen from Table 2, luminous flux, luminous efficacy, optical power, and efficiency values
were adversely affected from the increasing temperature. Luminous efficacy and efficiency values
were also decreased with increasing current steps.
Correlated colour temperature (CCT) and colour
rendering index values (CRI) were also changed
with the temperature and the current. Considering
the adverse effects of high currents on LED proper-

Number=
of COBLEDs

25000lm
= 5.8 (5)
5100lm × 0.85

3. THERMAL SIMULATIONS AND
EXPERIMENTAL ANALYSES
In this section, the computer aided thermal simulations and experimental analyses will be explained
in detail.
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Fig. 3. 3D luminaire model with plate finned heat sink

3.1. Thermal Simulations
In this study, a commercial computational fluid dynamics program was used for thermal simulations. A plate finned heat sink with a pendant,
which is expected to provide the targeted 60 °C solder point temperature, is designed with preliminary
thermal simulations taking into account production possibilities. Selected dimensions of the base
plate of the heat sink were 290×221×14 mm, the
fin height was 76 mm, the fin thickness was 1 mm,
and the number of fins was 26. In Fig. 3, the 3D model of the heat sink and mounted COB LEDs can
be seen.
In detailed thermal simulations, material properties of the parts and thermal resistances were tried
to define accurately in the software for the exact results. Materials of the parts and their thermal conductivities are listed in Table 3. For the simplicity
of thermal simulations, the Printed Circuit Board
(PCB) was assumed as one aluminium layer and the
COB LED was assumed as two layers consisted of
an LED chip and its coating. The thermal conductivity of LED top coating [15], pendant-stainless steel
304 [16] and heat sink-aluminium 1050 [17] were
defined as 0.2 W/mK, 16.2 W/mK, and 222 W/mK,
respectively.
The thermal resistance of the grease used between the PCB and the heat sink was defined approximately as 0.17 Kcm2/W from the manufacturer catalogue at the supplied lowest pressure value
(5 N/cm2) [18]. The thermal resistance between
the pendant and the heat sink was defined as 3.3
Kcm2/W. The thermal resistance between the LED
chip and the PCB was defined as 0.9 Kcm2/W by
considering the thermal resistance value, which is
given in the datasheet of selected COB LED between the junction and solder points. In thermal simulations, the air temperature was defined as 24 °C.
The thermal power of a COB LED was calculat-

Fig. 4. Temperature measurement points

ed from Table 2 at 1050 mA current and 60 °C solder point temperature and found as 129.84 W for 6
COB LEDs.
Mesh sensitivity analysis was performed for
different mesh configurations, which are shown
in Table 4. The maximum temperature was controlled according to the increasing number of mesh
elements. The results of Mesh 4 were used in this
study because after mesh 4 the maximum temperature did not change considerably.
Six temperature measurement points were specified on the thermal model (Fig. 4). From the temperature measurement points number 2, 3, and 4,
which were the solder points of different COB
LEDs, 59.7 °C, 59.7 °C, and 60.4 °C temperature
values were obtained by the thermal simulation, respectively. The obtained thermal simulation results
are consistent with the accepted 60 °C soldering
point temperature used for determination of the luminous flux and the thermal power in the design beginning. The results of the thermal simulation will
be compared and evaluated in the results and discussion section. The temperature distribution of the

Fig. 5. Temperature distribution of the designed model
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Table 3. Thermal Conductivity of the Parts Materials
Material

Thermal conductivity [W/mK]

Heat Sink – Al 1050

222

PCB – Al 5052

140 (at 273 K)

LED Chip – SiC

Between 150–126.6 (293 K – 473 K)

LED Top Coating

0.2

Pendant – 304 Stainless Steel

16.2

Table 4. Mesh Sensitivity Analysis
Mesh

The number of solid mesh
elements

The number of total mesh elements

Maximum temperature of the
system [°C]

1

273 705

753 648

68.9

2

403 717

1 188 612

69.4

3

520 764

1 492 682

70.0

4

663 822

1 864 318

70.1

5

1 170 087

3 271 968

70.1

6

1 683 470

4 615 745

70.1

Fig. 6.
Manufactured
heat sink

designed model obtained from the thermal simulation is shown in Fig. 5.

1. The surface was cleaned with isopropyl alcohol to remove residuals from production, which
could adversely affect heat transfer;
2. The thermocouples were soldered to the solder point of the COB LEDs;
3. A thermal grease was applied between the
PCB of COB LEDs and the heat sink to improve
heat transfer;
4. COB LEDs were mounted on the heat sink;
5. The electrical and driver connections of the
COB LEDs were made and the pendant of the prototype was mounted.
After manufacturing of the luminaire prototype,
experimental analyses with laboratory measurement
was done. The prototype was held in the air with the
help of a pendant setup so that it was not touching
anywhere as in computer-aided thermal simulations
(Fig. 8). In the experimental analysis, the speed and

3.2. Experimental Analyses
A prototype was manufactured and experimental
analyses was carried out in order to determine the
consistency of the method used in the design and
thermal simulation of COB LED based industrial
high-bay luminaire prototype. In the first stage of
prototype manufacturing, a heat sink was produced
from an aluminium block and the roughness of the
surface, at which the LEDs will be mounted, was
corrected. LED mounting holes were drilled. The
manufactured heat sink is shown in Fig. 6.
Then the assembly steps were carried out in the
following order (Fig. 7):
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Fig. 7. Assembly steps
of COB LED based
luminaire prototype

couples were mounted on the points of the prototype, which are shown in Fig. 4 in order to compare
the temperature values obtained from the experimental analysis and the thermal simulation. The
temperature data were recorded with respect to time
by using a digital multimeter. The sensors and the
entire measurement system are shown in Fig. 9.
The temperature-time graph obtained as a result
of the measurements is shown in Fig. 10. As it can
be seen from the figure, the temperature increased
with time and reached to thermal equilibrium. In the
experimental analysis, the highest temperature values obtained from each thermocouple and the values obtained from the thermal simulation for the exact same points will be compared in the results and
discussion section.
The luminous flux, optical power, CCT, and CRI
properties were measured using a 2-meter-diameter
Ulbricht Sphere after the prototype reached the ther-

Fig. 8. Prototype pendant setup

the temperature of air were controlled by measurement devices. Two air temperature sensors and one
hot bulb speed sensor were used. The air temperature was between 24–24.5 °C and the air speed was
below 0.04 m/s during measurements. The thermo-

Table 5. The Results of Measurements and Calculations
Property

Value

Total electrical power supplied to drivers, W

246

Total electrical power supplied to LEDs, W

218.5

Driver efficiency, %

88.8

Optical power, W

94.8

Luminous flux, lm

31200

CCT, K

3923

CRI

82.42

Efficiency of LEDs,%

43.4

Luminous efficacy of LEDs, lm/W

142.8

Thermal power, W

123.7
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Table 6. Comparison of the Temperatures Obtained from Experimental Analysis and Thermal
Simulation for the Measurement Points
Number of thermocouple

Experimental analysis [°C]

Thermal simulation [°C]

Difference [%]

1

55.16

58.47

–6.0

2

56.20

59.67

–6.2

3

55.83

59.66

–6.9

4

57.05

60.37

–5.8

5

51.78

54.63

–5.5

6

54.25

57.52

–6.0

Table 7. Comparison of Properties for Prototype Measurement and COB LED Measurement Results
Prototype
measurement

Calculations from COB
measurement

Difference [%]

Optical power [W]

94.8

91.2

3.8

Electrical power [W]

218.5

221

–1.1

Thermal power [W]

123.7

129.84

–5.0

Luminous flux [lm]

31200

30600

1.9

Efficiency of LEDs [%]

43.4

41.2

5.1

Luminous efficacy of LEDs [lm/W]

142.8

138.4

3.1

CCT [K]

3923

3936

–0.3

CRI

82.42

82.73

–0.4

Property

mal equilibrium (Fig. 11). For the prototype, electricity was supplied with two separate 1050 mA constant current drivers. The voltages applied to the
LEDs were also measured for these two circuits,
and the total electrical power supplied to the LEDs
from the drivers was found by multiplying the current and measured voltages. Driver efficiency was
found by dividing the electrical power given to the
LEDs to the electrical power delivered to the drivers. Additionally, the efficiency, luminous efficacy, and thermal power of the LEDs were found using the Equations (3), (4), and (2), respectively. The
results obtained by measurements and calculations
are shown in Table 5. Results from experimental
analyses and single COB LED measurements will
be compared in the results and discussion section.

prototype are as shown in Table 6. The greatest difference between the thermal simulation and experimental analysis is –6.9 %, and these differences can
be considered within acceptable limits. This situation demonstrates the consistency of the assumptions made and the thermal model.
The values obtained from the measurements
made for one COB LED at the beginning of the design were used for six LEDs. The differences between the calculations from COB measurement and
prototype measurements are given in Table 7. In this
case, the differences between the thermal simulation and the experimental analysis, which are given in Table 6, can be explained by the difference
between the single COB LED measured in the beginning of the initial design and the six COB LEDs
used in the prototype. Already in the manufacturer
catalogues, the properties of the LED products are
given within certain tolerances (±7 % for the select
ed COB LEDs luminous flux).
The obtained results indicate the necessity of determining properties of the COB LED light source
to be used in the beginning of the design process.
The thermal simulation should then be performed

RESULTS AND DISCUSSION
In this study, the design of a COB LED based
high-bay industrial luminaire was described step by
step. The results obtained by the thermal simulation and experimental analysis from the temperature
measurement points determined on the luminaire
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Fig. 9. Sensors and the
entire measurement
system

ficulty can be reduced. On the other hand, assuming an optical loss about 15 %, the COB LED based
prototype, which was designed and experimentally analysed in this study, has a luminous efficacy of 108 lm/W. This value is lower than the luminous efficacy values of the single-chip LED based
luminaires, which were selected for benchmarking in this study. But the main motivation of this
study was to validate the thermal simulation results
and experimental prototype measurement results of
a COB LED based industrial high-bay luminaire
starting from the single COB LED measurements.
The validity of the method used in this study was
verified with the analyses. It is also possible to apply this method starting from the first step for different design targets such as higher luminous efficacy etc.
This work was supported by the Research Fund
of the Istanbul Technical University. Project Number: 39766.

Fig. 10. Time dependent temperatures of the measurement
points
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1. INTRODUCTION

ABSTRACT
The physical model of the radiance field is similar in some aspects to the elementary particle transport theory under the assumptions of the classical
mechanics. Disregarding the differences in the used
nomenclatures, it can be shown that the transport
equations for the radiance field are identical to those
for the particle flux density. Since the end of the 19th
century, both theories have been developing in parallel, thereby enriching each other. In other words,
a breakthrough, which has been made in one theory, readily contributes to the significant progress
in another one. Nowadays the accuracy achieved
in the experiments with particles is close to the limit, which allows validating the relationships derived within the light scattering theory. Besides, the
experiments with particles are free from uncertainties in the scattering medium, which are typical for
atmospheric remote sensing applications. In this paper, a new algorithm is described, which is derived
by analogies between these theories. It is applied for
calculating the electron flux elastically scattered by
plane-parallel layers of a solid with the strongly forward peaked phase functions. The calculations are
compared against the experimental angular distributions of electrons, which are elastically reflected by
the two-layer solid samples.
Keywords: transport theory, small-angle approximation, light scattering, electron spectroscopy, invariant imbedding method

The formulation of the transport theory for elementary particles is like the laws of the light
beam propagation considered in the ray approximation framework. Moreover, these laws are valid
for all classical particles, if they can be localized
in space. The ray approximation can be regarded
as a case of a more general quantum physical concept [1], in which a photon is considered as a small
particle moving along a trajectory; the latter is referred to as a “ray.” The density of the photon flux
is associated with the radiance L(r, ˆl ) at the given
point r in the direction l̂ . Under this setup, the radiance field is given by the radiative transfer equation (RTE):

σ
(ˆl , ∇) L(r , ˆl ) =
−ε L(r , ˆl ) +
4π

∫ L(r , ˆl ′) x(ˆl, ˆl ′)dˆl ′,

(1)

here e and s are the extinction and scattering coefficients, respectively, while x(ˆl , ˆl ′ ) is the single scattering phase function. Initially, the RTE was introduced in [2] for a medium without scattering. In this
case, for optically thin media, the RTE is reduced
to the Bouguer law, i.e. exponential brightness at
tenuation along a ray.
The transfer equation for particles looks like
Equation (1), namely,
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(ˆl , ∇)ψ (r , ˆl ) =
− (σ el + σ in )ψ (r , ˆl ) +
+

σ el
∫ ψ (r , ˆl ′) x(ˆl, ˆl ′)dˆl ′,
4π 

Vol. 27, No. 2

eral techniques were developed in order to compensate the SLA bias. However, they are ad hoc and do
not take rigorously into account all the factors that
cause the methodological errors. Unlike in remote
sensing applications, in the electron scattering spectroscopy, there are several independent methods for
the layer-by-layer component analyses of samples.
In its turn, it is possible to experimentally validate
techniques, which describe the reflection processes from multi-layered inhomogeneous media. Besides, it is possible to control the composition of the
sample under study, even at the stage of its preparation. In this regard, the layer-by-layer composition retrieval based on the analysis of electron spectra can be performed by using techniques provided
by the radiative transfer theory. In this paper, it will
be shown that the experimental data on angular distributions of elastically reflected electrons [9–11] is
beneficial for validation of the radiation codes and
models used in the Earth remote sensing operational
algorithms [12–15]. The similar ideas were behind
the verification study [16].
The invariant imbedding method was proposed
by Ambartsumian in the 40s of the last century
to describe the processes of radiation transfer in the
atmospheres of stars and planets [17, 18]. Essentially, this method converts the RTE for the radiance
into the equations for the reflection and transmission coefficients of a slab. The method was further
developed in the works of Chandrasekhar, Sobolev,
and others [19, 20], primarily, for spherical and
Rayleigh single scattering phase functions [17–20].
In these cases, an iterative procedure appeared to be
efficient. As the first approximation, a single scattering solution was used [18]. Typically, four iterations
were enough to achieve the convergence. However,
strongly forward peaked phase functions with the
dominant small-angle scattering are of great practical importance. These are the cases relevant for
the electron scattering in solids and the photon scattering in a turbid medium. In this paper, it will be
shown that in the case of the dominant small-angle
scattering it is possible to simplify the solution procedure since the nonlinear Chandrasekhar equations
can be linearized.
The forward peaked phase functions were considered by Gaudsmith and Saunderson [21, 22]
to solve the electron transport equation by using the
small-angle approximation and the spherical harmonics method. Let us consider an infinite medium with the sources of light (or particles) placed

(2)

here ψ (r, ˆl ) is the particle flux density at the given
point r along the direction l̂ , σ el is the elastic scattering cross-section, while σ in is the inelastic scattering cross-section.
Equations (1) and (2) can be used to determine
the flux density of photons and electrons reflected
by multi-layered inhomogeneous media with the
underlying surface. Essentially, they are the basis
for the forward modelling in the Earth remote sensing retrieval codes and in the electron spectroscopy
processing algorithms (describing the process of the
electron lithography, determining the backscatter
factor in the X-ray spectral analysis as well as analysing the X-ray photoelectron spectroscopy (XPS)
and reflected electron spectroscopy (RES) data).
The description methodologies of both electron and optical scattering are based on the transport equations. Therefore, the methods designed for
solving optical problems can be used in the problems related to atomic particle scattering in solids
[3–5].
By using the electron spectroscopy framework,
the problem of the quantitative composition analysis of samples can be readily solved. However, such
an analysis of the experimental data typically requires a model of the multiple elastic and inelastic
scattering of electrons in solids.
Retrieval of the component composition of
multi-layered samples is an ill-posed problem. It
incorporates the analysis of the energy spectra of
emitted electrons and extracting the information of
the interest. In this regard, there are additional requirements and constraints on the scattering signal
modelling algorithms and their robustness.
The state-of-the-art methods of the XPS and the
elastic peak electron spectroscopy (EPES) analysis are based on rather simplistic models, in which
the process of multiple elastic scattering is neglected. One of the representatives of such models is
the straight-line approximation (SLA) [6, 7]. The
main advantage of SLA-like models consists in their
simplicity. However, the SLA leads to a biased estimate of the scattered electron signal [8]. Essentially,
the error of the SLA approach is because the elastic
scattering cross-section σ el in the situations, which
are relevant for XPS, RES, and EPES, exceeds the
inelastic scattering cross-section, i.e. σ el > σ in . Sev-
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in the centre (the medium boundary is placed at
z = 0 ); the source satisfies the following condiˆl ) δ ( ˆl − ˆl ) . In [23] Scott developed
tion: L=
( z 0,=
0
a technique for solving transport equations by using the small-angle approximation. Dashen [3] applied the Ambartsumian equation, which solves the
boundary problem of reflection from a semi-infinite
medium, to describe the electron scattering process. Successful attempts to solve the linearized
Ambartsumian and Chandrasekhar equations in the
small-angle approximation were made in [4, 24].
Throughout the paper, the small-angle approximation is associated with the following small
parameter
x(π ) / x(0)  1.

troscopy is inherited from the radiative transfer
theory.
The approbation of the approximate small-angle
methods developed in this work is performed by using a comparison with exact numerical solutions as
well as with the experimental data.
2. CHANDRASEKHAR EQUATIONS FOR
REFLECTION AND TRANSMISSION
FUNCTIONS, LINEARIZATION
PROCEDURE, SOLUTION BY USING
THE SMALL-ANGLE APPROXIMATION
The equation for the reflection function derived
by Chandrasekhar [19] for a layer of finite thickness
reads as follows:

(3)

In this paper, the small-angle approxima1 1 
∂
ρ m (τ , µ , µ0 ) +  +  ρ m (τ , µ , µ0 ) =
tion is used to derive analytical expressions for ra∂τ
 µ µ0 
diation reflection processes both from a semi-in1
finite layer and from layers of finite thickness. The
dµ′
= Λxm ( µ , µ ′ ) + Λ ∫ xm ( µ , µ ′ )ρ m (τ , µ ′, µ0 )
+
small-angle solutions of the Chandrasekhar equaµ′
0
tion for the transmission function will be given.
0
dµ′
It will be shown that the small-angle approxima(4)
+Λ ∫ ρ m (τ , µ , µ ′ ) xm ( µ ′, µ0 )
+
µ′
tion can be used only for Chandrasekhar equations
−1
1 0
(written for the transmission function [19]), but not
+Λ
for the alternative formulation from [25]. An iter∫0 −∫1 ρ m (τ , µ , µ ′) xm ( µ ′, µ ′′)ρ m (τ , µ ′′, µ0 ) ×
ative procedure will be constructed that solves the
d µ ′ d µ ′′
problem of reflection from multilayer samples with
×
,
µ ′ µ ′′
an underlying surface at the bottom.
The main advantage of approximate analytical
solutions consists in the high computational speed, where t is the dimensionless layer thickness, m
which is a prerequisite for solving inverse prob- is the azimuthal expansion index, r is the refleclems by the fitting procedure. Note that the latter is tion function, x is the single scattering phase functhe most robust approach to deal with the ill-posed =
tion, Λ σ el / (σ el + σ in ) is the single scattering alproblems of mathematical physics, namely, the re- bedo. Consider the azimuthal expansion
mote sensing retrieval and quantitative composition analysis using the electron spectroscopy [26,
ρ (τ , µ , µ0 ,ϕ − ϕ 0 ) =
27].
(5)
The paper will present methods =
for the numer∑m ρm (τ , µ , µ0 ) exp im (ϕ − ϕ 0 ) ,
ical solution of the Chandrasekhar equations. Currently, Monte-Carlo (MC) simulations [28, 29] are
mainly used to describe the energy and angular with J0=arccos m0, j0 and J=arccos m, j being the
spectra of electrons. However, MC codes require polar and azimuth angles of probing and viewing
much computational time: e.g., on a standard lap- angles, respectively; the polar angles are defined
top, this time ranges up to several minutes; where- with respect to the axis, which is perpendicular
as the same simulations, but based on the numerical to the sample surface and looks towards the surface.
solution of the Chandrasekhar equations presentSimilar to Equation (4), the equation for the
ed in this paper, are performed within fractions of transmission function T(t,m, m0,j - j0) reads as
a second. Note, that the idea of using numerical me- follows (Eqn. 6):
thods to interpret the spectra of the electron spec-
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1
 τ 
∂Tm (τ , µ , µ0 )
dµ′
= Λ exp  −  xm ( µ , µ0 ) + Λ ∫ xm ( µ , µ ′ )Tm (τ , µ ′, µ0 )
+
∂τ
µ′
 µ0 
0

 τ  −1
dµ′
+Λ exp  −  ∫ ρ m (τ , µ , µ ′ ) xm ( µ ′, µ0 ,ϕ ′ − ϕ 0 )
+
µ′
 µ0  0
−1 1

+Λ ∫ ∫ ρ m (τ , µ , µ ′ ) xm ( µ ′, µ ′′,ϕ ′ − ϕ ′′ )Tm (τ , µ ′′, µ0 ,ϕ ′′ − ϕ 0 )
0 0

(6)

d µ ′ d µ ′′
.
µ ′ µ ′′

Fig. 1. The reflection functions for the semi-infinite medium. The normal angle of incidence. The calculations are performed for the Henyey-Greenstein phase function. Plot (a) shows the influence of the non-linear term on the reflection
function. Plot (b) illustrates the increase of error of the small-angle approximation with the phase function smoothness.
The solid line is the numerical solution (MDOM), the dashed line is the small-angle approximation. The normal angle of
incidence. The single scattering albedo is 0.67. Numbers with arrows are the asymmetry parameters of the
Henyey-Greenstein phase function

with

3. NUMERICAL SOLUTION FOR
REFLECTION AND TRANSMISSION
FUNCTIONS

A = diag (1 / µ ) − Λx m + w, C = Λx m − , D = Λwx m − w.

We note that the methods discussed in this section were first developed for solving the problems
of radiative transfer and significantly enriched the
theory of electron transfer as well. To get the matrix form of Equation (1), the continuous depen
dency on µ ′ should be replaced with a discrete set
of N values µi ′ , while the integrals should be represented through the quadrature formulas. Then
the reflection function Sm turns into a matrix of
dimension N×N, where si are the weights of the
quadrature method, µi′ are the quadrature nodes
for the cosines of the incidence/observation angles,
w = diag ( si / µi ).
Bearing that in mind, Equation (4) takes the following form:

The index “+” in the phase function is relat
ed to the process, in which the propagation direction after the scattering event is preserved, while
the index “– “ indicates that the upward propagation changes into downward one and vice versa.
Equation (7) is referred to as the differential algebraic Riccati equation [30, 31]. It can be solved numerically by several numerical techniques [31–34].
In this paper, we use the BDF (Backward Differential Formula) method [34]. The situation is somewhat simplified since the matrix x m + is symmetric.
Having performed a similar discretization for
particles elastically scattered inside a layer, we obtain the following matrix equation for the transmission function:

∂ m
ρ (τ ) + Aρ m (τ ) + ρ m (τ ) A =
∂τ
(7)
= C + ρ m (τ ) D ρ m (τ ) ,

∂ m
T0 (τ ) + A′ T0m (τ ) =
C,
∂τ
with
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xHG=
(µ )

1− g2
=
(1 + g 2 − 2 g µ )3/ 2

∞

∑ (2l + 1)g P ( µ ),
l

l =0

l

(9)

where Pl are the Legendre polynomials.
The solution of Equation (7) (and consequently, Equation (4)) is shown in Fig. 1 with solid lines,
while the dashed line depicts the solution to Equation (7) with non-linear term neglected (i.e., the second term on the right-hand side). The plots in Fig. 1
reveal the increasing of the computation error of the
linearized equations. That is quite an expected result since the phase functions with g ≤ 0,5 do not
have a dominant small-angle scattering part. However, even in case of violation of condition (3), the
linearized equations provide a result with an error
less than 10%.
In Fig. 2, the solid lines represent the solution of Equation (8), the dashed line shows the solution of Equation (8) with neglected terms containing
ρ 0m (τ ). In other words, this is a solution to Equation (6), in which the last two terms on the righthand side are neglected.
Fig. 2. The transmission functions for the layers of thickness 0.1 ltr. Plot (a) shows the influence of the non-linear
term. The solid line is the result with the non-linear term,
while the dashed line shows the result without non-linear
term taken into account. Plot (b) shows the increasing of
the small-angle approximation error with the smoothness
of the phase function. The solid line is the numerical solution (MDOM), the dashed line is the small-angle approximation. The angle of incidence is 45°, the single scattering
albedo is 0.54. Numbers with arrows are the asymmetry
parameters of the Henyey-Greenstein phase function

4. ANALYTICAL SOLUTIONS OF
LINEARIZED EQUATIONS FOR THE
REFLECTION AND TRANSMISSION
FUNCTIONS
The analysis performed on the basis of numerical
solutions indicates that for strongly forward peaked
phase functions (see condition (3)), the processes of
reflection and transmission through the layer can be
described by using the following equations:
1 1 
∂
ρ m (τ , µ , µ0 ) +  +  ρ m (τ , µ , µ0 ) =
∂τ
 µ µ0 

1
m−
=
A′ diag   − Λx m + w − Λρ 0m (τ ) wx=
w, C
µ
=
Λ (x

m+

=
Λxm ( µ , µ ′ ) +


 τ 
+ ρ (τ ) wx ) diag  exp  −   .
 µ 

m
0

m−

(10)

1

1 1 
dµ′
+ Λ  +  ∫ xm ( µ , µ ′ )ρ m (τ , µ ′, µ0 )
µ′
 µ µ0  0

Let us find the solutions of the equations obtained considering the nonlinear terms and the
solutions of the linearized matrix equations based
on the BDF method. For elastic scattering, we use
the Henyey-Greenstein phase function, which is
well-known in optics. The numbers in Figs. 1 and
2 show the value of the asymmetry parameter g,
which determines the degree of elongation of the
Henyey-Greenstein phase function:

and
∂Tm (τ , µ , µ0 )
=
µ
∂τ
 τ 
(11)
=
Λ exp  −  xm ( µ , µ0 ) +
 µ0 
1

Tm (τ , µ , µ0 ) +

1

+ Λ ∫ xm ( µ , µ ′ )Tm (τ , µ ′, µ0 )
0
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The method of spherical harmonics is based sion in a systematic way. A detailed description of
on the representation of functions through the this procedure is given in [35, 36]. The final result is
Legendre polynomial series. However, to be able
to apply the method of spherical harmonics (which
µµ0
2l + 1
ρ (τ , µ , µ0 )
x P (µ → µ ) ×
∑
is a standard procedure for analytic solution=
of
µ + µ0 l 2 l l 0
Equations (10) and (11)), based on the orthogonali  µ + µ0 

µ + µ0   (14)
ty property of the Legendre polynomials within the
− E1  (1 − Λxl )τ
−
 E1 τ

µµ0   ,

×   µµ0 
domain [–1,1], it is necessary to perform the analytic extension of the integrands to the domain (0, –1).
 − ln (1 − Λx )

l


For Equation (10), this step is trivial since in the domain (0, –1) the integrand goes to zero due to con∞
dition (3); the analytical continuation for Equa- where E1 ( x ) = ∫ t −1e − t dt is the integral exponent.
x
tion (11) is not straightforward. There are several
Figs. 1 and 2 illustrate the comparison between
approaches to deal with this problem (see, e.g. [2]).
The most efficient implementation is given in [35, the exact numerical solution and the small-angle ap36].
proximation model.
The solution of Equation (11), in which the in5. REFLECTION FROM MULTILAYER
tegration limits are extended into the range [–1, 1]
STRUCTURES
in the integral term, can be found by using the idea of
Goudsmit and Saunderson: namely, in the multiplier 1/ µ in the first term of the left-hand side of (11)
We consider reflection from multilayer strucand in the exponent in the first term of the right- tures using the angular distributions of electrons,
hand side of (11) (with respect to τ / µ0 ), the values elastically reflected from solids, as an example.
µ , µ0 are considered to be constants. This approxi- In the literature, there are experimental data on the
mation means replacing the real path by the projec- angular distributions of electrons reflected by hotive one. A significant error occurs if the transport mogeneous solids as well as by multilayer samples
−1
path of a photon or electron
=
ltr n −1 (σ el + σ in ) and [9–10, 37–42].
the average electron path between elastic collisions
Let us consider a two-layer sample (Fig. 3).
lel = 1 / ( nσ el ) are comparable. Note that in the case In accordance with the described scheme, the reof the Henyey–Greenstein phase function we have
flection function for a two-layer sample can be represented as
ltr / lel = σ el / (σ el + σ in ) = 1 / (1 − g ).
(12)
R12 m (=
τ 1 ,τ 2 , µ0 , µ ) R1m (τ 1 , µ0 , µ ) +
The error in this case does not exceed 5%, if
1
1
ltr / lel  1.
+ ∫ d µ ′ ∫ d µ ′′T1m (τ 1 , µ0 , µ ′ ) R2 m (τ 2 , µ ′, µ ′′ ) × (15)
−1
−1
Considering the assumptions made after the substitution of the Legendre polynomial expansions
× T1m (τ 1 , µ ′′, µ ) + 
into Equation (11), we obtain a system of separable differential equations; applying the boundary
or, exploiting the one-speed approximation and
condition Tlm (τ ) = 1, the solution for the transmis- the small angle approximation,
sion function can be derived:
R12 m (=
τ 1 ,τ 2 , µ0 , µ ) R1m (τ 1 , µ0 , µ ) +
Λµµ0
2l + 1
1
=
T (τ , µ , µ0 )
xl Pl ( µ0 → µ ) ×
∑
(16)
2 l 2
+ ∫ d µ ′T1m (τ 1 (1 / µ0 + 1 / µ ) , µ0 , µ ′ ) ×
−1

 e −τ µ − e − (1−Λxl )τ µ0 e −τ µ0 − e − (1−Λxl )τ µ 
×
+
 . (13)
 ( µ − µ0 ) − Λxl µ ( µ0 − µ ) − Λxl µ0 

× R2 m (τ 2 , µ ′, µ ).

The computations for three-layer systems can
be performed by using the relation, which is similar
to Equation (16), namely,

Equation (10) is solved by the method of it
erations, which provides the analytical exten-
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Fig. 3. The two-layer model of reflection. W = (m,j), t =
d(sin+sel), the curved line corresponds to the reflection
function, while the straight line is associated with the transmission function
Fig. 4. Angular distributions of electrons, which are reflect
ed by the gold samples with a beryllium layer on the top.
The solid line corresponds to the exact numerical solution
of Equations (7) and (8), dashed line show the results of the
small angle approximation (Equations (13) and (14)), while
the circles show the experimental data [10]. The computed
Be layer thicknesses are: 1 – 0 nm, 2 – 0.5 nm, 3 – 2.5 nm,
4 – 3.8 nm

R123lm (τ 1 ,τ 2 ,τ 3 ) =
R1lm (τ 1 ) + R23lm (τ 2 ,τ 3 ) ×
× exp  − (1 − Λxlm )τ 1 ( µ −1 + µ0−1 ) ,

(17)

here R23lm (τ 2 ,τ 3 ) is computed by using Equation (16) with the following index perturbation:
1 → 2; 2 → 3 .
Fig. 4 shows the angular distributions of electrons, elastically reflected by the two-layer systems (the layer of Be on the Au substrate), computed by using the exact numerical solutions and the
small-angle solution (16).

ters (namely, the asymmetry parameter and the single scattering albedo) can be analysed.
The computational speed is an essential factor
in the inverse problem solution design. For example, when the reflection function from multilayer
structures is considered, we need to determine the
layer thickness. Typically, it is retrieved by using
the fitting method, in which the direct problem is
solved several times.
Due to the integration of numerical methods of
the photometric light scattering theory into electron scattering problems for determining the hydrogen isotope profiles by the elastic peak electron spectroscopy (EPES), the sensitivity of the
EPES technique has been increased by order of
magnitude. In fact, the sensitivity has reached almost 10 % for hydrogen isotopes in plasma-faced
materials [43].
Radiative transfer techniques applied for the
physical interpretation of the effects of electron and
ion scattering have brought the optical terminology
(such as “brightness rotation” and “underlying surface”) into electron and ion spectroscopy [44]. The
authors of this paper are confident that the presented
small-angle solutions will be used for solving problems of light scattering in turbid media, as well as
sea optics problems.

6. CONCLUSION. MAIN RESULTS
The paper presents several analytical solutions
that describe the radiance transmission and reflection in turbid media with the satisfactory accuracy.
The derived solutions describe the radiation scattering in multi-layered inhomogeneous media. The
approach developed in this work is based on the
methods developed in radiative transfer for spherical and Rayleigh phase functions, as well as
methods proposed by Ambartsumian, Chandrasekar, Sobolev, and other remarkable scientists, who
solved the problems of light scattering in the atmo
spheres of stars and planets [17-20]. In the present
work, it is shown that the methods designed in [17–
20] are efficient in the problems, when the scattering phase functions are strongly forward peaked
(condition (3)).
Analytical solutions such as (13) and (14) make
it possible to perform calculations with the high
speed and accuracy. Given that, the error of the
models as a function of the most relevant parame-
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and outside it. The main advantage of the first type
of communication is a high-speed data transmission. Disadvantages are interruption or impossibility of data transmission, associated with obstacles
to the propagation of information signals and “running of the beam” on the input pupil of the receiver optical system, due to the turbulent pulsations of
optical characteristics in the atmospheric communication channel. These disadvantages are deprived of
optical communication out of the sight line, which
allows it to be carried out at much greater distances.
In the foreign literature opto-electronic communication systems (OECS) are called “Non Lineof-Sight” (“NLOS”), and in the Russian literature
they are called “over the horizon or bistatic OECS”.
There are much less works on these systems in the
Russian and foreign press, than about the systems
used within the line of sight. As it follows from [1–
7], the over-horizon OECS can be divided into multicast optical communications at short and at long
distances.
The first results of studies of some OECS bistatic channels characteristics are published in the article [5]. The studies were fulfilled in the Zuev Atmo
spheric optics Institute (AOI) of the Siberian branch
of the Russian Academy of Sciences (SbRAS). The
subsequent field experimental studies results of the
transfer properties of these channels are considered
in articles [6–8]. In particular in [8], it is reported
that in the experiments the over-horizon communication at cloudless atmosphere at distances up to 70

ABSTRACT
The simulation program by the Monte Carlo
method of pulse reactions of bistatic atmospheric
aerosol-gas channels of optical-electronic communication systems (OECS) is created on the basis of
the modified double local estimation algorithm. It
is used in a series of numerical experiments in order to evaluate statistically the transfer characteristics of these channels depending on the optical char
acteristics of an atmosphere plane-parallel model
for wavelengths λ = 0.3, 0.5, and 0.9 µm at a meteorological visibility range SM = 10 and 50 km. The
results are obtained for a set of basic distances between the light source and the light receiver up to 50
km and for the angular orientations of the optical
axes of a laser radiation beam and of the receiving system in a wide range of their values. The dependences of the pulse reactions maximum values
over-the-horizon channels of the OECS on the variations of these parameters are established.
Keywords: atmosphere, scattered laser radiation, bistatic (over-horizon) optical communication, limit base distances, limit pulse transmission frequency
1. INTRODUCTION
Wireless optical communication through atmospheric channels develops in two directions:
within the line of sight of the source by the receiver
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km between the source of laser radiation with the
wavelength λ = 510.6 nm and the receiver of radiation was realised. We have supplemented the experimental studies by the theoretical studies in order to predict the effect of a particular optical state
of the atmosphere on the quality of communication and determine the optimal geometric scheme of
its implementation.
The main results of our previous theoretical stud
ies were published in articles [5, 9, 10]. The simulation of the response of the atmosphere as a linear
system on the input of the Delta-pulse (i.e., the determination of the impulse response or the impulse
response characteristics h(t)) and search (using this
function) of the optimal communication patterns
were their goal. In the framework of this problem
in [9] the algorithm of the modified double local estimation of the Monte Carlo method of the nonstationary radiation transfer equation solution is proposed and considered [11]. The proposed algorithm
makes a double local estimate at each point of collision in each possible time interval. The proposed
algorithm [9] was taken as a basis in this work.
In articles [9, 10] this algorithm is compared with
the algorithms of statistical modelling of the function h(t), proposed by other authors [12, 13]. Using
the proposed algorithm, we have: 1) the analysis of
ambient communication channels-scattered laser radiation, when the axis of the laser beam and the optical axis of the receiver lie in the same plane perpendicular to the earth’s surface (flat model of the
system atmosphere-land surface) and zenith angles
of these axes are 85°; 2) the maximum communication range and the maximum of information transmission speed at λ = 0.5 µm and the characteristics of the receiving and transmitting system; 3) the
comparison of transmission properties of channels
on the wavelength λ = 0.3, 0.5 and 0.9 µm [14].
We considered here the general case, when restrictions on the position in space of the plane containing the axes of the laser beam and the receiving
optical system, and on the zenith angles values of
these axes orientation are removed.

∞

P (t ) =
S ∫ P0 (t ′ ) h (t − t ′ )dt ′ =
S ⋅ p (t ) ,
0

where S is the photodetector’s receiving aperture
area; p(t) is the received radiation power, referred
to the unit of the receiving aperture area; P0(t) is the
power time function of the radiation source.
The atmospheric channel action of the OECS
is considered as the action of a linear system (assuming the absence of nonlinear effects in the interaction of radiation with the medium in the communication channel). The definition of the impulse
response of the atmospheric channel of OECS is
performed as follows. We consider a plane system
“atmosphere-Earth surface” without taking into account reflections from the earth’s surface. The atmosphere is an aerosol-gas medium, which has the
thickness about 100 km and is divided into 32 homogeneous layers, for every of which we use the
optical parameters of the aerosol-gas atmosphere.
The upper boundary of the first layer is set at an
altitude of 0.1 km from the Earth surface, upper
boundary of the second layer is set at an altitude
of 0.5 km, and the boundaries of the layers from
the third to the twenty third one have a step of 1
km. For subsequent layers, their thickness gradually increases from 2 to 30 km (the values of layer
thickness are not given more detailed in this article,
since they have little influence on the results of our
calculations).
The geometric formation scheme of the communication channel is shown in Fig. 1. At the beginning of the coordinates on the Earth surface there

2. THE PROBLEM STATEMENT
Knowing the response of the atmosphere (as a linear system) to the input Delta-pulse (impulse response) and the input signal, we can determine
the received signal as a convolution integral of the
form:

Fig. 1 Geometric scheme of atmospheric bistatic communication line
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Table 1. Optical Parameters of the Near Ground Surface (0–0.1 km) Layer of the Atmosphere Used
in the Calculations (σt, a is aerosol attenuation coefficient, σs, a is Aerosol Scattering Coefficient, σt, m
is Molecular Attenuation Coefficient, σs, m is molecular Scattering Coefficient)
λ, μ

SM, km

σt, a, km–1

σs, a, km‑1

σt, m, km–1

σs, m, km–1

0.3

10

0.661

0.620

0.165

0.140

0.3

50

0.113

0.106

0.165

0.140

0.5

10

0.433

0.410

0.0166

0.0165

0.5

50

0.0739

0.0700

0.0166

0.0165

0.9

10

0.215

0.196

0.137

0.0015

0.9

50

0.0367

0.0334

0.137

0.0015

is a point source of radiation with the coordinates
(0,0,0) with the beam divergence ν0 oriented in the
direction ω0 in the plane Syz at a zenith angle θ0.
At the base distance YN at an angle α from the Syz
plane on the Earth surface there is the receiving system, which has the optical axis oriented to the point
I on the axis of the source beam located at a height
H from the Earth surface. The zenith angle of the receiving system optical axis is θd, and the angle of its
field of view is νd.
Let it be required to determine the pulse reaction of the OECS bistatic channel for the given conditions of its formation. The plane Syz is called the
source plane, and the plane SID is called the plane
of the receiver.

The average time interval error of the obtained
results of calculations for SM = 50 km was 0.1–
6.2 % in all considered variants, and for SM = 10 km
it was 0.1–9 % with the exception of the variants
with λ = 0.3 and 0.5 µm for YN ≥ 30 km, in which
the average time interval error lies within 0.16–
34 %. Illustrations of some calculation results of the
impulses maxima, which response for time intervals
hmax when H = Hmin are shown in Fig. 2.
The dependence analysis of the hmax on optical-geometric conditions shows that for small base
distances YN (2–3 km), other things being equal,
hmax is maximal for λ = 0.3 µm. At large YN and at
low atmospheric turbidity (SM = 50 km), hmax is
maximal for λ = 0.5 µm. At high atmospheric turbidity (SM = 10 km), the behaviour of hmax is more
complex. At small α (near 0°) at YN = 2–10 km, hmax
is maximal for λ = 0.5 µm, and at YN > 10 km, hmax
is maximal for λ = 0.9 µm (Fig. 2, (a)). However, at
α ≥ 10° and YN > 2 km, hmax is maximal for λ = 0.5
µm.
The reason for such dependence of the hmax val
ues on the variable parameters is that at λ = 0.3 µm
not only the radiation scattering is stronger, but also
its attenuation (due to ozone absorption) is greater than at other λ; this greatly reduces the received
signal power at large YN. The role of scattering and
attenuation at λ = 0.5 is higher than at λ= 0.9 µm
at high atmospheric turbidity and lower absorption (due to the presence of water vapour absorption at λ = 0.9 µm).
The calculations also show that, other things being equal, hmax at H = Hmin is higher than at any H >
Hmin. This is due to the fact that when H = Hmin the
length of the path SID and the scattering angles of
the trajectories are minimal on the average.
Knowing the characteristics of the receiving and
transmitting equipment and the pulse response of
the atmospheric channel, it is possible to determine

3. CALCULATION RESULTS
The program calculations based on the algorithm
of the modified double local estimation [9] were
performed under the following optical-geometric
conditions: radiation wavelengths λ = 0.3, 0.5, and
0.9 µm; meteorological visibility ranges SM = 10
and 50 km. The generator of optical models sets
optical parameters of cloudless aerosol-gas atmosphere at the specified SM on the basis of the program
“LOWTRAN7” [15]. The values of optical factors
for the above ground layer of the atmosphere are given in Table 1. At the same time θ0 = 0°, 45°, and
85°; ν0 = 0.0034°; YN = 0.5–50 km; α = 0°, 10°, 30°,
60°, and 90°; H = Hmin = 0.1, 0.5, 1, 3, and 5 km;
νd = 2°; the maximum trajectory length lmax = 200
km (without YN). The Hmin was taken as the height,
at which θd = 85°. The total calculations were performed for 2412 variants of optical-geometric conditions. The calculation of one variant depended
on the conditions of calculations and was about 40
minutes per computer with the performance 19.5
GFlops on the LIN-X test.
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Fig. 2. Maximum impulse response
hmax (YN) at:
SМ = 10 kм, α = 0°, θd = 85° (а);
SМ = 10 kм, α = 60°, θd = 85° (c);
Sм = 50 kм, α = 0°, θd = 85° (b);
SМ = 50kм, α = 60°, θd = 85° (d)

the limit range of the communication line. As an apAs a limit, we take the power that satisfies the rapropriate example, we consider a laser with λ = 0.5 tio [16–18]
µm as a transmitting information system. Suppose
that the laser pulse shape is rectangular, its duraF ΣñM
=
ρ =
1, (1)
tion Δt = 30 nsec and the
average pulse power P0 =
Re
2kT
2
18 182 W. Let the amplifier element (PMT‑17A)
2e∆f [ M I k (1 + B ) +
(1 + )]
eRi
Ri
used as a part of an ideal receiving optical system.
For the maximum range of communication for given α and θ0, we take YN, in which the power level where
of the received radiation P matches the limit. For
the upper bound of P we take the maximum P used
ΣA
1
under the given conditions.
M
=
, ∆=
f
,
(2)
Σc
2 Ri Ca
With the growth of YN, the values of the impulse
response are changed many times, so it makes sense
I k =Σ c ⋅ F + I k + Σ c ⋅ Fb , I k = jT ⋅ Q,
to consider the value of the ratio P0 to P reduced
to decibels, η [2]:
ρ is the signal-to-noise ratio; Ik is the mean value of
 P0 
=
η 10lg
=
10lg
,
P
P
the photocathode emission current; F is an average
(0 )
 pS 
value of the luminous flux measured; Σc is the photocathode integral sensitivity; ΣA is the anode senwhere p is the power of the received radiation per sitivity; Re is the equivalent noise resistance; (1 +
unit area of the aperture, S is the area of the aperture. B) is the noise factor; T is the absolute temperature
of the photomultiplier (PMT); M is the gain of the
Then the limit YN will be the distance, at which
PMT; Δf is the frequency band; Rl is the load resistance;
Ca is the capacitance between the anode outP 
η > η* , η* = 10lg  0  ,
put and the last cascade; Fb is the background il P* 
lumination; Itk is the current of the photocathode
thermal emission; jT is the thermoelectric current
density; Q is the photocathode area.
where P* is the limit of P0.
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Table 2. Constants of Approximation for the Calculation of η
λ, μm

SM, km

C1, dB

C2, dB

C3, dB/rad

N0

C4

C5

0.5

10

114

–33.4

35.2

0.109

0.024

–0.016

0.5

50

120

–31.2

31.8

0.076

0.007

–0.003

The following values were used in the calculations (1) and (2) [6, 16–21]: Σc = 40 µА/lm [20,
P. 134]; ΣA =10 А/lm [20, P. 134]; Rl = 108 Ohm
[18, P. 274]; Ca = 10–11 F [18, P. 274]; 1 + В = 2.5
[18, P. 274]; T = 256 K [6]; Re = 3.5·106 Ohm [20,
P. 161]; jT = 10–15 А/cm2 [16, P. 109]; Q = 0.8 cm2
[19, P. 46]; Fb = 0 lm.
Our earlier estimates [14] for the
PMT‑17A showed that F =2·10–11 lm in the conditions considered by us. For conversion from lm
to W we have the equation
P=

F

Cν ( λ )

,

where C = 683 lm/W; ν(λ) = 0.323 at λ = 0.5 µm
[21, P. 23].
In this article, we consider a special case when
Fb = 0 lm. The case of the presence of a solar background will be the subject of the following works.
The algorithm of statistical modelling of the background radiation is developed and tested by us in the
framework of [22].
For the maximum P and for cases, when H =
Hmin (that corresponds to the best conditions for P),
the ratio η was calculated. An approximation of its
form was constructed for its description

η (θ0 , YN ,α ) =
 C1 + C2 (1 − cos θ0 ) +   YN  N0 + C4θ0 + C5θ0 α
=
, (3)


 + C3 α (1 − cos θ0 )   0,5 
where C1–C5, N0 are the approximation constants.
The applicability conditions of the formula (3)
are: θd = 85° (H = Hmin), –90° < α < 90°, 0° < θ0 <
85°, and YN = 0.5–50 km. The values of the approximation constants are given in Table 2. The absolute approximation error at SM = 50 km is 0.01–9.06
dB; the absolute approximation error at SM = 10 km
is 0.02–12.8 dB.
Using the approximation (3), the dependences
η on the location of the receiving system and θ0
for the situations, when η < 173 dB are constructed
(Fig. 3). The figure shows that the obtained dependences are in full agreement with the conclusions
obtained for the hmax dependencies.
Another factor that characterizes the quality of
the communication channel is the limit number of
pulses per unit of time, which can be transmitted
and received through the communication channel.
This characteristic is related to the speed of information transmission. Following the work [2], as the

Table 3. The Range of Variation of νmax
θ0, °

α, °

νmax (0.5)

νmax (50)

θ0, °

α, °

SM = 10 km
0

νmax (0.5)

νmax (50)

SM = 50 km

4.53E+06

7.65E+03

0

4.61E+06

3.29E+04

45

0

1.04E+07

1.71E+04

45

0

1.05E+07

8.58E+04

45

10

1.03E+07

1.82E+04

45

10

1.03E+07

8.34E+04

45

30

9.06E+06

1.28E+04

45

30

9.15E+06

6.88E+04

45

60

6.45E+06

8.48E+03

45

60

6.55E+06

4.34E+04

45

90

4.34E+06

6.15E+03

45

90

4.44E+06

2.77E+04

85

0

1.99E+07

7.22E+04

85

0

1.99E+07

1.09E+06

85

10

1.87E+07

2.14E+04

85

10

1.88E+07

3.88E+05

85

30

1.22E+07

9.15E+03

85

30

1.24E+07

4.95E+04

85

60

2.72E+06

4.43E+03

85

60

2.89E+06

1.07E+04

νmax(А) = νmax (А = YN)
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Fig. 3. Dependence η(x, y)
at λ = 0.5 µm at:
SM = 50 km, θ0 = 0° (a);
SM = 10 km, θ0 = 0° (b);
SM = 50 km, θ0 = 85° (c);
SM = 10 km, θ0 = 85° (d)

pulses transmission limit frequency ν, which allows
the communication channel, we can take the value
of νmax defined implicitly as:
F  P (t ) (ν max )
F  P (t ) (0)

F  P (t ) (ν ) =

+∞

= 0.5,

∫ P (t ) e

2π iν t

dt ,

−∞

where P(t) is the power distribution of the received
radiation; F is the Fourier transform.
ν max values were calculated for the optical-geometrical conditions and characteristics of the
receiving-transmitting equipment described above.
Examples of calculation results are shown in Fig. 4,
and Table 3 shows the range of νmax changes in the
YN from 0.5 to 50 km and different values of θ0 and
α. The calculation results show that νmax decreases
with the growth of YN and α. At small YN (up to 5
km) νmax weakly depends on the turbidity of the medium, and at large YN with increasing turbidity νmax
decreases several times. From Table 3 it follows that
νmax lies in the range from 4·103 to 2·107 Hz at Δt =
30 nsec and at the specified parameters of the transmitting-receiving communication system.

4. CONCLUSION
The simulation program by the Monte Carlo method of bistatic atmospheric aerosol-gas channels
pulse reactions of OECS is created on the basis of
the modified double local estimation algorithm [9,
10]. This program is used in a series of numerical
experiments to statistically evaluate the transfer characteristics of these channels depending on the optical characteristics of an atmosphere plane-parallel
model at λ = 0.3, 0.5, and 0.9 µm at a meteorological visibility range SM = 10 and 50 km. The results
are obtained for a set of basic distances (up to 50
km) between the radiation source and the radiation receiver and for the angular orientations of the
optical axes of a laser radiation beam and of the receiving system in a wide range of their values. The
dependences of the pulse reactions maximum val
ues over-the-horizon channels of the OECS on the
variations of these parameters are established.
The upper estimation of the limiting frequencies
and the action ranges of the model optical-electronic
communication system, which simulates the system
already used in field experimental studies, is carried
out [7, 8].
The main conclusions from the analysis of the
results are as follows: 1) the maximum power of the
received information pulse is maximum at λ = 0.3
µm at small base distances (2–3 km), other things
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Fig. 4. Dependence of
νmax (YN) at SM =10 km
(a) and 50 km (b)

being equal; 2) the maximum power of the received
information pulse can be achieved for λ = 0.5 µm at
large base distances (SM = 50 km) and low turbidity;
3) it can be achieved for λ = 0.5 and 0.9 µm at high
turbidity of the atmosphere (SM = 10 km) depending
on the basic distances and the orientation of the reception plane.
The limiting pulse transmission frequencies
for bistatic communication optoelectronic systems
depending on the optical state of the atmosphere
and the geometrical parameters of the communication channel formation schemes lie in the range
from 4·103 to 2·107 Hz.
The work was performed with financial support
within the Priority direction II.10, project II.10.3.3.
“Direct and inverse problems of sounding of the atmosphere and the Earth surface, atmospheric correction, and communication by optical-electronic
systems using scattered laser radiation”.
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ABSTRACT
A method of form factors matrix transforming,
which allows accelerating calculation of secondary
illumination by the radiosity method is proposed.
An adaptation of this method for graphic processors (graphics processing unit, GPU) is considered.
In particular, it is proposed to use DXT textures
to store form factors matrix and to reorder columns
and lines of the matrix to reduce compression losses. The proposed optimisations increase the speed
of radiosity algorithm work to ten times and reduce
the GPU occupied memory volume to three times.
Keywords: radiosity, global lighting, GPU
1. INTRODUCTION
Global lighting of 3D scenes is a combination of
the light source (LS) primary lighting and of the secondary lighting multiply reflected from the scene
surfaces. The calculation of the secondary lighting
is maximum complex as the illuminance integral dimension increases with each reflection. Therefore,
in real time applications some methods of the approximate calculation are used.
2. A REVIEW OF THE EXISTING
METHODS
2.1. Instant Radiosity Method
Instant Radiosity is one of the most popular methods due to its simplicity [1, 2]. To calculate the

secondary lighting, secondary LSs are used, which
are created by the ray tracing from primary LSs.
Thus, the secondary lighting can be considered as
the primary from secondary LSs. Reflective Shadow
Maps (RSM) algorithm is a development of the Instant Radiosity method for GPU [3]. Instead of the
ray tracing in the RSM, to create secondary LSs, the
Shadow Maps are used. The main disadvantage of
this method is its low accuracy.
2.2. Light Propagation Volumes Method
Light propagation method [4] creates secondary
LSs, as well as the Instance Radiosity method, but
the calculation of secondary lighting is made by
means of the light propagation using a three-dimensional net. The main disadvantage of this method
is the high memory consumption and low efficiency when calculating the light propagation through
empty spaces.
2.3. Voxel Cone Tracing
Voxel Cone Tracing method [5] makes a “lighting collection” for each pixel by the several cones
tracing from a set surface point imitating the
Monte-Carlo ray tracing over a hemisphere. This
method (just as the previous) uses a voxel net for
a simplified geometry presentation, and the cone
tracing is similar to the ray marching. The difference is that with the distance increase, the selection is made from more rough MIP-maps of the
voxel net, due to which a geometrical cone appro-
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Fig. 1. Distribution of values in a form factor matrix (logarithmic and linear scales)

ximation occurs. A high calculation complexity and
a calculation speed dependence on the resolution are
the disadvantages of the algorithm.
2.4. Spherical Harmonics Method
Spherical harmonics method [6] is based
on the expansion of complex illuminance functions
into a sum of values, which are simpler to be calculated. For some surface points (as a rule, for top
points) basis expansion coefficients of their lighting
functions are calculated. Lighting functions from
LSs are also expanded on the basis. As a result, the
calculation of lighting in a point with the illuminance function expanded in it is reduced to a dot
product of vectors consisting of illuminance function coefficients in this point and of lighting functions from LSs. This method is widely used when
visualising open spaces, but it is less accurate than
the radiosity method in case of closed rooms.
2.5. Radiosity Method
Radiosity method [7] allows obtaining highquality images for closed rooms with diffuse surfaces, and in many respects, it is not worse than
more modern methods. However, implementation time and required resources strongly depend
on the scene. For the scenes containing hundreds of
thousands triangles, a direct radiosity application is
complicated because of the square complexity and
of the memory consumption depending on the primitive numbers. Therefore, in practice, the radiosity
algorithm is performed for a simplified scene (containing fewer surfaces) and the calculation result is
transferred to the initial scene [8]. It should be noted
that along with the spherical harmonics, the radiosity algorithm transfers the main computing complexity to a preliminary calculation stage, and due to this

fact, a good accuracy and speed balance is reached
in comparison with other methods.
3. KEY TERMS AND DEFINITITIONS
In the classical radiosity algorithm, the form factor matrix F of n×n size is used, where n is the number of scene sites. To calculate the illuminance mi
after reflection, this matrix is multiplied by n-component vector of initial luminous exitance me(0) containing the sites luminous exitance:
mi (1)= F ⋅ me(0) .
Multiplying the obtained vector by reflectance ρ
of the sites, to which light has come, luminous exitance of the sites after reflection is calculated as
follows:
(1)
m=
mi (1) ⋅ ρ .
e

(1)

Three-component vectors containing information on each colour channel are vector elements
in these formulas, and real numbers from 0 to 1 are
form factors matrix elements. The presented calculations can be repeated using vectors me(n) instead
of the initial site luminous exitance to obtain light,
which has come to the scene sites after an arbitrary
reflection:
)
mi (n=
F ⋅ me (n −1) .

(2)

The full scene lighting after k reflections can be
obtained by summation of vectors mi(n):
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Fig. 2. A fragment of
form factor matrix
before selection (on the
left) and after selection (on the right) of
lines and columns. An
increased fragment of
form factor matrix

4. THE PROPOSED METHOD

 k

=
I  ∑ ( F C ) n −1  ⋅ mi( n ) .
 n =1


4.1. Preliminary Calculation of Several Scene
Reflections
The proposed modification is to use of the transformed form factor matrix. In the beginning, a “colour” form factor matrix is introduced:
C
Fij=
Fij ⋅ ρ j ,

where ρj is colour of j site. This matrix contains information on light transport between scene sites
along each channel separately. Thus, its storage requires three times more memory. In this article, the
use of the radiosity algorithm for the secondary
scene lighting is considered. Therefore, the radiosity calculation begins not from the vector mi(1) obtaining, but from the luminous exitance calculation after the first reflection me(1). One can consider
that the vector me(1) is already calculated. We can
transform the expression (2) using the formula (1)
for an arbitrary index.
mi( n ) = F ⋅ ( ρ ⋅ mi( n −1) ) =
=
F C ⋅ mi( n −1) =
( F C ) −1 ⋅ mi(1) .

.

(4)

The matrix polynomial in brackets does not depend on the primary scene lighting and depends
only on the scene geometry and on surface materials. Therefore, it can be found at the preliminary
calculation stage:
 k

S =  ∑ ( F C )i −1  .
 i =1

Thus, the calculation of the secondary lighting
by the radiosity method after k reflections is reduced
to one multiplication of the vector by a matrix:
mi( n )= S ⋅ mi(1) .
Using this type of matrix allows accelerating
the calculation k times (where k is the number of
reflections); however, it requires three times more
memory.
To take into account all possible light reflections on a scene, it is necessary to calculate an infinite series

The summation (3) can be transformed using (4):

 ∞

S =  ∑ ( F C )i  .
 i=0


Fig. 3. Layout of lines
and columns interchanging used by the
authors when selecting
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Fig. 4. Visualised
difference between
the compressed and
uncompressed textures
(an increased fragment)
before (on the left) and
after (on the right) lines
and columns reordering

Fig. 6. Comparison of radiosity calculation speeds.
(A compression increases the speed since the algorithm is
limited by the memory access but not by calculations.)
Fig. 5. Comparison of form factor files and matrices
size, MB

Limit process. As the initial matrix is positively determined, all numbers in it are less than 1 and,
moreover, sum of numbers in one line is less than 1,
then the formula for the calculation of the geometrical progression sum is applicable to this series
S = F C ⋅ (I − F C ) .
−1

this format, all matrix values should be reduced
to an interval of 0–255. Fig. 1 shows the value distribution in a form factors matrix. When scaling
these numbers in the 0–255 interval, most of the
numbers are set to zero. Therefore, large numbers,
which make the basic contribution to the radiosity
calculation, are stored separately of the rest matrix,
and the following transformation is applied to the
others:

However, calculation of a reverse matrix is not
 


valuei
always possible because of the solution instability.

 + shift ,0 
max log 
value j 
  max

At the same time, the calculation of a series partial

j
'
=
⋅ 255 .
value
sum does not have such a disadvantage and allows
i
shift
taking into consideration large reflections number at
the preliminary calculation stage.
The texture, which is obtained as a result of
4.2. DXT Compression
a such transformation, is shown in Fig. 2, on the
left.
However, the DXT compression is followed by
As the proposed algorithm modification requires a greater memory volume, a method of form losses. In order to minimise them when compressfactor matrix storage in the summary form was ing, matrix lines and columns are sorted to reduce
developed. As a storage format, DXT texture for- the difference between the neighbour values (Fig. 2,
mat supported by many GPUs was selected (a hard- on the right). As the matrix is a relation of the scene
ware decompression when reading is meant). For sites for couples, lines and columns should change
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Fig. 7. Images obtained by the Light Propagation Volumes
(a) and by the proposed (b) methods, as well as by the path
tracing /reference/ (c). The Light Propagation Volumes and
the proposed methods work with 40 frames/s frequency /
(25 ms period), and the reference is obtained within 5 min.

positions simultaneously (Fig. 3). As a result, the
root-mean-square error, when compressing, decreases to five times (Fig. 4).
4.3. Implementation Details
As modern 3D scenes contain hundreds of thousands of triangles and time of the radiosity algorithm implementation is unacceptable for a such
scene site number, to calculate the secondary lighting, a simplified version of the same scene was selected using a simplification method based on the
voxel net from the article [9].
Thus, the scene pre-processing is implemented
according to the following schedule:
1. A simplified scene analogue is constructed
based on the voxelisation;
2. Form factors are calculated for sites of the
simplified scene;
3. A form factor matrix is calculated, which
takes into consideration several light reflections;
4. The matrix numbers, which are bigger than
the threshold value, are stored in a separate file, and
zeroes are put on their places;

Fig. 9. An image obtained by the proposed method

Fig. 8. An image obtained by the Light Propagation
Volumes method (Unreal Engine 4)

5. Values in the matrix are reduced to the 0–255
interval;
6. An interchange of lines and columns is made;
7. The obtained matrix is stored as a DXT
texture.
The visualisation occurs according to the following algorithm:
1. A shadow map is created;
2. Lighting of the simplified scene sites made by
LSs is calculated;
3. The secondary lighting is calculated using the
radiosity method by means of the form factor matrix
stored as a texture;
4. The secondary lighting is transferred from the
simplified scene to the initial.
4.4. Comparison of the results
The proposed algorithm modifications allow accelerating the radiosity algorithm in total to ten
times (Figs. 5–7). The use of the form factor matrix, which is taking into consideration several reflections, increases the matrix file size three times,
however, the use of the DXT compression allows reducing the required memory to three times
in comparison with the initial form factor matrix

Fig. 10. An image obtained by path tracing (as a reference)
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and with the classical radiosity algorithm (Fig. 5).
We have carried out a comparison with the images
obtained using the Light Propagation Volumes method of the Unreal Engine 4, the classical radiosity,
and the ray tracing (reference). The proposed method shows a result comparable by accuracy with
the classical radiosity. Based upon the images, it
is closer to the reference than the Light Propagation Volumes method with the identical frame frequency (Figs. 7–10).
5. CONCLUSION
Unlike other widespread methods of solving the
radiosity equation, the proposed method allows calculating the global lighting during n2+O(n) arithmetic operations and readings from the memory
(where n is the number of scene sites) as it is reduced to the single multiplication of the matrix by
the vector.
A similar result could be achieved solving a system of linear algebraic equations by means of LU
expansion. However, an effective implementation of
LU GPU expansion is nontrivial, and when using
third-party libraries (for example, the CUBLAS),
there is no possibility to use a compression. The latter, as noted above, is critical for the radiosity algorithms (Figs. 6, 7).
The work is supported by the grant 16–31–
60048 mol_a_dk of the Russian Foundation for Basic Research.
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ABSTRACT
The article is devoted to the actual problems of
modern urban planning – the development of an insolation (solar irradiation) plate and its wide application in the solution of town planning tasks for
the summer warm period with the aim of creating
a comfortable insolation, light and microclimatic
environment in buildings and urban areas.
Keywords: insolation, insolation plate, illumination, solar radiation, buildings, buildings, microclimate, comfort of the environment
The purpose of the article is to develop the design of the insolation plate with the purpose of practical application for a qualitative and quantitative
assessment of the insolation regime of premises and
the territory of urban development for the summer
warm period for different geographical latitudes.
Solar radiation has an extremely high biological and hygienic value, is a powerful health and
preventive factor, having a positive psycho-physiological effect on a person. In this regard, regulatory
documents determine the need to dose insolation of
premises, territories and the human environment
[1,2,3,4,5].
The effect of insolation on the life and activity
of a person can be both positive (additional heating and lighting in cold weather, bactericidal action)
and negative (overheating of the environment in the
summer, uncomfortable lighting, glare, destroying
effect of sunlight) [6,7].

Insolation causes a number of negative reactions on a person, in particular, causes the stress of
a person’s thermoregulatory apparatus, and leads
to a weakening of local and systemic immune reactions, a violation of the cardiovascular system and
exacerbation of herpetic infections.
In the summer months, with prolonged irradiation of buildings and the active surface of urban
building, a superheating discomfort microclimate is
formed indoors and in the building area, which determines the dosage of insolation and sun protection in the premises of residential, public buildings
and urban areas [4].
In this regard, in the solution of town-planning
tasks, in the process of developing a volume-planning structure of buildings, determining the height
and orientation of buildings around the world, the
size of the gaps between them, places for children’s,
economic and other sites, the requirements for the
insolation environment must be taken into account,
depending on the purpose of the buildings, territories and administrative area.
When developing a detailed design of micro-districts, urban areas, there is an intuitive approach
for designing architectural and planning structures
of construction, zoning of the territory of free micro-spaces, the formation of elements of landscaping, gardening and small architectural forms often
occurs. For this reason, in the summer overheating
period, the thermal discomfort of the human environment is created.
For the purpose of assessing the qualitative and
quantitative indices of insolation of the summer
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Table. Total Solar Irradiation, W/m2
Orientation /
hours

Horizontal plane

South

East

West

05

89

16

294

41

06

196

46

583

58

07

314

78

750

65

08

455

184

786

74

09

587

321

734

76

10

691

447

582

79

11

772

550

385

85

12

817

603

196

199

13

772

550

85

386

14

691

447

79

582

15

587

321

76

734

16

455

184

74

786

17

314

78

65

750

18

796

46

58

583

19

89

16

41

294

20

-

-

17

-

warm period, premises of buildings and territories with a complex space-spatial, architectural and
planning solution, the design of an insolation plate
is proposed. Insolation plate allows at the design
stage to perform preliminary forecasting of the insolation regime and to identify architectural and
construction and planning means for regulating
the radiation and heat-wind conditions in urban
micro-spaces.
Scientific developments in the issues of insolation of cities and buildings are widely conducted
in our country and abroad. To this problem, such
specialists as architects, hygienists, etc., show great
interest, since insolation is the most important natural factor of urban development. A variety of graphs
and plates have been developed to estimate the standard duration of insolation in accordance with the
requirements for geographical areas [8–17].
The requirements for insolation and sun protection of building premises are carried out in accordance with the provisions of SanPiN and the Code

of Rules. The boundaries of the zones in latitudes,
the calculated days and the standard duration of insolation, sun protection of living quarters of the
apartment, the territory of urban development are
presented in the relevant regulatory documents
[4,5,18–21].
Consideration of the role of the thermal effect of
solar radiation as the determining factor of the overheating of the climatic environment is especially
important in the architectural and structural design
of buildings and urban micro-territories for the hot
season. In connection with this SanPiN hygienic requirements for limiting the excessive thermal effect
of insolation on the territory of residential development are defined.
At present, many methods for calculating the
standard for the duration of insolation of rooms
have been developed, for the insolation period, depending on the range of geographical latitudes established by SanPiN. They should be reduced to the
following:
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Fig. 1a. Insolation plate
for the day’s sun (main
part)

Fig.1b. Insolation
plate (overlay part),
insolation angle of the
window

– A method of calculating insolation, which
does not simulate the natural course of insolation on the building plan, and definition of qualitative and quantitative indicators is made by formulas and tables;
– A calculation method that does not simulate
the natural course of insolation on the building plan,
which gives insolation indices by means of charts,
diagrams, graphs, and subsequent calculations by
formulas and tables;
– A method of calculation, simulating the natural course of insolation in the building plan, which
allows using instruments to determine the qualitative and quantitative indicators of the sun’s energy,
mainly for equal-floor buildings;
– Ways of calculation of insolation by computer programming, therefore, algorithms and computer programs that allow us to calculate only the

qualitative characteristics of insolation have been
developed.
Existing insolation plates, instruments and programs have a certain scope and are not universal
for solving simultaneously a variety of architectural and spatial planning and voluminous spatial
practical tasks in quantitative and qualitative estimation of insolation. Each of the instruments and
techniques is acceptable at the boundary of the
zones according to the geographical latitudes of the
normalized period of the year, to predict the insolation regime in the relevant area of architectural and
construction design, depending on the specific case
of the spatial planning structure of urban buildings,
such as the number of floors of buildings, the gap
between them, orientation, zoning micro-territories,
shading elements, landscaping and improvement.
It is also noted that the calculation of the qualitative and quantitative characteristics of insolation of
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the warm period of the year in the above methods
and instruments remained out of sight.
Along with the existing devices, the proposed
practical application of the insolation plate allows
to calculate both the qualitative and quantitative indices of insolation of the warm period of the year
on the plotted layout of the multi-storey architectural and planning project at the design stage without
complex graphic constructions.
The operating principle of the insolation device
is determined by the laws of interaction of the visible movement of the sun in the sky and the position of the insolated object on the surface of the
earth.
The insolation plate design kit for geographic
latitudes is basing on solar geometry, i.e. the movement of the Sun in the sky in the summer warm
months (Fig. 1a, b). The insolation plate was developed on the basis of astronomical tables, geographic data, reference nomograms and data of construction climatology SNiP and SP.
So, the insolation device of the plate type consists of two parts, the basic transparent fixed, characterizing the daylight course of the sun (Fig. 1a),
and the overlay transparent moving around the central point, which determines the insolation angle of
the window (Fig. 1b).
The main part of the device consists of a set of
designs of individual transparent plates with an interval of 5о for the following latitudes 40о, 45о, 50о,
55о, 60о n.l., characterizing the daytime course of
the sun (Fig. 1a). To the main part there is an overlay transparent part that takes into account the horizontal and vertical insolation angles of the window
when calculating the qualitative and quantitative indices of indoor insolation (Fig. 1b).
Each insolation plate is acceptable in application for the geographical belt 5о, for example,
a plate for 55о n.l. is used in the belt from 52о301
to 57о301n.l.
The centred points C and I of the moving part of
the plate are aligned with the inspected building object, made on a scale of 1: 1000 or 1: 2000.
Calculation of the duration of insolation of premises of buildings of different number of storeys,
in hours, is made on the building plan by visual
overlapping on the facade line of the building, fastened to the central points of both plates, coordinating the direction of the north sign of the insolation plate with the planning layout of the building.
In this case, the quantitative characteristic of solar

radiation of the insolation period, in W/m2, using
the data of the table attached to the main part of the
plate is calculated.
Calculation of the duration of insolation of the
territory of a multi-storey urban development is
visually superimposed by the central point of the
main part of the insolation plate to the point under
study planning layout of the building, with the subsequent addition of the data of the table of arrival of solar radiation during the insolation period.
The main part of the insolation device is to identify zones of active insolation of the territory of urban structures and to build an envelope of shadows
from buildings of various-storey buildings, a shading area from greenery of various types in the hot
extreme period of the year.
The design of the insolation plate is designed
to assess the summer insolation regime of the facade and premises of buildings with different orientations, the presence and absence of a balcony, loggias, sun screens in a multi-height building,
a building site with various means of sun protection and landscaping with large-scale plantings.
On the insolation plate, the insolation time is given by mean solar time.
Calculation of total solar radiation coming to the
horizontal surface of the territory, roofs of buildings
and vertical walls of buildings of different orientations for the insolation period is made according
to the data of the table attached to the main part of
the insolation plate.
In the design of an insolation plate, when calculating the quantitative and qualitative indices of the
insolation of building premises, facade walls, building area, the intensity of total solar radiation, depending on the geographical latitude of the terrain, the
time of the June day, the location and orientation of
the surface, the height of the shading buildings, the
state of the atmosphere and altitude above sea level
are taken into account.
The data on the thermal solar radiation of the insolation period, determined from the table, are taken into account in the planning, building up of
newly constructed and reconstructed micro-districts
and cities, the orientation and arrangement of buildings, the shaping of buildings, the internal layout
of buildings, the choice of dimensions, the type and
arrangement of light barriers, the design of sunscreens, constructions for heat resistance, use of solar panels, landscaping, garderning, watering and
sun protection of territories.
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In the development and reconstruction of general
plans for cities, settlements, as well as detailed planning projects and schemes for planning the organization of land and territories, the insolation plate
allows to predict the qualitative and quantitative
characteristics of the insolation regime of the urban
area with the identification of zones and facades of
buildings with active insolation, which allows us
to estimate the comfort of the microclimate.
For practical purposes, at the stage of drawing up
a detailed urban planning scheme aimed at improving the comfort of the microclimatic, light-climatic
and bioclimatic environment, the insolation plate allows us to make practical design and research works
according to the following scheme:
– An insolation chart is constructed for an urban
building fragment plotted on a topographic base by
means of an insolation plate, including an insolation graph with an isoline of 6, 8, 10, and 12 hours
of insolation, and the intensity of arrival solar energy for these periods is calculated;
– An envelope of shadows is constructed with
the identification of zones with the longest duration of insolation, shading and heating of the surface
of the territory, insolation of facades and premises
with the longest duration of insolation;
– A plot of shadows from large-scale tree plantations used to compile a dendrological plan is constructed, their location and density are determined
taking into account the shading effect aimed at improving the microclimate;
– A purposeful functional zoning of the urban
development area is carried out, depending on the
insolation condition;
– When building planning, the orientation of
buildings with the definition of gaps between them
are correcting at the design stage.
The insolation plate has a wide application in the
solution of town planning tasks for the summer
warm period. Experts highlight the role of the insolation plate in calculating the duration of insolation of premises and the territory of buildings, the
climate of buildings, assessing the energy efficiency of buildings, determining the thermal loads of the
building’s heat-and-cooling systems, calculating the
heat resistance of the enclosing structures, assessing
the microclimate of the premises, choosing effective
protective measures to combat summer overheating
in the premises and on the territories of building, the
choice of the orientation of buildings and their window openings on the sides of the horizon, in solving

problems in the field of light under different conditions of formation of interconnected zones of irradiation and shading in architectural planning and volumetric spatial formations of the city, in the design
of solar protection systems and solar systems, as
well as in the design and construction of ecological
buildings and cities, planning, building, landscaping, gardering and watering of urban areas.
Summing up, it should be noted that the use of
an insolation device of the plate type allows solving
a number of scientific and practical town planning
tasks by calculating and assessing the quantitative
and qualitative characteristics of the insolation regime aimed at improving the ecological environment of urban buildings and buildings in the warm
period of the year.
For the purpose of a wide application of the
insolation plate, methodical instructions for describing the device, the principle of operation and
application of the insolation plate in design practice have been compiled. The application of the
insolation plate in practice was tested during the
development of the general plan of the city of
Buka in Uzbekistan and the reconstruction of the
city of Dushanbe in Tajikistan, as well as in the
preparation of graduation master’s works.
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