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After a serious illness at the age of 77, a distinguished lighting techni-
cian, the largest figure in international standardization in the field of light-
ing engineering, Mr. Lou Bedocs died. Lou was a former Technical Di-
rector of Thorn Lighting Limited and the manager of the Thorn Lighting
Technology Centre (Spennymoor, England). He was also a permanent ac-
tive member of the international editorial board of our journal Light & En-
gineering (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 grad-
uated from Malvern Chase Secondary School. Thanks to exceptional ener-
gy, inexhaustible optimism and great curiosity, he found work at the lead-
ing lighting company Thorn Lighting Limited (from 1957).

Since then, he has been interested in lighting engineering which be-
came the work of his life, 60 years of which Lou gave to successful work
at Thorn Lighting Limited. Mr. Lou Bedocs creatively and actively col-
laborated 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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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
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Thomson Scientific (Citation index) and other
international publishing houses and agencies,
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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 re-
search report and collaborated with me on a number of research projects. He encouraged my involve-
ment in the world of standards and regulations and was always ready to give help or guidance.”

ABSTRACT

This paper discusses the organisations involved
in the development of application standards, Eu-
ropean regulations and best practice guides, their
scope of work and internal structures. It considers
their respective visions for the requirements for fu-
ture standardisation work and considers in more de-
tail 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, loT

1. INTRODUCTION

When considering artificial lighting there are
two main areas of standardisation, product require-
ments and application requirements. Product re-
quirements are predominantly concerned with safe-
ty and performance whilst application requirements
consider what criteria need to be satisfied when us-
ing a product within a lighting installation. This pa-
per shall predominantly focus on the work of stand-
ardisation of application requirements.

As the development of standards may be per-
formed to address specific regulatory requirements
from an individual state such as the United King-
dom or Russia, or from a wider political body such
as the European Union, there can also be close

links between standards organisations and regula-
tory bodies. For instance the documents EN15193—
1:2017 [1] and PD CEN TR15193-2:2017 [2] were
developed under a European Union Mandate to sup-
port 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 stan-
dards development.

Product
features
Solutions

Research
Conferences
Lectures

Laws
Regulations

Standards

Professional
and Trade
Associations

Fig. 1. Inter-relationships and inputs to standardisation
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However standards need a solid scientific basis,
and therefore make use of papers presented in aca-
demic journals and technical conferences. The aca-
demic 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 organi-
sations in developing standards and who they rep-
resent 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.

2. STRUCTURES AND
REPRESENTATIVES

At an international level standardisation is ge-
nerally performed within the International Electro-
technical Commission (IEC) for product standards
and the International Organization for standardi-
sation (ISO) for application standards. Within Eu-
rope these equate to CENELEC for product stan-
dards, 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 Com-
mission on Illumination (CIE) or less formally by
various industry consortia such as Zhaga, a global

lighting-industry organisation that aims to standard-
ise components of LED luminaires.

These organisations can roughly be split into four
categories;

* Professional societies which generally con-
cern a specific discipline and further the interests
of professionalism within that discipline and their
members.

* Trade associations and industry consor-
tia which generally represent the interests of a spe-
cific industry with respect to standards and regula-
tions 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 gov-
ernments who enact laws to enforce safety and stan-
dards and protect consumers.

When working across these organisations a per-
son may be representing themselves, their employ-
ers or their country as shown in Fig. 2.

So within professional societies a person gene-
rally acts as an individual, unless they have a for-
mally appointed position, in which case they tend
to represent the society; within industry associa-
tions a person tends to represent a company; and
within standards bodies they tend to represent
a country. It is difficult for a person from academ-
ia or industry to be directly involved in law-mak-
ing although they can influence the process through
lobbying and informing politicians and government
organisations on what is good practice and practica-
bly achievable.

ocieties Associations [Standards Laws and
directives
World ICIE WTO ISO, IEC IUN
Continents ESNA, CIEChina,NEMA IANSI, ASTM IFederal
ESAustralia CCl ICCC iGovernments
AMF IASL..
[European (Lux Europa) LightingEurope [CEN, CENELEC [EU
National, LiTG, SLL, ILP, [ZVEI, FEEI, LIA, |DIN, BSI, ON, INational laws f.e.
iin each country, LTG, SLG, AFE, [SdIE IAFNOR, SNI, Building
f.e. INsVV, ... regulations,
EnEV, ....
Representation |Dedicated Companies Appointed Politicans,
lighting experts Jlighting experts |national lobbyists
delegates

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 ex-
ample, 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 shad-
ows the work being performed within CEN/CENE-
LEC and also ISO/IEC.

Each of these categories and their component or-
ganisations are considered below.

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 light-
ing. It is a relatively new technical committee, pre-
viously at ISO level lighting was considered as
a factor within a diverse set of technical commit-
tees producing non lighting specific standards. For
example, lighting was considered within the work

of ergonomics standardisation committees. To en-
sure lighting was considered correctly by dedicated
lighting experts, and that the chain of national shad-
ow committees commenting and voting on lighting
related standards corresponded correctly, the top-
ic of lighting was centralised within ISO/TC274.
It works closely with the International Commis-
sion 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 ful-
ly entrusted with a specific work item and keeps the
other fully informed of all progress.

* Collaborative relation — One organiza-
tion 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 or-
ganization. These delegates may also make written
contributions were considered appropriate during
the progress of this work.

* Integrated liaison — Joint Working Groups en-
sure integrated meetings for handling the realisa-
tion of standards under a principle of total equality
of participation.

This is visualised in Fig. 3, taken from the Strate-
gic Business plan of ISO/TC274, where the work of
CIE is identified as concerning fundamental know-
ledge and based upon research whereas the work of
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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:

* [SO 8995-1:2002 Lighting of work places —
Part 1: Indoor;

* ISO/CIE 8995-3:2018 Lighting of work pla-
ces — Part 3: Lighting requirements for safety and
security of outdoor work places;

* [SO 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. This
draft standard specifies the methodology for eval-
uating the energy performance of lighting sys-
tems 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];

* [SO/WD TR21783 Light and lighting — In-
tegrative lighting — Non-visual effects. This draft
Technical Report shall include a summary of the
published scientific studies on non-visual effects of
light on humans, plus an evaluation of related ma-
terial that is suitable for use in practice or an indi-
cation where more knowledge and validation is ne-
cessary for safe and beneficial lighting applications;

* ISO/CIE PRF TS22012 Light and lighting —
Maintenance factor determination — Way of work-
ing. 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

drivers

s

/’(;)NVENTIONAL

described in CIE154:2003 [37] and CIE097:2005
[38];

* [SO/TC274 WG2 Commissioning process of
lighting systems. This technical specification will
give requirements on the commissioning of light-
ing systems.

The requirements will include procedures, meth-
ods, 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 spe-
cific components.

One further working group is also active but cur-
rently has not raised their work to a formal work
item.

* [SO/TC274 JWGS5 Lighting for work places.

This joint working group is to update the exist-
ing standard ISO 8§995—1:2002 Lighting of work
places — Part 1: Indoor.

When developing standards a view to possible
future technologies and applications is always ne-
cessary 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 re-
sponding to circumstances or according to prede-
fined conditions, while maintaining the lighting
quality within the specified requirements for these
circumstances or conditions [39];

* Integrative lighting is defined as lighting spe-
cifically designed to produce a beneficial physiolo-
gical and/or psychological effect upon humans [39].

Additional key considerations identified are the
aging population within society and energy per-
formance, especially with respect to environmen-
tal concerns and global climate change. Climate

//H\I_T_EGRATNE LIGHTING

ADAPTIVE LIGHTING

DIGITALIZATION
LED TRANSFORMATION

today

tomorrow

Fig. 4. Relevant technological developments and their evolution over time [36]
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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 impor-
tance in standardisation. However, the lighting needs
for an increasingly aging yet active population needs
careful consideration within this energy aware sce-
nario. The growth of digitalisation and the Internet
of Things (IoT) should help lighting meet these re-
quirements by efficiently providing light when need-
ed and ensuring it is the correct light for the individ-
ual as opposed to purely lighting for the task.

3.2. CEN/TC169 LIGHT AND LIGHTING

At the level of European standardisation for
lighting application CEN/TC169 is the main techni-
cal committee with a scope of standardisation in the
field of vision, photometry and colorimetry, involv-
ing natural and man-made optical radiation over
the UV, the visible and the IR regions of the spec-
trum, and application subjects covering all usag-
es of light, indoors and outdoors, including envi-
ronmental, 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 standards given in the table:

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.

Each working group has a convenor who or-
ganises 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 con-
cerning “BIM Attributes for Luminaires and Sen-
sors” 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 influ-
ence lighting and therefore standards development
work as:

* Urbanisation — the trend towards increased ur-
ban living and more densely populated urban areas;

* Sustainability — the need to reduce energy us-
age and preserve natural resources;

* Aging populations — the need for proper de-
sign of both indoor and outdoor spaces including
lighting, to cater for aging occupants or those with
reduced visual capacity;

* Connectivity / Internet of things — the increa-
sing trend to link products and services;

* Glazing technologies — developments in win-
dow and shading technologies helping the move
to near zero-energy buildings;

* Building Information Modelling — the require-
ment for data-rich virtual models to help throughout
the entire building and components life cycles.

4. PROFESSIONAL SOCIETIES

4.1. CIE

The International Commission on Illumina-
tion (CIE) is a professional organisation that ad-
vances knowledge on topics concerning the science
and art of light and lighting, colour and vision, pho-
tobiology and image technology. It has a strong tra-
dition of technical and scientific excellence and is
recognized by ISO as an international standardisa-
tion body (see section 3.1 and Fig. 3).

The work of the CIE is split between six divi-
sions and each division may establish a technical
committee (TC) to carry out a specific work item,
such as producing or updating a technical report or
standard. When the work item is complete the TC
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Table

EN1837

and luminaires

CEN/TR13201-1
EN13201

EN14255

measurements;
CR14380

EN15193-1
cifications, Module M9;

Safety of machinery — Integral lighting of machines;

Light and lighting — Basic terms and criteria for specifying lighting requirements;
Light and lighting — Measurement and presentation of photometric data of lamps

EN1838 Lighting applications — Emergency lighting;
EN12193 Light and lighting — Sports lighting;
EN12464 Light and lighting — Lighting of work places
Part 1: Indoor work places
Part 2: Outdoor work places;
EN12665
EN13032

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;

Road lighting — Part 1: Guidelines on selection of lighting classes

Part 2: Performance requirements

Part 3: Calculation of performance

Part 4: Methods of measuring lighting performance

Part 5: Energy performance indicators;

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

Lighting applications — Tunnel lighting;
Energy performance of buildings — Energy requirements for lighting — Part 1: Spe-

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.

is closed, unlike, for example, CEN/TC169 where
the working group still exists after a particular work
item is completed. The divisions cover:

Vision and Colour;

Physical Measurement of Light and
Radiation;

Interior Environment and Lighting
Design;

Transportation and Exterior Applica-
tions;

Division 1
Division 2

Division 3

Division 4

Division 6 Photobiology and Photochemistry;
Division 8 Image Technology.

Each division has a division director, division sec-
retary, division editor and a number of associate di-
rectors who ensure the divisional work program
continues.

The CIE has a vast range of technical reports
and standards, many of which contain the funda-
mental knowledge that is used to define require-
ments within standards and regulations. It is contin-
ually striving to understand the next key issues and
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uses this to define a research strategy which current-
ly 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 Recommen-
dations;
and other fundamental issues including those con-
cerning photometry and colorimetry.

4.2. Lux-Europa

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 Eu-
ro-centric topics such as new or upcoming legisla-
tion and standards.

4.3. Society of Light and Lighting and
Institution of Lighting Professionals (UK)

Many countries have their own profession-
al organisations and these organisations produce
best practice guides on many aspects of lighting.
Within the UK the two main professional organisa-
tions for lighting are the Society of Light and Light-
ing (part of the Chartered Institute of Building Ser-
vices 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 Associa-
tion 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 develop-
ment of lighting as an integral part of a low-energy
and sustainable future. They also liaise with the UK
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Government on lighting matters and provide mem-
bers with a recognised professional standing.

Both organisations produce a range of publica-
tions covering individual application areas, rele-
vant 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 exam-
ple is the guidance on obtrusive light that is found
in CIE150 [4]. For a period the requirements speci-
fied by the Institution of Lighting Professionals [5]
was more proscriptive than those in the CIE150 do-
cument 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.

5. INDUSTRY ASSOCIATIONS
5.1. LightingEurope

LightingEurope is the industry association that
represents the lighting industry within Europe. Its
mission is to advocate and defend the lighting indu-
stry in Brussels, working with European agencies
and the European Commission to reconcile EU po-
licy with lighting best practice. It aims to promote
efficient lighting practices for the benefit of the glo-
bal environment, human comfort and the health and
safety of users.

To help in this, LightingEurope brings together
industry experts with local and European policy ex-
perts in Working Groups covering specific areas of
lighting policy. The Working Groups are:

— LEDification — LEDs have enabled energy ef-
ficient solutions, which allow more ambitious ener-
gy targets to be written into legislation. It is, how-
ever, 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 sys-
tems 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;
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— Human Centric Lighting — Light has the pow-
er to energize, to relax, to increase alertness, cog-
nitive performance and mood, and to improve the
sleep-wake cycle of people. This WG aims to pro-
mote the idea of human centric lighting by mak-
ing information available, initiating scientific stu-
dies and organizing events targeted at legislative
and business decision makers. 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 cir-
cular economy is to minimize the ecological foot-
print 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 time-
ly manner, to educate legislators and the market
in the potential new markets and to prevent legis-
lation from inadvertently interfering with new ide-
as and applications. LightingEurope has a strategic
roadmap showing how it expects the lighting mar-
ket will develop and how this will add to the value
of light and the quality of installations (Fig. 5).

This shows that LEDification, the adoption of
LED technology, is considered well established, al-
lowing increased use of controls. The digital na-
ture 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
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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 diffe-
rent 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 na-
tionally 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 informa-
tion 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 consi-
dered appropriate.
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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 be-
ing a data point.

This is a challenge for standards. Standards are
not guides or research documents but factual docu-
ments based upon evidence and proven fact. They
give established best practice metrics and crite-
ria without necessarily defining how these crite-
ria should be achieved. This creates a problem as
radically new concepts and techniques need re-
searching and proving before they are likely to be
incorporated into a standard. In addition, to devel-
op a standard normally takes at least three years.
This means that standards can lag the develop-
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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 ap-
plications have been produced but recommenda-
tions and design criteria within standards are still
very limited.

However, as has been shown above, each organ-
isation within lighting standardisation has a view
to the future, be it a standards body, trade asso-
ciation or professional organisation. These view-
points show a large amount of overlap and in terms
of lighting application they cover: — Human cen-
tric or integrative lighting; — Connectivity and the
Internet of Things; — Inclusivity, in terms of visual
capabilities; — Sustainability.

Effects
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view of impacts of light
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These topics provide challenges in terms of prac-
tice, metrics and usage and can lead into discus-
sion about additional topics such as colour.

6.1. Human-centric/Integrative Lighting

As shown in Fig. 7, humans interact in many
complex ways with light. Light itself has many pro-
perties and these create the visual scene, the emo-
tional response and also the biological response.
These different responses require new metrics as
existing units no longer reflect what is being measu-
red. The units of lumen, candela and 1x 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 account-
ing for the S-cone response (amongst other issues).
These metrics are not really valid for a photo-bio-
logical response based upon both visual and non-
visual receptors.

In Fig. 8 the melanopic sensitivity function is
shown as a function of wavelength (smel), as de-
fined 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° observ-
er, nor does it correspond to the CIE scotopic rod
sensitivity function (srh). Therefore any measure
using conventional cone-based (photopic) or rod-
based (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 den-
sity, or in very simplistic terms the light level and
colour temperature.

680
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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 cal-
culated 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 spread-
sheet to calculate this based upon the melanopic ac-
tion spectrum given in CIE S026.E:2018 and the
CIE V(2) curve, the spectral luminous efficiency
function for photopic vision (https:/www.wellcer-
tified.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

EML = L x R (unit: equivalent melanopic Ix). (1)

A second proposal came from the Lighting Re-
search Centre, Rensselaer Polytechnic Institute.

M.S. Rea et. al. [9] proposed the metric Cir-
cadian Light which is the irradiance at the cor-
nea weighted to reflect the spectral sensitivity of the
human circadian system as measured by acute mel-
atonin suppression after a one-hour exposure. A se-
cond metric, the Circadian Stimulus (CS) is the ef-
fectiveness of the spectrally weighted irradiance
at the cornea from threshold (CS = 0.1) to satura-
tion (CS =0.7).
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Similar to EML a spreadsheet is freely available
to download and calculate these values or a web-
based on-line tool may be used (https://www.lrc.rpi.
edu/cscalculator/).

This demonstrates that there is no universally ac-
cepted 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 un-
derstand 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 chrono-biological traits. There
is no universal clock that people are in time with;
everyone has their own personal clock which is syn-
chronised to their own wake/sleep cycle.

The implication of this is that human-centric
design involves not only some measure of circa-
dian flux but also biological time and light histo-
ry. Therefore, unless a relatively uniform popula-
tion exists with complimentary needs, such as a care
home for Alzheimer’s patients, or at least relative-
ly 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 at-
tempt at accounting for this by stipulating the re-
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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 work-
ing 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 oc-
cupant 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 con-
nectivity and the Internet of Things it must be ac-
cepted that despite lighting sensors and controls be-
ing 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
377, produced by consultants VITO [10]. This con-
cluded that:

* The maximum EU-28 total savings for opti-
mised lighting system designs with controls are de-
pending 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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tion for non-residential lighting in the BAU-scenar-  where
io for light sources . LENI is the lighting energy numeric indicator
To support this, CEN produced a new techni- (kWh/(m? year)),

cal 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 sys-
tem 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 En-
ergy Numeric Indicator. This calculation is shown
in equation 2 below.

P
F x—
WE 1000

+{[ty - (tD iy )] X (Pu +Pem)}

LENI = XE[(tp X Fp) )5 + @)

b

I Note: BAU means “Business as Usual” or in effect we
continue as we are.
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F, is the savings from constant illuminance con-
trols for the area,

P; is the power density of the area (W/m?),

F, is the savings from occupancy controls for
the area,

tp are the daylight operating hours for the
area (h),

Fp is the savings from daylight controls for the
area,

ty are the night time (non-daylight) operating
hours for the area (h),

ty are the annual operating hours for the area (h),

P,; is the total luminaire control standby power,

P,,, is the total emergency standby power,

A is the room area (m?).

Techniques for calculating the savings from con-
trol 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 estima-
tion based upon a lighting installation audit. The 3
methods are shown in Fig. 10.
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An equivalent energy calculation exists for road
lighting, as specified within EN13201-5:2015 [12].
This defines the Annual Energy Consumption Indi-
cator (AECI), which is given in equation 3 below.

" (P xt,
p, - ZL2x1) 5
where

Dg is the annual energy consumption indicator
for a road lighting installation (Wh/m?),

P; is the operational power associated with the ;*
period of operation (W),

;s the duration of the j” period of operation (h),

A is the size of the area lit by the same lighting
arrangement (m?),

m is the number of different operational periods.

When lighting controls are in use an operational
period would also include the period during day-
light hours when the lighting was not active to ac-
count for the controls standby power. When pre-
sence 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, con-
tains an extensive literature study on application of
controls and 12 tables that evaluate the influence of
controls in applications. The report allows an appro-
priate control strategy to be chosen either starting
from the application and working forward to pre-
dicted outcomes, or starting with desired outcomes
and working back to the required control strategies
to achieve these.

An alternative resource is the Lighting Con-
trol Guide from the UK Lighting Industry Asso-
ciation [14] which provides an appreciation of the
benefits of lighting controls, helps match lighting
controls and light sources with application and pro-
vides a decision tree to assist in the selection of the
most suitable lighting controls.

A major consideration with the use of a more ad-
vanced control systems is commissioning, ensur-
ing that the system operates correctly. This is where
the work of standards committees such as ISO/
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TC274 WG2 Commissioning process of lighting
systems is very important to give a good practice
yardstick to work to.

With the development of more advanced con-
cepts 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 devel-
oped on space or energy usage. Sensors and sys-
tem software can detect when rooms or single desks
are occupied and this data can be visualised, allow-
ing space usage to be optimised. In addition utilis-
ing daylight, presence and time-based controls al-
lows 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 con-
trol 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 in-
dividual occupants to ascertain if an escape route is
safe to use, the lighting and signage is constant ir-
respective of the true condition. Linking the emer-
gency lighting to other building services such as
smoke or heat detection systems, would allow oc-
cupants to be directed around areas of potential dan-
ger, whilst the use of monitors that can detect occu-
pant 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 emer-
gency lighting system through life becomes more
complex with numerous interdependencies and



Light & Engineering

Vol. 27, No. 2

links with external systems. Automatic testing
would be essential and would require careful confi-
guration. Security of communications would be es-
sential. Loss of communication with internal or ex-
ternal system components would compromise the
system ability to direct occupants safely, of especial
concern when these types of systems become estab-
lished and people start to rely on them to keep them
safe. Cybersecurity will also be an issue as any con-
nected system introduces security risks. These are
not just at the level of the emergency lighting sys-
tem, 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 func-
tionality 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 — minimises 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 publica-
tion 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 increas-
es through the IoT and intelligent lighting systems,
individual rights are in danger of being compro-
mised. Therefore developments both in technology
and in standards and application are tempered by le-
gal regulation. In the European Union this is prin-
cipally covered by the General Data Protection Re-
gulation (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 proces-
sing takes place in the European Union or not, and
it covers the monitoring of the behaviour of individ-
uals within the EU. Key definitions include:

— Personal data — any information relating to an
identified or identifiable natural person;.
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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
1dentification number, location data, an online iden-
tifier or to one or more factors specific to the physi-
cal, physiological, genetic, mental, economic, cultu-
ral 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 hu-
man-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 Vitru-
vian Man (1490) showed a standardised representa-
tion of the proportions of a human body but this
was based upon the much earlier work of an archi-
tect from Ancient Rome, Vitruvius, who published
a correlation of ideal human proportions with geo-
metry in book III of his treatise “De architectura”
[20]. A standard person is important because it al-
lows the principle of “one size fits all”, in workplac-
es, 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 per-
son 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 oth-
er profession. Lighting installations are designed
to provide the correct lighting condition for the ma-
jority of the population, but those with particular
physical, mental or visual requirements are general-
ly not considered.

Inclusive design (alternatively termed as univer-
sal design) ensures all people are included by qua-
lity of design, irrespective of their capabilities, and
designers have to accept responsibility for the im-
pact of their designs. This quality of design should
consider multiple impacts from the relatively obvi-
ous, such as wheelchair users have a different eye-
height and therefore experience glare differently,
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to issues requiring more consideration. If we ex-
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 regis-
tered blind or partially sighted but still of consider-
able use;

* Long cane users when long canes are a mobil-
ity aid used primarily by people with very little use-
able sight and allow changes in levels and texture
to be perceived as well as detection and identifica-
tion 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 fix-
tures 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 com-
fortable 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 sour-
ces, 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

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 strand-
ed.Careful siting of lighting fixtures and furniture at
key points such as crossing areas and building en-
trances helps the guide dog navigate these spaces

Lighting standards frequently only address these
issues with relatively basic comments. The Euro-
pean 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 pub-
lications such as CIE227:2017 [23] gives valuable
advice, both on the causes of reduced visual capa-
city and what this means and also lighting require-
ments to help counteract these issues. This includes
recommendations on lighting requirements for old-
er occupants to move through escape routes, a safe-
ty issue that is frequently forgotten. It also discuss-
es 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 ob-
server 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. Shad-
ows 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 sour-
ces disorientate and confuse. Sources of informa-
tion for this include papers by Torrington et al [24]
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and Sloane et al [25], IES CG-1-09 [26], or the Uni-
versity of Stirling [27].

6.4. SUSTAINABILITY

Lighting performs a balance in that people need
lighting to live, however lighting has a global im-
pact on our climate. Fig. 11 shows the levels of CO,
in the atmosphere through a period of time and it is
obvious that levels have increased and are still in-
creasing dramatically.

In a 2013 report [28], the United Nations Envi-
ronment Programme (UNEP) stated

“Electricity for lighting accounts for almost
20 % of electricity consumption and 6 % of CO,
emissions worldwide. According to the Interna-
tional Energy Agency, approximately 3 % of global
oil demand can be attributed to lighting. If not ad-
dressed 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 en-
vironmental consequences of material extraction,
processing and waste, is likely to increase the pres-
sure on the resource bases of our economies and
Jjeopardise future gains in well-being.”

These facts are driving regulation and legisla-
tion to push for more energy efficient and sustaina-
ble solutions and a move to a circular economy as
shown in Fig. 12.

After collection as we push the product, its com-
ponents 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 individu-
al components. Recycling has a larger environmen-
tal impact as more processes are required to turn the
waste into a new usable product.

k) age

Mining / materials
manufacturing

o

Technical

@ . nutrients
é Recycla

Parts
manufacturer

Product
manufacturer

0 Refurbish /
N remanufacture
Servica provider
Reuse /
redistribute

‘ : 4
Maintenance

Collection

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 ex-
isting product, the in-use phase before this is criti-
cal. Fig.13, from an environmental product declara-
tion produced according to EN ISO 14025 [30] and
EN15804 [31], shows that 99 % of the global warm-
ing 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 re-
move less efficient products and components from
the market. Current regulations are

* Regulation (EC) No 244/2009 with regard
to ecodesign requirements for nondirectional house-
hold lamps [32].

* Regulation (EC) No 245/2009 with regard
to ecodesign requirements for fluorescent lamps
without integrated ballast, for high intensity dis-
charge lamps, and for ballasts and luminaires able
to operate such lamps [33].

Benefits and
Assessment Unit Production Construction ez End-of-Life | loads beyond
parameter Stage Process Stage 9 Stage the system Fig_ 13. Extract
boundary .
A1-A3 A4, A5 B4, B6 c2-c4 D from Environmental
— - - Product Declaration
Acidification Potential (AP) kg SO, ed]l | 6,02E-02 1,33E-03 1456+00 | 2,95E-03 -2,91E-02 (source: Thorn
Eutrophication Potential (EP) kg PO,*eq] | 5 90E-03 2,66E-04 1,30E-01 | 3,69E-04 -2,06E-03 Lighting Ltd,
Global Warming Potential (GWP100) [kg CO,eq] | 208E+01 1,23E+00 522E+02 | 5,35E+00 -7,83E+00 Product code
Primary energy, renewable M) 4756401 | B25E01 | 255E+03 | 3526400 | -1,56E401 96628133)
Primary energy, non renewable MJ] 3 4BE+02 741E+00 9 10E+03 1,36E+01 -9, 78E+01
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* 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 re-
placed by a single regulation which will come
into effect on 15 September 2021. Efficiency limits
will be calculated using equation 4.

By = CX (L 4 )) xR, (4)
Fxn
where

P, ma 18 the maximum on-mode power (in W);

n is the threshold efficacy (in Im/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) Im/W.

It must be recognised that increasing the effi-
ciency limits for lighting sources and luminaires
will have diminishing returns. As more high-effi-
ciency 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 indi-
vidual lighting products. This is demonstrated by
a document produced by consultants VITO [10] that
concluded:

“The maximum EU-28 total savings for opti-
mised lighting system designs with controls are de-

pending on the reference light source scenario and
the maximum EU-28 total annual electricity sav-
ings 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-res-
idential lighting in the BAU-scenario for light
sources.”

So efficiency will move towards the regula-
tion of full lighting systems with sensors and con-
trols and sustainability will move towards maintain-
able luminaires with replaceable LED light sources
and reusable components.

7. CONCLUSIONS

As has been described the world of standards
and regulations is complex and attempts to ad-
dress the needs of changing and evolving markets
and technologies. They aim to provide a measure
against which solutions may be compared for suit-
ability but increasingly also address issues such as
environmental and security concerns.

As our world changes in the future, automa-
tion increases along with connectivity, social demo-
graphics and expectations change, tasks and func-
tions develop to meet the requirements of a 215t
Century society, so will standards and regulations
have to evolve to meet the needs of new genera-
tions. Research will be required to understand pos-
sibilities 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 profession-
als in an ever changing and exciting environment
where boundaries between professions blurs and vi-
sion becomes only one aspect of design.
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ABSTRACT

The purpose of the article is identification of the
innovative conceptions of using natural light pro-
perties to form architectural space interactively as-
sociated 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 re-
sults of the review of their architectural researches
and developments are presented in connection with
the considered problem. It is established that the in-
novative conceptions of the natural light modelling
can be used to create the appropriate objects of ar-
chitecture. 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, chang-
ing architectonics, proportions, and the nature of
the emotional impact. Depending on its quality, im-
pressions can be very diverse and have a profound
effect on the perception and enrichment of our un-
derstanding of the environment. The features of
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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 na-
tural 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 in-
habited space organization by means of the natural
light use always was in the architectures interests.
Suffice it to recall such masterpieces of architectur-
al creativity as the building of the Central city li-
brary 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 book-
shelves). Natural diffused light, which not makes
shadows, enters in the room through the round win-
dow 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 Cen-
tral 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 out-
er 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 pur-
pose of the article is to identify innovative ways of
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using natural light as an important component of
the architectural space lighting interactively asso-
ciated with the environment. This is due to the fact
that the versatility and complexity of using of na-
tural light as well as the breadth of its “manifesta-
tion” techniques requires consideration of the rele-
vant 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.

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 na-
tural light to change the perception of space during
the day and the season’s changes.
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Fig. 1. Trap of light in
the lobby of the tower
Eqgho “(Paris): a — lattice
structure of mirror ceil-
ing panels; b — coloured
light spots on the inner
wall facing North placed
in direct, in which sun-
light never gets

Among the examples there are the moderniza-
tion of the facade of the 130-meter tower “Eqho”,
built in 1988 in the business district Defance (Par-
is), 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, al-
lows incoming natural light to change the percep-
tion of its space during the day by projection on the
walls and the floor of shadows from the special ele-
ments 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 de-
flection of certain rays of light with the help of mir-
ror panels suspended inside the metal lattice struc-
ture, which allows coloured rays directing to the
inner wall. The proposed lighting system as a “trap”

Fig.2. Trap of light

in the transport inter-
change hub “Fulton
Center“(New York):

a — general view of the
building node; b — inter-
nal space with a mesh
structure of the dome
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of light allows you to enhance the impression of
the perceived space of the lobby and to control na-
tural 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 trans-
port interchange hub “Fulton Centre” in the heart
of lower Manhattan, which combines 11 subway
lines (the authors of the project — Grimshaw Ar-
chitects Bureau together with engineering and de-
sign company Arup). The glazed rectangular vo-
lume of the interchange unit is about 34000 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 Car-
penter Design Associates). In this case, the process
of creating a mobile design by engineers who need-
ed to first understand how it will work depending
on pressure, air temperature, air conditioning sys-
tem and other factors is of professional interest. At
the same time, the behaviour of the object in 815 si-
tuations, both standard (heat, cold, time changes)
and force majeure, as well as in case of fire, was si-
mulated using special software. Having thus deter-
mined the optimal form of the structure, the engi-
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Fig.3 Device simulating
sunlight “CoeLux”:
examples of interior
solutions

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 re-
alistic 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 (It-
aly). It looks like an ordinary skylight and is de-
signed to recreate realistic “sunlight” in enclosed
spaces. A complex optical system that accurate-
ly simulates the sun and its rays uses LEDs with
high colour quality. A special visualization mecha-
nism has an interface designed to simulate the sky
and sunlight falling into the windows (Fig. 3) [3].
“CoeLux” not only delivers artificial daylight in en-
closed spaces, but can be programmed to emulate
three lighting scenarios depending on geographical
location (for example, providing warm light, typi-
cal 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-dimen-
sional trap
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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 co-
ordinate axes and can freely spread in the third one,
has advantages over other methods. It is much sim-
pler and requires materials with a small refractive
index (Fig. 4) [4].

It is absolutely obvious that the considered ten-
dency of concentration and transportation of natu-
ral light would be absolutely impossible without the
using of parametric approach to the formation of ar-
chitectural space as a system of conceptual, techno-
logical and aesthetic components.

3. PROTECTION FROM SOLAR
RADIATION AND CONTROL OF
NATURAL LIGHT

Another aspect of natural light modelling is pro-
tection 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 work-
ing with light, using innovative approaches, man-
ifested in two forms: static and dynamic, are of
interest.

An example of a static approach is the com-
plex “Louvre Abu Dhabi” which was opened in No-
vember 2017 (UAE) and had been developed by
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Fig. 5 Complex “Louvre
Abu Dhabi” (UAE)
a — general view; b, c,
d — options for solving
of the interior space

the winner of the Pritzker prize architect J. Nouv-
el. In this complex city with exhibition area about
8000m?2, 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 ar-
ranged in a certain order (four outer one and four
inner one), which gives the dome an exquisite
mesh structure, which realizes the constant strug-
gle 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 consump-
tion. In addition, the Museum complex passes light
through the underground water channel, turning the
space into a refreshing oasis. An example of dy-
namic 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 pa-
nels, which can completely close or open the fa-
cade areas. The panels are equipped with photovol-
taic cells, which react to sunlight and accumulate
solar energy (Fig. 6),8]. This allows you to reduce
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the temperature of the rooms and supply buildings
with electricity.

The art centre in Shanghai also has a movable
facade built by the Foster + Partners Bureau and
the Heatherwick Studio [9]. A feature of the com-
plex is a constantly changing, dynamic facade,
which, in accordance with the required lighting of
the interior space, can be transformed and signif-
icantly 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 develop-
ment and implementation in the development of
kinematic methods of formation and functioning
of architectural objects. This is due to the fact that
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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;

¢ — transformation
scheme panels

natural changes and the nature of human activi-
ty determine the contradiction between the static
and dynamic components of the environment under
the influence of constantly changing factors of so-
cio-cultural and natural environment.

4. ORGANIZATION OF LIGHT
ENVIRONMENT OF ARCHITECTURAL
OBJECTS

Innovative approaches to the formation of hab-
itat 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): gene-
ral view (transformation
options)
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P. Zumthor won first prize at the prestigious compe-
tition “Daylight — Award” (in the category “Archi-
tecture™)! for the project term in the Vals.

The thermal baths in the Vals, according to ex-
perts, gave reasons to take in attention the relation-
ship of properties of water and stone, light and shad-
ow (Fig. 8) [11]. At the same time, the light in the
building of the Museum “Columbus” of the Co-
logne 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). Signif-
icant for P. Zumthor the construction of the chapel
of St. Benedict in Sumvitg (Graubiinden, Switzer-
land) (Fig. 9), [10, 11] may be attributed to an ana-
logical case.

The trend of using bionic methods of con-
sumption of the maximum amount of solar ener-
gy throughout the day is manifested in the project
“solar cycle”, developed by the architectural Stu-

! 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 op-
timal possibilities for its use in medicine and architecture [10].

Fig. 8. Baths in Vals
(Switzerland): a — the in-
terior of the pool; b — the
interior of the restroom

dio “Paolo Venturella & Meno Meno Piu Archi-
tects” for the amusement Park “Freshkills park
(New York, USA). The object is both a large-scale
solar battery and a multi-purpose pavilion for con-
certs, 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 “so-
lar cycle” has two surfaces. The first one, the pho-
toelectric 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 suf-
ficiently detailed methods of collecting and con-
centration of natural light, the most effective solu-
tion is guaranteed by light-water systems [13, 14].
Such systems collect natural light through light in-
takes, installed on the roof and walls, and transmit
it into the interior through hollow pipes with mir-
ror surfaces.

The application in architecture of methods using
biologically useful structures are the subject of re-
search and design of architectural objects by many
creative groups of architects, using in their activi-
ties, the methods of computational design.

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 conser-
vation of energy.

5. ENERGY POTENTIAL OF NATURAL
LIGHT

Alongside with the considered methods of na-
tural light modelling, the potential possibilities of
solar radiation energy management arouse profes-
sional 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 cop-
per [15]. On the other hand, architects have always
considered and took into account the power of so-
lar lighting of buildings. And it is fraught with fai-
lure to account for force majeure situations. So,
the new skyscraper, “Walkie-Toki”, in the finan-
cial 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 demon-
strated 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 con-
sists of 10,000 concave mirrors that reflect and fo-
cus the Sun’s rays on a size measuring 40 cm di-
agonally. The group of mirrors acts as a parabolic
reflector, which concentrates light in its focus. The
furnace power is | MW. While on the contrary a pa-
rabolic 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 fo-
cus. Each heliostat has a parabola sector, which re-
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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 install-
ing mirrors at different angles. Heliostats move af-
ter the Sun to maximize the collection of solar ener-
gy (Fig. 12) [17]. An illustration of the potential
use of solar energy is the Solar Ark, the largest so-
lar energy monument in Gifu (Japan) created by the
company Sanyo, which is connected with the 50-
year history of human relations with clean energy.
A large photovoltaic system (declared maximum
power of 630 kW) is combined with a modern sci-
entific centre. The building has a “Solar energy Mu-
seum” and “Solar laboratory”, which hold symposi-
ums 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.

Fig. 12. Solar furnace in the Pyrenees (France)
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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 fagade 77200 cells
of red, blue and green LEDs, controlled from a com-
puter, are switching on.

The complex has water and air purification sys-
tems (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 bat-
tery), 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 pre-
sented in this article-review in the context of the
conceptions considered in it.
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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 un-
derground spaces. More and more new ways of col-
lecting 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 dif-
ferent 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 forma-
tion 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 ar-
chitecture and to expand the use of achievements
in other areas of science and technology. Alterna-
tive approaches to the organization of the light en-
vironment of architectural objects are manifested
in the creative researches of modern architects-re-
searchers of light, sound and space. The emergence
of the concept of “living light” and the trend of us-
ing bionic methods of consumption of the maxi-
mum amount of solar energy during a day is mani-
fested in the developments of architectural objects,
which is associated with a new attitude to the val-
ue of the environment, conservation of energy, in-
crease 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 com-
petent attitude to the use of natural radiation would
be impossible without appropriate technical means
and the development of high technologies, with-
out the application of environmental principles
in architecture.

The considered directions in the use of natural
light, as an important component of existence, in-
dicate 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 for-
mation 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 com-
pletely new opportunities in architecture. This sets
the task of further research of completely new meth-
ods of work in this direction.
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ABSTRACT

The regularities of constructing crucial archi-
tectural forms are shown based on the architec-
ture of Ancient Egypt, Western Europe, and Rus-
sia: obelisks, pyramids, statues, tents, and spires. It
is shown that the source of projection for these and
some other architectural forms was the Sun! 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, projec-
tion 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: as-
tronomy, physics, chemistry, biology, etc. Its influ-
ence on the structure and properties of living and
non-living matter, climate, life of animal and ve-
getable worlds, and, of course, on humans is being
studied. It turns out that, under conditions of our re-
cently formed industrial civilization, different kinds
of solar emission influence functioning of most en-
gineering systems.

The Sun and sunlight have formed a set of
pre-scientific and religious understandings in the
traditional cultures that were developing for thou-
sands of years. These understandings have deter-
mined the evolution of the human culture in many
ways.

' By request of the author, the Sun in a number of cases is
capitalized (ed. note).
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The role of the sun and sunlight in relation to ar-
chitecture, built environment, structures, and their
complexes, is analysed in sufficient detail. In some
instances, this role is determined by respective tech-
nical and medical standards regarding orientation,
solar exposure, etc. The role of the sun in the pro-
fessional architectural environment is usually consi-
dered a presentation of general and detailed appear-
ance 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 tradition-
al cultures for constructing any architecture was de-
termined by a notional setting based on the natural
role of the sun in the world. During many thou-
sands of years, the system of common and reli-
gious images of a godly and creative role of the Sun
was created based on that setting. The key to re-
vealing 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.

2. THE OBELISKS, PYRAMIDS,
AND STATUES IN ANCIENT EGYPT

When talking about the role of the sun in archi-
tecture-setting, it is essential to look at the archi-
tecture 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
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Fig. 1. The obelisks:
a — Thutmose III;

b — Ramesses 1I;

¢ — Hatshepsut

Monument  Monument  Monument

of eternity ~ of eternity
1 hour

of eternity
3 hours

2 hours

a)

Fig. 2. a — the statues of Ramesses II in the Ipet-isut! 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

b

I 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 resi-
dence 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 (28% ¢. 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 obe-
lisk 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 defi-

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 horizon3. The upper part of
pillar ribs was covered with white gold or electrum
(green gold) as early Greeks called it*. The pyra-
midion was covered with similar gold.

The top of the obelisk, ribs framed with white
gold in some cases, had literally represented a verti-
cal sun ray. It was always possible to find the bear-
ing point of the ray reflected from the pyramid-
ion in the field. The pyramidion faces were made

2 There are differences of opinion among scholars concerning dating from the 28t to 27t ¢. 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 19t ¢. 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; ¢, d — the avenues of the sphinxes confirm the ritual path of the god, the giver of life, in the temple system of the east-
ern and western banks of the Nile

a bit out-bowed (curved) in early obelisks. As a re-
sult, the ray reflection from curved gilded face was
visible almost for the whole daylight time. The ob-
elisks at the entrance pillars of the temple creat-
ed a special effect at the sunrise. They were tall-
er 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 ob-
elisks: “Their rays illuminate Both Lands when our
Father rises between them.”

The images and texts on granite faces of the ob-
elisks 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 con-
ventional design of a palace with falcon-headed Ho-
rus — 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 20 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 be-
comes a granite pillar and the monument to eternity.
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This is how the Ancient Egyptians called their sa-
cral constructions: pyramids, temples, obelisks, ste-
les, and statues?>.

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 be-
hind 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 fi-
gure of Ramesses Il appears in the famous Abu Sim-
bel 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

5 Cf. generally accepted modern terms as historical land-
mark, cultural landmark, architectural monument, ancient man-
uscript, etc.
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a) b)

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; ¢ — the
construction of the traditional tombstone, mastaba; d — the construction of the inner structure of the pyramid for Sneferu,
the 15t Pharaoh of the Dynasty 1V, 27th-26t c. B. C.

both in and before the sanctuary. The throne stat-
ue 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 ave-
nue of sphinxes.

The contour of the sphinx is projected from the
Sun with an angle of 15°, i.e. through hourly mo-
tion of the Sun on the horizon. The 15° contour of
the solar sphinx with the head of a ram is complet-
ed 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 con-
tour. 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 worship-
per of Amun-Ra. The golden disk was a sacral block
equal to the ell of the king, 52.5 c¢cm, for stonecut-
ters who cut the sphinx out of the stone block using
a modular grid.

The altar pedestal of the sphinx at the avenue be-
fore 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 pedes-
tal, the monument to eternity. The hourly shift of
the sun ray with a 15° angle was focused by 2 cor-
nices 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:
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“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 interest-
ing that, upon exiting from his own temple, Amun-
Ra 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 exit-
ing the temple of the spouse and heading to the har-
em temple, he was turning left again. He was walk-
ing 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 ped-
estal 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 mo-
tion 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 chil-
dren, bringing heirs into the world, pristine for your
children. ...His spouse is the earth, which he insem-
inates” (Leyden Papyrus). “The semen of the god
is good, coming in front of him,” said architect In-
eni about Queen Hatshepsut ([5, p. 330], [8. p. 56],
[6, p. 59]).

The West European Egyptology studies archi-
tectural monuments based on translated texts and
archaeological data including excavations data, i.e.
from the ground. The same from-the-ground ap-
proach is used when dealing with the issue of build-
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a)

b)

) d)

Fig. 5: a — the small pyramids in Merog, first centuries; b, ¢, d —a pyramid drawn by an Ancient Egyptian artist (b)
and by a Western European artist of the 15% c. (¢, d)

ing pyramids: the parameters of the base and the
angle of the face slope to the foundation are metic-
ulously 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 projec-
tion that creates the pyramid.

The top of the pyramid and the top of the ob-
elisk 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 usual-
ly 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 pyra-
mid and forming its inner structure, usually is about
30°. This angle is evident in memorial tombs, mas-
taba, since the first dynasties. It is also important
that this angle and its solar projection exist in dif-
ferent representations of pyramids. The life-bearing
role of the sun is shown with green colour, the co-
lour of vegetation, both inside and along the outline
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of the pyramid. This proves that the ancient Egyp-
tians built a pyramid and thought about it as a con-
struction 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-me-
ter foot side. The height of the pyramid would be
more than doubled with such size of the base. Lime-
stone 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 chalk-
stone top were built on a massive scale (Figs. 4, 5).

3. THE TENTS AND SPIRES
IN WESTERN EUROPE

The Europeans that visited Egypt in the middle
of the 15 century depicted the pyramids with an
approximately 30° apex forming angle, just like the
ancient Egyptians designed them. Mediaeval Chris-
tian Europe did not save such a developed cult of
the Sun as Ancient Egypt. But the image of a dei-
ty of the Sun that creates life with its ray lived deep
inside the traditional folk-life culture from the ear-
liest 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 natu-
rally but not always consciously perceived by the
Europeans as the procreation of the Sun. The ob-
elisks were put up in front of the churches in An-
cient 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 13t c.); ¢ — the Saint Mary’s Church, Liibeck (Germany, early 14 ¢.); d — the Cathedral Church of the Blessed
Virgin Mary, Salisbury (England, 13th-14 ¢.); e — the tents and the spires in Trier (Germany); /— 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); & — 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 de-
piction 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 pyra-
midion of the obelisk was made in modern time as
shiny as it was in Ancient Egypt (Fig. 6).

4. THE TENTS, SPIRES, AND OBELISKS
IN RUSSIA

Temples, royal mansions, and fort towers in Rus-
sia were crowned with tents from the earliest times.
Russia had no white gold but aspen. Simple-shaped
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roofs were covered with aspen boards, and com-
plex-shaped roofs were covered with an aspen shin-
gle. Aspen is a hydrophobic wood. The aspen roof-
ing turns silvery after 2—3 years. The aspen roofing
looks silver against the background of a cold north-
ern 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 West-
ern Europe. A copper or gilded ball was put up in-
stead 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 ap-
ple. The ball may have been combined with a gold-
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Fig. 7. The tents in the Russian architecture: a — the Trinity Church in Nyonoksa (early 18 c.); b — the Saints Zosima
and Savvaty Church, the Trinity Lavra of Saint Sergius (early 17t ¢.); ¢ — the Church of Ilya the Prophet, Yaroslavl
(middle 17 c.); d — the Spasskaya Tower, Moscow (Kremlin); e — the tents on the Palace of Tsar Alexei Mikhailovich
in Kolomenskoye near Moscow (middle 17t ¢.), watercolour by G. Quarenghi (18t c.); /— the tents
on the Kremlin (engraving, 18t c.)

en onion dome that shone in the sun and visibly rep-
resented 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 tra-
ditions as quite natural [9, p. 140-141]. Christo-
pher 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 out-
bowed 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 tri-
chromatic 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
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a golden ball as representation of the sun up until
the 1930s (Fig. 7).

Peter the Great built Saint Petersburg (Rus-
sia), 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 Pe-
tersburg 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 gold-
en 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 18t century. The archi-
tect 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 18 c.); b, ¢ — the spire over the Admiralty Building, St. Petersburg (early 19t c.); d — the Obelisk in
Honour of the Victories by Count Rumyantsev-Zadunaisky, St. Petersburg (late 18 c.); e — the Saint Gate of the Archangel
Michael Monastery in Veliki Ustyug (early 18%c.); /— the Obelisk in Honour of the 300 Anniversary
of the House of Romanovs, Moscow (early 20t c.)

with time, and the sound keeper paints it green with
no extra thought. The spire was crowned with a cop-
per ball and a cross above the central span. The ray
celestial bodies, the same as on the Egyptian obe-
lisks in front of the Roman churches, are still shin-
ing above the side entrances even after their resto-
ration (Fig. 8).

The obelisks were put up as monuments in hon-
our of heroes and important historical events in Rus-
sia of the 19" and 20™ centuries. Even the weird-
shaped Obelisk in Honour of the 300" 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 illu-
minated 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 Eu-
rope, and Russia. There is one fundamental regu-
larity that exists not only in the architecture. This
mathematical regularity is usually called the gold-
en ratio. The golden ratio is simply represented with
a bisected line segment where the small part is re-
lated to the big part as well as the big part is related
to the whole segment. This correlation is numeri-

Fig. 9. The spires, the obelisks, and the tents in Russia (from the latter half of the 20t c. to the early 215t c.): a — the
Kudrinskaya Square Building, Moscow (middle 20t ¢.); b — the obelisk on the grave of a country policeman, Vologda
Region (early 215t ¢.); ¢ — the Memorial to Yugra Oilers, Western Siberia (late 20t ¢.); d, e — the upper corner of the pro-
jection in the tent construction from the golden apple: the tent of the Church of the Ascension, Kolomenskoye, Moscow,
(middle 16™ c.) (d) and the scheme of the projection angle of the golden ratio (e)
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cally represented as 0.618...: 1.00: 1.618... The An-
cient Greeks knew about this harmonious correla-
tion, and it was empirically used even before that.
The theoreticians of the Renaissance in the 19t and
20t centuries perceived the golden ratio either mo-
no-dimensionally — by a linear series — or bi-dimen-
sionally — by a dimensional ratio of rectangles.

This proportional regularity was constantly
found outside of the architecture and art in the con-
struction of natural bodies: crystals, plants, animals,
and human. This regularity is now found in the
structure of the planetary orbits in the Solar Sys-
tem [4, p. 256-284]. Pavel Florensky, a great Rus-
sian 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 correla-
tion of the golden ratio, one will get an infinitive se-
ries 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 se-
ries of spheres will be about 27° 18 34”, i.e. 30°
in rough approximation. This is one of the ontolog-
ical aspects of this topic. The other aspect is deter-
mined by the construction of our eyeball, an opti-
mum 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 naviga-
tion 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°.

5. CONCLUSION

The presented set of observations allows to make
some generalisations since it is based on the broad
spectrum of cases from different cultural traditions
related to different historical eras.

We see two factors in terms of the universal his-
tory — similar perception of natural events and their
representation in human culture, including the ar-
chitecture, — are naturally created by the universal
essential living bases and the similarity of human
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reasoning. Many scientific and technical discover-
ies were made almost simultaneously and totally in-
dependently from each other in different countries,
as we know from the recent history.

One can say in terms of a specific subject of re-
search 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 creat-
ed a simple and natural solar cult in some histori-
cal situations and a well-developed religious sys-
tem 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 unconscious-
ly and then consciously, in some cases as the bearer
of the celestial information and, of course, as a di-
vine 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 15t and
2nd centuries, said: “There is only one sky above all
nations, and one god has many names.”
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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 solu-
tion for tunnel lighting. The lighting, luminaries,
and road parameters were changed and the resulting
scenarios were examined in a simulation environ-
ment. The proposed approach can be applied for the
illumination of interior zones in tunnels of 10 km
or longer with significant reduction in energy con-
sumption. The optimal luminance values that affect
vision comfort in the tunnel were calculated in a si-
mulation environment. As a result, the most eco-
nomic lighting system and luminaries were chosen
among solutions conforming to technical standards
for luminance values.

Keywords: tunnel lighting, luminance, glare,
HPS lamp

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 com-
fort, 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 provi-
ded into the tunnel considering the time required
for eyes to adapt to the dark to avoid vision loss du-
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ring the daytime. The ideal condition is to light the
tunnel to a typical road luminance level. Howev-
er, 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 de-
crease in lighting will aid driver vision.

In this study, luminance levels from the techni-
cal report for tunnel lighting published by the Inter-
national Commission on Illumination (CIE) in 1990
and 2004 were used [1,2].

2. LUMINANCE

Luminance is represented by L and has a unit of
cd/m?. L is the luminous intensity emitted in a cer-
tain direction from unit surface area. The luminance
of the unit area at point M of a luminous surface at
a normal direction and ¢ angle of this surface is
the limit of the ratio of the A/, luminous intensity

Fig. 1. The geometric state of glow from point M in the a
direction
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of the ASsurface element involving point M in the
AS, apparent area of AS at a plane perpendicular
to this direction [3]. The geometric state of the glow
from point M of a surface in the ¢ direction is il-
lustrated in Fig. 1. The relative luminance calcula-
tion is presented in Equation 1.

L, = tim 2o _ s (1)
S0AS,  dS

n

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

3. TUNNEL ZONES AND
CLASSIFICATION

When a driver travelling safely on an open road
enters a tunnel, he/she continues to move on with-
out experiencing a visual loss. Intense lighting is re-
quired in the first zone of the tunnel, so visual con-
ditions 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 re-
gardless of tunnel length and daytime lighting for
tunnels longer than a critical length [10-12]. A tun-
nel 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 tun-
nel safer and consider the noise in the tunnel. Pre-
vious studies demonstrate that a luminance lev-
el equal to 3cd/m? 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 dif-
ferent luminance zones in order to ensure adapta-
tion 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 tun-
nel entrance. There are two factors affecting the ad-
aptation luminance:
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* Around the tunnel entrance, “equivalent veil-
ing luminance” (L,,,) formed by different lumi-
nance 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 ac-
curately starts from the tunnel entrance and contin-
ues to the interior zone of the tunnel. It is examined
in two different zones:
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Fig. 4. The algorithm
of the simulation pro-
gram 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 thresh-
old zone is reduced to a luminance level in the inte-
rior zone. The length of the zone varies by the ini-
tial and final luminance value and the allowed speed
limit.

Interior Zone: the constant luminance zone be-
tween 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.

3.2. Stopping (Brake) Distance

The stopping distance or safe driving distance is
the distance, from which the driver observes a dan-
gerous object and can stop the vehicle safely. This
distance depends on reaction time of the driver,
stopping distance of the vehicle, allowed speed li-
mit, 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

than low-pressure lamps. As a result, less luminari-
es and area are required for lighting. Lighting effi-
ciency (in terms of electricity consumption) of a si-
milar lighting system increases up to 90 % with
HPS lamps compared to fluorescent lamps based
on results obtained from various tunnels with dif-
ferent structures that are open to vehicular traf-
fic. The luminous efficiency is defined as the lumi-
nance level from the power required for the tunnel
(for 1 m?).

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 ac-
ceptable 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, regula-
tion studies, which were concluding in 2006, are re-
quiring HPS lamps. As a result, this study simula-
tion was performed accordingly with HPS lamps.

Since HPS lamps have more luminous flux than
fluorescent lamps, glare can be prevented using re-
flection suitable for the direction of the driver. Suf-
ficient luminance can be achieved by placing HPS
lamps with proper power in a band-like order (cor-
rect line) at the entrance and transition zones. Since
the lighting system is always band-like, problems
concerning flickers and luminance uniformity are
automatically addressed.

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 tun-
nel. A tunnel entrance that is not illuminated suf-
ficiently 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 deter-
mination 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 sec-
tions of the tunnel are brighter in night time hours.
This condition eliminates the adaptation problems
and the black hole effect from occurring in day-
time. Since adaptation of eyes to low luminance
takes more time than adaptation to high luminance,

a luminance level of 3cd/m? 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 limi-
tation 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 in-
volved in the technical report “Guide for the Light-
ing 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, lumi-
nance level of the road and walls, lighting unifor-
mity 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 6 m
Road class R3 Fence distance 0Om
Number of lanes 2 Console angle 0
Strip width 3.5m IP protection IP65
Road width 7 m Pollution category Middle
Qo 0.07 Annual clear period 1
Road lighting class M2 13 m (400 W)
(M2: Speed of 90 km per hour can be 17 m (250 W)
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 Distance Number of Current .
Lamp Lyerages . . Consumption
type power, between cd/m? U, U, luminaires consumption, situation
W armatures, m (binary) kW
HPS | 400 13 1024 | 0.70 | 0.87 2208 883200 Over
consumption
HPS | 250 17 791 | 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

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 lumi-
nance into the field of view is expected to be low-
er than a certain value in order to obtain enough
illumination at all points on the road. This obliga-
tion brings us to the overall uniformity (U,) and
longitudinal uniformity (U,) values that are impor-
tant 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 lumi-
naries with known photometric characteristics, and
the number and type of the luminaries should be de-
termined according to these calculations.

Various choices are available for the road para-
meters in the simulation program. For the road pa-
rameters, the lighting system (bilateral, displaced,
divided road, tunnel road with single luminary, tun-
nel 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 light-
ing 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, life-
time, luminous flux, ballast power, and new lamps
can be added into this simulation under the Data-
base 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
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Table 3. Luminance Values According to the 15t and 2"d Observers under the 400 W HPS Lamps

Luyerage = 10.24 cd/m? Uo =0.70 Us = 0.87 HPS-400 W

t

I ‘l:'l’:t‘i?e” 0.65m | 1.95m | 3.25m | 4.55m | 5.85m | 7.15m | 8.45m | 9.75m | 11.05m |12.35m
0.583 m 870 | 10.82 | 13.08 | 14.82 | 1584 | 16.08 | 1509 | 1493 | 12.90 9.17
1.750 m 886 | 9.00 | 9.02 | 949 | 978 | 963 | 9.03 | 954 10.24 9.26
2.917 m 801 | 811 | 740 | 761 | 788 | 790 | 7.18 | 7.52 9.08 8.39
4.083 m 812 | 823 | 764 | 786 | 808 | 803 | 732 | 771 9.20 8.47
5250 m 907 | 931 | 958 | 1012 | 1046 | 1014 | 933 | 982 10.52 9.44
6.417 m 857 | 1072 | 1299 | 1482 | 1583 | 1621 | 15.08 | 1485 | 12.92 9.10
d

2" :’:;er?e" 0.65m | 1.95m | 3.25m | 4.55m | 5.85m | 7.15m | 8.45m | 9.75m | 11.05m |12.35m
0.583 m 857 | 1072 | 12.99 | 14.82 | 1583 | 1621 | 1508 | 1485 | 12.92 9.10
1.750 m 907 | 931 | 958 | 10.12 | 1046 | 10.14 | 933 | 9.8 10.52 9.44
2.917m 812 | 823 | 764 | 786 | 808 | 803 | 732 | 771 9.20 8.47
4.083 m 801 | 811 | 740 | 761 | 788 | 790 | 7.18 | 7.52 9.08 8.39
5250 m 886 | 900 | 9.02 | 949 | 978 | 963 | 9.03 | 954 10.24 9.26
6.417 m 870 | 1082 | 13.08 | 14.82 | 1584 | 16.08 | 15.09 | 1493 | 12.90 9.17

Table 4. Luminance Values According to the 1%t and 24 Observers under the 250 W HPS Lamps

Luyerage =7-91 cd/m? Uo = 0.65 Ui = 0.73 HPS-250 W
t
I ?;I::fr?er’ 0.85m | 2.55m | 4.25m | 5.95m | 7.65m | 9.35m | 11.05m | 12.75m | 14.45m | 16.15m
0.583 m 749 | 881 | 797 | 877 | 929 | 1075 | 1131 | 1118 | 1120 | 7.87
1.750 m 740 | 728 | 643 | 7.00 | 748 | 815 8.16 838 | 88 | 7.71
2.917 m 705 | 611 | 513 | 567 | 601 | 624 6.21 5.83 698 | 738
4.083 m 727 | 630 | 534 | 599 | 629 | 644 6.37 604 | 7.15 | 7.58
5250 m 777 | 769 | 698 | 781 | 8.13 | 885 8.74 879 | 922 | 8.06
6.417 m 724 | 861 | 774 | 858 | 922 | 1066 | 1134 | 1110 | 1110 | 7.71
d
2" :’l:"ft‘:?er’ 0.85m | 2.55m | 4.25m | 5.95m | 7.65m | 9.35m | 11.05m | 12.75m | 14.45m | 16.15m
0.583 m 749 | 881 | 797 | 877 | 929 | 1075 | 1131 | 1118 | 1120 | 7.87
1.750 m 740 | 728 | 643 | 7.00 | 748 | 815 8.16 838 | 88 | 7.71
2.917 m 705 | 611 | 513 | 567 | 601 | 624 6.21 5.83 698 | 7.38
4.083 m 727 | 630 | 534 | 599 | 629 | 644 6.37 604 | 7.15 | 7.8
5250 m 777 | 769 | 698 | 781 | 813 | 885 8.74 879 | 922 | 8.06
6.417 m 724 | 861 | 774 | 858 | 922 | 1066 | 1134 | 1110 | 1110 | 7.71

simulation results for the lighting system in which
data is entered. Fig.4 shows the algorithm of the si-
mulation 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 calculat-
ed lighting data was achieved for a tunnel in which
the lighting will be supplied. In the simulation, it

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 lev-
el and they were placed to provide proper adapta-
tion and safety conditions. This tunnel example re-
quires daytime lighting because of its length and
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Table 5. Luminance Values According to the 15t and 2" Observers under the 150 W HPS Lamps

Laverage = 378 cd/m? Uo = 0.60 Ut = 0.71 HPS-150 W
t
I* ‘I’I';’:ter':e" 0.75m|225m| 3.75m |525m| 6.75m |8.25m| 9.75m |11.25m | 12.75m | 14.25m
0.583 m 505 | 393 | 399 | 512 | 58 | 619 | 552 467 | 464 | 540
1750 m 373 | 300 | 277 | 347 | 385 | 374 | 324 323 | 342 | 3.90
2917m 204 | 251 | 226 | 274 | 297 | 286 | 264 260 | 276 | 3.07
4.083 m 301 | 257 | 236 | 287 | 3.07 | 296 | 2.69 270 | 282 | 3.12
5250 m 388 | 3.16 | 3.00 | 3.77 | 413 | 403 | 3.41 337 | 356 | 4.02
6.417m 498 | 387 | 392 | 509 | 58 | 618 | 551 464 | 463 | 536
d
2z I‘::ft‘;‘(;“”’ 0.75m|2.25m| 3.75m |5.25m| 6.75m |8.25m| 9.75m |11.25m | 12.75m | 14.25m
0.583 m 498 | 387 | 392 | 500 | 582 | 618 | 551 464 | 463 | 536
1750 m 388 | 3.16 | 300 | 3.77 | 413 | 403 | 3.41 337 | 356 | 4.02
2917m 301 | 257 | 236 | 287 | 3.07 | 296 | 2.69 270 | 282 | 3.12
4.083 m 204 | 251 | 226 | 274 | 297 | 286 | 264 260 | 276 | 3.07
5250 m 373 | 300 | 277 | 347 | 385 | 374 | 3.4 323 | 342 | 3.90
6417 m 505 | 393 | 397 | 512 | 58 | 619 | 552 467 | 464 | 540

Table 6. Luminance Values According to the 15t and 2" Observers under the 100 W HPS Lamps

Lyyerage = 514 cd/m? Uo = 0.82 Ur = 0.85 HPS-100 W

t

Ir ‘;:’:;reve" 0.85m|2.55m| 4.25m | 5.95m | 7.65m |9.35m| 11.05m | 12.75m | 14.45m | 16.15m
0.583 m 514 | 518 | 5.14 500 | 475 | 454 | 443 468 | 491 5.04
1.750 m 535 | 546 | 532 537 | 542 | 500 | 462 498 | 524 | 5.19
2917 m 466 | 497 | 5.06 542 | 58 | 546 | 468 463 | 475 | 450
4.083 m 501 | 527 | 529 574 | 610 | 561 | 484 488 | 503 | 480
5250 m 6.04 | 6.16 | 6.05 607 | 600 | 556 | 5.17 555 | 587 | 5.78
6.417 m 487 | 496 | 4091 479 | 458 | 432 | 423 446 | 473 | 489
d

2 ﬁ:’est‘;zver’ 0.85m|2.55m| 4.25m | 5.95m | 7.65m |9.35m| 11.05m | 12.75m | 14.45m | 16.15m
0.583 m 487 | 496 | 491 479 | 458 | 432 | 423 446 | 473 | 489
1.750 m 6.04 | 6.16 | 6.05 607 | 600 | 556 | 5.17 555 | 587 | 5.8
2917 m 501 | 527 | 529 574 | 610 | 561 | 484 488 | 503 | 480
4.083 m 466 | 497 | 5.06 542 | 586 | 546 | 468 463 | 475 | 450
5250 m 535 | 546 | 532 537 | 542 | 500 | 462 498 | 524 | 5.19
6.417 m 514 | 518 | 5.14 500 | 475 | 454 | 443 468 | 491 5.04

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 pre-
ferred at night time lighting, which would continue
through the threshold, transition, interior zones, and
throughout the tunnel.

5.2. Features of the Tunnel Lighting System

The road pavement is asphalt, class R3. Addi-
tionally, O, = 0.07, the wall coating is concrete, the
reflectivity is the 0.4, and the height of the lumi-
nary is the 6 m. The maintenance factor of the lu-
minary 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 15t and 2" Observers under the 70 W HPS Lamps

Luyerage = 2-46 cd/m? Uo = 0.65 U = 0.75 HPS-70 W

t

I ‘I’;’ester'eve” 0.75m | 2.25m | 3.75m | 5.25m | 6.75m | 8.25m | 9.75m | 11.25m | 12.75m | 14.25m
0.583 m 272 | 306 | 273 | 264 | 249 | 258 | 3.06 | 336 3.49 2.77
1.750 m 259 | 265 | 237 | 228 | 217 | 215 | 248 | 285 2.87 2.61
2917 m 211 | 196 | 180 | 168 | 166 | 15 | 1.72 | 196 | 2.01 2.14
4.083 m 218 | 202 | 189 | 177 | 173 | 166 | 178 | 205 2.07 2.20
5250 m 277 | 285 | 259 | 250 | 236 | 235 | 264 | 3.00 3.02 2.74
6.417 m 268 | 3.02 | 269 | 261 | 248 | 256 | 3.05 | 3.35 3.49 2.75
d

2 I‘:}’;i';ve” 0.75m | 2.25m | 3.75m | 5.25m | 6.75m | 8.25m | 9.75m | 11.25m | 12.75m | 14.25m
0.583 m 268 | 302 | 269 | 261 | 248 | 256 | 3.05 | 335 3.49 2.75
1.750 m 277 | 285 | 259 | 250 | 236 | 235 | 264 | 3.00 3.02 2.74
2917 m 218 | 202 | 189 | 177 | 173 | 166 | 178 | 205 2.07 2.20
4.083 m 211 | 196 | 180 | 168 | 166 | 15 | 1.72 1.96 2.01 2.14
5250 m 259 | 265 | 237 | 228 | 217 | 215 | 248 | 285 2.87 2.61
6.417 m 272 | 306 | 273 | 264 | 249 | 258 | 306 | 336 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 larg-
est at the latitude coordinate of the observer is great-
er than 0.7 (U, 20.7). 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 es-
tablished in two lines 2.33 m from the tunnel walk-
ways to the axis of the road and at a height of 6 m.
The lighting in the tunnel will be supplied by the lu-
minaries with symmetric light distribution. The con-
trast revealing coefficient, which is the most impor-
tant criterion in the application of symmetric light
distribution, is less than 0.2 and the flicker frequen-
cy of the interior zone is out of the 2.5-15 Hz range
as mentioned in CIE-2004.

5.3. Simulation Study

The tunnel entrance lighting is approximate-
ly 130 m for a 90 km/h speed because of the stop-
ping 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

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 en-
tire 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, 15t observer stands at 1.75 m (trans-
versal) and a 2"d observer stands at 5.25 m (trans-
versal). Fig. 5 illustrates the simulation program
and data entered for a 400 W HPS lamp. These pro-
cesses 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 lumina-
ries at 400 W were required for 14351 m of the re-
maining length of the tunnel, excluding the thresh-
old zone. For the M2-type road lighting class, the
desired criterions are, L >1.5¢cd/m*, U, >0.4,

average

U, 20.7 and 71 <10%, and all results obtained
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from this study are available for the CIE31 stan-
dards. As a result of the simulation, the mean lumi-
nance of the road is the L, =10.24 cd/m’®, the
mean luminance uniformity is the U,=0.7 and the
longitudinal luminance uniformity is the U,=0.87.
This process is performed for 17 m with 250 W lu-
minaries, 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 val-
ues based on the simulation. Table 2 illustrates the
tunnel lighting parameters for HPS lamps at various
powers (3 cd/m? or higher for highway tunnel light-
ing 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 77 is lower than
10 % in all regions in the tunnel.

5.4. Luminance Values

Table 3 presents the luminance values for the 15
and 2" observers under 400 W HPS lamps in the
tunnel according to simulation results.

Table 4 presents the luminance values for the 15
and 2" observers under 250 W HPS lamps in the
tunnel according to simulation results.

Table 5 presents the luminance values for the 15
and 2" observers under 150 W HPS lamps in the
tunnel according to simulation results.

Table 6 presents the luminance values for the 15
and 2"d observers under 100 W HPS lamps in the
tunnel according to simulation results.

Table 7 presents the luminance values for the 15
and 2" observers under 70 W HPS lamps in the tun-
nel according to simulation results.

5. RESULTS

The most accurate reference concerning tunnel
road lighting and the selection of lamps to be used is
international standards. The simulation tunnel road
lighting was therefore adapted to the standards.

This simulation provided easier calculation of
luminance values, which is very important in tun-
nel lighting.

The data of the desired lamp can be processed
on the simulation compared to the Database op-
tion and the application results were observed.

This program is suitable for many tunnel light-
ing systems, such as single-sided from left, one-sid-
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ed from right, displaced, bilateral, and double-sided
from the refuge. According to CIE140, the lumi-
nance values for all points, mean luminance level,
mean and longitudinal uniformity values were cal-
culated 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 mi-
nimum conditions conforming to the standards.

As shown in Table 2, the mean luminance value
was greater than the 3 cd /m? value specified in the
standards for the 100 W HPS lamp, which reached
5.14 ¢d /m? mean luminance. The 100 W HPS lamp
provides sufficient luminance conditions. The 70 W
HPS lamp luminance is equal to 2.46 cd /m? and
that is less than the standard requirements.

When examining the instantaneous consump-
tion 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.
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ABSTRACT

To save the architectural appearance of cultu-
ral heritage stations is one of the main problems for
the Moscow Metro. Development of station appear-
ances 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 20 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 mis-
represent the original appearance of stations. Ap-
pearance 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, recon-
struction, renewal, LEDs, energy saving, sconces

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

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 con-
tradictory task. The main problem is that the stations
were designed in the early 1930s. The construc-
tion of illumination devices (chandeliers, sconces,
torchéres, 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 illumi-
nation devices (IDs) are used in the Moscow Met-
ro (Fig. 1), which is significantly uncomfortable due
to luminous flux pulsations and dazzle created by
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Fig. 2. Specific pulsation level of the FL luminous flux
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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 measu-
red luminous intensity curves (LICs) of 100 W IL
sconces and 30 W CFL sconces.

Fig. 3. llluminance
distribution (Ix) on the
floor of the entrance
hall and the inter-es-
calator anteroom: a,
b—E27 IL and CFL; ¢,
d — bottle-shaped LIC

165 _180° 165 150" 13§ of ID (sconce), with
] : 100 W IL and 30 W
- CFL
408°
L
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Fig. 4. Exterior of the
ceiling in the entrance
hall and its lighting
principle before ID
reconstruction: a — ex-
terior; b — illuminance
distribution

Fig. 5. IDs at Krasnye
Vorota before recon-
struction: 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 re-
gard 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 na-
ture of IDs with traditional LSs is shown in Fig. 4.
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Fig. 8. Exterior of the LED module installed on the radi-
ator: / — LED matrix; 2 — E27; 3 — decorative ring with
attach fitting; 4 — radiator

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

Powerful white LEDs enable! to reconstruct and
renew the given IDs.

As we solve these tasks, we should remem-
ber that lighting upgrade should be accomplished
with a minimal stock list and with maximally unit-

! Their main disadvantage is blue light that extremely dam-
ages the human eye [3-6].
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b)

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 (E27); b — LIC of IDs with such
light sources

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 co-
lour 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 accom-
plished while developing a common luminous envi-
ronment 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 pre-
sented in the original project of 1935.

2. RESULTS OF RESEARCH

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 (Kolt-
sevaya line), Kiyevskaya (Koltsevaya line) and
VDNKh.
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Their work is shown in the case of the entrance
hall and the inter-escalator anteroom at Krasnye Vo-
rota. According to the 1935 project, the inter-esca-
lator 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 lumi-
nous flux, e.g. by 2000 Im (Fig. 6), does not elimi-
nate all specified disadvantages since the used light-
ing scheme plan for this station is not quite perfect?.
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 Im luminous flux generated by
an LED module with 4 LED matrices that are locat-
ed at the bottom of a diffuser inside the ornamental
ring of the ID in the way to avoid the radiant direc-
tion 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 Im luminous fluxes are
formed in zone 2 and zone 3 by Philips LED fila-
ments (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, illumi-
nating the whole space without blinding any passen-
gers because of a dull filament luminance. The rest

2 The lighting quality decreases: a bit brighter lighting of
the floor causes hard visual discomfort (with non-illuminated
ceiling) with increasing power consumption.
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Fig. 10. Exterior

of operational IDs
(sconces): a — before
reconstruction; b — af-
ter reconstruction; ¢ —
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)

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 Ix. The power source comes from a back-
up 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

BEZ04.0 158.0 242.0 369.0 563.0

Fig. 12. Illuminance distribution on the floor of the in-
ter-escalator anteroom after reconstruction in operating (a)
and emergency (b) modes
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necessary uniform illuminance distribution both
on the art-treasured ceiling (Fig. 11) and on the floor
(Fig. 12) with a decrease of total power consump-
tion by 50 %.

While implementing the offered lighting scheme,
the calculations of illuminance and UGR were con-
ducted with DIALux evo 7.0, using results of the
luminous intensity curves (LICs) of IDs (sconc-
es) 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 addition-
al cylindrical diffuser that spreads the light beam
along the plasterwork to evenly illuminate the ceil-
ing. The first torchére of the escalator (designed as
per the solution described in [12, 13]) is used with
the same purpose. The LS of the torchére provides
additional illumination of the outer plasterwork.

We can see from the illuminance distribu-
tion of the ceiling and the floor in the entrance hall
(Fig. 13) that the ceiling “works” after the imple-
mentation of the project. The floor is also fully illu-
minated (in total compliance with the requirements
of [1]) with the necessary lighting level and the cal-
culated UGR < 20.

3. CONCLUSION

This work offered the methods for the Moscow
Metro IDs with transparent diffusers (lamp shades)
reconstruction by replacing weak LSs (ILs and FLs)
with LED LSs, which ensure:

* Saving the ID historical appearance;
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* Compliance with the illumination level re-
quirements [1], no visual discomfort, energy con-
sumption reduction, and compliance with the re-
quirements for cultural heritage sites.

Unfortunately, during the 2017 renewal of
Krasnye Vorota, the Moscow Metro has totally ig-
nored 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 co-
lour quality that do not meet any modern require-
ments [1, 14].
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ABSTRACT

In this study, a techno-economic analysis of off-
grid 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 optimi-
zation 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 opti-
mal system design for off-grid PV LED road light-
ing systems under the M3 lighting class in Antalya.
The techno-economic analysis of the energy sys-
tem in case of dimming LED luminaires after mid-
night is made. Since the payback periods of the sys-
tems 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 compo-
nent and battery costs decrease, are examined.

Keywords: LED, road lighting, PV system,
techno-economic analysis, dimming

1. INTRODUCTION

Renewable energy systems without giving rise
to any greenhouse gas emissions unlike conven-
tional energy sources have gained widespread sup-
port by governments, businesses and consumers
in recent years. Photovoltaic (PV) and wind tur-
bine technologies are among the most competi-
tive renewable technologies, which provide a clean
source of electricity and can replace traditional fos-
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sil sources by reducing CO, 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 oft-
grid renewable energy systems has gained an in-
terest. Many studies have been evaluated in this
area including the techno-economic feasibility of
PV based lighting installations [1-5]. Under cur-
rent economic conditions, off-grid lighting systems
are feasible only in the rural areas, where electri-
city 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 ma-
terial technology and reached from 1.34 $/W to un-
der 0.5 $/W [7, 8]. Beside the decreasing trend of
PV prices, recent developments in LED technolo-
gy have made it possible to switch from tradition-
al lighting to energy efficient LED lighting. Apart
from their cost benefit, LED luminaires with lower
power requirements made it available to use smal-
ler sized and thus cheaper PV panels and batteries,
which led to investments in off-grid PV lighting in-
stallations at lower costs.

In this study, a techno-economic analysis of
off-grid 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 sun-
shine duration levels. DIALux software is used for
road lighting calculations and HOMER software is
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Table 1. Road Lighting Criteria for Selected Road Lighting Classes
Road Lighting Class Ly (cd/m?) U, U TI (%) SR
M3 >1.0 >0.4 >0.5 <15 >0.5

used in modelling, sizing and optimization of the
PV energy systems. In the first part of the study, cal-
culations 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 in off-grid PV
LED road lighting systems under the M3 light-
ing class in Antalya. In case of meeting lighting
criteria using maximum pole spacing, more dura-
ble, higher, and thus more expensive lighting poles
mounted with higher capacity and costly PV sys-
tem 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 mi-
nimum pole spacing, a higher number of lighting
poles is required per kilometre whereas size, capa-
city 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 optimiza-
tion is carried out once again over the optimal de-
sign. In addition to the current case, payback pe-
riods of the systems were calculated considering
future scenarios for cases of 25 % increase in elec-
tricity tariffs, 25 % decrease in PV system compo-
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w08 (-3
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Fig. 1. The luminous intensity diagram of the luminaires
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nent and battery costs, 50 % decrease in PV system
component and battery costs, and 25 % increase
in electricity tariffs with 50 % decrease in PV sys-
tem component and battery costs.

2. ROAD LIGHTING CALCULATIONS

Today, road lighting criteria are determined
by the International Commission on Illumina-
tion (CIE) and the European Committee for Stan-
dardization (CEN) [9, 10]. Turkish Electricity Dis-
tribution Co. (TEDAS) holds the responsibility for
the installation and maintenance of approximately 5
million lighting poles located in cities and rural ar-
eas in Turkey [11]. In 2016, according to Turkish
Statistical Institute (TUIK) data, electricity con-
sumption in general lighting was 4161 GWh, which
is 1.8 % of the total 231,204 GWh electricity con-
sumption of Turkey [12].

In the study the M3 road lighting class is selec-
ted, where relatively high-powered luminaires could
be used without exceeding limited PV battery capa-
city 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 ac-
cording to TEDAS Technical Specification for LED
Road Lighting Luminaires, Procedures, and Princi-
ples on the Usage of LED Luminaires in the Gen-
eral Lighting Scope, TS EN13201-3 and Techni-
cal Specifications for Road Lighting Luminaires
TEDAS MYD-95-009.B [13-16]. The road lighting
criteria need to be followed for the M3 road light-
ing class are given in Table 1. The maintenance fac-
tor is set as 0.89 for the protection class of /P66 that
is guaranteed according to CIE154:2003 [17]. Road
surface class is assumed to be R3.

The luminous intensity diagram of the lumi-
naires used in the study is given in Fig. 1.

According to the TEDAS Technical Specifica-
tions 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-
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Table 2. Road Lighting Calculations for M3 Road Lighting Class

Parameter Arrangement
Opposite Twin-bracket central
Spacing (m) 28 51 30 49
Luminaire luminous flux (Im) 4641 9270 5642 9270
Luminaire power (W) 39 73 46 73
Luminous efficacy of luminaire (Im/W) 119 127 123 127
Height (m) 7 10 8 9.5
Boom length (m) 1 1 1.5 0.5
L yg (cd/m?) 1.01 1.00 1.09 1.02
U, 0.47 0.42 0.53 0.40
U, 0.76 0.53 0.78 0.51
71 (%) 10 13 10 14
SR 0.61 0.85 0.76 0.89

Table 3. Average Lighting Times and Durations for Antalya

Month Daily average li.ghting time, h: | Daily average ligl'lting duration, Monthly average lighting duration, h
min h: min
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 28 m to 55 m in 1 m incre-
ments, 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 light-
ing class, the twin-bracket central and opposite ar-
rangements are compared. Besides, maximum and
minimum pole spacing options are compared in or-
der 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 batter-
ies give the most feasible result. Road lighting cal-
culations 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 unin-
terruptedly 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 ar-
rangements in 10 W increments with a lifetime of
20 years. The capital and replacement cost of a pa-
nel is taken as 0.52 $/W and operation and mainte-
nance cost is taken as 7 $/year. Panels are tilted with
a slope of 36.90° 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 Aer-
onautics and Space Administration (NASA) Meteo-
rology and Solar Energy Database through HOM-
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ER. 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 %. Bat-
tery prices varied between $117 and $997.5. Due
to being installed on the same lighting pole, main-
tenance cost of the batteries are included in mainte-
nance cost of the PV panels.

In the calculations, road lighting systems are as-
sumed 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 6°, the
objects are identifiable, and people can perform dai-
ly tasks without any requirement of artificial light-
ing. 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 cal-
culation of lighting durations.
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Table 4. Optimization Results for Antalya under M3 Lighting Class

Arrangement
Parameter Opposite Twin-bracket central
Min. Max. Min. Max.

Pole spacing (m) 28 51 30 49
Luminaire power (W) 39 73 2x46 2x73
Battery capacity (V/Ah) 12/166.6 12/250 12/416.6 2x12/333.3
PV panel power (W) 240 540 530 800
PV tilt angle (°) 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 ($) 594.19 977.51 1233 1933
Operation&maintenance cost ($) 104.14
PV electricity production (kWh per year) 384 886 823 1227
5:::;88 electricity production (kWh per 204.5 5517 4003 559.7
E;c;s(s:;(l)iczac)lty production / electricity 533 623 487 456
I;é);r(; electricity consumption (kWh per 155 239 365 578
Unmet load (%) 0
Autonomy (h) 79.13 63.66 83.84 84.86
CO, emission reduction (kg per year) 75.95 141.61 178.85 283.22

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

3.2. Optimization Results, Payback Periods,
and Total Installation Costs per km

Turkey is situated between 36° — 42° North lat-
itudes and 26° — 45° East longitudes and has the
highest solar potential in Europe after Spain. Ac-
cording to the study carried out by the Electricity
Affairs Survey Administration (EIE), 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/m?2 per year (total
4.2 kWh/m? per day). Antalya is situated between
North latitudes at 36° 07° — 37° 29’ and East longi-
tudes at 29° 20’ — 32° 35°. Located in the Mediterra-
nean Region of Turkey, Antalya is the tourism cen-
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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 radia-
tion intensity is 1650 kWh/m? per year [19]. The so-
lar 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 Da-
tabase through HOMER software.

Energy system configurations are simulated and
optimized according to the lowest total net present
costs (NPC) using HOMER. Detailed optimiza-
tion results for single pole are given in Table 4.

Following the optimization stage, payback pe-
riods of PV energy systems and total cost of en-
tire lighting installations per km are calculated. The
electricity cost of 0.128 $/kWh for general light-
ing is used in the calculation of payback periods as
of May 2016. As can be seen in Table 5, the low-
est 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
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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
Battery + PV net present cost ($) 594.19 977.51 1233 1933
LED luminaire cost ($) 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 ($) 0.84 1.2 0.96 1.14
Total cost of single pole system ($) 1121.99 1666.98 2126.28 2977.45
Number of poles per km 36x2 20%2 34 21
Total installation cost per km ($/km) 80783.28 66679.2 72293.52 | 62526.45
Annual operation duration (h) 3961.17
Annual electricity consumption per km (kWh) 11122.96 11566.62 12390.54 12144.95

33.73 years and $80783.28 respectively with mi-
nimum pole spacing for the opposite arrangement.

3.3. Calculation Results in Case of Dimming

According to the Procedures and Principles Re-
garding 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 in-
stallations 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 ar-
rangement 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 light-
ing operation until midnight illumination will be
performed according to the M3 road lighting class
and from midnight until the end of lighting opera-
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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 opera-
tion 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 calcula-
tions in case of dimming are given in Table 7.

In case of dimming, to switch from the M3 light-
ing class to the M4 lighting class after midnight, lu-
minous 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 bat-
tery capacity under dimming conditions, HOMER
simulations are conducted once again. Compari-
son of detailed optimization results for normal case
and dimming case are given in Table 8.

3.4 Payback Periods and Total Installation
Costs under Current Conditions and for Future
Scenarios

Following the optimization stage, payback pe-
riods 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

lighting installations per km are Table 7. Lighting Calculations with and without Dimming

calculated in case of dimming Lighting Class

under the M3 lighting class ac- Parameter M3 M4

cordi.ng to the maxi.rnum pole Arrangement Twin-bracket central

spacing for the twin-bracket — -

central arrangement. In addi- Luminaire luminous flux (Im) 9270 6952.5

tion to current conditions, pay- Luminaire power (W) 73 i1

back periods of the energy Luminous efficacy of luminaire (Im/W) 126.99 136.06

system investments are also | Spacing (m) 49

calculated considering future | Height (m) 95

scenarios: 1) 25 % increase |pgoom length (m) 0.5

in electri'city tariffs; 2) 25 % Luvg (cd/m?) L02 0.77

decrease in PV system compo-

nents and battery costs; 3) 50 % Y 0.40 0.40

decrease in PV system compo- | U 0.51 0.51

nents and battery costs; 4) 25 % | TL (%) 14 13

increase in electricity tariffs | SR 0.89

with 50 % decrease in PV sys-

tem components and battery costs. The payback pe-
riods of the energy system investments and total in-
stallation costs per km under current conditions and
for future scenarios are given in Table 9.

4. CONCLUSION

In this study, a techno-economic analysis of
off-grid PV LED road lighting systems have been
made for Antalya province of Turkey. In the first
part of the study, optimal system design for off-

grid PV LED road lightings systems under the
M3 lighting class in Antalya is obtained with the
twin-bracket central arrangement using maximum
pole spacing. In the second part of the study, over
the determined optimal design, the techno-eco-
nomic analysis of the energy system in case of
dimming LED luminaires after midnight is made.
In case of dimming, LED luminaire power is de-
creased from 2x73 W to 2x51.1 W after midnight
and thus, required PV and battery size of the ener-
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 Normal case Dimming case
Battery capacity (V/Ah) 2x12/333.3 12/500
PV panel power (W) 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) 578 483
Unmet electric load (%) 0
Autonomy (h) 84.86 76.16
CO, 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

‘ Energy System Load Ele'ctrlcny Payb'ack Total Installation
Scenario Case Net Present Consumption (kWh Period Cost per km ($)
Cost ($) per year) (years) P
N;’a“;;al 2058 578 27.82 62526.45
Current conditions i -
mming 1631 483 26.38 53559.45
case
Normal
) ) o 2058 578 22.25 62526.45
25 % increase in electrici- case
ty tariffs i i
Y Dimming 1631 483 21.10 53559.45
case
. Normal
25 % decrease in PV Sys- case 1599 578 21.61 52887.45
tem component and bat- Diomi
tery costs 1mming 1280 483 20.70 46188.45
case
) Normal
50 % decrease in PV Sys- case 1144 578 15.46 43332.45
tem component and bat- ~ -
tery costs mming 929.87 483 15.04 38835.72
case
25 % increase in electri- Normal 1144 578 12.37 43332.45
city tariff and 50 % de- case
crease in PV system com- Dimming
ponent and battery costs case 929.87 483 12.03 38835.72

from 800 W to 770 W and from 2x12 V 333.3 Ah
to 12 V 500 Ah respectively. LED luminaires ope-
rated 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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20 years when electricity tariffs increase by 25 % or
PV system component and battery costs decrease
by 25 %. While payback periods are above the sys-
tem lifetime in the former scenarios, payback pe-
riods can go below 20 years and be reduced to 15
years in case of 50 % reduction in PV system com-
ponent and battery costs, and moreover can be re-
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duced to 12 years along with 25 % increase in elec-
tricity tariffs.

When dimming is applied, in current case the to-
tal NPC of the entire lighting installation per km de-
creases from $62526.45 to $53559.45 by 14.3 %
and in the most favourable future scenario (25 % in-
crease 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 $43332.45 to $38835.72 by 10.4 %.
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Nicolai L. Paviov
The Sun Ray as a Tool to Design an Architectural Form

Fig. 6: a — the Church in Saint-Germer-de-Fly Abbey (France, 13% c.); b — the Church of Saint Patrokli, Soest (Germany,
early 13t c.); ¢ — the Saint Mary’s Church, Liibeck (Germany, early 14th¢.); d — the Cathedral Church of the Blessed
Virgin Mary, Salisbury (England, 13th-14t c.); ¢ — 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); & — 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 18t c.); b — the Saints Zosima and
Savvaty Church, the Trinity Lavra of Saint Sergius (early 17" c.); ¢ — the Church of Ilya the Prophet, Yaroslavl (middle 17t
c.); d — the Spasskaya Tower, Moscow (Kremlin); e — the tents on the Palace of Tsar Alexei Mikhailovich in Kolomenskoye

near Moscow (middle 17 ¢.), watercolour by G. Quarenghi (18™ c.); f— the tents on the Kremlin (engraving, 18thc¢.)
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Innovative Conceptions of Natural Light Using as an Essential Component
of the Formation of Architectural Space

Fig.2. Trap of light

in the transport inter-

change hub “Fulton

Centre* (New York):

a — general view of

| ’ : . e : the building node; b —
; 1 IR ¥ g | fE=R | s ¢ internal space with a

o ”F!! JRT1P2 S e B W G 4 mesh structure of the

Tl SN | 1~ : ~ ; #  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;

¢ — transformation
scheme panels
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Innovative Conceptions of Natural Light Using as an Essential Component
of the Formation of Architectural Space

| e \ cade of the art centre
i ||||||I|| il in Shanghai (China):
lj Wi} general view (trans-
formation options)

mlm - Fig. 7. Dynamic fa-

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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Reconstruction of Illumination Devices at the Moscow Metro
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Fig. 4. Exterior of the
ceiling in the entrance
hall and its lighting
principle before ID
reconstruction: a — ex-
terior; b — illuminance
distribution

Fig. 5. IDs at Krasnye
Vorota before recon-
struction: a — sconce;
b — chandelier

Fig. 10. Exterior

of operational IDs
(sconces): a — before
reconstruction; b — af-
ter reconstruction; ¢ —
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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ABSTRACT

The purpose of this paper is an investigation of
LEDs illumination experience at US-based aero-
dromes 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 illumina-
tion 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’ rec-
ommendations 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 illumi-
nation at Russian-based aerodromes.

The main conclusion is that the US experience
will improve quality and reliability of service pro-
vided in air transportation, comfort, and safety of
Russian flights, as well as competitiveness of Rus-
sian-based airports and airlines (indirectly).

Keywords: LEDs illumination, airport network
development, development features of aecrodrome
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(airport) LEDs illumination, new market emergence
for aerodrome (airport) LEDs illumination

1. INTRODUCTION
1.1. Aerodrome Lighting Requirements

The niche of air transportation in the internatio-
nal 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-sched-
uled delays, not to mention accidents and catastro-
phes, 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 inter-
national standards and the recommended practi-
ces are set out in the requirements for design and
operation of aerodromes [2] and in the certifica-
tion rules [3]. The system of visual lighting equip-
ment 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;
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* Main taxi track lights and stop bars lights (ex-
cluding 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 sec-
tion of the power network fails, the pilot does not
lose any visual orientation and the luminance pat-
tern 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 pro-
vide comfort and safety of flights in accordance
with the regulated service quality [4—6]. The im-
portance of the infrastructure, which is a part of the
aviation traffic safety system, requires its protec-
tion, which is governed by the airport security re-
gulations (Decree of the Government of the Russian
Federation dated 1 February 2011 No. 42 for Ap-
proval of the Security Rules for Airports and their
Infrastructure).

In accordance with Article 48 of the Avia-
tion Code of the Russian Federation [7], the equip-
ment, including lighting equipment installed at civil
aerodromes, joint civil/state aerodromes, and joint-
use aerodromes, must meet the requirements for ser-
viceability that are confirmed by an appropriate ser-
viceability 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 (ac-
cording to Engineering Brief No. 67D). White-yel-
low and red-yellow signal lights are used as well.
The lights have various intensity rates: low (low-in-
tensity lights), medium and high (high-intensity
lights) [2, 3]. AC150/5340-30H provides replace-
ment of three-stage regulators with a five-stage ver-
sion. A variety of properties, as well as stiff require-
ments to luminance and reliability create the need
for LEDs illumination and its intellectual manage-
ment for airports. The narrow LEDs radiation spec-
trum also allows us to work with various optical
systems, including infrared (IR) systems.

In addition to specified lights, the market sec-
tors for LEDs illumination are lighting equipment
of aircraft, buildings, structures, and environs [7].
Under such a use, LEDs become part of architec-
tural 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
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to be used as an information carrier. Luminous car-
pets, 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 direc-
tions for people and equipment. Smart light can pro-
vide security, transmit information about any acci-
dent 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 sys-
tems 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 car-
go flights in the 1970s and introduction of mul-
ti-seated jet aircrafts of the 2" generation and of
the 3™ 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 internatio-
nal air transportation. Only few large airports were
equipped with foreign equipment (from Czechoslo-
vakia or Finland) which put civil aviation with joint
air forces aerodromes (in particular cases) in a dan-
gerous 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 air-
lines, 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 haz-
ardous substances, high durability features, extend-
ed service life, much smaller weight and size para-
meters [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 GATE-
WAY specialists from the US Department of Energy,
first conducted a survey and an analysis of electrical
energy consumption for lighting equipment in air-
craft parking areas, apron areas, and passenger ter-
minal areas. The expected energy savings reached
almost 50 %.

The project implementation confirmed the calcu-
lations: the introduction of new lighting equipment
allowed saving significant amounts of energy, opti-
mizing the distribution of airport lighting levels for
specific tasks of aircraft maintenance, ground equip-
ment operation, passenger services, and flight safe-
ty [16, 17].

The practical use of new LED equipment prompt-
ed the [lluminating Engineering Society of North
America (IESNA) to make changes to IESNA-
RP-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 con-
trols lighting systems and visual indicators of ap-
proach 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 devi-
ces, 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 com-
pany’s project on energy efficiency and renewable
energy, 7,700 Ameresco halide lamps were replaced
with energy-efficient LEDs which significantly re-
duced 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 ener-
gy, and allows them to build an airport lighting sys-
tem with a high degree of independence from exter-
nal sources of energy supply.
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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 Na-
tional Academy of Sciences, the United States Na-
tional Academy of Engineering Sciences, and the
United States Institute of Medicine.

The objective of this work is to study the experi-
ence of LEDs illumination at US-based aerodromes
(airports) with an assessment of feasibility and ne-
cessity of LEDs illumination in Russia.

2. METHODS

Such scientific methods as analysis, synthe-
sis, and deduction were applied during our study
on modernization with an introduction of LEDs il-
lumination at Russian airports based on the experi-
ence of the United States. The following analyses
took place: the analysis of aerodrome lighting re-
quirements; the review and the analysis of develop-
ment features in aerodrome LEDs illumination; the
experience analysis of LEDs illumination at US-
based airports; the deductive analysis and the as-
sessment 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 deve-
lopment of high-quality project documentation. Ac-
ceptance testing and commissioning of AGL should
be linked to each construction project and applica-
ble 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]

with existing equipment, design and installation of
lamps should be coordinated [24].

Acceptance inspection of an aerodrome lighting
system must include visual inspection and physi-
cal inspection of this system, electrical testing, pho-
tometric testing, and a systematic failure test [25].

LED lamps for various purposes (runway edge
lights, runway centre-line lights, taxiway lights, ob-
struction lights, touchdown zone lights, lift-off zone
lights, runway identification threshold lights, aero-
drome signs, etc.) are used in various proportions
in AGL [25].

Visual check identifies compliance of orien-
tation and physical condition (including integri-
ty 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 de-
fect is found, other 20 % of lamps should be opened
and checked. All defective lamps should be repaired
and rechecked.

Electrical testing ensures that minimum speci-
fied standards are met and provides basic data for
service management. Circuit insulation resistance
measurement (50 MQ, according to AC150/5340—
30H) ensures no current losses and is used to ana-
lyse dynamic properties of insulation processes and
use environment. Measurements of impedance and
power of system load should be carried out at reg-
ular intervals. Electrical equipment is non-resist-
ant to dust and dirt which specifically contribute
to overheating and premature failure of lamps.

Photometric testing (with lamps commission-
ing) includes standard photometric measurements
that correspond to the type (purpose) of the test-
ed lamp.

A systemic failure test allows you to detect sub-
standard components (electronic components as
a source of failure) during sweeping or so called
burn-in. It is recommended to use a sweep period
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(3-4) year

(5-6) year

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

that is 5—10 times longer than the normal daily ope-
rating 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 war-
ranty period is 4 years according to AC150/5345—
43H, and the lamp replacement criteria are accor-
ding to AC150/5340-26C. 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 relia-
ble than their predecessors, requiring a much low-
er frequency of replacements. To manage warranty
obligations, it is necessary to specify a lamp instal-
lation date and to develop a post-warranty strategy
(e.g. including a service contract, an extended war-
ranty period, or internal repair work).

The problem is equipment obsolescence due
to rapid development of LED technologies, espe-
cially for small airports which cannot often receive
any support from the FAA. The obsolescence prob-
lem 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 re-
duction in maintenance costs and a decrease in ener-
gy 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 me-
ters high).
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4. DISCUSSION AND CONCLUSION

The article includes:

— The analysis of aerodrome lighting require-
ments, development features of acrodrome LEDs il-
lumination, and experience of LEDs illumination at
US-based aerodromes;

— The deductive analysis and the assessment
synthesis of feasibility and necessity of the US ex-
perience in LEDs illumination of Russian-based
aerodromes.

There is the number of on-line tools to compare
estimated life-cycle values of various lighting sys-
tems [26], including in Russia:

1. The US Department of Energy (DOE) pre-
sents several methods to calculate energy savings
and necessary costs for reconstruction of airport
lighting systems (URL: http://www]1.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/Tok-Part-
ners.aspx);

3. General Electric Lighting provides a number
of simple tools to estimate energy costs and life-cy-
cle costs (URL: http://www.gelighting.com/na/busi-
ness_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 in-
vestment profitability and life-cycle costs for a num-
ber 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 illumina-
tion costs are a main barrier for aerodrome LEDs il-
lumination. However, there is evidence that LEDs
illumination, which is currently installed at aero-
dromes, provides (20—50)% of their general lighting
in the majority of US-based airports [25]. Under-
standing 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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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 illumina-
tion 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 light-
ing 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 pub-
lications of the US, including the reports of the Na-
tional 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 air-
lines (indirectly);

* It is advisable to use on-line tools in Rus-
sia that are recommended by US specialists to es-
timate life-cycle costs for LED lamps, with due re-
gard to existing geographical and climatic factors.
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ABSTRACT

As the technology advances, the efficiencies of
Chip on Board (COB) LEDs are increasing. In this
study, the utilization of COB LEDs in an industri-
al high-bay luminaire, which can be considered as
a relatively high power application, has been inves-
tigated starting from the initial design process. For
an industrial hall, single-chip LED based reference
luminaires, which can provide the required light-
ing 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 lumi-
naire prototype with a plate finned heat sink was
modelled by using a CAD software and the com-
puter aided thermal simulations were performed.
Then the prototype was manufactured and expe-
rimentally analysed. The highest difference be-
tween the experimental analysis and the thermal
simulation was found to be less than 7 %, which
demonstrates the consistency of design and analy-
ses. This study is an example of the steps to be fol-
lowed in the manufacturing stage of a COB LED
based luminaire. Additionally, it is aimed to pro-
vide a perspective to the use of COB LEDs in high
power applications.

Keywords: COB LED, thermal simulation, ex-
perimental analysis

1. INTRODUCTION

Nowadays, Light Emitting Diodes (LEDs) are
competing with conventional light sources in many
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areas through their advantages such as high lumi-
nous efficacy, long life-time expectations, and va-
riety of white colour. On the other hand, high pow-
er LED light sources convert some percent of input
electrical power to optical power, while the residu-
al part is dissipated as heat [1-4]. If this heat ener-
gy is not removed steadily, the temperature of the
structure increases. LED properties such as lumi-
nous flux, luminous efficacy, and efficiency are ad-
versely affected from the increasing temperature
[5]. The lifetime of an LED is also dependent on the
temperature [6]. There are many studies about ac-
tive and passive cooling systems in order to reduce
the adverse effects of heat on the LEDs [7-11]. Pas-
sive cooling systems are more preferred in the mar-
ket due to their advantages such as the ease of man-
ufacturing, 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 appli-
cations is industrial high-bay luminaires. In indus-
trial 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 num-
ber 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 high-
light COB LED based luminaires in terms of the
mechanical design simplicity and the cost advan-
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Table 1. Analyses Results of Single Chip LED Based Industrial High-bay Luminaires

Luminous . .
Average Electrical | Luminous .
. o . . flux of Number of | Energy consumption
Luminaire | illuminance | Uniformity .. power efficacy . 2
luminaire luminaires [W/m?/100 Ix]
[1x] W] [Im/W]
[Im]
A 315 0.722 25000 182 137.4 36 0.83
B 303 0.600 25000 200 125 36 0.95
Fig. 1. Light distribu-
" =11* i tion curves of reference
single chip LED based
>, ol Il b % industrial high-bay
luminaires

tage. On the other hand, COB LEDs have a dense
thermal power output from a small area, which in-
dicates the importance of designing the cooling sys-
tem to be used in the luminaire through thermal si-
mulations and experimental analyses.

In this study, the procedure of designing a COB
LED based luminaire is examined in detail. Selec-
tion of reference luminaires for benchmark, COB
LED selection and measurements defining the num-
ber of COB LEDs, computer aided thermal simu-
lations, experimental analyses and validation steps
are followed, respectively. In addition, the ther-
mal power value was determined by measurements
rather than using a specific percentage of the elec-
trical power, and then thermal simulations were per-
formed according to these real measurement data.

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 dis-
tance between the work plane, and the light emit-
ting 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 %,

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 Ix average illu-
minance 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 refe-
rence number 5.8.3 [12]. Maximum 5 % tolerance
was allowed at the average illuminance for the de-
termination of reference single LED chip based lu-
minaires. DIALux, which is a lighting design soft-
ware, was used in the analyses [13]. A large number
of single chip-LED based industrial high-bay lu-
minaires on the market were analysed, and two of
them, which provided the aforementioned criteria,

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

Driving Property Cold Plate Temperature, °C
Current, mA 25 35 45 55 65 75

Solder temperature [°C] 29.3 38.7 48 57.5 66.7 76.3
Voltage [V] 33.14 32.98 32.82 32.67 32.53 32.38
Current [A] 0.35 0.35 0.35 0.35 0.35 0.35
Luminous flux [Im] 1963 1940 1916 1891 1865 1837
Optical power [W] 5.81 5.75 5.69 5.62 5.55 5.48

350 CCT [K] 3859 3868 3881 3893 3908 3924
CRI 83.6 83.6 83.5 83.5 83.5 83.4
Electrical power [W] 11.60 11.54 11.49 11.43 11.38 11.33
Thermal power [W] 5.79 5.80 5.80 5.81 5.83 5.86
Efficiency [%] 0.50 0.50 0.50 0.49 0.49 0.48
Luminous efficacy [Im/W] 169.2 168.1 166.8 165.4 163.8 162.1
Solder temperature [°C] 359 45.2 54.5 64 73.3 82.7
Voltage [V] 34.39 34.22 34.05 33.89 33.73 33.59
Current [A] 0.7 0.7 0.7 0.7 0.7 0.7
Luminous flux [Im] 3695 3648 3598 3547 3492 3436
Optical power [W] 10.95 10.82 10.69 10.55 10.4 10.25

700 CCT [K] 3884 3895 3908 3922 3937 3957
CRI 83.2 83.1 83.1 83.1 83.0 82.9
Electrical power [W] 24.08 23.95 23.83 23.72 23.61 23.51
Thermal power [W] 13.13 13.13 13.14 13.17 13.21 13.26
Efficiency [%] 0.45 0.45 0.45 0.44 0.44 0.44
Luminous efficacy [Im/W] 153.5 152.3 151.0 149.5 147.9 146.1
Solder temperature [°C] 434 52.8 62.1 71.3 80.7 89.8
Voltage [V] 35.40 35.22 35.05 34.88 34.73 34.58
Current [A] 1.05 1.05 1.05 1.05 1.05 1.05
Luminous flux [Im] 5236 5161 5082 5002 4918 4825
Optical power [W] 15.57 15.35 15.15 14.91 14.68 14.42

1050 CCT [K] 3916 3925 3939 3956 3973 3998
CRI 82.8 82.8 82.7 82.7 82.7 82.6
Electrical power [W] 37.16 36.98 36.80 36.63 36.47 36.31
Thermal power [W] 21.59 21.63 21.65 21.72 21.79 21.89
Efficiency [%] 0.42 0.42 0.41 0.41 0.40 0.40
Luminous efficacy [Im/W] 140.9 139.6 138.1 136.6 134.9 132.9

were selected as reference luminaires. The light dis-
tribution 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 25000 Im.
This value was determined as the target for the de-
sign of COB LED based industrial high-bay lumi-
naire. A COB LED light source, which is well doc-
umented and has a high luminous flux value, was
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selected and purchased from the market. The pro-
perties of COB LED for different currents and cold
plate temperatures were measured using a 1-me-
ter-diameter temperature controlled Ulbrich Sphere,
which exists at the ITU, Energy Institute, Photom-
etry and Radiometry Laboratory [14]. The tempe-
rature 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 Property Cold Plate Temperature, °C
Current, mA 25 35 45 55 65 75
Solder temperature [°C] 51.9 60.9 70.3 79.4 88.7 98
Voltage [V] 36.27 36.09 35.93 35.77 35.62 35.47
Current [A] 1.4 1.4 1.4 1.4 1.4 1.4
Luminous flux [Im] 6588 6486 6379 6260 6143 6017
Optical power [W] 19.62 19.32 19.03 18.68 18.34 17.98
1400 CCT [K] 3948 3962 3979 3996 4018 4043
CRI 82.5 82.5 82.4 82.4 82.3 82.3
Electrical power [W] 50.78 50.53 50.30 50.08 49.86 49.65
Thermal power [W] 31.16 31.21 31.27 31.40 31.52 31.67
Efficiency [%] 0.39 0.38 0.38 0.37 0.37 0.36
Luminous efficacy [Im/W] 129.7 128.4 126.8 125.0 123.2 121.2

Solder temperatures, which are the key parameters
for the calculation of junction temperature, were
also measured by the K type thermocouple. Electri-
cal 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 [V] =

= Voltage [V] x Current [A] 0

Thermal Power [W] =
= Electrical Power [V ]—
—Optical Power [ ].

2

Efficiency [%] =
_ Optical Power[I¥]
Electrical Power[V]

% 100%. )

Luminous Efficasy [Im/W]=
_ Luminous Flux [/m]
Electrical Power[W]

“)

As it is seen from Table 2, luminous flux, lumi-
nous efficacy, optical power, and efficiency values
were adversely affected from the increasing tem-
perature. 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-
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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 tem-
peratures 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 5100
Im 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 cal-
culated with the Equation (5) (luminous fluxes of
reference luminaires were 25000 lumens, the ap-
proximate 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 sol-
der point temperature was 5100 lumens). From the
Equation (5), the number of COB LEDs was calcu-
lated as 5.8 and the number of 6 was selected as an
upper integer.

25000Im

Numberof COBLEDs=—————=35.
5100Im x 0.85

®)

3. THERMAL SIMULATIONS AND
EXPERIMENTAL ANALYSES

In this section, the computer aided thermal simu-
lations and experimental analyses will be explained
in detail.



Light & Engineering

Vol. 27, No. 2

Fig. 3. 3D luminaire model with plate finned heat sink

3.1. Thermal Simulations

In this study, a commercial computational flu-
id dynamics program was used for thermal simu-
lations. A plate finned heat sink with a pendant,
which is expected to provide the targeted 60 °C sol-
der point temperature, is designed with preliminary
thermal simulations taking into account produc-
tion possibilities. Selected dimensions of the base
plate of the heat sink were 290x221x14 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 mo-
del of the heat sink and mounted COB LEDs can
be seen.

In detailed thermal simulations, material proper-
ties of the parts and thermal resistances were tried
to define accurately in the software for the exact re-
sults. Materials of the parts and their thermal con-
ductivities 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 conductiv-
ity 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 be-
tween the PCB and the heat sink was defined ap-
proximately as 0.17 Kem?/W from the manufactur-
er catalogue at the supplied lowest pressure value
(5 N/cm?) [18]. The thermal resistance between
the pendant and the heat sink was defined as 3.3
Kcm?/W. The thermal resistance between the LED
chip and the PCB was defined as 0.9 Kem?/W by
considering the thermal resistance value, which is
given in the datasheet of selected COB LED be-
tween the junction and solder points. In thermal si-
mulations, the air temperature was defined as 24 °C.
The thermal power of a COB LED was calculat-
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Fig. 4. Temperature measurement points

ed from Table 2 at 1050 mA current and 60 °C sol-
der point temperature and found as 129.84 W for 6
COB LED:s.

Mesh sensitivity analysis was performed for
different mesh configurations, which are shown
in Table 4. The maximum temperature was con-
trolled according to the increasing number of mesh
elements. The results of Mesh 4 were used in this
study because after mesh 4 the maximum tempera-
ture did not change considerably.

Six temperature measurement points were spe-
cified on the thermal model (Fig. 4). From the tem-
perature 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, re-
spectively. The obtained thermal simulation results
are consistent with the accepted 60 °C soldering
point temperature used for determination of the lu-
minous flux and the thermal power in the design be-
ginning. The results of the thermal simulation will
be compared and evaluated in the results and dis-
cussion section. The temperature distribution of the

Temperature, °C

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 numgz;‘;ii:ﬁd mesh The number of total mesh elements Maximur;;;:;n:e[:{ét]u re of the
1 273705 753648 68.9
2 403717 1188 612 69.4
3 520764 1492 682 70.0
4 663822 1864 318 70.1
5 1170 087 3271968 70.1
6 1683 470 4615 745 70.1

designed model obtained from the thermal simula-
tion is shown in Fig. 5.

3.2. Experimental Analyses

A prototype was manufactured and experimental
analyses were 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. 6.
Manufactured
heat sink

1. The surface was cleaned with isopropyl al-
cohol to remove residuals from production, which
could adversely affect heat transfer;

2. The thermocouples were soldered to the sol-
der 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 pro-
totype was mounted.

After manufacturing of the luminaire prototype,
experimental analyses with laboratory measure-
ments were 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 si-
mulations (Fig. 8). In the experimental analysis, the
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Fig. 8. Prototype pendant setup

speed and the temperature of air were controlled
by measurement devices. Two air temperature sen-
sors 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.

Fig. 7. Assembly steps
of COB LED based
luminaire prototype

The thermocouples 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 simula-
tion. The temperature data were recorded with re-
spect to time by using a digital multimeter. The sen-
sors 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 val-
ues obtained from each thermocouple and the val-
ues obtained from the thermal simulation for the ex-
act 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-diame-

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, Im 31200
CCT,K 3923
CRI 82.42
Efficiency of LEDs,% 43.4
Luminous efficacy of LEDs, Im/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 =55
6 54.25 57.52 —6.0

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

Property mggltl:g:):nt Calu;:laetzil(s):llls'ef;:)el::tCOB 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 [Im] 31200 30600 1.9
Efficiency of LEDs [%] 43.4 41.2 5.1
Luminous efficacy of LEDs [Im/W] 142.8 138.4 3.1
CCT [K] 3923 3936 —0.3
CRI 82.42 82.73 0.4

ter Ulbricht Sphere after the prototype reached the
thermal 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 cir-
cuits, and the total electrical power supplied to the
LEDs from the drivers was found by multiplying
the current and measured voltages. Driver efficien-
cy was found by dividing the electrical power given
to the LEDs to the electrical power delivered to the
drivers. Additionally, the efficiency, luminous effica-
cy, and thermal power of the LEDs were found us-
ing 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.

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 simula-
tion and experimental analysis from the temperature
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measurement points determined on the luminaire
prototype are as shown in Table 6. The greatest dif-
ference between the thermal simulation and experi-
mental analysis is —6.9 %, and these differences can
be considered within acceptable limits. This situ-
ation demonstrates the consistency of the assump-
tions made and the thermal model.

The values obtained from the measurements
made for one COB LED at the beginning of the de-
sign were used for six LEDs. The differences be-
tween the calculations from COB measurement
and prototype measurements are given in Table 7.
In this case, the differences between the thermal si-
mulation and the experimental analysis, which are
given in Table 6, can be explained by the difference
between the single COB LED measured in the be-
ginning 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 de-
termining properties of the COB LED light source
to be used in the beginning of the design process.
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Fig. 10. Time dependent temperatures of the measurement
points

T

Fig. 11. Measurement of luminaire prototype using 2-me-
ter-diameter Ulbricht Sphere

The thermal simulation should then be performed
to ensure that the cooling system can provide the
desired temperature values. Finally, the consisten-
cy of thermal simulation results should be checked
with measurements on a prototype to be manufac-
tured before mass production is started.

Another result of this study is, with
a suitable thermal management system, COB LEDs
can be used in high-power luminaires as an alterna-
tive to the single-chip LEDs, which are commonly
used in the market. Thus, the number of LEDs used
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Fig. 9. Sensors and the
entire measurement
system

in luminaires as well as the mechanical design dif-
ficulty can be reduced. On the other hand, assum-
ing an optical loss about 15 %, the COB LED based
prototype, which was designed and experimental-
ly analysed in this study, has a luminous effica-
cy of 108 Im/W. This value is lower than the lumi-
nous efficacy values of the single-chip LED based
luminaires, which were selected for benchmark-
ing 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 ap-
ply this method starting from the first step for dif-
ferent design targets such as higher luminous effi-
cacy etc.

This work was supported by the Research Fund
of the Istanbul Technical University. Project Num-
ber: 39766.
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ABSTRACT

The physical model of the radiance field is simi-
lar in some aspects to the elementary particle trans-
port 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 19t
century, both theories have been developing in par-
allel, thereby enriching each other. In other words,
a breakthrough, which has been made in one the-
ory, readily contributes to the significant progress
in another one. Nowadays the accuracy achieved
in the experiments with particles is close to the li-
mit, which allows validating the relationships de-
rived within the light scattering theory. Besides, the
experiments with particles are free from uncertain-
ties in the scattering medium, which are typical for
atmospheric remote sensing applications. In this pa-
per, 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 for-
ward peaked phase functions. The calculations are
compared against the experimental angular distribu-
tions of electrons, which are elastically reflected by
the two-layer solid samples.

Keywords: transport theory, small-angle appro-
ximation, light scattering, electron spectroscopy, in-
variant imbedding method
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1. INTRODUCTION

The formulation of the transport theory for el-
ementary particles is like the laws of the light
beam propagation considered in the ray approxi-
mation 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 con-
cept [1], in which a photon is considered as a small
particle moving along a trajectory; the latter is re-
ferred to as a “ray.” The density of the photon flux
is associated with the radiance L(r,i) at the given
point r in the direction 1. Under this setup, the ra-
diance field is given by the radiative transfer equa-
tion (RTE):

(A, V)L(r,))=—cL(r,1) +ig‘>L(r,i’)x(i,i')di’, 1)
4

here ¢ and o are the extinction and scattering coeffi-
cients, respectively, while x(L1") is the single scat-
tering phase function. Initially, the RTE was intro-
duced 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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here 1//(r,i) is the particle flux density at the given

point r along the direction 1, o, is the elastic scat-

tering cross-section, while o, is the inelastic scat-
tering 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 sens-
ing 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 ana-
lysing the X-ray photoelectron spectroscopy (XPS)
and reflected electron spectroscopy (RES) data).

The description methodologies of both elec-
tron and optical scattering are based on the trans-
port equations. Therefore, the methods designed for
solving optical problems can be used in the prob-
lems related to atomic particle scattering in solids
[3-5].

By using the electron spectroscopy framework,
the problem of the quantitative composition analy-
sis of samples can be readily solved. However, such
an analysis of the experimental data typically re-
quires 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 re-
quirements 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) analy-
sis are based on rather simplistic models, in which
the process of multiple elastic scattering is neglect-
ed. 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 esti-
mate of the scattered electron signal [8]. Essentially,
the error of the SLA approach is because the elastic
scattering cross-section o, in the situations, which
are relevant for XPS, RES, and EPES, exceeds the
inelastic scattering cross-section, i.e. 0, >0, . Sev-
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eral techniques were developed in order to compen-
sate 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 spec-
troscopy, 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 proces-
ses from multi-layered inhomogeneous media. Be-
sides, it is possible to control the composition of the
sample under study, even at the stage of its prepa-
ration. In this regard, the layer-by-layer composi-
tion retrieval based on the analysis of electron spec-
tra 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 dis-
tributions 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]. Essential-
ly, this method converts the RTE for the radiance
into the equations for the reflection and transmis-
sion 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 scatter-
ing 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 prac-
tical importance. These are the cases relevant for
the electron scattering in solids and the photon scat-
tering 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 pro-
cedure since the nonlinear Chandrasekhar equations
can be linearized.

The forward peaked phase functions were con-
sidered by Gaudsmith and Saunderson [21, 22]
to solve the electron transport equation by using the
small-angle approximation and the spherical har-
monics method. Let us consider an infinite medi-
um with the sources of light (or particles) placed
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in the centre (the medium boundary is placed at
z=0); the source satisfies the following condi-
tion: L(z=0,1)=8(1- io). In [23] Scott developed
a technique for solving transport equations by us-
ing the small-angle approximation. Dashen [3] ap-
plied the Ambartsumian equation, which solves the
boundary problem of reflection from a semi-infinite
medium, to describe the electron scattering pro-
cess. 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 approxi-
mation is associated with the following small
parameter

x(m)/ x(0) < 1. 3)

In this paper, the small-angle approxima-
tion is used to derive analytical expressions for ra-
diation reflection processes both from a semi-in-
finite layer and from layers of finite thickness. The
small-angle solutions of the Chandrasekhar equa-
tion for the transmission function will be given.
It will be shown that the small-angle approxima-
tion can be used only for Chandrasekhar equations
(written for the transmission function [19]), but not
for the alternative formulation from [25]. An iter-
ative procedure will be constructed that solves the
problem of reflection from multilayer samples with
an underlying surface at the bottom.

The main advantage of approximate analytical
solutions consists in the high computational speed,
which is a prerequisite for solving inverse prob-
lems by the fitting procedure. Note that the latter is
the most robust approach to deal with the ill-posed
problems of mathematical physics, namely, the re-
mote sensing retrieval and quantitative composi-
tion analysis using the electron spectroscopy [26,
27].

The paper will present methods for the numer-
ical solution of the Chandrasekhar equations. Cur-
rently, Monte-Carlo (MC) simulations [28, 29] are
mainly used to describe the energy and angular
spectra of electrons. However, MC codes require
much computational time: e.g., on a standard lap-
top, this time ranges up to several minutes; whereas
the same simulations, but based on the numerical
solution of the Chandrasekhar equations present-
ed in this paper, are performed within fractions
of a second. Note, that the idea of using numer-
ical methods to interpret the spectra of the elec-
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tron spectroscopy is inherited from the radiative
transfer theory.

The approbation of the approximate small-angle
methods developed in this work is performed by us-
ing 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:

1 1
pm(r’ll’l?ll'to)-l-(_-‘r_
no

aT me(r’/’t?ll’to):

du’

’

+

1
= Ax,, (4. 1)+ A x, (. )0, (T 1 1)
0

du’

’

@

0
+A[ o, (T )%, (W 1) =+
-1

10
+A[ [ @t )5, (1 10, (T, 1 113) X
0 -1

« du’ du

4

)7

” 2

u

where 7 is the dimensionless layer thickness, m
is the azimuthal expansion index, p is the reflec-
tion function, x is the single scattering phase func-
tion, A=o0,/(0, +0,) is the single scattering al-

bedo. Consider the azimuthal expansion

p(T’ﬂ7ﬂ0’¢_¢0):

= me(r,,u,ﬂo)expl:im((ﬂ—(ﬁo ):I’ (5)

with ¢ =arccos u , ¢, and 9=arccos u, ¢ being the
polar and azimuth angles of probing and viewing
angles, respectively; the polar angles are defined
with respect to the axis, which is perpendicular
to the sample surface and looks towards the surface.

Similar to Equation (4), the equation for the
transmission function 7(z,u, u sP =P 0) reads as
follows (Eqn. 6):
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77 du’
+AeXp(——Jfpm(r,ﬂ,ﬂ’)xm(ﬂ’,ﬂo,qf—400) P (6)
0./0
-11
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+A'[J.pm(raﬂ:ﬂ )xm(;‘u U@ —@ )Tm(T”Ll aﬂoaw _¢0) /ff /ff, .
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a) b)

Fig. 1. The reflection functions for the semi-infinite medium. The normal angle of incidence. The calculations are per-
formed 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

3. NUMERICAL SOLUTION FOR with

REFLECTION AND TRANSMISSION

FUNCTIONS A=diag(l/ pu)— Ax"*w, C=Ax"", D=Awx""w.
We note that the methods discussed in this sec- The index “+” in the phase function is relat-

tion were first developed for solving the problems ed to the process, in which the propagation direc-
of radiative transfer and significantly enriched the tion after the scattering event is preserved, while
theory of electron transfer as well. To get the ma- the index “—* indicates that the upward propaga-
trix form of Equation (1), the continuous depen- tion changes into downward one and vice versa.

dency on u” should be replaced with a discrete set Equation (7) is referred to as the differential alge-
of N values g, ", while the integrals should be rep-  braic Riccati equation [30, 31]. It can be solved nu-
resented through the quadrature formulas. Then merically by several numerical techniques [31-34].
the reflection function $™ turns into a matrix of In this paper, we use the BDF (Backward Differen-
dimension NXN, where s; are the weights of the tial Formula) method [34]. The situation is some-
quadrature method, 4 are the quadrature nodes  what simplified since the matrix x"* is symmetric.

for the cosines of the incidence/observation angles, Having performed a similar discretization for
w=diag(s,/ &) particles elastically scattered inside a layer, we ob-
Bearing that in mind, Equation (4) takes the fol-  tain the following matrix equation for the transmis-
lowing form: sion function:
Lo () p” () + o7 () A= O o (o) e 4T
E 21 () 4T (0)=C, ®
=C+p"(7)Dp" (7). D
with
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Fig. 2. The transmission functions for the layers of thick-
ness 0.1 /,.. 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 solu-
tion (MDOM), the dashed line is the small-angle approxi-
mation. 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

A = diag(lj - A" w—=Apy (T)wx""w, C=
u

A(x™ + o (7) wa™ )diag(exp(—%j).

Let us find the solutions of the equations ob-
tained 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:
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—2gu

=3

=Y 2I+Dg'B(w), ©)

=0

Xhe ()= 1+ g2

)3/2

where P, are the Legendre polynomials.

The solution of Equation (7) (and consequent-
ly, Equation (4)) is shown in Fig. 1 with solid lines,
while the dashed line depicts the solution to Equa-
tion (7) with non-linear term neglected (i.e., the se-
cond 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 re-
sult since the phase functions with g <0,5 do not
have a dominant small-angle scattering part. How-
ever, 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 solu-
tion of Equation (8), the dashed line shows the solu-
tion of Equation (8) with neglected terms containing

Py (7). In other words, this is a solution to Equa-
tion (6), in which the last two terms on the right-
hand side are neglected.

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
a—,Om(Tuunuo)+(_+_jpm(r"u"u0):
T y2! 0
= Ax,, (1, 1) + (10)
1 1 1 ’ ’ d '
+A[_+_fom(ﬂaﬂ>ﬂm<f=ﬂ’/“‘0) ;
2 0/0
and
1 a7, (7, 4,
_T;n(Tnu’luO)-l—M:
u 0T
T
:Aexp(——}xm(ﬂ»ﬂo)"' (11)
0

du’

7.

1
+ A x, (o VT, (7,14 )
0
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The method of spherical harmonics is based
on the representation of functions through the
Legendre polynomial series. However, to be able
to apply the method of spherical harmonics (which
is a standard procedure for analytic solution of
Equations (10) and (11)), based on the orthogonali-
ty property of the Legendre polynomials within the
domain [—1,1], it is necessary to perform the analyt-
ic extension of the integrands to the domain (0, —1).
For Equation (10), this step is trivial since in the do-
main (0, —1) the integrand goes to zero due to con-
dition (3); the analytical continuation for Equa-
tion (11) is not straightforward. There are several
approaches to deal with this problem (see, e.g. [2]).
The most efficient implementation is given in [35,
36].

The solution of Equation (11), in which the in-
tegration limits are extended into the range [-1, 1]
in the integral term, can be found by using the idea of
Goudsmit and Saunderson: namely, in the multipli-
er 1/u in the first term of the left-hand side of (11)
and in the exponent in the first term of the right-
hand side of (11) (with respect to 7/ 4, ), the values
M, 1, are considered to be constants. This approxi-
mation means replacing the real path by the projec-
tive one. A significant error occurs if the transport
path of a photon or electron /, =n""' (0'31 +0, )_] and
the average electron path between elastic collisions
[,=1/ (nO'e,) are comparable. Note that in the case
of the Henyey—Greenstein phase function we have

g).

The error in this case does not exceed 5%, if
[ /1,>1.

Considering the assumptions made after the sub-
stitution of the Legendre polynomial expansions
into Equation (11), we obtain a system of separa-
ble differential equations; applying the boundary
condition 7,,(7) =1, the solution for the transmis-
sion function can be derived:

Itr /lel zo-el /(o-el +0in):1/(1_ (12’)

A 2[+1
T(Talualuo) IUIUO z— P(:uo - lu)
~t/u _ —(=Ax)T/ 1ty —7/ty _ o—(1-Ax)T/1
| —— 4o —° . (13)
(=ty) = Axpr (1 — 1) = Ax, 4,

Equation (10) is solved by the method of it-
erations, which provides the analytical exten-
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sion in a systematic way. A detailed description of
this procedure is given in [35, 36]. The final result is

20 +1
ﬂliﬂ;[() ZTXIPI (1 — p) %

P(T, U, 1) =
u+uoj_El((1_Ax[)T j_ (14)

E, (r
X M,
J.t 'e”'dt is the integral exponent.

Mty
Ml
~In(1-Ax,)

where E

Figs. 1 and 2 illustrate the comparison between
the exact numerical solution and the small-angle ap-
proximation model.

5. REFLECTION FROM MULTILAYER
STRUCTURES

We consider reflection from multilayer struc-
tures using the angular distributions of electrons,
elastically reflected from solids, as an example.
In the literature, there are experimental data on the
angular distributions of electrons reflected by ho-
mogeneous solids as well as by multilayer samples
[9-10, 37-42].

Let us consider a two-layer sample (Fig. 3).
In accordance with the described scheme, the re-
flection function for a two-layer sample can be rep-
resented as

R,, (Tlarzaﬂoaﬂ) =R, (ﬂnuomu) +
+J.dﬂ J.d/“”T 1aﬂoaﬂ’)R2m (Tzaﬂ/aﬂ”)x (15)
x T, (7, ", ) +

or, exploiting the one-speed approximation and the
small angle approximation,

R, (TI’TZ’IUO’IU) =R, (Tluuoa,u)"'
1

+[awt,, (r,(/ my+17 1) o) (16)
!

X R2m (727/1’7/1)'

The computations for three-layer systems can
be performed by using the relation, which is similar
to Equation (16), namely,
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Fig. 3. The two-layer model of reflection. Q = (u,p), T =
d(0;,10.)), the curved line corresponds to the reflection
function, while the straight line is associated with the trans-
mission function

R123lm (Tl > TZ 2 T3 ) = Rl[m (Tl ) + R231m (TZ > T3 ) X

xexp| (1= Ax,, )7, (1 +45") . (17)

here R,,,, (2'2,2'3) is computed by using Equa-
tion (16) with the following index perturbation:
1—2; 2—3.

Fig. 4 shows the angular distributions of elec-
trons, elastically reflected by the two-layer sys-
tems (the layer of Be on the Au substrate), comput-
ed by using the exact numerical solutions and the
small-angle solution (16).

6. CONCLUSION. MAIN RESULTS

The paper presents several analytical solutions
that describe the radiance transmission and reflec-
tion in turbid media with the satisfactory accuracy.
The derived solutions describe the radiation scatter-
ing in multi-layered inhomogeneous media. The ap-
proach developed in this work is based on the meth-
ods developed in radiative transfer for spherical and
Rayleigh phase functions, as well as methods pro-
posed by Ambartsumian, Chandrasekar, Sobolev,
and other remarkable scientists, who solved the
problems of light scattering in the atmospheres
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 (con-
dition (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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70

30 50

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

ters (namely, the asymmetry parameter and the sin-
gle scattering albedo) can be analysed.

The computational speed is an essential factor
in the inverse problem solution design. For exam-
ple, 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 elec-
tron scattering problems for determining the hy-
drogen isotope profiles by the elastic peak elec-
tron spectroscopy (EPES), the sensitivity of the
EPES technique has been increased by order of
magnitude. In fact, the sensitivity has reached al-
most 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 sur-
face”) into electron and ion spectroscopy [44]. The
authors of this paper are confident that the presented
small-angle solutions will be used for solving prob-
lems of light scattering in turbid media, as well as
sea optics problems.
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ABSTRACT

The simulation program by the Monte Carlo
method of pulse reactions of bistatic atmospheric
aerosol-gas channels of optical-electronic commu-
nication systems (OECS) is created on the basis of
the modified double local estimation algorithm. It
is used in a series of numerical experiments in or-
der to evaluate statistically the transfer characteris-
tics of these channels depending on the optical char-
acteristics of an atmosphere plane-parallel model
for wavelengths A = 0.3, 0.5, and 0.9 pm at a mete-
orological visibility range Sy, = 10 and 50 km. The
results are obtained for a set of basic distances be-
tween 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 receiv-
ing system in a wide range of their values. The de-
pendences of the pulse reactions maximum values
over-the-horizon channels of the OECS on the vari-
ations of these parameters are established.

Keywords: atmosphere, scattered laser radi-
ation, bistatic (over-horizon) optical communi-
cation, limit base distances, limit pulse transmis-
sion frequency

1. INTRODUCTION

Wireless optical communication through at-
mospheric channels develops in two directions:
within the line of sight of the source by the receiver
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and outside it. The main advantage of the first type
of communication is a high-speed data transmis-
sion. Disadvantages are interruption or impossibi-
lity of data transmission, associated with obstacles
to the propagation of information signals and “run-
ning of the beam” on the input pupil of the receiv-
er optical system, due to the turbulent pulsations of
optical characteristics in the atmospheric communi-
cation 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 com-
munication systems (OECS) are called “Non Line-
of-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 mul-
ticast optical communications at short and at long
distances.

The first results of studies of some OECS bistat-
ic channels characteristics are published in the arti-
cle [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 communi-
cation at cloudless atmosphere at distances up to 70
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km between the source of laser radiation with the
wavelength 4 = 510.6 nm and the receiver of radi-
ation was realised. We have supplemented the ex-
perimental studies by the theoretical studies in or-
der to predict the effect of a particular optical state
of the atmosphere on the quality of communica-
tion 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 simu-
lation of the response of the atmosphere as a linear
system on the input of the Delta-pulse (i.e., the de-
termination of the impulse response or the impulse
response characteristics /(7)) 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 es-
timation of the Monte Carlo method of the nonsta-
tionary radiation transfer equation solution is pro-
posed and considered [11]. The proposed algorithm
makes a double local estimate at each point of col-
lision 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 func-
tion A(?), proposed by other authors [12, 13]. Using
the proposed algorithm, we have: 1) the analysis of
ambient communication channels-scattered laser ra-
diation, when the axis of the laser beam and the op-
tical axis of the receiver lie in the same plane per-
pendicular to the earth’s surface (flat model of the
system atmosphere-land surface) and zenith angles
of these axes are 85°; 2) the maximum communica-
tion range and the maximum of information trans-
mission speed at A = 0.5 pum and the characteris-
tics of the receiving and transmitting system; 3) the
comparison of transmission properties of channels
on the wavelength 4 =0.3, 0.5 and 0.9 um [14].

We considered here the general case, when re-
strictions on the position in space of the plane con-
taining the axes of the laser beam and the receiving
optical system, and on the zenith angles values of
these axes orientation are removed.

2. THE PROBLEM STATEMENT

Knowing the response of the atmosphere
(as a linear system) to the input Delta-pulse (im-
pulse response) and the input signal, we can deter-
mine the received signal as a convolution integral
of the form:
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P(1)

P

0

()h(t—t)dt’ =S - p(2),

_SJ'

0

where § is the photodetector’s receiving aperture
area; p(t) is the received radiation power, referred
to the unit of the receiving aperture area; Py(¢) 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 (as-
suming the absence of nonlinear effects in the in-
teraction of radiation with the medium in the com-
munication 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 ac-
count reflections from the earth’s surface. The atmo-
sphere is an aerosol-gas medium, which has the
thickness about 100 km and is divided into 32 ho-
mogeneous 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 gradu-
ally 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 commu-
nication channel is shown in Fig. 1. At the begin-
ning of the coordinates on the Earth surface there

z 4

V<

Fig. 1 Geometric scheme of atmospheric bistatic communi-
cation 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 (g, , is aerosol attenuation coefficient, o; , is Aerosol Scattering Coefficient, o, ,,

is Molecular Attenuation Coefficient, g ,, is molecular Scattering Coefficient)

2, pm Sy, km 6;, o k! oy, »» k! 61, m» KI! Gy, m» kM1
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 v, oriented in the
direction w, in the plane Syz at a zenith angle 6,.
At the base distance Yy at an angle o from the Syz
plane on the Earth surface there is the receiving sys-
tem, 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 re-
ceiving system optical axis is 6, and the angle of its
field of view is v,.

Let it be required to determine the pulse reac-
tion of the OECS bistatic channel for the given con-
ditions of its formation. The plane Syz is called the
source plane, and the plane SID is called the plane
of the receiver.

3. CALCULATION RESULTS

The program calculations based on the algo-
rithm of the modified double local estimation [9]
were performed under the following optical-ge-
ometric conditions: radiation wavelengths A = 0.3,
0.5, and 0.9 pm; meteorological visibility ranges
Sy = 10 and 50 km. The generator of optical mo-
dels sets optical parameters of cloudless acrosol-gas
atmosphere at the specified S), on the basis of the
program “LOWTRAN7” [15]. The values of opti-
cal factors for the above ground layer of the atmo-
sphere are given in Table 1. At the same time 6, =
0°, 45°, and 85°; v, = 0.0034°; Yy = 0.5-50 km; a =
0°, 10°, 30°, 60°, and 90°; H=H,,;,,=0.1,0.5, 1, 3,
and 5 km; v, = 2°; the maximum trajectory length
Lyax = 200 km (without Yy). The H,,;,, was taken as
the height, at which 6, = 85°. The total calculations
were performed for 2412 variants of optical-ge-
ometric conditions. The calculation of one vari-
ant depended on the conditions of calculations and
was about 40 minutes per computer with the perfor-
mance 19.5 GFlops on the LIN-X test.

99

The average time interval error of the obtained
results of calculations for S, = 50 km was 0.1—
6.2 % in all considered variants, and for S;,= 10 km
it was 0.1-9 % with the exception of the variants
with A = 0.3 and 0.5 um for Yy > 30 km, in which
the average time interval error lies within 0.16—
34 %. lllustrations of some calculation results of the
impulses maxima, which response for time intervals
hypae When H = H,,;, are shown in Fig. 2.

The dependence analysis of the 4,,,, on opti-
cal-geometric conditions shows that for small base
distances Yy (2-3 km), other things being equal,
Rpay 18 maximal for A = 0.3 um. At large Yy and at
low atmospheric turbidity (S, = 50 km), 4,,,, is
maximal for A = 0.5 um. At high atmospheric tur-
bidity (S,, = 10 km), the behaviour of 4,,,, is more
complex. At small o (near 0°) at Yy =2-10 km, #,,,,,
is maximal for A = 0.5 pm, and at Yy > 10 km, 4,,,,,
is maximal for A = 0.9 um (Fig. 2, (a)). However, at
o >10° and Yy > 2 km, 4,,,, is maximal for 1 = 0.5
pm.

The reason for such dependence of the #4,,,, val-
ues on the variable parameters is that at A = 0.3 pm
not only the radiation scattering is stronger, but also
its attenuation (due to ozone absorption) is great-
er than at other 4; this greatly reduces the received
signal power at large Yy. The role of scattering and
attenuation at 4 = 0.5 is higher than at 2= 0.9 um
at high atmospheric turbidity and lower absorp-
tion (due to the presence of water vapour absorp-
tion at A = 0.9 pm).

The calculations also show that, other things be-
ing equal, 4, at H= H,,;, is higher than at any H >
H,,;, This is due to the fact that when H = H,,;, 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
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4=0.9 pm, 8, =0°
4=0.9 pm, 6, =85°

Yo km

Fig. 2. Maximum impulse response
hmax (YN) at:

Sy=10km, a=0°, 6,=85°(a);
Sy=10km, a =60°, 8;,=85° (c);
S,,=50kwm, a=0°,6,=85°(b);
Syr=50km, a = 60°, ;= 85° (d)

—=— 4=0.3 pm, 6, =0°
—o— A=0.3 pm, 9, =45°
—e— }=0.5 ym, 6, =0°
—o— A=0.5 um, 6, =45°
4209 pm, 6, =0°
4209 um, 6, =45°

—8— 1=0.3 pm, 6, =0°
1E-3 —o— 4=0.3 um, 6, =45° 1E-3
—— }=0.5 ym, 6, =0°
—~ - \ o e —~
§ 1E-5 —0— A=0.5 um, 6, =45 § 1E5
NE A=0.9 pm, 6, =0° NE
= 1E-7 A 4=0.9 pm, 6, =45° =
TN 5 1E7
< 1E-9 \"\" <
1E-11 A 19
1E-13 T T T T T 1E-114 T
10 20 30 40 50 0 10
Y,, km
(9]

the limit range of the communication line. As an ap-
propriate example, we consider a laser with A = 0.5
um as a transmitting information system. Suppose
that the laser pulse shape is rectangular, its dura-
tion At = 30 nsec and the average pulse power P, =
18182 W. Let the amplifier element (PMT-17A)
used as a part of an ideal receiving optical system.
For the maximum range of communication for giv-
en a and 6, we take Yy, in which the power level of
the received radiation P matches the limit. For the
upper bound of P we take the maximum P used un-
der the given conditions.

With the growth of Yy, the values of the impulse
response are changed many times, so it makes sense
to consider the value of the ratio P, to P reduced
to decibels, 7 [2]:

P
—101g(P, /P)=10lg| —-
n=101g(p,/P) g(psj,

where p is the power of the received radiation per
unit area of the aperture, S is the area of the aperture.
Then the limit Yy will be the distance, at which

*

P
>n., 0. =10lg| - |,
n>mn.,n g(PJ

where P, is the limit of P,

As a limit, we take the power that satisfies the ra-
tio [16-18]

FXM
p= = TR =1, (1)
2eAf[M21k(1+B)+—(1+ )]
eR, R,
where
ol ape
2, 2RC, 2)

L=2 F+L,+X -F,I,=j-0,

p is the signal-to-noise ratio; /, is the mean value of
the photocathode emission current; F is an average
value of the luminous flux measured; X is the pho-
tocathode integral sensitivity; X, is the anode sen-
sitivity; R, is the equivalent noise resistance; (1 +
B) is the noise factor; 7 is the absolute temperature
of the photomultiplier (PMT); M is the gain of the
PMT; Afis the frequency band; R, is the load resis-
tance; C, is the capacitance between the anode out-
put and the last cascade; F}, is the background il-
lumination; 7 is the current of the photocathode
thermal emission; jr is the thermoelectric current
density; Q is the photocathode area.
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Table 2. Constants of Approximation for the Calculation of #

/1, pm SM’ km C], dB Cz, dB C3, dB/rad No C4 Cs
0.5 10 114 -334 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 calcu-
lations (1) and (2) [6, 16-21]: 2. = 40 pA/lm [20,
(1) and (2) [ J: Zo = 40 pA/Im | 00,7, .)=

P. 134]; £, =10 A/lm [20, P. 134]; R, = 108 Ohm
[18,P.274]; C,= 107" F [18,P. 274]; 1 + B=2.5
[18, P. 274]; T =256 K [6]; R,= 3.5-10° Ohm [20,
P. 161]; j7= 10715 A/em? [16, P. 109]; O = 0.8 cm?
[19, P. 46]; F;, =0 Im.

Our ecarlier estimates [14] for the
PMT-17A showed that F=2-10"!! Im in the con-
ditions considered by us. For conversion from Im
to W we have the equation

where C = 683 Im/W; v(1) = 0.323 at A = 0.5 um
[21, P. 23].

In this article, we consider a special case when
F;, =0 1m. The case of the presence of a solar back-
ground will be the subject of the following works.
The algorithm of statistical modelling of the back-
ground radiation is developed and tested by us in the
framework of [22].

For the maximum P and for cases, when H =
H,,;, (that corresponds to the best conditions for P),
the ratio # was calculated. An approximation of its
form was constructed for its description

JN0+C4HO+C5900:

C +C, (1—005490)+ Y,
= ( - (3)

+ C,|a|(1-cos6,) 0,5

where C—Cs, N, are the approximation constants.

The applicability conditions of the formula (3)
are: ;= 85° (H=H,,;,), 90° < <90°,0°<§,<
85°, and Yy = 0.5-50 km. The values of the appro-
ximation constants are given in Table 2. The abso-
lute approximation error at S;,= 50 km is 0.01-9.06
dB; the absolute approximation error at S3,= 10 km
is 0.02-12.8 dB.

Using the approximation (3), the dependences
n on the location of the receiving system and 6,
for the situations, when # < 173 dB are constructed
(Fig. 3). The figure shows that the obtained depen-
dences are in full agreement with the conclusions
obtained for the 4,,,, 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 infor-
mation transmission. Following the work [2], as the

Table 3. The Range of Variation of v,

04, ° %° | Ve ©05) | 1 (50) 0y, ° %° | Ve 05) | Ve (50)
)= 10 km Sy= 50 km
0 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 7.20E+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
VinalA) = Vg (A= Yy)
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Fig. 3. Dependence #(x, y)
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pulses transmission limit frequency v, which allows
the communication channel, we can take the value
of'v,,,, defined implicitly as:

‘F[P ()] (Vo) o
‘F[P 1)](0)
F[P = TP(t)ez”Mdt,

where P() is the power distribution of the received
radiation; F'is the Fourier transform.

Vaae Values were calculated for the optical-
geometrical conditions and characteristics of the re-
ceiving-transmitting equipment described above.
Examples of calculation results are shown in Fig. 4,
and Table 3 shows the range of v,,,, changes in the
Yy from 0.5 to 50 km and different values of 8,
and a. The calculation results show that v,,,, de-
creases with the growth of Yy and a. At small Yy
(up to 5 km) v,,,, weakly depends on the turbid-
ity of the medium, and at large Y, with increa-
sing turbidity v,,,, decreases several times. From
Table 3 it follows that v,,,, lies in the range from
4-10° to 2107 Hz at At = 30 nsec and at the specified
parameters of the transmitting-receiving communi-
cation system.

¥, km

d)
4. CONCLUSION

The simulation program by the Monte Carlo
method of bistatic atmospheric aerosol-gas chan-
nels pulse reactions of OECS is created on the ba-
sis of the modified double local estimation algo-
rithm [9, 10]. This program is used in a series of
numerical experiments to statistically evaluate the
transfer characteristics of these channels depen-
ding on the optical characteristics of an atmosphere
plane-parallel model at A = 0.3, 0.5, and 0.9 pm at
a meteorological visibility range S, = 10 and 50
km. The results are obtained for a set of basic dis-
tances (up to 50 km) between the radiation source
and the radiation receiver and for the angular orien-
tations 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 ma-
ximum values 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 4 = 0.3
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pm at small base distances (2-3 km), other things
being equal; 2) the maximum power of the received
information pulse can be achieved for 4 = 0.5 pm at
large base distances (S, = 50 km) and low turbidity;
3) it can be achieved for A = 0.5 and 0.9 pm at high
turbidity of the atmosphere (S;,= 10 km) depending
on the basic distances and the orientation of the re-
ception 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 communi-
cation channel formation schemes lie in the range
from 4103 to 2-107 Hz.

The work was performed with financial support
within the Priority direction I1.10, project 11.10.3.3.
“Direct and inverse problems of sounding of the
atmosphere and the Earth surface, atmospheric cor-
rection, 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 proces-
sors (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 loss-
es. 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 se-
condary lighting multiply reflected from the scene
surfaces. The calculation of the secondary lighting
is maximum complex as the illuminance integral di-
mension increases with each reflection. Therefore,
in real time applications some methods of the ap-
proximate calculation are used.

2. AREVIEW 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 In-
stant 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-dimen-
sional net. The main disadvantage of this method
is the high memory consumption and low efficien-
cy when calculating the light propagation through
empty spaces.

2.3. Voxel Cone Tracing

Voxel Cone Tracing method [5] makes a “light-
ing 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 diffe-
rence is that with the distance increase, the selec-
tion 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 cal-
culated. 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 illumi-
nance function expanded in it is reduced to a dot
product of vectors consisting of illuminance func-
tion coefficients in this point and of lighting func-
tions 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 high-
quality images for closed rooms with diffuse sur-
faces, and in many respects, it is not worse than
more modern methods. However, implementa-
tion 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 prim-
itive numbers. Therefore, in practice, the radiosity
algorithm is performed for a simplified scene (con-
taining fewer surfaces) and the calculation result is
transferred to the initial scene [8]. It should be noted
that along with the spherical harmonics, the radiosi-
ty algorithm transfers the main computing complex-
ity 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 fac-
tor matrix F of n xn size is used, where #n 1s the num-
ber of scene sites. To calculate the illuminance m;
after reflection, this matrix is multiplied by n-com-
ponent vector of initial luminous exitance m,(? con-
taining the sites luminous exitance:

m®=F.-m.

Multiplying the obtained vector by reflectance p
of the sites, to which light has come, luminous ex-
itance of the sites after reflection is calculated as
follows:

AL m

e = 7’7_11. ' p (1)
Three-component vectors containing informa-
tion on each colour channel are vector elements
in these formulas, and real numbers from 0 to 1 are
form factors matrix elements. The presented calcu-
lations can be repeated using vectors m,™ instead
of the initial site luminous exitance to obtain light,
which has come to the scene sites after an arbitrary
reflection:
m"” =F-m"". )
The full scene lighting after k& reflections can be
obtained by summation of vectors m;:

k
I=Ym". 3)
n=1
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4. THE PROPOSED METHOD

4.1. Preliminary Calculation of Several Scene
Reflections

The proposed modification is to use of the trans-
formed form factor matrix. In the beginning, a “co-
lour” form factor matrix is introduced:

c_
Fy =F;-p;

where p; is colour of ; site. This matrix contains in-
formation on light transport between scene sites
along each channel separately. Thus, its storage re-
quires three times more memory. In this article, the
use of the radiosity algorithm for the secondary
scene lighting is considered. Therefore, the radios-
ity calculation begins not from the vector m,(! ob-
taining, but from the luminous exitance calcula-
tion after the first reflection m,"). One can consider
that the vector m,(1) is already calculated. We can
transform the expression (2) using the formula (1)
for an arbitrary index.

ml(n) =F.(p.mi(n_l)) =

_pC ) _ Oyl ()
=F"-m"" =(F") -m;’.

“4)

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

Fig. 2. A fragment of
form factor matrix
before selection (on the
left) and after selec-
tion (on the right) of
lines and columns. An
increased fragment of
form factor matrix

T:(i(Fc)n_lj.mi(n)'

The matrix polynomial in brackets does not de-
pend on the primary scene lighting and depends
only on the scene geometry and on surface mate-
rials. Therefore, it can be found at the preliminary
calculation stage:

S=(Z(FC)HJ.

Thus, the calculation of the secondary lighting
by the radiosity method after & reflections is reduced
to one multiplication of the vector by a matrix:

o =S -m®.

Using this type of matrix allows accelerating
the calculation k times (where & is the number of
reflections); however, it requires three times more
memory.

To take into account all possible light reflec-
tions on a scene, it is necessary to calculate an in-
finite series

S:(i(FC)').

Fig. 3. Layout of lines
and columns inter-
changing used by the
authors when selecting
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Fig. 5. Comparison of form factor files and matrices
size, MB

Limit process. As the initial matrix is positive-
ly 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 geometri-
cal progression sum is applicable to this series

S=FC-([—FC)_1.

However, calculation of a reverse matrix is not
always possible because of the solution instability.
At the same time, the calculation of a series partial
sum does not have such a disadvantage and allows
taking into consideration large reflections number at
the preliminary calculation stage.

4.2. DXT Compression

As the proposed algorithm modification re-
quires a greater memory volume, a method of form
factor matrix storage in the summary form was
developed. As a storage format, DXT texture for-
mat supported by many GPUs was selected (a hard-
ware decompression when reading is meant). For

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

Time of algorithm performing, ms

M 1 - Classical radiosity
M 2 - Colour form factor matrix
3 — Compressed matrix

Jvllllp

Number of sites

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.)

this format, all matrix values should be reduced
to an interval of 0-255. Fig. 1 shows the value dis-
tribution 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:

max | log value + shift,0

max value .
J

value, = -255.

shift

The texture, which is obtained as a result of
a such transformation, is shown in Fig. 2, on the
left.

However, the DXT compression is followed by
losses. In order to minimise them when compress-
ing, matrix lines and columns are sorted to reduce
the difference between the neighbour values (Fig. 2,
on the right). As the matrix is a relation of the scene
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, de-
creases to five times (Fig. 4).

4.3. Implementation Details

As modern 3D scenes contain hundreds of thou-
sands of triangles and time of the radiosity algo-
rithm implementation is unacceptable for a such
scene site number, to calculate the secondary light-
ing, a simplified version of the same scene was se-
lected 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 follow-
ing 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 ac-
celerating the radiosity algorithm in total to ten
times (Figs. 5-7). The use of the form factor ma-
trix, which is taking into consideration several re-
flections, increases the matrix file size three times,
however, the use of the DXT compression al-
lows 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 imag-
es obtained using the Light Propagation Volumes
method of the Unreal Engine 4, the classical radi-
osity, 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 Propaga-
tion Volumes method with the identical frame fre-
quency (Figs. 7-10).

5. CONCLUSION

Unlike other widespread methods of solving the
radiosity equation, the proposed method allows cal-
culating the global lighting during n’+O(n) arith-
metic operations and readings from the memory
(where n is the number of scene sites) as it is re-
duced to the single multiplication of the matrix by
the vector.

A similar result could be achieved solving a sys-
tem 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 CUBLANS),
there is no possibility to use a compression. The lat-
ter, as noted above, is critical for the radiosity algo-
rithms (Figs. 6, 7).

The work is supported by the grant 16-31—
60048 mol_a_dk of the Russian Foundation for Ba-
sic Research.
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ABSTRACT

The article is devoted to the actual problems of
modern urban planning — the development of an in-
solation (solar irradiation) plate and its wide ap-
plication 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, illumi-
nation, solar radiation, buildings, buildings, micro-
climate, comfort of the environment

The purpose of the article is to develop the de-
sign of the insolation plate with the purpose of prac-
tical 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 biolog-
ical and hygienic value, is a powerful health and
preventive factor, having a positive psycho-physio-
logical 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 heat-
ing 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 reac-
tions on a person, in particular, causes the stress of
a person’s thermoregulatory apparatus, and leads
to a weakening of local and systemic immune reac-
tions, a violation of the cardiovascular system and
exacerbation of herpetic infections.

In the summer months, with prolonged irradi-
ation of buildings and the active surface of urban
building, a superheating discomfort microclimate is
formed indoors and in the building area, which de-
termines the dosage of insolation and sun protec-
tion 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-plan-
ning 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, territo-
ries and administrative area.

When developing a detailed design of micro-dis-
tricts, urban areas, there is an intuitive approach
for designing architectural and planning structures
of construction, zoning of the territory of free mi-
cro-spaces, the formation of elements of landscap-
ing, gardening and small architectural forms often
occurs. For this reason, in the summer overheating
period, the thermal discomfort of the human envi-
ronment 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/m?
Orientation / Horizontal plane South East West
hours

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 territo-
ries 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 in-
solation 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 insola-
tion 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 natu-
ral factor of urban development. A variety of graphs
and plates have been developed to estimate the stan-
dard duration of insolation in accordance with the
requirements for geographical areas [8—17].

The requirements for insolation and sun protec-
tion of building premises are carried out in accor-
dance 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 in-
solation, 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 over-
heating 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 re-
quirements for limiting the excessive thermal effect
of insolation on the territory of residential develop-
ment are defined.

At present, many methods for calculating the
standard for the duration of insolation of rooms
have been developed, for the insolation period, de-
pending on the range of geographical latitudes es-
tablished by SanPiN. They should be reduced to the
following:
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— A method of calculating insolation, which
does not simulate the natural course of insola-
tion on the building plan, and definition of qualita-
tive and quantitative indicators is made by formu-
las 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 natu-
ral course of insolation in the building plan, which
allows using instruments to determine the qualita-
tive and quantitative indicators of the sun’s energy,
mainly for equal-floor buildings;

— Ways of calculation of insolation by compu-
ter programming, therefore, algorithms and com-
puter programs that allow us to calculate only the

Fig. 1a. Insolation plate
for the day’s sun (main
part)
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qualitative characteristics of insolation have been
developed.

Existing insolation plates, instruments and pro-
grams have a certain scope and are not universal
for solving simultaneously a variety of architec-
tural and spatial planning and voluminous spatial
practical tasks in quantitative and qualitative esti-
mation 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 insola-
tion 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 qualita-
tive 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 in-
dices of insolation of the warm period of the year
on the plotted layout of the multi-storey architectur-
al 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 vi-
sible movement of the sun in the sky and the po-
sition 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 move-
ment of the Sun in the sky in the summer warm
months (Fig. 1a, b). The insolation plate was devel-
oped on the basis of astronomical tables, geograph-
ic data, reference nomograms and data of construc-
tion climatology SNiP and SP.

So, the insolation device of the plate type con-
sists of two parts, the basic transparent fixed, char-
acterizing the daylight course of the sun (Fig. 1a),
and the overlay transparent moving around the cen-
tral 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 in-
terval of 5° for the following latitudes 40°, 45°, 50°,
55°, 60° n.1., characterizing the daytime course of
the sun (Fig. 1a). To the main part there is an over-
lay transparent part that takes into account the hori-
zontal and vertical insolation angles of the window
when calculating the qualitative and quantitative in-
dices of indoor insolation (Fig. 1b).

Each insolation plate is acceptable in appli-
cation for the geographical belt 5°, for example,
a plate for 55°n.1. is used in the belt from 52°30!
to 57°30'n.1.

The centred points C and I of the moving part of
the plate are aligned with the inspected building ob-
ject, made on a scale of 1: 1000 or 1: 2000.

Calculation of the duration of insolation of prem-
ises 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, fas-
tened to the central points of both plates, coordi-
nating the direction of the north sign of the insola-
tion plate with the planning layout of the building.
In this case, the quantitative characteristic of solar

radiation of the insolation period, in W/m?, 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 sub-
sequent addition of the data of the table of arriv-
al of solar radiation during the insolation period.
The main part of the insolation device is to identi-
fy zones of active insolation of the territory of ur-
ban structures and to build an envelope of shadows
from buildings of various-storey buildings, a shad-
ing 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 fa-
cade and premises of buildings with different ori-
entations, the presence and absence of a balco-
ny, loggias, sun screens in a multi-height building,
a building site with various means of sun protec-
tion 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 orienta-
tions 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 calcu-
lating the quantitative and qualitative indices of the
insolation of building premises, facade walls, build-
ing area, the intensity of total solar radiation, depen-
ding 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 in-
solation period, determined from the table, are ta-
ken into account in the planning, building up of
newly constructed and reconstructed micro-districts
and cities, the orientation and arrangement of buil-
dings, the shaping of buildings, the internal layout
of buildings, the choice of dimensions, the type and
arrangement of light barriers, the design of sun-
screens, constructions for heat resistance, use of so-
lar 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 plan-
ning projects and schemes for planning the organ-
ization 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 impro-
ving the comfort of the microclimatic, light-climatic
and bioclimatic environment, the insolation plate al-
lows 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 insola-
tion graph with an isoline of 6, 8, 10, and 12 hours
of insolation, and the intensity of arrival solar ener-
gy for these periods is calculated;

— An envelope of shadows is constructed with
the identification of zones with the longest dura-
tion 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 plan-
tations used to compile a dendrological plan is con-
structed, their location and density are determined
taking into account the shading effect aimed at im-
proving 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 in-
solation plate in calculating the duration of insola-
tion of premises and the territory of buildings, the
climate of buildings, assessing the energy efficien-
cy 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 win-
dow openings on the sides of the horizon, in solving

problems in the field of light under different condi-
tions of formation of interconnected zones of irradi-
ation and shading in architectural planning and vol-
umetric 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, landscap-
ing, 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 re-
gime aimed at improving the ecological environ-
ment 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 de-
scribing the device, the principle of operation and
application of the insolation plate in design prac-
tice 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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