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ABSTRACT

Abstract

Lighting is a large and rapidly growing source ofezgy demand and greenhouse gas emissions. At
the same time the savings potential of lightingrgyas high, even with the current technology, and
there are new energy efficient lighting technolegemming onto the market. Currently, more than
33 billion lamps operate worldwide, consuming ménan 2650 TWh of energy annually, which is
19% of the global electricity consumption.

The goal of IEA ECBCS Annex 45 was to identify and accelerate the widespread use of
appropriate energy efficient high-quality lightingchnologies and their integration with other
building systems, making them the preferred chatdighting designers, owners and users. The
aim was to assess and document the technical peaioce of the existing promising, but largely
under-utilized, innovative lighting technologies, waell as future lighting technologies. These novel
lighting system concepts have to meet the functioa@sthetic, and comfort requirements of
building occupants. The guidebook mostly conceheslighting of offices and schools.

The content of the Guidebook includes an IntrodwetfiLighting energy in buildings, Lighting
quality, Lighting and energy standards and codeghting technologies, Lighting control systems,
Life cycle analysis and life cycle costs, Lightimgsign and a survey on lighting today and in the
future, Commissioning of lighting systems, Casedgtg, Technical potential for energy efficient
lighting and savings, Proposals to upgrade lighstapdards and recommendations, and a Summary
and conclusions.

There is significant potential to the improve engggficiency of old and new lighting installations
even with the existing technology. The energy aefficy of lighting installations can be improved
with the following measures:

— the choice of lamps. Incandescent lamps should dggaced by CFLs, infrared coated
tungsten halogen lamps or LEDs, mercury lamps hyhtpressure sodium lamps, metal
halide lamps, or LEDs, and ferromagnetic ballastelectronic ballasts

— the usage of controllable electronic ballasts viav losses

— the lighting design: the use of efficient luminasrand localized task lighting

— the control of light with manual dimming, presensensors, and dimming according to
daylight

— the usage of daylight

— the use of high efficiency LED-based lighting syste

Annex 45 suggests that clear international inities (by the IEA, EU, CIE, IEC, CEN and other
international bodies) are taken up in order to:

— upgrade lighting standards and recommendations

— integrate values of lighting energy density (kWh/m2into building energy codes

— monitor and regulate the quality of innovative ligdources

— pursue research into fundamental human requiremfentsghting (visual and non-visual

effects of light)
— stimulate the renovation of inefficient old lightinnstallations by targeted measures

The introduction of more energy efficient lightiqgroducts and procedures can at the same time
provide better living and working environments aaldo contribute in a cost-effective manner to the
global reduction of energy consumption and greeisleagas emissions.
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INTERNATIONAL ENERGY AGENCY

The International Energy Agency (IEA) was estabéighin 1974 within the framework of the
Organisation for Economic Co-operation and DeveleptWOECD) to implement an international
energy programme. A basic aim of the IEA is to fsto-operation among the twenty-eight IEA
participating countries and to increase energy sgcthrough energy conservation, development of
alternative energy sources and energy researckela@wment and demonstration (RD&D).

ENERGY CONSERVATION IN BUILDINGS AND COMMUNITY SYSTEMS (ECBCS)

The IEA co-ordinates research and developmentrinaber of areas related to energy. The mission
of one of those areas, the ECBCS - Energy Consenvdbr Building and Community Systems
Programme, is to develop and facilitate the intéigraof technologies and processes for energy
efficiency and conservation into healthy, low enmiss and sustainable buildings and communities,
through innovation and research.

The research and development strategies of the EECB@gramme are derived from research
drivers, national programmes within IEA countries)d the IEA Future Building Forum Think
Tank Workshop, held in March 2007. The R&D strategirepresent a collective input of the
Executive Committee members to exploit technologiopportunities to save energy in the
buildings sector, and to remove technical obstadesmarket penetration of new energy
conservation technologies. The R&D strategies applyesidential, commercial, office buildings
and community systems, and will impact the buildimglustry in three focus areas of R&D
activities:

— Dissemination

— Decision-making

— Building products and systems

THE EXECUTIVE COMMITTEE

Overall control of the program is maintained by Bxecutive Committee, which not only monitors
existing projects but also identifies new areas weheollaborative effort may be beneficial. To date
the following projects have been initiated by theseutive committee on Energy Conservation in
Buildings and Community Systems:
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55 Reliability of Energy Efficient Building Retrofitting - Probability Assessment of 2009-2013
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1 INTRODUCTION

1 Introduction

1.1 How to use the Guidebook

This Guidebook is the achievement of the work donthe IEA ECBCS Annex 4%&nergy efficient
Electric Lighting for Buildings The Summary of the Guidebook is available asiatpd copy. The
whole Guidebook is available on the internet (hitghtinglab.fi/IEAAnnex45, and http://www.ec
bcs.org). Additional information in the whole Guiglmok includes Annex 45 newsletters, a
brochure, and appendices.

This Guidebook is intended to be useful for liglgimesigners and consultants, professionals
involved in building operation and maintenance,teys integrators in buildings, end users/owners,
and all others interested in energy efficient ligigt

1.2 About the Annex 45

1.2.1 Background

Lighting is a large and rapidly growing source ofezgy demand and greenhouse gas emissions. In
2005 grid-based electricity consumption for ligigimwas 2650 TWh worldwide, which was about
19% of the total global electricity consumption.rthermore, each year 55 billion litres of gasoline
and diesel are used to operate vehicle lights. Mbes one-quarter of the population of the world
uses liquid fuel (kerosene oil) to provide lightirflEA 2006). Global electricity consumption for
lighting is distributed approximately 28% to thesi@ential sector, 48% to the service sector, 16% to
the industrial sector, and 8% to street and otligiting. In the industrialized countries, national
electricity consumption for lighting ranges from 58 15%, on the other hand, in developing
countries the value can be as high as 86% of tha tectricity use (Mills 2002).

More efficient use of the energy used for lightimguld limit the rate of increase of electric power
consumption, reduce the economic and social costlting from the construction of new
generating capacity, and reduce the emissions eémnouse gases and other pollutants into the
environment. At the moment fluorescent lamps dor@na office lighting. In domestic lighting the
dominant light source is still the inefficient incdescent lamp, which is more than a century old. At
the moment, important factors concerning lighting @nergy efficiency, daylight use, individual
control of light, quality of light, emissions dumrthe life-cycle, and total costs.

Efficient lighting has been found in several stugli®® be a cost effective way to reduce £0
emissions. The Intergovernmental Panel on Climdtar@e for non-residential buildings concluded
that energy efficient lighting is one of the meassicovering the largest potential and also prowgdin
the cheapest mitigation options. Among the meastines have potential for COreduction in
buildings, energy efficient lighting comes firstré¢gest in developing countries, second largest in
countries with their economies in transition, ahérd largest in the industrialized countries (Urge-
Vorsatz, Novikova & Levine 2008).

The report by McKinsey (McKinsey 2008) shows thesteffectiveness of lighting systems in
reducing CQ emissions; see Figure 1-1. The global "carbonein@nt cost curve" provides a map
of the world's abatement opportunities ranked fribra least-cost to the highest-cost options. This
cost curve shows the steps that can be taken withrtologies that either are available today or look
very likely to become available in the near futufiédne width of the bars indicates the amount of
CO, emissions that we could abate while the heightwehthe cost per ton abated. The lowest-cost
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opportunities appear on the left of the graph.

THE COST CURVE PROVIDES A “MAP” OF ABATEMENT OPPORTUNITIES
Cost of abatement, 2030, €/tCOze*
Industrial feedstock Coal-to- Avoid

substitution Cellulose CCS; gasshift  deforestation,
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Lighting
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— Insulation
improvements

* Cubic feet of carbon equivalents
Source: McKinsey and Vattenfall analysis

Figure 1-1. Costs of different C@abatement opportunities. (McKinsey 2008)

1.2.2  Objectives and scope

The goal of Annex 45 was to identify and to accaterthe widespread use of appropriate energy
efficient high-quality lighting technologies andeiin integration with other building systems,
making them the preferred choice of lighting degs) owners and users.

The aim was to assess and document the technigébrpeance of the existing promising, but
largely underutilized, innovative lighting techngies, as well as future lighting technologies.
These novel lighting system concepts have to mdwt functional, aesthetic, and comfort
requirements of building occupants.

This guidebook mostly concerns the lighting of offs and schools.

1.2.3  Structure of Annex 45

The work of Annex 45 was conducted during 2005-2008e work of Annex 45 was divided into
four Subtasks.

— Subtask A Targets for Energy Performance and Hulivaf-being

— Subtask B Innovative Technical Solutions

— Subtask C Energy efficient Controls and Integration

— Subtask D Documentation and dissemination

Subtask A: Targets for Energy Performance and Huméell-Being

The objectives of this subtask were to set tardgetsenergy use, lighting quality and human well-
being. Another aim was to propose an upgrade ditilggy recommendations and codes to improve
the energy performance of indoor lighting instabyats. The performance criteria include the quality
of light (spectrum, colour rendering and colour femature) and user acceptance. The energy
criteria include the energy efficiency of lightindife-cycle energy considerations, and the
maintenance and control of light. The economicestd include the initial costs and operating costs.

14



1 INTRODUCTION

Subtask B: Innovative Technical Solutions

The objective of this Subtask was to identify, assand document the performance, energy and
economical criteria of the existing promising amshovative future lighting technologies and their
impact on other building equipment and systems. phepose was to reduce the energy use of
buildings by investigatinghe saving potential by comparing the existing datlire technologies
and by providing information on concepts, produaisl lighting solutions. The technical solutions
cover connection devices (ballast, control gearrent sources, etc.), light sources, luminariesl an
control techniques.

Subtask C: Energy-Efficient Controls and Integoati

Subtask C focused on the optimal use of controéd #nable energy savings to be made whilst the
user (occupant, facility manager, operation andmsiance team) has the chance to adjust the
electric lighting according to their personal neealsd preferences, within acceptable building
operation requirements.

Subtask D: Documentation and Dissemination

The objective of Subtask D was to compile and wydgisseminate the results of Subtasks A, B and
C and to identify ways to influence energy policiesd regulations in order to promote the use of
energy efficient lighting. The aim of Subtask D was improve current lighting practices in a
manner that accelerates the use of energy effipemducts, improves overall building performance
and enhances the occupants’ environmental satisfact

ﬂmulatiom

Subtask B
Innovative Technical Solutions

B1 Identifying knowledgeable people in the industry and

SU btaSk A collecting information

B2 Performance criteria of lighting technologies
Targets for Energy B3 Trends in existing and future lighting technologi es
B4 Comparison of installations
Performan ce and B5 Proofing of technology information (case studies)
Human Well-being
Al Lighting quality criteria with
energy requirements
A2 Review of recommendations S u btaSk C

worldwide

A3 Review of energy codes worldwide E n ergy'efﬁ Cie nt CO ntr0|S an d

Information
Change to Practice
Case Studies

A4 Proposals to upgrade H
recommendations and codes I nteg ratlo n
A5 Coordinate research programs C1 Definition of requirements and constraints linked to the
on lighting quality with innovative different players
lighting solutions C2 State of art of lighting control systems
A6 Supply of deliverables C3 Case studies on existing and innovative lighting control
strategies
C4 Impact of the whole environment concept on lighti ng control
C5 Commissioning process for lighting / lighting con trol systems
Subtask D

Documentation and Dissemination

WSuremeV

Figure 1-2. Structure of Annex 45.
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2 Lighting energy in buildings
2.1 Holistic view of energy use in buildings

Introduction

Why are we designing and constructing buildings?

to shield ourselves and various processes fromhezatnd climatic conditions
to create a good indoor environment

to use resources as efficiently as possible dutimegconstruction phase

to make buildinggeconomical for the user and owner

Human needs as well as energy and environmenta¢ssare essential in the building process. The
International Energy Agency (IEA) has clearly showrf'Light's Labour’s Lost” (IEA, 2006) that
energy in buildings covers a large part of the gystonsumption in the world and has therefore a
significant impact on the environment. A more httsview with focus in sustainability could help
us to protect the environment.

Holistic view — Whole Building Design

The introduction above shows clearly that it is mmissible to make a decision in one question
without considering the others. A holistic view &kinto account all energy flows in the building
over time in order to reach a sustainable appro@ddremer, 2008). In order to build high
performance buildings (WBDG, 2008) we have to cdesiall the different design processes and
aspects of buildings (see figure 2-1) and all theeys’how buildings are used by owners and users.

™~

Sustainable

Cost-Effective

High-
Performance
Buildings

=

Accessible =

Functional

Productive Aesthetic

\ Historic /

Figure 2-1. Global objectives for High Performance BuildinggVBDG, 2008)

Considering the fagade as an energy filter shouddtlre starting point of the building design

process. A facade system, dynamic for the differdsons of a specific country, has possibilities
for an overall energy reduction for heating, cogliand lighting. Preventing solar heat radiation
from entering the building, when not needed, isoadj start to keep the use of cooling system low.
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Useful daylight could be used in addition to eléctighting to fulfil lighting for visual tasks ando
save energy.

The sustainability of the high performance buildsnghould be achieved by using as little energy
resources as possible during the building proceswell as during the life cycle of the building.
Materials should be recycled as much as possible mheans and ways for reducing energy
consumption should be achieved in an economical feayhe building owner and user in order to
motivate them to reduce energy consumption (SEA72@&XIL 2007).

Design issues

The following issues in the building design phakewld be taken into account:

— to carry out detailed analysis of solar shadingyldgat linking, lighting and visual
comfort needs

— to determine how the facade should be designed {leegmal insulation, airtightness
etc.)

— to study the design and operation of the ventilatsystem

— to study how much the internal heat gains from céfequipment, lighting etc. can be
minimized and whether this is enough to avoid ifistg mechanical cooling

— to carry out energy and indoor climate simulatiomyere secondary and primary
energy consumption are determined

— to calculate life cycle costs

Planning and Production process

The planning and production process is short in parison to the lifetime of the building. In the
decision process, lifetime of the building has te bonsidered together with the knowledge of
building physics.

Environmental impact

In addition to moving the focus from investmentuss to life cycle analysis and calculations, it is
necessary to consider a sustainable process. Téaathat environmental issues have to be taken
into account at an early stage, such as

— Energy use and peak load

— Materials used in luminaires, light sources, cheats¢for example mercury)

— Production of lighting equipment and transportation

— Light pollution

— Light trespass (unwanted light through neighbourigdows)

- Noise

Life cycle analysis (LCA) and Life cycle costs (LGC

Initial investment in buildings covers only lessith20% of the long term costs. The main long term
costs are related to operation and maintenancehef luildings. Energy consumption in the
buildings contributes a large part of the operatawst. An example is given in Figure 2-2, where
the use of energycarbon dioxide CO,) emissions, solid wastes, and water use are stutlie
procurement, construction, operation and demolipbases of the building (Janssen 1999). We can
see that the largest impact is caused by the enesgyduring the Operation & Maintenance phase
of the building. This study was commissioned by khlex Constructions and carried out with their
assistance by the New South Wales Department ofi€Works and Services and ERM Mitchell
McCotter (DPWS NSW, 1998).
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6000

Procurement

Construction &

Reconfiguration ~ Operation & -
maintenance Demolition

Figure 2-2. Stadium Australia LCA result§Janssen, 1999)

Energy requirements

Lighting consumes about 19% of the total generakedtricity (IEA 2006). It accounts for 30% to
40% of the total energy consumption in office builgs. The annual lighting electricity
consumption per square meter of the building vabiesveen 20 to 50 kWh/ma (SEA 2007, STIL
2007).

There is a trend in the international communityremuce the electricity consumption of lighting
with new technology to below 10 kWh/nper year. The possible ways to reduce lightingrgge
consumption include: minimum possible power densitye of light sources with high luminous
efficacy, use of lighting control systems and wiltion of daylight.

The quality of light must be maintained when in&dl power for lighting is reducedn this
Guidebook different design concepts and new progluitiustrated with case studies, show how
lighting energy consumption can be reduced.

In the building sector, the potential for energyws®s and improvements in indoor environment is
often high. New buildings may have low energy camgtion for heating, but on the other hand
have higher electricity consumption than older onElis is due to increased electricity use for
ventilation, cooling, lighting and office equipmefi&lomsterberg et al, 2007).

Daylight and solar radiation have a great influemcethe energy flows in the building. Therefore
the facade, and especially the glassed area ofatede could be seen as an energy filter. A way to
reduce the energy flow through the facade is to sisades to block the solar radiation, utilize
daylight to reduce the need of artificial lightiragnd therefore reduce the need of energy for cooling
(Poirazis 2008, LEED 2009). But at the same tinfes indoor environment has to be maintained to
prevent discomfort for the users.
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Energy consumption of buildings covers about 40%hef total energy consumption in Europe. In
several European countries, there are initiati@séducing energy consumption. These initiatives
have timetables for implementation with aim to reduhe energy related G@missions by 20% by
2020.

2.2 Facts and figures on lighting energy usage

2.2.1 Background

Energy is an essential commodity in our lives ahd tise of energy is increasing with industrial
development. Energy security and the environmemtgdacts of energy use are major concerns
worldwide.

The accelerating increase of greenhouse gasesiatthosphere has caused the world to warm by
more than half a degree Celsius in the last centitrig expected that there will be at least a het
warming of half a degree over the next few deca(&tern 2006). Use of energy is the main factor
in the climate change, contributing a major portiminthe greenhouse gas emissions (IPCC 2007).
Industrialized nations are currently the sourcesmafst of the greenhouse gas emissions but this
may change in the future as the developing coustpgrsue industrialization. The United States and
Europe together consume almost 40% while produanty 23% of the total energy use of the
world. Europe depends on imports for about haliteftotal energy needs. With the current trend of
energy consumption, the EU expects 65% of its epeaeeds to be fulfilled by import, which poses
critical challenge on the energy security (BelkiddZ).

Energy efficiency is one of the most effective meao solve these problems. It can both save
energy and reduce greenhouse gas emissions. TheasWeen the leader in the field of energy
efficiency and is taking new measures to promotd itese measures include minimum efficiency
requirements for energy using equipment, strongéoas on energy use in buildings, transport and
energy generation. The EU has committed to its eeargy policy to improve energy efficiency by
20% by 2020 (COM 2007).

2.2.2  Worldwide Energy and Lighting Scenario
Worldwide energy consumption

Global energy consumption is rising continually gveyear. Total global primary energy
consumption in 2006 was 472 quadrillion {J0British Thermal Units (BTU) (1 BTU = 1055.1
joules), which is equivalent to 138330 TWh (EIA Z8)0

World primary energy supply, 2006 Regional energy consumption shares, 2006

022.80 %

0,
£135.90 % 033% ®30%

03 %

027.40% 05.90 %

01.00 % O5% 019 %
[6.30 % @10%
O Petrolium o Nuclear power 0 Nonhydro renewables O American continent 0 Europe O Eurasia
0 Hydroelectric power @ Coal o Natural gas O Middle East O Africa O Asia and Oceania

Figure 2-3. World primary energy supply and regional consumptihares in 2006 (EIA 2006).
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The increase in the global energy consumption betw#996 and 2006 continued at an average
annual rate of 2.3%. In 2006 the three most impartanergy sources were petroleum, coal and
natural gas, accounting for 35.9%, 27.4%, and 22.8&spectively, of total primary energy
production (Figure 2-3).

Energy consumption in buildings

Buildings, including residential, commercial, ansiitutional buildings account for more than one
third of primary global energy demand. The buildisgctor is the biggest energy consumer among
the three energy-using sectors: transportationysirg and buildings. Global energy demand in the
building sector has been increasing at an average of 3.5% per year since 1970 (DOE 2006).
Urban buildings usually have higher levels of enecgnsumption per unit of area than buildings in
rural areas. According to a projection by the Udit&lations, the percentage of the world’s
population living in urban areas will increase fraf% (in 2005) to 61% by 2030 (UN 2005). Thus
the growth of energy consumption in building is exped to continue in the long term as a result of
population growth, and also as a result of urbaintra

Energy is consumed in buildings for various end ymeposes: space heating, water heating,
ventilation, lighting, cooling, cooking, and otheappliances. Lighting is the leading energy
consumer (25%) in US commercial buildings aheaddce cooling (13%) while lighting energy

consumption is less than that of space heatingcespapoling and water heating in residential
buildings (Figure 2-4). Heating (space and watex)the leading energy consumer in the EU
domestic and commercial building sectors followadighting (Figure 2-5). Other main consumers

are cooking, cooling and other appliances.

Commercial sector Residential sector

O lighting 25 %

0 space cooling 13 % 0 lighting 12%

. O space cooling 13%
[ space heating 12% 0 space heating 26%
O electronics 7% O electronics 8%
o ventilation 7% o water heating 13%
0 water heating 6% o refrigeration 7%
O refrigeration 4% o cooking 5%
O computers 4% O wet clean 6%
0 cooking 2% 0 computers 1%
0 others 22% O others 9%

Figure 2-4. Energy consumption by end use in US commercialrasatiential buildings (DOE 2009).

Commercial sector Domestic sector

O space heating 52%

O water heating 9% O space heating 57%
O lighting 14% O w ater heating 25%
0 cooking 5% O lighting +appliances

) 11%
O cooling 4%
0 cooking 7%

O other 16%

Figure 2-5. Energy consumption by end use in EU domestic amdraercial buildings (EC 2007).
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Worldwide electricity consumption

The global consumption of electricity has been @asing faster than the overall energy
consumption because of the versatile nature of pineduction of electricity, as well as its
consumption (EIA 2006). Worldwide electricity comaption in 2006 was 16378 TWh, which was
11.8% of the total primary energy consumption (E2806). Because of losses in the generation
process, the amount of input energy for electriggneration is much higher than the amount of
electricity at its point of use. Worldwide electitiz generation uses 40% of the world’s primary
energy supply (Hore-Lacy 2003). According to théeimational Energy Outlook 2009 (EIA 2009),
the world’s total net electricity generation in 2D3 expected to be increased by 77% from the
2006 level. The growth of the primary energy congtion for the same period will be 44%,
expanding from 472 quadrillion BTU in 2006 to 678agrillion BTU in 2030.

Electricity consumption for lighting

Lighting was the first service offered by electutilities and it continues to be a major source of
electricity consumption (IEA 2006).

Primary Energy Electricity

19%

12 %

88 % 81 %

Figure 2-6.Global lighting energy use (EIA 2006, IEA 2006).

Globally, almost one fifth of the total amount olieetricity generated is consumed by the lighting
sector. The total electricity consumption of lighgiis more than the global electricity produced by
hydro or nuclear power plants, and almost the san¢he electricity produced with natural gas.
More than 50% of the electricity used by lightirgggonsumed in IEA member countries, but this is
expected to change in the coming years becauskeoiiicreasing growth rate of lighting electricity

use in non-IEA countries.

Almost half of the global lighting electricity (48¥4s consumed by the service sector. The rest is
distributed between the residential sector (28%justrial sector (16%), and street and other
lighting (8%). The share of electricity consumptiaif lighting of total electricity consumption
varies from 5% to 15% in the industrialized couastj whereas the share is up to 86% (Tanzania) in
developing countries (Mills 2002).

Fuel-based lighting and vehicle lighting

Despite the dominance of electric lighting, a sigrant amount of energy is also used in vehicle
lighting and off-grid fuel-based lighting. More thaone quarter of the world’s population is still
without access to electricity networks and used-hased lighting to fulfill their lighting needs
(Mills 2002). IEA (IEA 2006) estimates that the aomd of energy consumed annually in fuel-based
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lighting is equivalent to 65.6 million tons of ogquivalent (Mtoe) of final energy usage. The
estimated amount of global primary energy used lighting is 650 Mtoe. The fuel-based light
sources include candles, oil lamps, ordinary kemeskmps, pressurized kerosene lamps, biogas
lamps, propane lamps, and resin-soaked twigs ad useéemote Nepali villages (Bhusait al.
2007). In developing countries, the most widely disael-based lighting is ordinary wick-based
kerosene lamps. For example, nearly 80 million peap India alone light their houses using
kerosene as the primary fuel for lighting (Shail&g06).

An estimated 750 million light-duty vehicles (cafght trucks, and minivans), 50 million trucks,
14 million buses and minibuses, and 230 million titoee wheelers were used in 2005 worldwide.
They consume fuel to provide illumination for dnmg and security needs. Although the amount of
fuel used for lighting accounts a small portiond%) of all road vehicle energy usage, 55 billions
litres of petroleum, amounting to 47.1 Mtoe of flr@nergy, was used to operate vehicle lights in
2002. The power demand for lighting in the vehidancreasing to improve the driving safety and
comfort. Also, an increasing number of countrieg antroducing policy measuret® promote
greater use of daytime vehicle lighting throughulagion or incentives. This will further increase
the amount of global energy use of vehicle light{ihgA 2006).

Consumption of light

The amount of consumption of light in the world hamstantly been increasing with the increase in
the per capita light consumption and the increas¢he population. According to IEA estimation
(IEA 2006), the amount of global consumption oftlign 2005 was 134.7 petalumen-hours (PImh).
The electric lighting accounted for 99% of the tfotmht consumption while vehicle lighting
accounted for 0.9%, and fuel based lighting accedror only 0.1%. The average annual per capita
light consumption of people with access to eledtyigs 27.6 MIimh, whereas the people without
access to electricity use only 50 kilolumen-houkémh) per person per annum. Thus the light
consumption of people with access to electricityniere than 500 times more compared to people
without access to electricity. Even within the dld@ted places, there exist large variations in the
consumption of light. The variation in light consption among the different regions of the world is
shown in Figure 2-7.

Despite the inequality in the consumption of lightdifferent parts of the world, there had been
remarkable increase in the amount of light usedoakr the world in past century. The annual
growth of artificial lighting demand in IEA counes was 1.8% in last decade, which was lower
than during the previous decades. This might baralcation of the start of demand saturation.
However, the growth of lighting demand in the dey@hg countries is increasing due to the rising
average illuminance levels in those countries dsd due to new construction of buildings.

The consumption of light in developing countrieseispected to increase more in the future due to
increasing electrification rate in the regions with access to electricity at the moment.
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Figure 2-7. Estimated per capita consumption of electric ligh2005 (IEA 2006).

2.2.3 Impacts of lighting energy consumption on the eneinment

The environmental impacts of lighting are causedtbg energy consumption of lighting, the
material used to produce lighting equipment, areldisposal of used equipment. Emissions during
the production of electricity and also as a restithe burning of fuel in vehicle lighting and iél-
based lighting are responsible for most of the figh-related greenhouse gas emissions. Hazardous
materials (e.g. lead, mercury, etc.) used in themda and ballasts, if not disposed properly, can
cause harmful impacts on the environment. Lightagp affects the environment due to wastefully
escaped light into the night sky (light pollution).

The environmental impacts of electric lighting dapgeon the electricity generation method.
Thermal power generation system has the highestaanhpn the environment due to combustion
fuel, gas emissions, solid wagpeoduction,water consumption, and thermal pollution. Eleatyic
generated from renewable energy sources has theslogffect on the environment. Lighting is one
of the biggest causes of energy-related greenhgaseemissions. The total lighting-related £0
emissions were estimated to be 1900 million tong)(M 2005, whichwas about 7% of the total
global CQ emissions from the consumption and flaring of ibg$sels (EIA 2007, IEA 2006).
Energy efficient lighting reduces the lighting eggrconsumption and is thus a means to reduce
CO, emissions. Fuel based lighting used in developamyntries is not only inefficient and
expensive, but also results in the release of 24lam tons of CQ to the atmosphere every year,
which is 58% of the C® emissions from residential electric lighting gldlya(Mills 2002).
Replacing fuel based lighting with energy efficieglectric lighting (based e.g. on LEDs) will
provide means to reduce greenhouse gas emissisosiated with lighting energgonsumption.

Primary energy and C@emissions

Primary energy is the energy that has not beenesbgl to any conversion or transformation
process. Primary energy is transformed in energwecsion processes to more convenient forms of
energy, such as electricity. Electricity can bensBrmed from coal, oil, natural gas, wind, etc.eTh
total primary energy factor is defined as the nenewable and renewable primary energy divided
by the delivered energy. Here the primary energghesamount of energy that is required to supply
one unit of delivered energy, taking into accouné tenergy required for extraction, processing,
storage, transport, generation, transformatiomanaission, distribution, and any other operations
necessary to deliver the energy to the place wlitei® used. The total primary energy factor for
electricity is 2.5 in Europe. This value reflects efficiency of 40%, which is the average efficignc
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of electricity production (Eurostat 2009).

The CQ intensity in power generation in different Europeaountries is shown in Figure 2-8. The
carbon footprint calculator takes G@mission factor for electricity to be 527 g/kWh the
calculations (Carbon independent 2009).
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Figure 2-8.CO, intensity, g CQkWh, in electricity generation in European couesifor 2001 (Statistics Finland
2003)

Figure 2-9 presents the comparison of {&missions during life time of an incandescent laGpL
and a future LED light source. A 75W incandesceanhp with luminous efficacy of 12 Im/W, a
15W CFL with luminous efficacy of 60 Im/W and a 6 WED light source with luminous efficacy
of 150 Im/W were compared to provide the same lightput. The lifetime of future LED light
source is assumed to be 25 000 h. The calculatias eone for 25 000 lamp burning hours. During
this period one LED, 3 CFLs and 21 incandescentpamvere needed. Most of the energy
consumption and C£emissions were caused in the operating phaseeolatimps. CQemissions of
the electricity production were considered to b& 5#2kWh. The CQ emissions during production
of the lamps are also considered in the calculation
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Figure 2-9. Comparison of C@emissions during life cycle (calculated for 25 0@@urs of time) of an incandescent
lamp(12Im/W), CFL(60 Im/W) and future LED light soa( 150 Im/W).
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2.2.4  Lighting energy usage in buildings
Overview

Lighting accounts for a significant part of elecity consumption in buildings. For example, in the
US, more than 10% of all energy is used for liglgtim buildings (Loftness 2004). The amount of
electricity used for lighting in buildings differaccording to the type of buildings. In some
buildings, lighting is the largest single categardfyelectricity consumption; office buildings, oneh
average, use the largest share of their total Btatgt consumption in lighting.

European office buildings use 50% of their totaéaticity consumption for lighting, while the
share of electricity for lighting is 20-30% in hasgs, 15% in factories, 10-15% in schools and 10%
in residential buildings (EC 2007). Furthermoregtheat produced by lighting represents a
significant fraction of the cooling load in manyfmfes contributing to the further consumption of
electricity indirectly. On the other hand, heat guged by lighting can reduce the heating load
during winter in the areas with cold climate. Irethesidential buildings, the share of electricity f
lighting over total electricity use is quite low pypared to the commercial buildings. However, in
the developing countries, especially in electrifredal areas, almost all of the electricity consuine
at homes is used for lighting. Residential buildsngse the most inefficient lighting technology
(incandescent lamps) compared to the commercialiathaistrial buildings. The share of different
lighting technology used in the US building sector year 2001 is shown in the Figure 2-10
together with annual energy consumption by eaclding sector.
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Figure 2-10. Shares of US sectoral electricity used by diffedegtit sources for lighting (Navigant 2002).

Residential buildings
Energy usage

The global residential lighting electricity consutigm in 2005 was estimated by the IEA to be 811
TWh (IEA 2006), which accounts for about 31% ofdblighting electricity consumption and about
18.3% of residential electricity consumption. Th&timated electricity consumption in residential
lighting in IEA member countries was 372 TWh, whiadtcounts for about 14.2% of total
residential electricity consumption. Electric lighg is used in practically all households throughou
Europe and represents a key component of peakrigiégtdemand in many countries. According to
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the DELight (Environmental Change Unit 1998) stutighting in the residential sector consumed
86 TWh (17% of all residential electricity consungt) per year in the EU-15 in 1995. A recent
study carried out by the European Commission’s ilns of Environment and Sustainability
reported the consumption of electricity for lighgino be 77 TWh for the EU-15, 13.6 TWh for the
10 new member states, and 4.9 TWh for the newesefber states (Bertoldi and Atanasiu 2006).

The household energy consumption for lighting vargreatly among EU member states. The
lowest consumption is in Germany where the averag@ual household lighting electricity
consumption is 310 kWh, while the highest annuahsiomption is in Malta with the value 1172
kWh per household. In the EU-15 Member states, ltgbting consumption as a share of total
residential electricity consumption ranges betwéé&mand 18%, but the share is as high as 35% in
one of the newest member states.

The US Lighting Market Characterization study (Ngeamt 2002) calculated in the survey of 4832
households that the average US household used kW6 of electricity for lighting in 2001.
According to the IEA assessment (IEA 2006), therage European household used 561 kWh of
electricity for lighting, which is very close to ¢hannual lighting electricity consumption for an
average Australian household, which is 577 kWh. &naual electricity consumption for lighting
by an average Japanese household was 939 kWh ih 200

Consumption of electricity for residential lightinqh Russia, China, and other non OECD
(Organisation for Economic Co-operation and Devetept) countries is lower compared to the
OECD countries. The average electricity consumpfamlighting in Russian households was 394
kWh per household, which provided 2 MImh electright per annum per person in 2000 (IEA
2006). With the rising income of households, thbes been a substantial increase in the residential
lighting electricity consumption in Russia. The @Gase average residential per capita consumption
of light in 2003 was 1.4 MImh which accounted fo81L kwWh of electricity per household (IEA
2006). The share of lighting electricity consumpticover total electricity consumption of
households was 28%, which was quite high due tof#lce that the majority of Chinese population
lives in rural areas and the electricity in rurauses is mainly used for lighting.

Table 2-1.National residential lighting energy characterissiof EU-28 countries (Bertoldi and Atanasiu 2006).

Countries Number of | Residential | Lighting Lighting Average
Households | electricity electricity consumption lighting
(millions) consumption | consumption | as share of | electricity
(TWhla) (TWh/a) total electricity | consumption
consumption per household
(%) (kwWh/a)
Austria 3.08 16.00 1.10 6.88 357.14
Belgium 3.90 18.20 2.23 12.23 343.22
Denmark 2.31 9.71 1.36 14.00 589.00
Finland 2.30 12.20 1.70 13.93 739.00
France 22.20 141.06 9.07 6.43 409.00
Greece 3.66 18.89 3.40 18.00 1012.00
Germany 39.10 140.00 11.38 8.13 310.00
Ireland 1.44 7.33 1.32 18.00 1000.00
Italy 22.50 66.67 8.00 12.00 370.00
Luxembourg 0.20 0.75 0.01 13.00 487.50
Netherlands 6.73 23.75 3.80 16.00 524.00
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Portugal 4.20 11.40 1.60 14.04 427.00
Spain 17.20 56.11 10.10 18.00 684.00
Sweden 3.90 43.50 4.60 10.57 1143.00
United 22.80 111.88 17.90 16.00 785.00
Kingdom

Czech 3.83 14.53 1.74 12.00 455.37
Republic

Cyprus 0.32 1.32 0.33 25.00 1040.70
Estonia 0.60 1.62 0.45 28.00 753.81
Hungary 3.75 11.10 2.775 25.00 740.48
Latvia 0.97 1.47 0.41 28.00 424.16
Lithuania 1.29 2.07 0.62 30.00 479.72
Malta 0.13 0.60 0.15 25.00 1172.15
Poland 11.95 22.80 6.38 28.00 534.40
Slovakia 1.67 4.82 0.40 8.30 240.05
Slovenia 0.68 3.01 0.43 14.30 628.90
Bulgaria 2.90 8.77 0.90 10.00 420.00
Romania 8.13 8.04 2.91 35.18 356.75
Hungary 1.42 6.07 1.10 18.11 773.76

In other non-OECD countries, the consumption ofcede lighting in households is lower than in
Russia and China. In most of these countries thesamption of lighting electricity in rural areas is
quite low compared to the urban homes. Overall,alierage annual consumption of electricity for
residential lighting in these non-OECD countriegdept Russia and China) is estimated to be 84
kWh per capita (IEA 2006). The share of lightingeetricity consumption of total electricity
consumption in homes is very high (up to 86%) invel®ping countries, compared to OECD
countries (Mills 2002). Apart from electric lighti there are still 1.6 billion (1 billion= 1% people

in the world who use fuel-based light sources doehte lack of electricity. Almost all the people
without electricity live in the developing countsglEA 2002). In 2000 roughly 14% of urban
households and 49% of rural households in develp@ountries were without electricity, and in
some of the least privileged parts of Africa, ekghiopia and Uganda, only 1% of rural households
were electrified (Mills 2005).

Light sources and lighting characteristics

Residential lighting is dominated by the use ofandescent lamps but compact fluorescent lamps
(CFLs) are taking their share gradually and LED gawill do so in the future. The high purchase
price of CFLs compared to incandescent lamps has laemajor barrier to their market penetration,
even though they last much longer, save energy,tewe short payback periods. Though the price
of CFLs has decreased due to the increased congretind they are available in many varieties,
there is still lack of awareness in the public abtheir benefits.

The majority of the estimated 372 TWh of electryciised for domestic lighting in 2005 in IEA
countries was used by inefficient incandescent lsutijne average of 27.5 lamps per household was
shared by 19.9 incandescent lamps, 5.2 LFLs (lifiearescent lamps), 0.8 halogen lamps and 1.7
CFLs. These values are average values of IEA caestand there are significant differences from
country to country. Example of some IEA countriesTiable 2-2 shows that the average number of
lamps per households varies from 10.4 (Greece) 30(USA). The average lamp luminous
efficiency is low in the countries dominated by ar@escent lamp (USA) compared to the countries
where fluorescent lamps occupy a larger share @aj@ome of the practices of using the particular
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type of lamp are quite similar in European, Amenamnd Australian/New Zealand households. For
example, in all those countries the use of LFLsrisstly confined to the kitchen and bathrooms,
while in the rest of the house the choice is diddamong incandescent lamps, CFLs, and halogen
lamps (IEA 2006).

Table 2-2.Estimated national average residential lighting cheteristics for some IEA member countries (IEA gD0

Countries | Lighting No. of Average Light Lighting Lamp
electricity lamps per | lamp consumpti | electricity operating
(kKWh/ household | luminous | on consumption | hours per
household efficacy (Mimh/m?, | (kWh/m? ,a) day
,a) (Im/W) a)
UK 720 20.1 25 0.21 8.6 1.60
Sweden 760 40.4 24 0.16 6.9 1.35
Germany 775 30.3 27 0.22 9.3 1.48
Denmark 426 23.7 32 0.10 3.3 1.59
Greece 381 10.4 26 0.09 3.7 1.30
Italy 375 14.0 27 0.09 4.0 1.03
France 465 18.5 18 0.22 5.7 0.97
USA 1946 43.0 18 0.27 15.1 1.92
Japan 939 17.0 49 0.49 10.0 3.38

Table 2-3. United States Residential lighting characteristios different lamp types in 2001 (Navigant 2002).

Lamp type Lighting Percentage | Average | Percentage of | Percentage
electricity of installed | operating | household of lumen
consumption | lamps hours per | electricity output by
(TWh/year) day consumption | source type

GLS 187.6 86% 1.9 90% 69%

Fluorescent 19.9 14% 2.2 10% 30%

HID (High

Intensity 0.7 0% 2.8 0.3% 1%

Discharge)

Total 208.2 100% 2.0 100% 100%

Incandescent lamps constituted 86% of 4.6 billiamps used in the US residential buildings in
2001 (Navigant 2002). Although the incandescentgdamvere responsible for 90% of the total
lighting electricity consumption, their share ofethiotal available lumen output was only 69%
(Table 2-3) due to their poor luminous efficacy. ig@holds in Australia and New Zealand have a
similar trend of the dominance of incandescent lamip Japan, the dominating light source in
residential sector is the fluorescent lamp with 65%are (LFSs 57% and CFLs 8%); the rest is
distributed between incandescent lamps 22%, haltgaps 2%, and other lamps 11% (IEA 2006).
Though most of the lamps used in the Japanese hoildeare fluorescent lamps and their average
luminous efficacy is quite high, the Japanese resil electricity consumption is high compared to
those of the European and Australian/New Zealanaskbolds. This is due to the fact that Japanese
households have high average illuminance levels r@tatively long average operating times of
lamps (Table 2-2).

In Russia, on the other hand, the incandescent sadgpinate in the residential sector, where 98%
of total installed lamps are incandescent lampsisTid not very common for other non-OECD
countries, where the share of fluorescent lamps oteer lamp types is relatively higher. The share
of fluorescent lamps was 43% in Chinese residelligating already in 2003. Similarly, most of the
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Indian electrified homes have at least four LFLsldhe national LFL sales is about one third of
total incandescent lamp sales (IEA 2006).

Commercial Buildings
Energy usage

Lighting is one of the single largest electricitgars in most commercial buildings. The IEA (IEA
2006) estimated that 1133 TWh of electricity wasisomed in the world by commercial lighting in

2005. This was equivalent to 43% of total lightietectricity consumption and over 30% of total
electricity consumption in the commercial buildinggich was used to produce 59.5 PImh of light
at an average source luminous efficacy of 52.5 Im/Wie total consumption of 1133 TWh of

electricity is distributed among different typeshaiildings, in which retail, offices, warehousesdan

educational buildings were the largest users (Fedsi1).

The lighting electricity consumption in the commialcbuildings of the IEA countries comprises
63% of the world’s total electricity consumptionrfboghting in this sector and 28.3% of the total
OECD electricity consumption in commercial buildsigIEA 2006). In the OECD countries the
lighting energy intensities in commercial buildingse higher than the world average for all
commercial building sectors. The US commercial ligg accounted for more than 40% of the
commercial sector electricity consumption, a taté391 TWh per year in 2001 (Navigant 2002).
The US commercial buildings used more than hal® bf the total lighting consumption. Offices,
retail and warehouses are the largest contributotdS commercial lighting energy use (Figure 2-
12).
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Figure 2-11.Global commercial lighting energy
consumption by building type (IEA 2006).
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Figure 2-12.US commercial lightinggnergy consumption
by building type (Navigant 2002).

The consumption of electricity for commercial sect@hting in the EU member states was

estimated to be 185 TWh in 2005 (IEA 2006). Therepously was a variety of estimations for

European commercial lighting energy consumptionhwérge variation in the estimated lighting

energy intensities. The IEA analysis has claimedbéoreliable and consistent in its estimations of
commercial lighting energy consumption. In the MO&BECD countries, the trend of using lighting

electricity for commercial buildings is growing Whitthe increasing economic and construction
growths. In 2005, it was estimated that 41% of &lety of the non-OECD commercial buildings

was consumed by lighting providing illumination f@7.5 billion square metres of floor area (IEA

2006).

32



2 LIGHTING ENERGY IN BUILDINGS

Light sources and lighting characteristics

Most of the light delivered to commercial buildingsprovided by fluorescent lamps. It is common
to use fluorescent lamps in the open space fagditsuch as open space for work or shopping.
Another reason for the increased use of fluoresclmps in commercial sector is the
implementation of different energy efficiency impament programmes.

Fluorescent lamps provided most of the light to BECD commercial buildings in 2005; linear
fluorescent lamps provided 76.5% of the light outpnd the rest of the light output was provided
by a mixture of incandescent, compact fluoresceartd HID lamps (IEA 2006). Similarly,
fluorescent lamps were the major light sourcesha US commercial lighting in 2001 (Navigant
2002), accounting for 56% of lighting energy constian, while incandescent lamps consumed
32% and HID lamps 12% of the US commercial lightiagergy. The share of fluorescent lamps
was 78% on total lumen output, while the incandes@nd HID lamps provided only 8% and 14%
respectively. In European office buildings, fluotest lamps are the dominant light sources, the
LFL (linear fluorescent lamp) being most common faifTichelenet al. 2007). In a comparison
between existing office lighting and new office ting in three European countries (Belgium,
Germany and Spain), it was found that existinga#flighting in Belgium and Spain still has a large
number of other lamps than fluorescent (Table 2k4the non-OECD commercial sector, the share
of incandescent lamps is even lower than that e@@ECD commercial sector. The estimated share
of incandescent and halogen lamps in the non-OEG@mercial lighting was 4.8% in 2005 (IEA

2006).
Table 2-4.Lamp types used for few European countries’s effighting (Tichelen et al. 2007).

Type of lamps | Belgum | Germany |  Spain
Existing office lighting
Fluorescent lamps 80% 99% 70%
CFL 10% 5% 15%
T8 LFL 80% 90% 75%
T5 LFL 10% 5% 10%
Other 20% 1% 30%
New office lighting
Fluorescent lamps 95% 100% 85%
CFL 16% 10% 20%
T8 LFL 52% 45% 50%
T5 LFL 32% 45% 30%
Other 5% 0% 15%

There is a large variation in the annual lightingeegy consumption per unit area between different
types of commercial buildings (Figure 2-13). Thssdue to the different occupancy levels of the
buildings. The average electricity consumption lighting per square metre in healthcare buildings
is the highest of all types of buildings becausetlud long operating periods. In addition to the
efficacy of the lighting systems, lighting practga each country and region have significant etffec
on the annual lighting energy consumption per @améa of buildings, e.g. the length of operating
periods and the average lighting levels providedrdpean buildings have quite short operating
hours, while the operating hours in North Americammmercial buildings are longer than that of
Europe, Japan/Korea, and Oceania (Table 2-5). Megage annual lighting energy consumption
per unit area in US commercial buildings was 60’ in 2001 (Navigant 2002). In the
Canadian commercial buildings this value was 80/2hk? in 2003 (IEA 2006). The non-OECD
commercial buildings consume electricity at the &stvaverage among all the regions, consuming at
an average of 24.1 kWh/nin 2005 (IEA 2006).
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Table 2-5.Estimated average lighting characteristics of coenaial buildings in 2000 (IEA 2006).

Region Average Annual lighting |Average |Lighting |Commerci |Total
lighting power |energy operating |system |al building |electricity
density consumption period efficacy |floor area |consumptio
(W/m?) per unitarea  |(h/a) (Im/W) | (billion m?) |n

(KWh/m?) (TWh/a)

SRR 12.6 33.0 2583 | 62.7 1.7 54.6

Australia/NZ 16.5 31.7 1924 43.5 0.4 12.7

et 17.4 59.4 3928 | 50.1 7.3 435.1

America

OECD 15.5 27.7 1781 | 46.1 6.7 185.8

Europe

OECD 15.6 43.1 2867 49.6 16.1 688.2
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Figure 2-13.Estimated global lighting electricity consumptiop tommercial building type in 200BEA 2006).

Industrial Buildings

Energy usage

Most of the electricity in industrial buildings issed for industrial processes. Although the shdre o

lighting electricity of total electricity consumtn in industrial buildings was only 8.7%, it
accounted for about 18% of total global lightingeetricity consumption in 2005 (IEA 2006).

Compared to the residential and commercial sectbese have been very few surveys and studies

about the industrial building lighting energy congption.

The IEA estimation of European OECD countries irtdias lighting consumption in 2005 was
100.3 TWh per annum, amounting to 8.7% of total usttial electricity consumption in the
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European OECD countries, the same share as estiniateéhe global average. The estimation of
Japanese industrial lighting electricity consumptiwas 34.9 TWh, accounting for about 7.8% of all
industrial electricity consumption. The Australiandustrial lighting electricity consumption
accounted for 7.6% of all industrial electricity mgumption. A survey of industrial lighting energy
use conducted by the US Department of Energy inl200avigant 2002) estimated that the total US
industrial lighting energy use was 108 TWh, accaogtfor 10.6% of industrial electricity
consumption.

In Russia, industry and agriculture was estimatetidve consumed about 56.3 TWh of electricity
for lighting in 2000, of which 12.3 TWh was for agulture (52% of agricultural electricity
consumption) and 42 TWh for other industries (13.8%6ndustrial electricity consumption) (IEA
2006).

Light sources and lighting characteristics

Among the three sectors (residential, commercial artlustrial), industrial sector has the highest
source-lumen efficacy. The electricity consumption global industrial lighting was 490 TWh in
2005, which produced 38.5 PImh of industrial lighith an average source-lumen efficacy of 79
Im/W (IEA 2006). This is due to the fact that masit the light in industrial buildings comes from
efficient fluorescent lamps and HID lamps.

Most of the US industrial lighting electricity isoosumed by fluorescent lamp and HID lamps,
accounting for 67% and 31% of industrial lightintgetricity (Table 2-6). Only 2% of all lamps
installed in the US industrial buildings are incasdent lamps. The operating period of lamps is
13.5 hours per day in the US, which is much long®an in the other sectors. The average annual
lighting energy consumption per unit area variesarding to the different industry buildings,
ranging from 37 to 107 kWh/fm The IEA estimated that the US and Canadian indrissectors
together had average source-lumen efficacy of §8/4V in 2005 (IEA 2006).

The IEA has estimated an average source-lumenasfficof 81.6 Im/W for Japanese industrial-
sector lighting. According to the IEA estimationrf@ ECD Europe, the average lamp luminous
efficacy in industrial sector is 81.9 Im/W. Fluooent lamps contribute for about 62% of OECD
industrial illumination, HIDs for 37% and others 1%imilarly, the Australian industrial lighting is
dominated by fluorescent lamps, accounting for 5&%otal lighting, and the majority of remaining
45% is attributed to HID lamps.

Table 2-6.US industrial lighting characteristics for diffen¢ lamp types in 2001 (Navigant 2002).

Lamp type Lighting Percentage | Average Percentage | Percentage
electricity of operating of electricity | of lumen
consumption | installed hours per consumption | output by
(TWh/a) lamps day (h/day) source

type

Incandescent | 2.6 2% 16.7 2% -

Fluorescent | 72.3 93% 13.4 67% 71%

HID 33.0 5% 13.9 31% 29%

Total 107.9 100% 135 100% 100%

Outside the OECD countries, the Chinese industigiiting has a mixture of lamps similar to
Europe. The use of the efficient T5 fluorescent fanin Chinese industrial sector is higher than in
the European industrial sector. In Russia, the HiBips are dominant in industrial lighting. Only
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36.5% of light in Russian industrial buildings isqvided by LFLs, while 56.3% is by mercury-
vapour lamps and the rest from other HID lamps amchndescent lamps. The average Russian
industrial lighting sector source-lumen efficacy sv@1l Im/W in 2000, which was far behind the
European and American average (IEA 2006).

2.2.5 Evaluation of lighting energy use for buildings
Codes and criteria for evaluating energy use for dings

Various codes and legislations providing guidelif@sdesigning and installing lighting systems in
buildings evaluate the energy efficiency critemaerms of energy use. The most common codes set
the maximum allowable installed lighting power déyngLPD). The American Society of Heating,
Refrigeration and Air-Conditioning Engineers (ASHEPand the llluminating engineering Society
of North America (IESNA) have provided the recomrded building code in the US (ASHRAE
2004). This code applies to all buildings exceptvlase residential buildings and has a lighting
section which specifies maximum “lighting power dég” limits, in units of Watts per square
metre (W/nf). Lighting codes in most of the US states are liguzased on ASHRAE or IEC while
California has its own code named Title 24 (Title2d07). The Title 24 code of 2001 for residential
buildings recommended energy efficient lighting lwihe installed lighting system efficacy greater
than 40 Im/W. The 2005 version of the code defiregBcient lighting based on the wattage of
lamps, according to which the efficacy has to beajer than 40 Im/W for lamps rated less than 15
W, 50 Im/W for 15-40 W lamps, and 60 Im/W for lampged more than 40 W in power.

Before the adoption of the European Union’s EnerBgrformance in Building Directive
(2002/91/EC), very few European countries had pmvris addressing lighting in their codes
(ENPER-TEBUC 2003). In Denmark, some voluntary skamls recommend maximum LPD levels
in watts per square metre (ENPER-TEBUC 2003). ThenEh regulation RT2000 (Réglementation
Thermique 2000) specifies minimum lighting energgriprmance requirements for new buildings
and new extensions to existing buildings (IEA 2008he regulation specifies the efficiency
requirements in three different ways, namely; wholalding LPD levels, space-by-space LPD
levels and normalized lighting power density limiihe normalized lighting power density limits
are given as: 4 W/fper 100 Ix for spaces of less than 36,rand 3 W/nf per 100 Ix for spaces of
more than 30 m The United Kingdom building codes for domestic wsll as for commercial
lighting evaluate the efficiency as a luminous edfty of the installed lighting system. The 2002
edition of the UK building code requires that th&ice, industrial and storage area luminaires
should have an average efficacy of at least 45 Injl8A 2006).

Similarly, the Australian energy efficiency prowsis in Australian commercial and residential
buildings have LPD limits for different areas. Ftarge areas, the requirements include time
switching or occupancy sensors (IEA 2006). Mexicw &hina also apply building code standards
for the energy performance of lighting in buildingehere the requirements are LPD limits
expressed in watts per square metre. Maximum LP®siold in Chinese households is 7 V§/m
and for normal offices 11 W/R(IEA 2006).

Lighting power density limits are only one issudliencing the lighting energy use. The other
important issues are the control of time of use #raluse of daylight. The metric which includes all
these elements and represents the lighting systgarformance is the annual lighting energy
intensity, expressed in annual lighting energy eomption per unit area (kWh/ma). This metric

would promote the use of efficient light sourceslagffective control systems by considering the
occupancy and the utilization of daylight. There aiso limitations about this metric as a building
with high occupancy rates will use more lightingeegy than one with a lower occupancy rate
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because of the longer operating periods. Thus mgklwith different behaviour have to be grouped
and different requirements have to be set in dgvielg lighting energy codes.

International Energy Conservation Code (IECC 208@gcifies that lighting control systems are
required for each area, and each area must hawe tegduction controls and automatic lighting
scheduling (DOE 2005). The most recent versionghef ASHRAE and IEC codes which are
followed by most of the US states have also stagieating control and daylighting options their
codes. Four European countries (Flanders-Belgiuranée, Greece and the Netherlands) used a
detailed calculation procedure for lighting alreabbgfore the adoption of the new European
Directive, Energy Performance of Buildings Dire&@i(EPBD) (ENPER-TEBUC 2003). The
EPBD, which is under implementation in the Europé#mon, directs the member countries to use
a comprehensive method to calculate the energy wopson of buildings and incorporate
mandatory minimum energy efficiency requirementsdib building types (EC 2002).

Lighting impacts on HVAC systems

In every lighting system, a substantial proportmirthe input electrical energy is dissipated asthea
Also, when the visible radiation meets the surfguat of it is absorbed and part of it is reflected
Through successive reflections, the visible radiatis also absorbed by room surfaces. Hence,
variations in the lighting energy use in buildingsanges the energy requirements for space heating
and cooling. Generally, reducing the lighting eneigcreases heating requirements during cold
periods while it lowers the cooling requirementstie summer. However, the net energy balance
differs from place to place depending on the builgicharacteristics, operating conditions, and local
climatic conditions.
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Figure 2-14.Changes in heating and cooling loads caused byk&\h decline in lighting loads in existing US
commercial buildinggSezgan and Koomey 2000).

The change in the heating/cooling load due to tharge in the lighting load for different types of
US commercial buildings is shown in Figure 2-14. Analysis of the impact of lighting energy
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consumption on heating/cooling requirements inatght commercial buildings showed that large
savings are possible in hospitals, large offices] &rge hotels by the reduction of lighting energy
consumption (Sezgan and Koomey 2000). However cimosls and warehouses, increases in the
heating load are greater than the reduction in tleeling load due to lower lighting energy
consumption.

A study of existing commercial buildings in differe parts of the US showed that the warmest
states have the largest reduction (30% or more&pioling loads with a reduction in lighting energy

use. The cooler states can have an increase oft&i84 in the net heating load in small buildings

that are dominated by heat losses. However, ndtsasngs from reductions in lighting energy are
expected even in the cooler climates due to théadigost of electricity for cooling compared to the
cost of heating fuels, and the shorter heating seagWeigand 2003).

Lighting impacts on peak electricity loads

The peak electricity consumption period varies frptace to place. The development stage of the
country, geographical location and the season efytear as well as building type (windows and
shading types, etc.) have great impact on the toh@eak electricity demand. For example, the
electricity peak demand of most of the developimgictries occurs during the evening due to the
use of electricity for residential lighting and dang. For many utilities in industrialized countsie
peak electricity consumption period occurs durihg &afternoon when commercial and industrial
electricity demands are high.

The peak demand for residential lighting alwayswsdn the evenings, at the time between 6 to 10
pm depending on the countries. In a metering cagpaf sample of households across four EU
countries it was found that lighting accounted tmtween 10% (Portugal) and 19% (Italy) of the
residential peak power demand (Sidler 2002). Inadeping countries where the lighting has up to
86% share on the total electricity consumptionhtigg accounts for the majority of the peak power
demand. In industrialized countries, commercialtsetighting peak demands coincide with the
overall electrical system peak demand. The indirefiience of lighting on air-conditioning loads
affects the peak demand. The reduction in peak deima a very important aspect of energy
efficiency of lighting.
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Chapter 3: Lighting quality
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3 Lighting quality

3.1 Lighting practices and quality in the past: historical aspects

The use of electrical lighting, even in the industised world, is quite recent. Electrical lighting
began to spread widely with the development and ofl¢he incandescent lamps. The use of
incandescent lamp reached a large scale at thebiegj of the 28 century.

For thousands of years, people relied mainly onligay and fire (bonfire, torches, candles and olil).
The fundamentals of lighting at that time were tethto the quantity of light that was to provide
light for people to see and cope in the visual @rment also during the dark hours.

Powerful lamps such as fluorescent lamps came énttarket in the 1950s with the following
introduction of high-intensity discharge lamps. Téhevelopment of powerful bright light sources
lead to considerations of avoiding glare (usinghtigliffusers, later light louvres). Moving from
incandescent light sources to discharge light sesim@ised the issue of color rendering and color
temperature. Today, LEDs are entering the lightimgrket and as new light sources they enable
new approaches to lighting design and practice. EEfltroduce new possibilities for tuning the
color of light and compared to conventional liglaiusces they are small in size giving also freedom
for luminaire design.

Today, the variety and number of lighting equipmemanufacturers has grown, but the
fundamentals of lighting remains the same. Thesetarsupply enough light with proper lighting
distribution in space, with good spectral qualitiesd little or no glare, at reasonable costs. The
development of light sources and lighting equipmervides both opportunities and challenges for
the lighting designers in providing lighting that not only adequate in terms of quantity, but also
meets the lighting quality demands.

Figure 3-1.LEDs are used today to provide lighting in versagpplications; ranging from lighting of office buiings
to lighting of homes in developing countries.

3.2 Defining lighting quality

What does lighting quality mean? There is no cortgl@nswer to the question. Lighting quality is
depends on several factors. It depends largely eopfe’'s expectations and past experiences of
electric lighting. Those who experience elementalgctric lighting for the first time, for example,
in remote villages in developing countries, havdfatent expectations and attitudes towards
lighting from office workers in industrialized cotmes. There are also large individual differences
in what is considered comfortable lighting, as wasl cultural differences between different regions.
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Visual comfort is also highly dependent on the agpgion, for example lighting that is considered
comfortable in an entertainment setting may be ikiesl and regarded as uncomfortable in a
working space (Boyce 2003).

Lighting quality is much more than just providing appropriate quantity of light. Other factors that
are potential contributors to lighting quality incle e.g. illuminance uniformity, luminance
distributions, light color characteristics and glgWeitch and Newsham 1998).

There are many physical and physiological factdrattcan influence the perception of lighting
quality. Lighting quality can not be expressed siynm terms of photometric measures nor can
there be a single universally applicable recipedood quality lighting (Boyce 2003, Veitch 2001).
Light quality can be judged according to the lewélvisual comfort and performance required for
our activities. This is the visual aspect. It cdambe assessed on the basis of the pleasantnéiss of
visual environment and its adaptation to the typeanm and activity. This is the psychological
aspect. There are also long term effects of lightoar health, which are related either to the strai
on our eyes caused by poor lighting (again, thia isual aspect), or to non visual aspects related
to the effects of light on the human circadian gyst(Brainarcet al. 2001, Cajocheet al. 2005).

A number of different approaches have been sugdestalefine lighting quality (Bear and Bell
1992, Loe and Rowlands 1996, Veitch and Newshan818®&yce and Cuttle 1998). The definition
that seems most generally applicable is that ligiptquality is given by the extent to which the
installation meets the objectives and constraietshy the client and the designer (Boyce 2003). In
this way lighting quality is related to objectivdi&ke enhancing performance of relevant tasks,
creating specific impressions, generating desiratieon of behaviour and ensuring visual comfort.
The constraints may be set by the available finahbudgets and resources, set time-lines for
completing the project and possible predeterminextiices and design approaches that need to be
followed.

Lighting quality is also a financial issue whichrcée best illustrated in the case of the luminous
environment of work spaces. An assessment in Frafftbes shows that a typical yearly electric
lighting consumption amounts for about 4 €/mand total yearly ownership cost of lighting
installations is around 8 to 10 €fFontoynont 2008). This has to be compared to tearly cost of
salaries for the companies, of about 3,500 %Avith the hypothesis of an employee costing 35,000
€/year, requiring about 10 Tof office space. Thus, average total lighting soper employee are
between 80 t0100 €/year. Assuming working hourg @00 hrs/year, or a cost per hour of 35,000 €
/1,600 hour = 21 €/hour, it can be seen that thltoost of lighting required by an employee is
equivalent to 4 to 5 hours of work per year, or @.3f the yearly employee costs. This figure
demonstrates the risk of offering poor lighting @wment to the office employees. Poor lighting
conditions can easily result in losses in produtyiwf the employees and the resulting production
costs of the employer can be much higher than tireual ownership cost of lighting.

Thus, any attempt to develop energy efficient light strategy should, as the first priority,
guarantee that the quality of the luminous envir@miis as high as possible. The results presented
in this guidebook demonstrate that this is achiégateven with high savings in electricity
consumption. In the search for highly efficientHigng schemes, it is essential to fully understand
the detailed lighting specification of given envimoents. The integration of this knowledge in
lighting design leads to opportunities to develomawin scenarios, offering combination of energy
performance and lighting quality.
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3.3 Visual aspects
3.3.1 Visual performance

One of the major aspects of the lighting practicel aecommendations is to provide adequate
lighting for people to carry out their visual tasRésibility is defined by our ability to detect gécts

or signs of given dimensions, at given distanced waith given contrasts with the background (CIE
1978). In buildings, typical applications includmhting conditions for writing, typing, reading,
communicating and viewing slides and videos, orf@ening detailed tasks like sorting products.
Visual performance is defined by the speed and mmuof performing a visual task (CIE 1987)
and visual performance models are used to evaltiaeinterrelationships between visual task
performance, visual target size and contrast, olesesge and luminance levels (CIE 2002). Light
levels that are optimised in terms of visual penf@nce should guarantee that the visual
performance can be carried out well above the Visjbthreshold limits. Visual performance is
improved with increasing luminance. Yet, there isplateau above which further increases in
luminance do not lead to improvements in visualfpenance (Rea and Ouellette 1991, CIE 2002).
Thus increasing luminance levels above the optinfamvisual performance may not be justified
and can on the contrary lead to excessive use @frgn The visual performance aspect and
consumption of electricity for lighting should ba balance in order to increase energy efficiency,
not of course, forgetting the lighting quality aspe

performance RVP

Relative visual

Figure 3-2. Relative visual performance as a function of backgrd luminance and target contrast.(Halonen 1993)

Ensuring adequate and appropriate light levels iitjia of light) is only an elementary step in
creating comfortable and good-quality luminous arglial environments. It can be agreed that bad-
quality lighting does not allow people to see whhey need to see and/or it can cause visual
discomfort. On the other hand, lighting that is gdate for visual tasks and does not cause visual
discomfort is not necessarily good-quality lightilgJso, depending on the specific application and
case, both insufficient lighting and too much ligian lead to bad-quality lighting.

3.3.2  Visual comfort

There are a number of lighting-related factors thay cause visual discomfort and there is no
straight-forward path to follow in creating visuglcomfortable luminous environments (Boyce
2003, Veitch 1998). The current indoor lighting oeemendations give ranges of illuminance values
for different types of rooms and activities (EN1246 2002, CIBSE 1997, IESNA 2000). In
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addition, guidelines on light distribution in a sqE the limitation of glare, and the light color
characteristics are given. Attention also needsd@aid to the elimination of veiling reflectionac

to the formation of shadows in the space. The rex@mdations and guidelines concern mainly the
elimination of visual discomfort, but lighting degier can add on that to provide visual comfort.
Causes of visual discomfort can be too little liggmdd too much light, too much variation in
luminous distribution, too uniform lighting, annayg glare, veiling reflections, too strong shadows
and flicker from light sources.

Color characteristics

The color characteristics of light in space areedetined by the spectral power distribution (SPD)
of the light source and the reflectance propertiéshe surfaces in the room. The color of light
sources is usually described by two properties, elgrthe correlated color temperature (CCT) and
general color rendering index (CRI). The color apmace of a light source is evaluated by its
correlated color temperature (CCT). For exampleamdescent lamps with CCT of 2700 K have a
yellowish color appearance and their light is désed aswarm Certain type of fluorescent lamps
or white LEDs have CCT of around 6000 K with bluiappearance and light describedcasl. The
CRI of the CIE measures how well a given light soeirenders a set of test colors relative to a
reference source of the same correlated color teatpee as the light source in question (CIE
1995). The general CRI of the CIE is calculatedlas average of special CRIs for eight test colors.
The reference light source is Planckian radiatoc@indescent type source) for light sources with
CCT below 5000 K and a form of a daylight source light sources with CCT above 5000 K. The
higher the general CRI, the better is the colordening of a light source, the maximum value being
100. The CIE general CRI has its limitations. The shortengs of the CRI may become evident
when applied to LED light sources as a result oéithpeaked spectra. The CIE (CIE 2007)
recommends the development of a new color rendeimagx (or a set of new color rendering
indices), which should be applicable to all typeklight sources including white LEDs. CIE
technical committee TC1-69 Color rendering of WHhilght Sources is currently investigating the
issue.
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Figure 3-3. Light source spectrum, i.e. radiant power distribntover the visible wavelengths, determines thgtli
color characteristics. Examples of spectra of araimdescent lamp (CCT= 2690 K, CRI= 99), a compaairescent
lamp (CCT= 2780 K, CRI = 83) and a white LED lamp€T= 6010 K, CRI = 78).

The Kruithof effect describes the psychological eets of preferences for varying CCT and
illuminance level. It proposes that low CCTs areferred at low illuminances, and high CCTs are
preferred over high illuminances (Kruithof 1941)hd Kruithof effect is not, however, generally
supported in later studies (Boyce and Cuttle 1998yis and Ginthner 1990). It is also suggested
that color adaptation occurs when people spendacetime in a space, after which it is no more
possible to compare lamps with different CCT. loigvious that the color temperature preferences
of people are culture and climate-related, as weltlependent of the prevailing lighting practices i
different regions (Miller 1998, Ayamat al. 2002). Recently, it has been suggested that hajorc
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temperature light could be used in increasing humadertness (see Ch. 3.5). More research is
needed to confirm this and to apply these postslatdighting design.

Uniformity of lighting

Uniformity of lighting in space can be desirableless desirable depending on the function of the
space and type of activities. A completely unifogpace is usually undesirable whereas too non-
uniform lighting may cause distraction and discomfd.ighting standards and codes usually
provide recommended illuminance ratios betweenttsk area and its surroundings (EN12464-1
2002, CIBSE 1997, IESNA 2000). Most indoor lightimgesign is based on providing levels of
illuminances while the visual system deals withhligeflected from surfaces i.e. luminances. For
office lighting there are recommended luminanceiosatbetween the task and its immediate
surroundings (EN12464-1 2002, CIBSE 1997, IESNA @0Room surface reflectances are an
important part of a lighting system and affect bdkie uniformity and energy usage of lighting.
Compared to a conventional uniform office lightingstallation with fluorescent lamps, LEDs
provide opportunities to concentrate light moreamtual working areas and to have light where it is
actually needed. This provides opportunities toréase the energy efficiency of lighting in the
future.

Glare

Glare is caused by high luminances or excessivarance differences in the visual field. Disability
glare and discomfort glare are two types of gldret in indoor lighting the main concern is about
discomfort glare. This is visual discomfort in th@esence of bright light sources, luminaries,
windows or other bright surfaces (CIE 1987, Boyd®032). There are established systems for the
evaluation of the magnitude of discomfort glareg.eUnified Glare Rating (UGR) (EN12464-1
2002), Visual Comfort Probability (VCP) (IESNA 20Q0British Glare Rating system (CIBSE
1997), yet the physiological or perceptual mechanfer discomfort glare is not established. The
present glare indices are best suitable for assgstiscomfort glare induced by a regular array of
fluorescent lamp luminaries for a range of standatdriors, and there are a number of questions
related to their application in practice. The ptsiproblems are related to the definition of the
glare source size and luminance and its immediatkground luminance (Boyce 2003).

Figure 3-4. Luminaires and windows can induce direct glare, hight reflections from glossy surfaces and congpu
screens can induce indirect glare.

LEDs are small point sources with high intensitaesd arrays of these individual sources can form
luminaires with very different shapes and sizesilliminating the space with LEDs special care
has to be taken to avoid glare.
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Veiling reflections

Veiling reflections are specular reflections thapaar on the object viewed and which reduce the
visual task contrast (CIE 1987). The determiningtfas are the specularity of the surface and the
geometry between the surface, observer and sowfckgh luminance (e.g. luminaires, windows,
bright walls). Glossy papers, glass surfaces anchpter screens are subject to cause veiling
reflections. In rooms with several computer scremisgle the task area special care has to be taken
in the positioning of the luminaries to avoid lunoias reflections from the screens. In using portable
computers the viewing directions may change intretato the fixed luminaires and thigoses
further requirements for lighting design. Also, wheearranging the working places and geometry
of the working conditions, the possible causes @ifing reflections should be avoided in the typical
viewing directions. With proper lighting designei.positioning of luminaires related to working
areas, it is possible to achieve the same visibitibnditions with less energy than with incorrect
positioning of luminaires causing veiling refleati®to the working area.

Shadows

Shadows in the space may be negative in obstru¢hiagisibility of certain elements, but they can
also be positive in creating an attractive and riesting visual environment. Whether shadows are
considered as visually comfortable or discomforgatiépends much on the application.

A good balance between direct light and diffuséntigs important in order to see the way light falls
on objects. In the quest for more parameters ofitligg quality, it is worthwhile to study the
shadows of objects in a deeper way: the light ssfl@an object, the shadow side, the cast shadow
and the presence of reflected light. This can giwere connections between scientific and artistic
knowledge of lighting qualities. Moreover, for thisual comfort in spaces it is necessary to pay
more attention to the shadowing, especially for¢benfort of elderly people and visually impaired.

Flicker

Flicker is produced by the fluctuation of light etteéid by a light source. Light sources that are
operated with ac supply, produce regular fluctuagian light output. The visibility of these
fluctuations depends on the frequency and modutadibthe fluctuation. Flickering light is mostly
as a source of discomfort, except in some entemtaint purposes. For some people flicker can even
be a hazard to health. Flicker from light sources ®©e minimized by stable supply voltage or by
using high frequency electronic ballasts with flascent and high intensity discharge lamps
(EN12464-1 2002, CIBSE 1997, IESNA 2000).

3.4 Psychological aspects of light

People perceive their luminous environment throtiggir eyes, but they process this information
with their brain. Light scenes are therefore judgedonnection with references and expectations.
The luminous environment can be appreciated in maays e.g., more or less agreeable, more or
less attractive, more or less appropriate to thecfion of the space, more or less highlighting the
company image.Variations of luminances and colors can strengthatractiveness, trigger
emotions, and affect our mood, the impact of ligigtidepending much on the individuals and their
state of mind. A lighting installation that doestnoeet the user’s expectations can be considered
unacceptable even if it provides the conditions &mtequate visual performance. Unacceptable
lighting conditions may impact on task performanaed thus productivity through motivation
(Boyce 2003, Gligor 2004).
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3.5 Non-visual aspects of light

Light has also effects that are fully or partly seated from the visual system. These are called the
non-visual, non-image forming (NIF) or biologicaffects of light and are related to the human
circadian photoreception (Brainaedlal. 2001, Cajocheeet al. 2005).

The discovery of the novel third photoreceptor rimsically photoreceptive retinal ganglion cell
(ipRGC), in 2002 has raised huge interest both he tircadian biology and lighting research
communities (Bersoret al. 2002). The ipRGC has been found to be the maint@tezeptor
responsible for entraining humans to the environtaklight/dark-cycle along with other biological
effects. It represents a missing link in describthg mechanism of biological effects as controlled
by light and darkness. Thus, light can be thoughti® an external cue that entrains the internal
clock to work properly. The human biological clodkives most daily rhythms in physiology and
behavior. These include sleep/wake rhythm, coreybtamperature, and hormone secretion. It
passes on information regulating the secretionlofast all hormones, including nocturnal pineal
hormone melatonin and serotonin, and cortisol. Besithe shifting of the phase of the endogenous
clock by light, there is evidence of the involveniesf the ipRGCs in pupillary reflex, alertness,
mood, and in human performance (Dacgtyal. 2005, Duffy and Wright 2005, Whitelegt al.
1998).

There is evidence that short-wavelength light is thost effective in regulating the biological clock

(Brainard and Hanifin 2006, Wrighet al. 2001, Thaparet al. 2001). Thus much research is

currently investigating the possibility to use bleariched light to affect human responses and
behaviour like alertness and mood (Gooétyal. 2003, Lehret al. 2007, Millset al. 2007, Rautkyla

et al. 2009). The effect of light on alertness has beencm examined, but the mechanism

explaining the detected reactions still remainsleac
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Figure 3-5. Light has both visual and non-visual responsesragthrough the different retinal photoreceptors and
tracts in the nervous system.

The biological effects of light and their effectsa btuman performance are not yet very well known.
A considerable amount of research work is stilluggd before we can understand the non-visual
effects of light and consider them in lighting pt@e. Research work is needed to generate an
improved understanding of the interaction of thdeefs of different aspects of lighting on
behavioral visual tasks and cortical responsesanbow the biological effects of lighting could be
related to these responses.
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3.6 Lighting and productivity

Lighting should be designed to provide people witie right visual conditions that help them to
perform visual tasks efficiently, safely and contidsly. The luminous environment acts through a
chain of mechanisms on human physiological and pslagical factors, which further influence
human performance and productivity (Gligor 2004).
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Figure 3-5. Luminous environment and human performance. (GI2fi04)

There have been several field studies on the effeftlighting conditions on productivity. The
earliest studies were made in the 1920’'s (Westaz219Veston and Taylor 1926) and indicated that
lighting conditions can improve performance by proimg adequate illuminance for the visual
tasks. Since then a number of studies have beenedaout. Their results are sometimes
contradictory. For example, a study in clericalio#f work indicated that an increase in illuminance
from 500 Ix to 1500 Ix could increase the performanof office workers by 9% (Hughes and
McNelis 1978), while another study showed that lovwduminance levels (150 Ix) tended to
improve performance of a complex word categorigatesk as compared to a higher level (1500 Ix)
(Baronet al. 1992). A field study in industrial environment nsaed direct productivity increases
in the range from 0 to 7.7% due to changes in light(Juslén 2007). The literature includes more
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examples of null results than clear-cut effectsilafminance on task performance, over a wide
range of illuminance levels and for a variety ofngplex and simple tasks in office work (Gligor
2004).

The effect of lighting on productivity is ambiguoushe difficulty in finding the relations between
lighting and productivity is that there are seveddher factors that simultaneously affect human
performance. These factors include motivation,treteships between workers and the management
and the degree of having personal control to thekiv conditions (Boyce 2003). With appropriate
lighting the ability to perform visual tasks can beproved and visual discomfort can be avoided.
This can provide conditions for better visual ara$k performance and, ultimately, productivity.
The difficulty of field studies in working environents is the degree of experimental control
required. Several studies have investigated theeceffof increase in illuminance on task
performance. However, illuminance is only one oé ttmany aspects in the lighting conditions. In
making changes to lighting, which lighting aspeate changed (e.g. illuminance, spectrum, and
luminance distribution) and whether there are otfagetors that are simultaneously changed in the
working conditions (e.g. working arrangements, deppupervision of work) need to be controlled
and analyzed. Recently, several studies are inyatstig the effects of light spectrum on human
performance and the possibilities to use blue-dmtclight to improve human performance through
the non-visual effects of light (see Ch. 3.5).

3.7 Effects of electromagnetic fields on health and optal radiation safety requirements

Lighting equipment and systems produce electric magnetic fields. The potential effects of these
fields on human health depend widely on the frequyesind their intensity, but the effects of human
exposure to electromagnetic fields are still ndtyflknown.

Optical radiation may have hazardous effects on &urhealth, eyes and skin. To assess these
effects the spectral distribution, the size (progecsize) of the source and the distance from the
source at the point of nearest human access nelee tiefined. The IEC/CIE Standard 62471-1/CIE
S 009 Photobiological Safety of Lamps and Lamp 8y& assesses the optical radiation hazards
from lamps, an array of lamps and lamp systems ((HE 2006). All types of electrically powered
optical radiation sources including LEDs are cowvkia the standard. Reference measurement
techniques and a risk group classification syst@mdefining optical radiation hazards are also
included. The standard provides a basis for evanadf potential hazards that may be associated
with different lamps and lamp systems. The IEC Tmchl Report 62471-2 Guidance on
Manufacturing Requirements Relating to Non-laserti€y) Radiation Safety provides basis for
safety requirements dependent on risk group classibn and related examples (IEC/CIE 2008).
Similarly to the IEC/CIE standard (IEC/CIE 2006)etiANSI/IESNA Recommended Practice RP-
27.1-05 Photobiological Safety for Lamp and Lampsteyns covers the evaluation of optical
radiation hazards from all lamps and lamp systeANSI/IESNA 2007).

The emerging LED technology brings powerful and thigrightness lighting products on the
market. The wider the field of light (i.e. size tiie illumination source) and the brighter (higher
luminance) of that source, the more potential riskarries for the retina. The ICNIRP Statement
(ICNIRP 2000) reviews the potential optical hazafdsm LED sources and the related standards
and regulations. It is recognized that the deteation of appropriate viewing durations and
distances under different conditions of usage isdweal for any optical radiation hazard assessment.
The Statement recommends that safety evaluatiodselated measurement procedures for LEDs
follow the guidelines for incoherent sources (othtban laser). It concludes that the future
development of application-specific safety stangdaagplicable to realistic viewing conditions will
reduce the unnecessary concerns regarding LEDysafet
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The photochemical retinal injury is often referremlas the blue light hazard (BLH). CIE TC6-14
The Blue-Light Hazard has studied the means andaou to evaluate potential BLH. The outcome
of the TC6-14 work is published under CIE 138-2Q@E 2000). The report proposes a technique
employing the ACGIH (American Conference of Goveemtal Industrial Hygienists) threshold
limit value (TLV) for general use. Currently, CIECG-57 is preparing a draft CIE standard on the
definitions and action spectra for two retinal hazdunctions used in photobiological safety
documents. CIE TC6-55 is studying the different huets of assessing the photobiological safety of
LEDs. This work reviews the known effects from aygiological standpoint and will determine the
dose relationships that pose a potential risk fgg mjury from excessive irradiation.

The European Directive (2006/25/EC) includes minmmunealth and safety requirements for
occupational exposure to artificial optical radaati It introduces measures to protect workers from
risks related to optical radiation and its effeots health and safety, particularly to the eyes trel
skin. The Directive provides method to determinegdfiysically relevant exposure levels for UV-,
visible and IR-radiation to be compared with givexposure limit values.

3.8 Conclusions: opportunities and barriers

Light affects human behaviour through various pssas and new routes can be found in the future
through the non-visual effects of light. Light cant as a stimulator (perception, alertness, etcaso

an inhibitor (glare, heart rate variability, etcAny choice in lighting design will therefore hawe
consequence, which may sometimes be neglegiblegores essential. Increasing the quality of
lighting does not mean to use more energy. On tbetrary, with careful consideration of the
different lighting factors and with proper lightingguipment, the energy consumption of lighting
can still be decreased while improving the quabfyighting.

In investigating lighting schemes for energy consdion, it is clear that at the existing level of
knowledge, both opportunities and barriers in egexfficient lighting strategies can be identified.

3.8.1 Opportunities

Indoor lighting design is based largely on provigimore or less uniform levels of illuminances in
the room, while the perception of the luminous eowment is related mainly to light reflected from
surfaces i.e. luminanceshus innovative lighting design methods could beoduced which give a
high priority to the quality of the luminous envimment as our eyes perceive The possible
obstacles and constraints set by the current réiguls for horizontal illumination levels should be
identified, and ways for designing and implementmgre innovative lighting solutions should be
sought. Compared to conventional uniform officenligg installation with fluorescent lamps, with
LEDs it is possible to concentrate light more onuat working areas and to have light where it is
actually needed. This will help to increase thehtigg energy efficiency in the future.
Simultaneously, LEDs can be used to create intergswvisual environments with varying
luminance distributions and shadows when desired.

It is clear that the traditional assessment of ligim the basis of visibility is not adequate for
describing the complex, but undeniable, effectdtiigg can have on humans. This opens up
windows for designing healthier living and workingpnditions for people in the future. The
findings on the interactions of light and the humeircadian system indicate that light can have
non-visual effects on several human systems inclgdileep/wake rhythm, core body temperature,
hormone secretion, alertness and mood. This pravidpportunities to design better lighting
conditions optimised for human performance and welihg, with emphasis, for example, on light
distribution and patterns in space and possibly aigit light intensity and color. However,
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considerable research work is still required befarecan understand the non-visual effects of light
and consider them in the lighting practice. The eriging mechanisms of action and the
guantification of light characteristics, includimxact spectral composition, light intensity, exp@su
duration and prior light history remain to be intigated.

Better lighting quality does not necessarily meaghler consumption of energy. While it is

important to provide adequate light levels for emsg optimized visual performance, there are
always levels above which further increases imilnance do not improve performance. More light
does not necessarily mean better quality of lightithrough the use of energy efficient lighting
products and light room surfaces it is possiblelésign energy efficient and good quality lighting.

New technologies such as LEDs and OLEDs offer HigRibility in the control of light spectra and
intensities, which enhance their attractivenessobey their growing luminous efficacy. The
increased possibilities to control both the lightdes and spectra of light sources should allow the
creation of more appropriate and comfortable lunimenvironments. Visual comfort requirements
should benefit from the increase in the supply ight sources and components, leading to better
control of the luminance distribution. Also, thevd@#opment of lighting control systems, based on
presence detection and the blending of electriagitl with daylight, can lead to substantial
increases in energy efficiency.

Daylight is a powerful light source, requiring nmergy to produce. Daylight has a continuous
spectral composition and provides good color remderDaylight is usually preferred by people

working indoors and it can enhance motivation arah de linked to human circadian rhythms
(Dehoff 2002). Daylighting techniques should offeew opportunities for lighting systems in

buildings. Care has to be taken in utilizing dayign indoor lighting to control it properly in oet

to avoid its glare effects and any veiling reflexts resulting from direct or indirect sunlight.

3.8.2 Risks

Reduction of the size of light sources (compact Hidps, LEDs) may lead to increased risk of
glare. Standards and recommendations should baedlapcordingly.

The recent findings on the biological effects ajht may induce temptations to use blue enriched
light in indoor lighting in order to affect humaresponses. However, a considerable number of
research work is still required before we can ustiend the non-visual effects of light and consider

them in the lighting practice.

The possible adverse effects of light on healthudtide understood before using light to increase
alertness and productivity in shift-work. For examphere is hypothesis that regular bright light
exposure at night-time is associated with incredsadihood of breast cancer (Steveesal. 1997).
More research is required on the effects of nigtet light exposure on human health and
performance.

Photons in the blue range of light are more powkethan the ones in the red range, leading to
possible hazards associated with blue light whencootrolled properly. The intensity of the short
wavelength light, the viewing distance and the viegvduration are the determining factors here.

Energy conservation measures may lead to the rfshaor lighting environment to the office
employees. Poor lighting conditions can easily tesulosses in productivity of employees and the
resulting production costs of the employer can bécmhigher than the annual ownership cost of
lighting.
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4 Lighting and energy standards and codes

4.1 Review of lighting standards worldwide
41.1 Introduction
The major international organization in charge afordinating the management of standards,

recommendations, and technical reports in the fafltighting is the Commission Internationale de
'Eclairage (CIE). The CIE has published severataemmendations for indoor lighting and has
contributed to a joint ISO-CIE standard 1SO 8995aIE, 2001/ISO 2002) concerning indoor
working places.

The CIE publications related to indoor lighting disted below:

CIE 49-1981:Guide on the Emergency Lighting of Building Interso

CIE 52-1982:Calculations for Interior Lighting: Applied Method

CIE 55-1983: Discomfort Glare in the Interior Working Environmien

CIE 60-1984:Vision and the Visual Display Unit Work Station

CIE 117-1995:Discomfort Glare in Interior Lighting

CIE 123-1997:Low vision - Lighting Needs for the Partially Sigtd

CIE S 008/E: 2001/ISO 8995-1:2002(E)-ighting of Work Places - Part 1: Indoor

CIE 146/147:2002 :CIE Collection on Glare 2002

CIE 161:2004:Lighting Design Methods for Obstructed Interiors

CIE S 010/E:2004/ ISO 23539:2005(EPhotometry - The CIE System of Physical Photometry
CIE 097:2005: Maintenance of Indoor Electric Lighting SystemsdZadition

CIE S 009/E:2002/IEC 62471:2006Photobiological Safety of Lamps and Lamp Systems

ISO 11664-2:2008(E)/CIE S 014-2/E:2006€CIE Standard llluminants for Colorimetry

CIE 184:2009:Indoor Daylight llluminants

The recommendations of the CIE have been intergratalifferent manners in different countries.
Hence some differences exist among lighting recomstaéions worldwide. Furthermore, in the
North America, the Illuminating Engineering Society North America (IESNA) is active in
developing its own recommendations. The best knoewouments are the IES Lighting Handbooks
which are regularly updated. The working groupgte IESNA have their own references and it is
quite typical that some approaches differ from #no$ the CIE. For example, IESNA uses the term

Visual Comfort Probability (VCP) for glare ratingsues (Rea 2000), whereas the CIE glare rating
is called the Unified Glare Ratio (UGR) (CIE 1995).
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In the Annex 45 work the lighting recommendationsngwide were compared. The comparison is
useful in identifying the potential for amendingete standards, considering the growing need for
the increasing energy efficiency of lighting. Thevrew focused on office buildings.

4.1.2 Data collection

The first task was to collect the documents presgnnational lighting recommendations from
different countries through network of experts, dodranslate the various published criteria of non
English documents into English. The lighting recosmdation data was collected from eleven
countries/regions, including both industrialisedlateveloping countries. The collected documents
related to indoor lighting recommendations fromfeliént countries are listed below.

Argentina:
Tonello, G. y Sandoval, J.,"Recomendaciones panaithacion de oficinas” Asociacion Argentina
de Luminotécnia (AADL), 1997.

Australia:

AS/NZS 1680.0-1998 Interior lighting - Safe moverhen

AS 1680.1-2006 Interior and workplace lighting -1@&eal principles and recommendations.

AS 1680.2.0-1990 Interior lighting: Part 2.0 - Resmendations for specific tasks and interiors.
AS 1680.2.1-1993 Interior lighting: Part 2.1- Citation spaces and other general areas.

AS 1680.2.2-1994 Interior lighting - Office and sen-based tasks

AS 1680.2.3-1994 Interior lighting: Part 2.1- Edticaal and training facilities

Brazil:
CIE 29.2-1986: Guide on Interior Lighting

China:
GB 50034-2004 Standard for lighting design of binigks.

Europe:
EN 12464-1:2002: Light and lighting- Lighting of wioplaces- Part 1: Indoor Work Places.

India:

IS 3646 (Part 1):1992, Code of practice for interidumination: Part 1 General requirements and
recommendations for working interiors.

National Building Code of India 2005 (NBC 2005) P8r Section 1

Japan:
JIES-008 (1999)- Indoor Lighting Standard.

Nepal:

J.B. Gupta, Electrical installation estimation azwbting, S.K. Kataria & Sons. New Delhi 1995 7
edition.

Russia:

SNiP 23-05-95 Daylight and Atrtificial LightingConstruction Standards and Rules of Russian
Federation.

South Africa:
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SANS 10114-1:2005 - Code of Practice for Interioglhting.
USA:
ANSI/IESNA RP-1-04, American National Standard Riee for Office Lighting.

4.1.3 Method

The Table 4.1 shows various lighting parameters clwhivere selected in collecting the data.
Specifications for collecting data were dividedarthree categories: individual needs, social needs
and environmental needs.

4.1.4  Display using world maps

Details of the lighting recommendations for offikghting are presented iAppendix Aln order to
give a general view of the consistency of and d#fgces in specifications in lighting standards and
codes across the world, the main recommended vauepresented on world maps, Figures 4-1
4-7. ISO/CIE standard recommendation values are pissented in the map for comparison with
the national/regional recommendations. Most lighgtiacommendations include specifications on:

Minimum illuminance levels on work planes (Figurely
Minimum illuminance when working on computers (Figut-2)
Minimum illuminance in the surroundings (Figure #-3
Luminance ratios near task areas (Figure 4-4)

Glare rating (Figure 4-5)

Luminances on the ceiling and shielding angle (IFegd-6)
Indoor surface reflectance (Figure 4-7)

These specifications are essential, since they sapihe measures to maintain the quality of
lighting. These measures are the production of mimn quantities of light (lumen) in room and in
task areas, recommendations in the distributiorthef light in the task and surrounding areas,
recommendations on the glare, etc.
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Table 4-1.Various lighting parameters selected in collectithg data from the national lighting recommendations

A. INDIVIDUAL NEEDS

llluminance (horizontal) on task area

VISUAL PERFORMANCE llluminance ( vertical) on task area

llluminance (horizontal) on computer ( keyboard, mo use)
llluminance for drawing

llluminance of immediate surroundings

llluminance (vertical) on screens

Luminance ratio on the task area (luminances on wall s, ceilings, task plane,
etc.)

Ceiling luminance

Maximum luminance from overhead luminaries

Maximum wall luminance

Maximum window luminance

VISUAL COMFORT Recommended surface reflectances

Specification of flicker-free light sources

llluminance uniformity on the task area

Discomfort Glare Rating

Discomfort glare in the case of use of Visual Display Terminals (VDT)
Control of reflected glare and veiling reflections

Possible specifications regarding lighting fixtures

Color rendering index (CRI)
Correlated color temperature(CCT)
Possible use of saturated colors
Possible use of color variations of light

COLOR APPEARANCE

View to the outside

Light quality through lighting modelling

Directional lighting

WELL-BEING Biophilia hypothesis (Expression of recommendations to maximize daylight)
Lighting quality / Aesthetics of space

Aesthetics of lighting equipment

Individual or programmed lighting and daylight control

Role of spectral power distribution

Daylight exposure through value of daylight factor
Daily exposure to daylight

Frequency of light (Hz)

UV/( Ultra Violet) content of light

Infra red exposure associated to lighting

NON VISUAL EFFECTS

B. SOCIAL NEEDS

Cost, budget

User satisfaction (expressed by reduction of complai nts)

Impact of lighting quality on productivity through reduction of failures, higher
satisfaction and less fatigue

Reduction of maintenance through improved quality of equipment

Impact of lighting on security issues

Impact of lighting on feeling of safety

C. ENVIRONMENTAL NEEDS

Reduction of power consumption for lighting through e fficient light sources
and luminaries

Ability of lighting system to minimize peak load de mand (use of daylight,
adjusted power consumption)

Lighting controls (use of daylight, use of occupancy sensors)

Reduction of harmonics and power losses in electricit y distribution networks
Reduction of resources for making lamps (increased | ife of sources)
Reduction of environmental impact (low production of pollutants)
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Comparison on specifications for visual performance in offices

Minimum illuminance on workplane (horizontal), for drawing, Conference room
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Figure 4-1. Minimum illuminance on work plane (horizontal) fdrawing and minimum illuminance on conference rooms
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Minimum illuminance (horizontal) for computer. llluminance (vertical) on screens
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Comparison on specifications for visual performance in offices
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Figure 4- 2. Minimum illuminance on work plane for offices witbmputer screens.
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Comparison on specifications for visual performance in offices

llluminance of immediate surroundings
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Comparison on specifications for visual performance in offices

Luminance ratio on task area

(e % v
--"o _.f' — J
& Ao "1 d
F - 'y “
=G | ?-'_\ : ( — 3 o G
b

4 —f ¥ “ o o ' e’ . Ny, Y
= SN T S S
1\1":}' p J"‘?---1l L - { .’. ? -:‘ .\. :' ._-~:':_=: — (’_‘f

een skandimmediate,n'ﬁi?g‘tﬁﬂmt:i & J near wor CEes F
y

etweentask and remote 1:10.+~ ) 4 Fl;;ﬂgother surfaces
f : H J
near w ;ﬂﬁtfés

SAA_
_
—

._‘\-- .

3:1 betweentask andimmediate surroul
5:1 betweentask andadjacent areas
w‘rﬂmffffrrent functions.

[ ' Betweentask 1:10
1 betweentask and background Imm ratesurroundmg 1: 3
'yeentaskand more remote darker :
suﬁﬁce )

7 Betweentaskandb’a.qj&groundz 1 Yy
1:3 near task area 1:5 betweentask and more remote lighter P
1:10betweentask area and the surface ") /
mostdark area &

| 10:1 between task area and the
“brightestsurface
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Comparison on specifications for visual performance in offices
Unified glare ratio (UGR), Visual comfort propability (VCP)
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Figure 4-5. Glare specifications.
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Comparison on specifications for visual performance in offices

Ceiling luminance and shielding angle
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Comparaison on specifications for visual performance in offices

Surface reflectance
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Figure 4-7. Surface reflectances.
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The summary of the lighting recommendations preseénin Figures 4-1- 4-7 indicate the
following.

Minimum values of illuminance on work planes forfisE work, drawing and conference
rooms vary from 200 to 500 Ix, which leads to aaiodliscrepancy of lighting power of 1:2.5
if the lighting uniformities delivered in the roonase identical.

Recommendations concern minimum horizontal and ic@rtilluminance values. The

recommendations do not take into account the lumgea of computer screens.

Ratios of luminance in the field of vision are rathconsistent and similar to the CIE work
recommendations.

Glare ratings use either the Unified Glare RatiodGR) of the CIE or the Visual Comfort

Probability (VCP) of the IESNA. These specificat®are rather consistent.

Ceiling luminance and shielding seem to be rathemststent. This is essential with the
development of direct/indirect luminaires. Howeweo, specification takes into account the
risk of overhead glare, which is an issue undecdssion at the CIE.

415 Recommended illuminance levels

Details of the recommended illuminance values fdfice lighting found in different national
recommendations worldwide are tabulated Appendix A Basically, the differences in
recommended illuminances are not high since theg te be related to the CIE recommendations.
However, there are countries which recommend lovedues of minimum illuminance.

The ISO standard ISO 8995-1:2002 (CIE 2001/1SO 2@f&tes that in the areas where continuous
work is carried out the maintained work plane illumance should not be less than 200 Ix. In all the
reviewed recommendations, the minimum work plarheminances in offices were higher. 1ISO
8995-1:2002 standard does not give any recommenaédr uniformity of illuminance on the work
plane, but suggests that the illuminance in theinig of the task should not be too low in
comparison to the illuminance on task area. Fomepie, the illuminance in the vicinity of task is
300 Ix for a task with illuminance of 500 Ix, 20@ for a task with illuminance of 300 Ix. However,
the illuminance in the vicinity of task should bgual to the illuminance in the task area if thewal
for task illuminance is below 200 Ix. In most couets which were reviewed, the minimum
maintained illuminance on desks for regular offieeork is 500 Ix, but lower values are
recommended in India (300 Ix), Denmark (300 Ix), Al@lepending on type of task) amklstralia
(320 Ix). Minimum illuminance values for loungeghbies and corridors are specified within a
range from 50 to 100 Ix depending on country.

4.2 Energy codes and policies
4.2.1 Europe — Energy performance of buildings directive

The building sector in the EU area is using 40%tbé total EU energy consumption and is
responsible for 36% of the GCemissions. There are 210 million households areldtea of the
households is 15 000 Kmwhile the area of offices is 6 000 KmThe EU building sector offers
significant potential for cost-effective energy says. (Wouters 2009)

The Europe Energy Performance of Buildings Direet(EPBD) offers holistic approach towards
more energy efficient buildings. The objective dPBD is to promote the improvement of energy
performance of buildings within the EU through cestective measures. The EPBD requires all EU
countries to enhance their building regulations amdntroduce energy certification schemes for
buildings. The countries are also required to heagpections of boilers and air-conditioners.
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All EU member countries have produced a status rejmo2008 about the implementation of the
EPBD in their country; the compiled country repoese available at the website of Concerted
Action of EPBD. Many countries have set new reqoiemts for instance for the U-values
(coefficient of thermal transmission) or for theimpary energy demand per square meter. (CA
EPBD 2008). According to Maldonado et al. (2009psftive aspects of the EPBD are e.g.: new,
more demanding building regulations to be in fotikceoughout the EU, and further on the plans call
for tougher regulations every five years. Therea@s® now clear targets for what can be considered
high-performance buildings in most member states, the awareness of the importance of building
energy efficiency is increased in EU. (Maldonad®2p

4.2.2  Energy efficient building codes and policies in tHdS

In the US buildings consume more energy than amgosector of the US economy. Almost three-
quarters of the 81 million buildings in the US wdrailt before 1979. The building sector accounts
for about 40% of the primary energy use and about4i0% of energy-related G@missions. The
US buildings contribute 9% of the world G@missions. Lighting consumes about 11% of the
energy of residential sector and 26% of the enexjiyhe commercial sector. (Sunder 2009)

The following Actions have building related program
— Energy Policy Act (EPAct 2005)
— Energy Independence and Security Act (EISA 2007)
— American Recovery and Reinvestment Act (ARRA 2009)

For instance the EPAct directs R&D for new buildgngnd retrofits including onsite renewable

energy generation and extends the ENERGY STAR punogne (Ch. 4.4.1) by adding new energy
conservation standards and expands energy effigmduct labeling. The EISA upgrades energy
standards for appliances, equipment and lighting arandates the zero-net energy commercial
building initiative. The ARRA invests to improve ergy efficiency of Federal buildings, schools,

hospitals, and low-income houses using existingt-efiective technologies. The application of

existing technologies yields efficiency improvemnof 30-40%. (Sunder 2009)

4.2.3  Energy efficient building codes and policies in Cha

Urbanization is speeding up in China. Today thelegmal footprint in China is 1.6 global hectares
per capita, whereas the world average is 2.2 glbleatares per capita. In 2006 the building area in
China was estimated to be 175 000%(75 Mnt), and the forecast for year 2020 is 30000 000
km? (30 Gnrf). (Wang 2009)

Wang gives annual energy consumption in 2004 fenoercial buildings (kWh/a) (government
office, hotel, shopping mall, office, comprehensibaisiness building). The majority of the
buildings use less than 150 kWHna and almost all buildings less than 300 kwhén The 1{'
Five-Year Plan of China has set a target of impngvenergy efficiency. The key goal is that energy
intensity relative to the country’s gross domegiroduct should be reduced by 20% from 2005 to
2020. The targets for buildings are to build nevergy efficient buildings of 1.6 Ghbuilding area
with 50% increase in efficiency and to retrofit alidc654 Mnf of existing residential and public
buildings. In addition, 15 Mrhof renewable energy demonstration projects is tdbit. (Wang
2009)

4.2.4  Energy efficient building codes and policies in Bedl

In Brazil 47.5% of the total energy consumptiorpi®duced by renewable energy, including hydro
power and power from sugar cane products. Howetee, share of non-renewable energy is
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increasing. Lighting uses 17% of the energy constiompin the residential sector. In commercial

buildings the share of lighting energy of the tabalilding energy consumption is from 12% to 57%,

being 22% on average. In the public sector lightuges 23% of the total energy consumption,
while HVAC uses 48%, other equipment 15% and otleads 14%. In Brazil there are few laws

and standards that include demands for energyieffcy and building performance, these are the
Law 9991- 2000 Investments in R&D and energy eéitty by utilities and the Law 10295 — 2001

Energy efficiency law. The standard ABNT 15220 cents thermal performance and the ABNT
15575 gives minimum performances.

4.2.5 Energy efficient building codes and policies in StuAfrica

The CQ emissions of the total energy in South Africa dieided per sector as follows: residential
13%, commercial 10%, transport 16%, manufacturi@§o4 mining 11% and other 10%. The
energy efficiency strategy was created in 2004 dnadding regulations have been renewed
recently. The SANS 0204 will set out the generajugements for improving energy efficiency in
all types of new buildings. SANS 0204 will be ingmrated into National Building regulations.
(Milford 2009)

The energy efficiency strategy sets national tagdet final energy demand reduction by 2015. The
targets are 10% reduction in the residential seatwt 15% in the commercial sector. Targets are
expressed in relation to the forecast national gnelemand in 2015. The means to reach the targets
are legislation, efficiency labels and performarstandards, energy management activities and
energy audits and promotion of efficient practicksaddition there are some local initiatives. The
draft for Gauteng energy strategy aims to replatandescent lamps in government buildings by
energy efficient lighting by 2012, and to reducesegy demand by 25% in government buildings by
2014. (Milford 2009)

4.2.6 25 Energy Efficiency Policy Recommendations by IEA THE G8

The IEA recommendations document reports the outahnthe IEA three-year programme in
support of the second focus area of the IEA G8 @hgles programme: energy efficiency policies.
(IEA 2008). The recommendations cover 25 fieldsaation across seven priority areas: cross-
sectoral activity, buildings, appliances, lightingansport, industry and power utilities. It is eot
that the saving by adopting efficient lighting texlogy is very cost-effective and buildings account
for about 40% of the total energy used in most does. The fields of action of buildings and
lighting are outlined below:

Buildings
— Building codes for new buildings
— Passive Energy Houses and Zero Energy Buildings
— Policy packages to promote energy efficiency inséixig buildings
— Building certification schemes
— Energy efficiency improvements in glazed areas
Lighting

— Best practice lighting and the phase-out of incaugat lamps
— Ensuring least-cost lighting in non-residential ldings and the phase-out
of inefficient fuel-based lighting
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4.3 Energy-related legislation in the European Union

431 Introduction

Several directives, regulations and other legislai are in force or under development in the
European Union. The most important directives attteo legislations at European level regarding
the lighting sector are listed below:

— EuP, Energy-using Products Directive (EC 2005) wihizas recast in 2009 by directive of
ecodesign requirements for energy related products

— Ballast Directive (EC 2000)

— EPBD, Energy Performance of Buildings Directive (2Q02)

— ESD, Energy Services Directive (EC 2006)

— EEL, Energy Efficiency Label (EC 1998)

4.3.2 EuP Directive

Directive 2005/32/EC of the European Parliament afithe Council of July & 2005 establishes a
framework for the setting of ecodesign requiremefus energy-using products and amending
Council Directive 92/42/EEC and Directives 96/57/E@nd 2000/55/EC of the European
Parliament and of the Council. This so called Euirebtive or the Ecodesign Directive defines for
which types of products shall be implementing measishall be done and how (EC 2005).

The directive promotes environmentally consciousdoct design écodesigh and contributes to

sustainable development by increasing energy efiicy and the level of environmental protection
Ecodesign means the integration of environmentgeets in product design with the aim of
improving the environmental performance of the prodthroughout its life cycle. The EuP
directive also increases the security of the eneugyply at the same time.

The procedure for creating implementing measuredeurthe EuP directive is defined in the
directive. In practice, product groups are ideetfiby the European Commission. Preparatory
studies on these products aim to identify and recmnd ways to improve the environmental
performance of products. The performance of thedpots is considered throughout their lifetime at
their design phase based on a methodology calle@EWEE (methodology study for ecodesign of the
energy-using products). MEEUP defines eight aredsetincluded in each preparatory study:

Product Definition, Standards and Legislation
Economics and Market Analysis

Consumer Analysis and Local Infrastructure
Technical Analysis of Existing Products

Definition of Base Case(s)

Technical Analysis of Best Available Technology (BA
Improvement Potential

Policy, Impact and Sensitivity Analysis

ONoOhA~WNE

The use of MEEUP ensures that all the necessargsaagee taken into account in the preparatory
studies.

The European Commission writes draft implementingasures, starting from these preparatory

studies and consulting the stakeholders in congBatitsforums. These measures are voted by the
Member States and are then given to the EuropediaReent for the final vote.
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According to the EuP directive, the requirements ba generic or specific ecodesign requirements.
A generic ecodesign requirement is based on théogazal profile of an EuP, and it does not set

limit values for particular environmental aspedtsspecific ecodesign requirement is a quantified
and measurable ecodesign requirement related @otecplar environmental aspect of an EuP, such
as energy consumption calculated for a given uhduiput performance during usage.

The EuP directive is a product directive and hakract consequence on tiE markingof the new
products. Before an EuP covered by implementing suess is placed on the market, a CE
conformity marking shall be affixed. A declaratiaf the conformity shall be issued whereby the
manufacturer or its authorised representative esssand declares that the EuP complies with all
relevant provisions of the applicable implementmgasure. (EC 2005)

Lighting products have been selected as one ofpiterity product groups in the EuP directive.
Preparatory studies have been prepared for stdBte and residential lighting products. The
outcome of these studies is two regulations in éom@nd one under construction. The two
implementing measures have been published in tha fof Commission Regulations and entered
into force on the 13 of April 2009 in all Member States:

— Commission Regulation (EC) No 245/2009 of March"12009 implementing Directive
2005/32/EC of the European Parliament and of theur©@d with regard to ecodesign
requirements for fluorescent lamps without integdaballast, for high intensity discharge
lamps, and for ballasts and luminaires able to afgesuch lamps, and repealing Directive
2000/55/EC of the European Parliament and of thar@d.

— Commission Regulation (EC) No 244/2009 of March"12009 implementing Directive
2005/32/EC of the European Parliament and the Cibuwgéh regard to ecodesign
requirements for non-directional household lamps.

These regulations give generic and specific requéets for lamps, luminaires and ballasts. The
directive 2000/55/EC - the so called ballast dineet- is repealed by the regulation 245/2009 one
year after the regulation enters into force.

The Preparatory Study for Eco-design RequiremeritE€wPs on "Domestic lighting — Part 2:
Directional lamps and household luminaires" is aétneeady and discussion with stakeholders has
started.

In the lighting sector, there are three implemegtmeasures of the EuP directive:
Regulation 244/2009 for non-directional househaliohps
Regulation 245/2009 for fluorescent lamps withontegrated ballast, for high intensity
discharge lamps, and for their ballasts and lumggi
Regulation under construction for directional langp&l household luminaries

Regulation 244/2009 sets requirements for lampgally used in households: incandescent lamps,
halogen lamps and compact fluorescent lamps witbgrated ballast. The following lamps are
exempted from the Regulation: (a) non-white lampisromaticity coordinates limits defined); (b)
directional lamps; (c) lamps having a luminous flo&low 60 lumens or above 12 000 lumens; (d)
UV- lamps (limits are defined); (e) fluorescent Ipmwithout integrated ballast; (f) high-intensity
discharge lamps; (g) incandescent lamps with E14/B22/B15 caps, with a voltage equal to or
below 60 volts and without integrated transformeStages 1-5. Table 4-2 and Table 4-3 show how
the regulation will affect the lamp market.
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Table 4-2. Regulation 244/2009 on Non-directional householahjtes.

Stage | Date Lamps to be banned (i.e. can not be "placed on the market" anymore)

1 1 Sept 2009 All non-clear lamps not equivalent-class A (any pow er)

Clear lamps equivalent-class D, E, F, G with lumino us flux = 950 Im (e.g. power =
100 W incandescent lamps, 230 V >60 W halogen lamps )

Clear lamps with luminous flux < 950 Im equivalent- class F, G

2 1 Sept 2010 Clear lamps equivalent-class D, E, F, G with lumino us flux =2 725 Im (e.g. power=
75 W incandescent lamps, 230 V =60 W halogen lamps)
Clear lamps with luminous flux < 725 Im equivalent- class F, G

3 1 Sept 2011 Clear lamps equivalent-class D, E, F, G with lumino us flux = 450 Im (e.g. power =
60 W incandescent lamps, 230 V =40 W halogen lamps)
Clear lamps with luminous flux < 450 Im class F, G or equivalent

1 Sept 2012 Clear lamps equivalent-class D, E, F, G any power

4
5 1 Sept 2013 Enhanced functionality requirements
6 1 Sept 2016 Poor efficiency halogens (C)

The regulation defines maximum allowed power fovegi luminous fluxes. For lamps with energy labéljs easy to link the
regulation requirements with class limits. In tlable, the word "equivalent-class" is then used.

Table 4-3.Regulation 244/2009 on Non-directional householahpes: Requirement for Clear Lamps.

= c = c
&5 | 5| ¢
S| &| & B
. g & 8| =
o Requirement = = = =
o) - <
S Date Scope (allowed energy =5 = = = 5 ~ =
2 classes) §§ K)g 8§ 8% g %:)
NZ|nNE|NE vzl gl s
28|9808la5| 8 8|50
b S S LIJ
OO0 |Oo0|OF| T |XT|O |1
1 |1 Sep 2009 for>950 Im (z80W) |A B C'D E F G
for the rest A B CDEFEG
A B CDEF
2 |1 Sep 2010 for >725 Im (265 W) G
for the rest A BCDEFG
A BCDEFG
3 |1sep2011 for >450 Im (245 W)
for the rest A B CDEFG
4 |1Sep2012 |for>60Im(27W) |A B C D E F G
5 |1 Sep 2013 | "&ising quality ABCDETFG
requirements
i A BCDEFG
6 |1Sep 2016 special cap halogen
for the rest A B CDEFG

Regulation 245/2009 applies to lamps, ballasts landinaires generally used in tertiary sector i.e.
fluorescent lamps without integrated ballast anghhintensity discharge lamps. The regulation sets
requirements for lamps, ballasts and luminairesasaely. The most important effects of the
regulation 245/2009 are:

. T8 halophosphate fluorescent lamps phased out fk8rpril 2010

. Stand by power consumption 1 W per ballast fromAi8il 2010 and 0,5 W per ballast from
13 April 2012

. T10 and T12 halophosphate fluorescent lamps phaseftom 13 April 2012

- High pressure mercury lamps phased out from 13 IA&015, retrofit high pressure sodium
lamps banned then also
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Allowed ballast energy efficiency indexes A1 BAT2BAT and A2 from 13 April 2017
Efficacy and performance requirements for high ptee sodium lamps and metal halide
lamps

The tertiary sector lighting regulation repeals the called ballast directive (2000/55/EC). The
ballast directive classified the ballasts for flascent lamps according to their energy efficiencg a
banned two of the most inefficient classes: baflagith energy efficiency indexes (EEI) C and D.
The regulation 245/2009 introduces two new EEIs,BAT and A2 BAT, and phases out all other
classes but A2 and these two new EEIs from 13 AR@L7. This means phasing out all magnetic
ballasts as they are not able to reach the enefifgpiency requirements.

Both of the regulations on lighting sector use fitegase “placing on the market”. The requirements
are set on the placing on the market of the prosluctthe scope. The placing on the market means
the first time the product is made available on € market. Products not complying with the
requirements can not be placed on the market froengiven date on. Examples of placing on the
market:
When one company manufactures, stores and sellpribduct, the placing on the market
takes place when the company sells the product,
In a corporation when the product is transferrednirthe possession of manufacturing
department to the distribution chain, and
Manufacturing outside the EU, placing on the markates place when the product is
transported to the EU.

After being placed on the market, the product ifowkd to be further sold regardless of the
requirements.

4.3.3 Energy performance of buildings

The four key points of the Directive 2002/91/EC tive energy performance of buildings are (EC

2002):
. acommon methodology for calculating the integrageergy performance of buildings;

minimum standards on the energy performance of haildings and existing buildings that

are subject to major renovation;

systems for the energy certification of new andséirig buildings and, for public buildings,

prominent display of this certification and othexl@vant information. Certificates must be

less than five years old;

regular inspection of boilers and central air-cdimtiing systems in buildings and in

addition an assessment of heating installationwich the boilers are more than 15 years

old.

Deadline for transposition in the Member States Wwds2006.

EN 15193- Energy requirements for Lighting LENI

The Lighting Energy Numeric IndicatdENI) has been established to show the annualtiligh
energy per m2 required to fulfil lighting requiremts in the building specifications.

LENI = W—f\m KWh/nPlyear (4-1)
where

Wiight total annual energy used for lighting [kWh/year]

A total useful floor area of the building [th
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The LENI can be used to make direct comparisongheflighting energy used in buildings which
have similar categories with different size and foguration.

In CEN/TC 169Light and Lighting substructure WG 9 (Energy performance of buildingas
developed the standard EN 151B@jhting energy estimatio(EN 2007). The standard considers
different aspects of energy consumption, namely;
— Installed load. This includes all installed lumires
— Usage during the dayl'his can be controlled by using daylight-dependigtiting control
and occupancy control systems.
— Usage at night. This can be controlled by usingugancy control
— Use of constant illuminance. This means contrahatial illuminance (maintenance control)
— Standby. This represents parasitic power in cotadolighting components
— Algorithmic lighting and scene setting. This incksl reduced energy consumption of
installed power.

The standard uses the basic formula to measurecatmilate the annual lighting energy for a
building (WL ,):

W= Y[Pax Fex{(toxFoXx Fp) + (tn XFo) }J/ 1000  kWh (4-2)

Additionally, the annual parasitic power @) for the evaluation of stand-by power losses and
power for emergency lighting completes the energlgalation.

Wp = Y{[PpcX {ty- (to + tn )+ (PemX te) }/ 1000  kWh (4-3)

where

Pn total luminaire power in a zone [W]

Fc constant illuminance factor

ty time when parasitic power is used [h]

tp time for daylight usage [h]

tn time for non-daylight usage [h]

Fo daylight dependency factor

Fo occupancy factor

Poc parasitic power in a zone (which generally meaasdby losses) [W]

ty time in a standard year (8760 h)

Pem total installed charging power for emergency ligigtiuminaires in a
zone [W]

te emergency lighting charging time [h]

The total annual energy used for lighting is
Wiight = WL + Wp kWh/year

The standard provides both a quick method and aprehrensive method. An example of the use of
the quick method is given below

t, > R
Wight = 6 A+ “1000” kWh/year (4-4)

where

tu = (to X Fp X Fo) + (tn X Fo) is the effective usage hour
A'is the total area of the building.
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The valuesg ty, Fp , Fo are tabulated in EN 15193.
6 A indicates the energy consumption for emergdrgiyting and parasitic power.
Example for offices:
tu = (to X Fp X Fo) + (tn X Fo)
tp =2250 h,t, =250h, =08, =0.9
t,=1845h

4.3.4  Energy Efficiency Label

Directive 98/11/EC sets the requirements for endelpel for household lamps. In practice, only

incandescent and compact fluorescent lamps areded. All other light sources are excluded. It
implements the directive 92/75/EEC, which is an hnella” labelling directive. It establishes that

household appliances shall be labelled accordintipéar energy consumption, and that the product
information shall be harmonised.

4.3.5 Disposal phase of Lighting Equipment in Europe
Legislation

The material contents and the disposal of lightaagiipment are chiefly regulated by two directives
that apply to electrical and electronic equipment:

— The RoHS Directive: Directive 2002/95/EC of the Bpean Parliament and of the Council
of 27" of January 2003 on the restriction of the use eftain hazardous substances in
electrical and electronic equipment

— The WEEE Directive: Directive 2002/96/EC of the Bpean Parliament and of the Council
of 27" of January 2003 on waste electrical and electregjgipment

These directives complement European Union measorefandfill and incineration of waste.
Increased recycling of electrical and electronigides will limit the total quantity of waste going
final disposal. Producers, including manufacturargl importers, will be responsible for taking
back and recycling electrical and electronic desicEhis will provide incentives to design electiica
and electronic equipments in more environmentaligrfdly and a more efficient way considering
waste management aspects fully. Consumers willlide 8 return their waste equipments free of
charge.

RoHS Directive

The first directive, ROHS, is mainly related to theoduction phase of the products, as it deals with
the material compositiorof the products. It is not allowed to put on thearket products with
hazardous substances (heavy metals: lead, mercagmium and hexavalent chromium) and
brominated flame retardants [polybrominated bipher{i?BB) or polybrominated diphenyl ethers
(PBDE)] exceeding fixed limits (EC 2003a). The RoldiBective is strongly related to the disposal
phase. The absence or limited amount of hazardausstances will limit the generation of
hazardous waste.

As the RoHS directive is a harmonizing directivieapproximates the legislation in Member States.

The aim of the directive is to protect human headthd the environment, and to encourage
environmentally sound recovery and disposal of watéctrical and electronic equipment.
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The directive includes a list of exemptions. Sonagérdous substances may be present in different
components of equipments used for lighting. Forregke:

— Lead in soldering alloys, electronic components] anglass,

— Cadmium in glass, and

— Mercury in discharge lamps (fluorescent lamps, higlessure sodium lamp etc.) (EC
2003a).

WEEE Directive

The second directive, WEEE, aims to prevent theggation of waste from electrical and electronic
equipment. It promotes the reuse, recycling anaotays of recovery of such waste to reduce the
disposal. The directive obliges producers to beoesible for the collection, treatment, recovery
and environmentally sound disposal of WEEE. It agplalso to lighting equipment in which the
following products are included:

— Luminaires for fluorescent lamps except luminairesouseholds,

— Straight (linear) fluorescent lamps,

— Compact fluorescent lamps,

— High intensity discharge lamps, including high mee sodium lamps and metal halide
lamps,

— Low pressure sodium lamps, and

— Other lighting or equipment for the purpose of sgi;g or controlling light except filament
bulbs (EC 2003b).

Ballasts are not explicitly mentioned. In the commoase where luminaires are equipped with

ballasts, the ballasts are considered as part @fiuminaire. There is a trend to consider separate
ballasts also as products under WEEE directBare LEDs are not included in the directives as

lamps. However, when LEDs are equipped with refiegtlenses, they are considered as luminaires
and then as products under the scope of WEEE dwect

Example: the lamps case

In the following, material composition, and dispbghase and recycling techniques of lamps will
be discussed.

Material composition of lamps
Lamps are made of components which can be grouped a

— lamp structure (lamp envelope, metal support padp)

— electrical parts (electrodes, filaments, wiringllast)

— lamp envelope additives (inert gas, getter, emittarercury, sodium, metal-halides,
fluorescent powder)

The component materials are selected for their dbahor physical properties for optimal light
emission properties. The average material compmositif lamps is described in Table 4-4. HID
lamp group includes many different lamp types. Métalide lamps (MH) are selected to represent
indoor applications and high-pressure sodium (HRBhps are selected to represent outdoor
applications.
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Table 4-4. Material composition of typical lamp representatv@&LC 2009a).

Lamp Group Example Weight [g]
Total Glass Metals Electronics | Plastics rest

GLS 60W 33 30 3 - -- 0.01
Halogen 35W 2.5 2 0.5 -- -- 0.01
Fluorescent 36W 120 115 3 -- -- 2
CFL- 11W 120 65 4 25 25 1
integrated
CFL-non- 13w 55 40 3 - 10 2
integrated
HID MHL400W | 240 195 42 - - 3

HPS150W | 150 105 44.5 - - 0.05

The rest are the lamp envelope additives includehgctrodes, capping paste and ceramic parts
(ELC 2009a).

Disposal Phase of lamps

The main goals of lamp recycling are the recovefythee mercury and the neutralisation of the
sodium metal. Gas discharge lamps contain mercwhgreas incandescent lamps are free from
mercury and other environmental sensitive substandgecycling of glass and metal from

incandescent lamps is not a common practise asibt economically feasible.

Recycling techniques for fluorescent lamps

Basically, two types of techniques are utilized fecycling of fluorescent lamps. One technique is
known as end cut, a process by which both endshefftuorescent tube are removed before the
materials are separated and processed to a highy guoduct. The other technique is known as
shredder (crush and sieve). It crushes the completduct and the various ingredients are separated
and processed after crushing. All the recoveredenas can be re-used in different types of
applications. Table 4-5 shows an overview of thetenal components and their outlet channels.
The lamp manufacturers buy many fractions of theokeered materials. They use these material
fractions to substitute for the virgin material atids last process closes the life cycle loop (ELC,
2009Db).

Table 4-5. Overview of recovered materials and their custon{&isC 2009b)

Materials Customer

Glass Lamp industry
Glass industry
Glass bricks/concrete bricks

Metal Lamp industry
Alu-cap Controlled landfill
Brass

Fluorescent powder, glass powder
(mercury containing or mercury-free)

Mercury after distillation Mercury industry
Lamp industry

General considerations on disposal phase for thedl user

The RoHS and WEEE directives are important not anlyerms of environmental issues, but also
in the life cycle analysis (LCA) framework. Althohgstudies have shown that the main
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environmental impact of lighting equipment occursiridg their useful life time (energy
consumption during operation), the disposal phasstill to be correctly taken into account. With
the progressive shift from incandescent lamps tergy efficient lamps, it is important to consider
proper disposal of these energy efficient light sms containing environmentally sensitive
substances like heavy metals.

The manufacturers are responsible for the procassg production. The consumer of the products
should also be involved actively in the disposabgess to reduce the harmful effects of the
environmentally sensitive substances. This willhede end users get the maximum benefit of the
products. In practice, there are at least two int@atr aspects:
— Procedures, infrastructures, availability of phyditools (containers for collection of burned
out lamps)
— Knowledge and consciousness of the various type®onsumers (building energy managers,
technical officers).

The practical adoption of the WEEE directive is pnogress, but the situation is different in the
different Member States.

4.3.6 Notes

Dedicated legislation on lighting design is unaghike. Requests in this context are made by various
stakeholders to deal properly with energy savingdighting installations. Also a complementary
legislation on installation phase is advisable.

A very important consequence of the legislationthe driving effect on the market trends. For
example, the Energy Label helps consumers to chéleseaight product by showing the energy
efficiency of different products on a common scaléhe Ecodesign regulations, establishing
minimum requirement for products and putting thge®ducts on the market, will in practice
progressively ban a number of less efficient pradud@hese regulations, in turn, will provide the
buyers with comprehensive product information, hedpthem to select the most appropriate
products.

It is important to highlight that the full processf developing a regulation involves intensive
discussion with stakeholders and interested pattiegiarantee that the regulation will be effective
and the objectives are really achievable. For eXdam@a sufficient timeframe is given to
manufacturers to redesign their products, cost iktgafor consumers and manufacturers
(particularly small and medium enterprises) arestaknito account, and particular emphasis is given
for market surveillance and conformity assessment.

4.3.7 Review of standards on electric and electromagnet8pects
IEC standard

The harmonic emission limits for lighting equipmentere at first specified in the standard IEC
1000-3-2, entitled "Harmonic limits for low voltaggpparatus <16A" in which lighting equipment
is defined axlass Cequipment (IEC, 2005). The International Electatteical Commission (IEC)
sets forth the limits for harmonics in the curresft small single-phase or three-phase loads (less
than 16 A current per phase) in Electromagnetic patibility (EMC)-Part 3-2: Limits for harmonic
current emissiongfrom IEC 61000-3-2). The last edition of this stird is IEC 61000-3-2 Ed. 3.0

b: 2005.

81



4 LIGHTING AND ENERGY STANDARDS AND CODES

CENELEC standard

The text of the IEC standard was approved by CENEL&S European Standard EN 61000-3-2
“Limits for harmonic current emissions (equipmemiput current up to and including 16A per
phase)”. IEC standard describes a total harmorstodiion (THD) for current of less than 33% and
a power factor (PF) of more than 0.95 for lightiegluipment. No limits apply for lamps with
integrated ballasts, dimmers, and so-called semitharies with an active power of less than 25W.
In practice, this means that there are still no &stan limits for integral compact fluorescent lamps
Equipment that draws current between 16A and 75Aptese is covered by IEC/TS 61000-3-12.
Harmonics measurement and evaluation methods ftir ftandards are governed by IEC 61000-4-
7.

European Union EMC Directive

The EU Electromagnetic Compatibility (EMC) Directivalso deals with harmonic emission levels.
The European EMC Directive does not specify emigsavels, as it is rather general. For lighting
equipment, manufacturers must show that they comjitly the EMC Directive by giving reference
to other standards which are listed in the EU'sotdf journals.

ANSI/IEEE standards

The US standards do not specify any emission linhais equipment. IEEE Standard 519-1992
"Recommended Practices and Requirements for HaenGontrol in Electrical Power Systems”
only provides the guidelines for permissible injeas of harmonic currents from individual
customers (including only for lighting) into the wer system (IEEE, 1992). The IEEE Single Phase
Harmonics Task Force (P1495) is developing a stethdlar single phase loads of less than 40 A.
There is, however, still no agreement on what stlictits should be, or whether limits are even
needed. Most of the ongoing works by the IEEE reljag harmonic standards development has
shifted to modifying the Standard 519-1992 (McGrgiman 2001).

IEEE Standard 519-1992 provides recommended lifoitharmonic levels at the point of common
coupling (PCC) between the customer and the powstesn (the location from where other
customers could be supplied). The recommended gelthstortion limit for the PCC is 5% for the
total harmonic distortion (TH[) and 3% for individual harmonics. The task forcenking on the
revision to Standard 519 is considering higher tsriior the interiors of the facility and making
these limits frequency-dependent. The limits spediin IEC for low-voltage systems allow THD
of 8% and include limits for individual harmonic sgponents, which decrease with frequency.

The harmonic filter working group, which is part tifie capacitor subcommittee, has completed a
harmonic filter design guide known as IEEE Standds31 (IEEE, 2003). A number of differences
between European and US power systems (IEEE 208fest that any harmonic limits for the US
should be different from the IEC standard. The Ewgan system uses no neutral on overhead
medium voltage distribution and a cable sheathtiierunderground portion, and they use delta wye
transformers to step down the voltage to 400/23@\¥ a result, it is less susceptible to tripled €3,

9 etc.) harmonic distortion than the US system. Hueopean system includes extensive 400/230 V
secondary distribution, creating higher-impedantityidistribution than the US system. The US
system has higher secondary impedance beyond tim gocommon coupling, however, because
of smaller distribution transformers used.
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Harmonic Currents Limits
European Standards

The International Electrotechnical Commission (IE@dopted a philosophy of obliging
manufacturers to limit their products consumptiohaoirrent harmonics in their standard IEC
61000-3-2 (IEC 2005). This standard applies tosatigle-phase and three-phase loads rated at less
than 16 A current per phase. The standard class#iectrical loads as shown in Table 4-6. The
standard as originally published used the classiifons on the left side of the table, with the sipéc
waveform defined in Figure 4-8. The special waveiois the limiting envelope for the current
waveform. The current has to fall within this wawef for each half cycle 95% of the time. After
negotiations with manufacturers who opposed to timaits, Amendment Al4, with its
classifications on the right side of the Table 4af3s published. The manufacturers had three years
time by which they could use either of the setsctafssifications (IAEEL 1995, Fenical 2000). The
amendment A14 has been in force since Janudn2d04. The harmonic current limits are for
individual harmonics, and do not specify total hamit distortion (THD). These limits are given in
Table 4-7 and Table 4-8.

Table 4-6.EN 61000-3-2 equipment (lighting) classification.

Classifications (original) Amendment A14 Classifications

Class A: Balanced 3 phase equipments, single | Class A: Balanced 3 phase equipments,
phase equipment not in other classes. household appliances excluding equipment
identified as class D, tools (except portable),
dimmers for incandescent lamps (but not other
lighting equipment), and audio equipment,
anything not otherwise classified.

Class C: Lighting equipment over 25 W. Class C: All lighting equipment except
incandescent lamp dimmers.

Another important clarification in the version ofoMember 2005 is that the current harmonics
measurement must be done on the line conductorrexicbn the neutral conductor (IEC, 2005).
However, for single phase applications this candbee on the neutral conductor but not in three-
phase applications where the values can differiBgantly if the EUT is not balanced.
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Figure 4-8. Limiting envelope for the current waveform.

Table 4-7.Harmonics limit for Class A equipment (IEC 2005,idih 2006).

Harmonic order Maximum permissible
n harmonic current (A)
Odd harmonics

3 2.30
5 1.14
7 0.77
9 0.40
11 0.33
13 0.21
n <39 2.25/n
Even harmonics

2 1.08
4 0.43
6 0.3

8< n <40 1.84/n

Table 4-8.Harmonics limit for Class C equipme@liEC 2005,Abidin 2006).

Harmonic order Maximum permissible
n harmonic current
(% of fundamental)
2
30 x circuit power factor
10
7
5
3

S O~NOWN

IA
w
©

American Recommendations

IEEE has drafted a guide to limit harmonic curr@ansumption by single-phase loads rated less
than 600 V and 40 A (Pacificorp 1998, IEEE 1992hig draft guide divides the loads into two
classes. They are listed below:

1. “Higher wattage nonlinear loads like heat pumps a8d battery chargers as well as large
concentrations of lower wattage devices like comrepworkstations and electronic ballasts found
in typical commercial offices and businesses (Regip 1998). The recommended maximum
levels of current distortion allowed for these Isadre shown in Table 4-9. The guide also
suggests a minimum power factor of 0.95 for thehhwgattage loads. Maximum THs 15% and
Maximum 3% harmonic current is 10%.
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2. “Lower wattage nonlinear loads not concentrated iaraall area (Pacificorp 1998) Table 4-9
shows the recommended limits. For these loads mawinTHD, is 30% and maximum '3
harmonic current is 20%.

Table 4-9.Recommended Full-Load Harmonic Current Limits fouipment.

Equipment Limit (% THD;
for current)

All lighting, motor drives, and other equipment
sharing a common electrical bus or panel with 15
sensitive electronic loads

All fluorescent lighting, including compact
fluorescent

30

Electrical devices, such as computers and fluongistighting systems, can send harmonic wave
forms at many frequencies back onto the power syppé, thereby distorting the waveform of the
supply current. For 4 feet long lamps, the Americllational Standards Institute (ANSI)
recommends a THOimit of 32% but some electric utilities only prade financial incentives for
ballasts that produce THf less than 20%. Ballasts that produce THiD less than 10% are
available for installations with critical power remements (Lightcorp 2009).

Fluorescent — electronic ballasts shall comply wita following ratings (Indiana 2006).

— minimum power factor 98%
— maximum THD 20%
— maximum & harmonic distortion 10%

The electronic ballasts also are to comply with tH@éC (Federal Communications Commission)
Regulations, Part 15, and Subpart J for electroretiginterference.

4.4 Examples of lighting related energy programs

44.1 ENERGY STAR

The ENERGY STAR program was initiated in the US thas now spread globally, works with
manufacturers, national and regional retailersessad local governments, and utilities to estdblis
energy efficiency criteria, label products, and e the manufacture and use of ENERGY STAR
products. ENERGY STAR products include clothes vash refrigerators/freezers, dishwashers,
room air-conditioners, windows, doors and skylighesidential water heaters, compact fluorescent
lamps, and solid state lighting luminaires. In 200& ENERGY STAR program lowered the total
energy consumption of t he year by almost 5%. Ore tENERGY STAR webpage
(www.enenrgystar.gov) there is information about ffroducts that have qualified to achieve the
ENERGY STAR. For instance for CFLs there is list mfoducts with wattage, light output, lamp
life, color temperature, and model type. To quakipare CFL lamp efficacy should be at least 50
Im/W, if the lamp power is less than 10 W, 55 Im/¥0 W < lamp power < 15 W and 65 Im/W
when lamp power is more than or equal to 15 W. Dethspecifications are given for e.g. color
quality (CRI> 80), starting and run-up time, and power factoheTlamp life is considered with
rapid cycle stress test and lumen maintenance dusurning hours (ENERGY STAR 2008). For
CFLs, the ENERGY STAR webpages provide a buyersiguind information on how they work,
their recycling, and the amount of mercury.
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4.4.2  Top Runner program

The Top Runner program was created in Japan asuateomeasure for the increase of energy
consumption on residential, commercial and trantgimn sectors. The program is incorporated in
the Japanese legislation for energy conservatind,raquires manufacturers to improve the energy
performance of their machinery and equipment. Fexanegples of the products involved are
fluorescent lamps, computers, freezers, refrigesafbVvs, VCRs.

Expectations regarding the role of energy consémmadre increasing due to global environmental
problems. Therefore, the requirements for improvihg energy efficiency of machinery and
equipment as much as possible are now a realitg. Tdp Runner program has come into existence
in light of this situation. The Top Runner programes, as a base value, the value of the product
with the highest energy efficiency on the marketla time of the standard establishment process
and sets standard values by considering potergiirtological improvements added as efficiency
improvements. Naturally, target standard valuesateemely high.

For target achievement evaluation, manufacturerse ita make sure that the weighted average
value meets or exceeds the target standard valide\this system gives manufacturers substantial
technological and economic burdens, the industigusth conduct substantial prior negotiations on
possibility of achieving standard values and adsgdes promotion measures for products that have
achieved target values.

With fluorescent lamps, target fiscal year was iflétl in FY 2005, the total luminous efficacy

(Im/W) was improved by approximately 35.7% from FO97. It was initially assumed that the
improvement rate was approximately 16.6% (Top Rur2g8).
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5 Lighting technologies

5.1 Introduction

Artificial lighting is being used more and more ihe world. The usage is quite non-homogeneous.
In developing countries, we can still find a widesad use of fuel based lighting but nowadays the
situation is changing and the demand for electrasdd lighting is growing. Electric lighting
consumes about 19% of the world total electriciseuSo, we should remember and consider that
the improvement in energy efficient lighting willso be helpful for the progress in developing
countries. Every change in technologies, in cust@neonsumption behaviour, even in lifestyle,
has influences on global energy consumption andreéatly, on environment. Therefore, energy
saving in lighting, and the methods of achievingstoal should be considered at different levels
(state, region, town, enterprise) and by supramatiorganisations, too.

People stay in indoor environment for most of thayd Characteristics of light in indoor
environment are much different than that of natuaidoor environment. On the other hand people
do not stop activities after sunset. The artifidigihting has therefore impact on their well-being
(see also the visual and non-visual aspects ot ligfChapter 3). The needed artificial light has to
be provided in energy efficient and environmentalbnscious way. It is important to search for the
technological solutions which meet human needs withlowest impact on the environment during
operation, when most of the impacts take place. @taronmental impacts also include production
and disposal of lamps, and related materials.

Artificial lighting is based on systems: lamps, laaks, starters, luminaires and controls. Ballasts
are needed for discharge lamps to connect the larthe mains. Lamps, ballasts and starters are
mounted in the luminaire with the wiring and lampdes, reflectors distribute and redirect the light
emitted from the lamp and louvers shield the ugent glare. Control systems interact with the
building where they are installed. This means ttied spider net of interactions and impacts is
related with the architecture of the building (skapspace orientation etc. have influence for
daylight contribution), with the supply network amdth the different equipment installed, e.g. the
heating, ventilation, cooling or electronic devicéast, but not least, lighting systems are made fo
human beings who have individual needs and behasioUser habits can be supported by
automatic controls (for example, occupancy senstms) the user habits cannot be overridden, and
here education plays a major role. First of alk ferfect lighting system offering the best solatio
for every application does not exist. Every teclogy, including the more innovative and trendy
ones, has its own limitations and its full potehtsamainly related to specific application field.

Furthermore, the best lamp, if used with poor azxampatible luminaire or ballast, loses most of its
advantages. Combining good lamp, ballast and luimenia a wrong installation may not meet the
user needs or provide lighting service in an ingént way. Combination of a good lighting system
in a well designed installation takes strong adeget from control devices, to drive the lighting
system according to, for instance, on daylight &llity and occupancy. In the case of new
buildings the integration of daylight is importantorder to reduce the energy consumption.
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To summarize, energy savings / efficiency and ecoies are dependent on:

— Improvement of lighting technologies

— Making better use of available cost-effective amegy efficient lighting
technologies

— Lighting design (identify needs, avoid misuses, g@o interaction of
technologies, automatic controls, daylight integna}

— Building design (daylight integration and architet)

— Knowledge dissemination to final users

— Knowledge dissemination to operators (designerdlerse decision
makers)

— Reduction of resources by recycling and proper ossp, size reduction,
using less aluminium, mercury, etc.

— Life Cycle Cost Assessment LCCA

In this chapter an overview is given for the curréechnologies of light sources, luminaries, and
ballasts. Their potential is illustrated and thertds of the most promising ones are described.
Integral lighting systems utilizing daylight togethwith electrical lighting systems and its control
are also presented.

5.2 Light sources
5.2.1 Overview

Following characteristics are to be considered wtlemosing a lamp for an application.
a.Luminous efficacy
— Luminous flux
— Lamp power and ballast losses
b.Lamp life
— Lumen depreciation during burning hours
— Mortality
c. Quality of light
— Spectrum
— Correlated color temperature (CCT)
— Color rendering index (CRI)
d. Effect of ambient circumstances
— Voltage variations
— Ambient temperature
— Switching frequency
— Burning position
— Switch-on and restrike time
— Vibration
e.Luminaire
— Lamp size, weight and shape
— Luminance
— Aukxiliaries needed (ballast, starter, etc.)
— Total luminous flux
— Directionality of the light, size of the luminousesnent
f. Purchase and operation costs
— Lamp price
— Lamp life
— Luminous efficacy
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— Lamp replacement (relamping) costs
— Electricity price and burning hours are not lampaddcteristics, but have
an effect on operation costs.

The diagram below shows the main lamp types forggahlighting:
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Figure 5-1. The development of luminous efficacies of lightrses(Krames 2007, DOE 2010)

95



5 LIGHTING TECHNOLOGIES

Table 5-1. compares the main lamp types and givesfirst indication of possible application
fields.

Table 5-1.Lamp types and their typical characteristics.

Characteristics
Luminous | Lamp | Dimming | Re- CRI Cost of Cost of Applications
Lamp type efficacy life control strike installation | operation
(Im/W) h time
GLS 5-15 1000 prompt | very | low very high | general
excellent good lighting
Tungsten 12-35 2000- prompt | very | low high general
halogen 4000 excellent good lighting
Mercury 40-60 12000 | not 2-5min | poor | moderate | moderate | outdoor
vapour possible to lighting
good
CFL 40-65 6000- with prompt | good | low low general
12000 | special lighting
lamps
Fluorescent | 50-100 10000- | good prompt | good |low low general
lamp 16000 lighting
Induction 60-80 60000- | not prompt | good | high low places where
lamp 100000 | possible access for
maintenance
is difficult
Metal halide | 50-100 6000- possible | 5-10 good | high low shopping
12000 | butnot min malls,
practical commercial
buildings
High 80-100 12000- | possible | 2-5min | fair high low Outdoor,
pressure 16000 | but not streets
sodium practical lighting,
(standard) warehouse
High 40-60 6000- possible | 2-6 min | good | high low outdoor,
pressure 10000 | but not commercial
sodium practical interior
(colour lighting
improved)
LEDs 20-120 20000- | excellent | prompt | good | high low all in near
100000 future

5.2.2 Lampsinuse

Van Tichelenet al. (2004) have given estimation of the total lampesain 2004 in European
member countries (EU-25). However, annual salesataive the total amount of light spots in use.
For example, the lamp life of T8 lamps is 12 00Qu®on the average and yearly burning hours in
office use can be 2500 hours. Thus, the amounaofds in use (light spots in Table 5-2) is almost
fivefold (12000/2500 = 4.8). Energy used by the fmncan be calculated using the calculated
amount of light spots, the annual burning hours] anerage power of the lamp. In Table 5-2, the
average lamp power including ballast losses has lestimated. The amount of light that lamps
produce annually can be calculated using the avehaginous efficacy. This, again, is not a known
figure since it also depends on the power of thpathe ballast (magnetic or electronic) and the
spectrum of the lamp.
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Table 5-2. Estimated total lamp sales in EU-25 on 2004 andcagated amount of light spots, energy consumptiod a

amount of light. NOTE: Figures are based on assuons on lamp power, efficacy, lamp life and burnimgurs.

Lamp Sales Light spots | Energy Quantity Lamp | Burning | Luminous | Lamp
type S*(Th) LS*P*t LS*P*n*t | power | hours | efficacy life

Mpes| % [Mpcs| % | TWh| % | Glmh | % W t Im/w h

S LS W Q P h n T

GLS 1225| 68|1225| 37 74| 25 735 4 60 1000 10 1000
Halogen| 143 8| 143| 4 9 3 103 40 1500 12 1500
T12 14| 1 68 8| 3 510 3 50| 2500 60| 12000
T8 238 | 13|1144| 34| 126| 42| 9436| 58 44 2500 75| 12000
T5 12| 1 78| 2 6| 2 528| 3 32| 2500 85| 16 000
CFL 108| 6| 433| 13 10| 3 572| 3 11| 2000 60| 8000
OtherFL 33 2| 159 5 17 6| 1047 44 2500 60| 12000
Mercury 8 0 24 1 13 4 667 4 140| 4000 50| 12000
HPS 11 1 33 1 23 8| 1845| 11 175 4000 80| 12000
MH 1] 1 27| 1 13| 4 900| 6 120| 4000 70| 10000
All 1804 |100|3333|100| 299|100] 16 343|100

GLS = General lighting service lamp
Halogen = Tungsten halogen lamp
T12, T8, T5 = Long fluorescent lamps
Other FL = other fluorescent lamps
Mercury = mercury lamps
HPS = High pressure sodium lamps
MH = Metal halide lamps

Sales, S [Mpuodl]ion pieces]
Lamp power, P [W]

Burning hourg]

Luminous effigag [Im/W]
Lamp life, T [h]

Light spots, LSx(T/t) [Mpcs]
Energy, W = LSP x tu [TWh]

Quantity of light, Q = Wkn = LSx P xtuxn [GImh]

The data of Table 5-2 is depicted in Figure 5-2.dlthirds of the lamps sold are incandescent
lamps. Incandescent lamps cover about 37% of tijiet Ispots and they use about 25% of all the
electricity used for lighting in EU-25 area. Howeyéhey produce only 4% of the light. With T8

lamps the trend is opposite, their share 13% ofdales, 34% of the light spots, 42% of the energy
consumption, and they produce 58% of the light. éwling to Table 5-2, electricity can be saved
by replacing incandescent lamps with more enerdigieht lamps. Other inefficient light sources

are T12-lamps (3% of energy) and mercury lamps @f%nergy).
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Sales 1.8 billion pieces  Light spots 3.3 billion pieces

[JGLS

O Halogen
OT12
T8

OTs

1CFL . .
uantity of light 16.3 PImh
~ Other FL Energy 299 TWh Q y of lig

[1Mercury
[JHPS
COMH

Figure 5-2. EU-25 lamp sales on 2004. From the estimated laalpsthe amount of light spots in use, the energy
lamps are using and the amount of light they aregrcing has been calculated. Assumptions of thesmeelamp
power with ballast losses, annual burning hoursninous efficacy and lamp life has been made.

T12-lamps and mercury lamps can be replaced witHah®s and high pressure sodium lamps,
respectively. In lighting renovation T12 luminairebould be replaced with T5-luminaires. Also
new alternatives for the most energy consumingtlgurce, T8-lamp, has to be found. According
to Table 5-2, the average luminous efficacy of BBabs with ballast losses is 75 Im/W. At the
moment T5-lamp with electronic ballast is more eint. In the future LEDs will be the most

efficient light source with the potential luminoefficacy reaching 200 Im/W.

5.2.3 Lamps
Incandescent lamp

In incandescent lamp, which is also called Generghting Service Lamp (GLS), light is produced
by leading current through a tungsten wire. The kirng temperature of tungsten filaments in
incandescent lamps is about 2700 K. Therefore theramission occurs in the infrared region. The
typical luminous efficacy of different types of iandescent lamps is in the range between 5 and 15
Im/W.

Advantages of incandescent lamps:
— inexpensive
— easy to use, small and does not need auxiliarypgeant
— easy to dim by changing the voltage
— excellent color rendering properties
— directly work at power supplies with fixed voltage
— free of toxic components
— instant switching
Disadvantages of incandescent lamps:
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— short lamp life (1000 h)

— low luminous efficacy

— heat generation is high

— lamp life and other characteristics are stronglyeiedent on the supply
voltage

— the total costs are high due to high operation €ost

The traditional incandescent lamps will be progresly replaced with more efficient light sources.
For example, in Europe the Regulation 244/2009rigindg this process (EC 244/2009) (see also
Chapter 4).

Tungsten halogen lamp

Tungsten halogen lamps are derived from incandeédeenps. Inside the bulb, halogen gas limits
the evaporation of the filament, and redepositsai@porated tungsten back to the filament through
the so called halogen cycl€ompared to incandescent lamp the operating teatper is higher,
and consequently the color temperature is alsodrigivhich means that the light is whiter. Color
rendering index is close to 100 as with incandes¢amps. Also, lumen depreciation is negligible.
Their lifetime spans from 2000 to 4000 hours, aadhinous efficacy is 12-35 Im/W.

Halogen lamps are available in a wide range of niedshapes (from small capsules to linear
double ended lamps), with or without reflectors.efé are reflectors designed to redirect forward
only the visible light, allowing infrared radiatioto escape from the back of the lamp. There are
halogen lamps available for mains voltages or laltages (6-24V), the latter needing a step-down
transformer. Low voltage lamps have better luminetficacy and longer lamp life than the high
voltage lamps, but the transformer implicates epdogses in itself.

The latest progress in halogen lamps has been egklol introducing selective-IR-mirror-coatings
in the bulb. The infrared coating redirects infrdmadiations back to the filament. This increades t
luminous efficacy by 40—-60% compared to other designd lamp life is up to 4000 hours.

Advantages of tungsten halogen lamps:
— small size
— directional light with some models (narrow beams)
— low-voltage alternatives
— easytodim
— instant switching and full light output
— excellent color rendering properties

Disadvantages of tungsten halogen lamps
— low luminous efficacy
— surface temperature is high
— lamp life and other characteristics are stronglyeledent on the supply
voltage
Tips
Consider the choice of a halogen lamp if you need:
— instant switch on and instant full light
— excellent color rendering
— easy dimming
— frequent switching and, or short on-period
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— directional light
— compact size of the light source.

Fluorescent lamps

A fluorescent lamp is a low-pressure gas dischaligat source, in which light is produced
predominantly by fluorescent powders activated kyawiolet radiation generated by discharge in
mercury. The lamp, usually in the form of a longbtdar bulb with an electrode at each end,
contains mercury vapour at low pressure with a $rmalount of inert gas for starting. The majority
of the emission (95%) takes place in the ultravidldV) region and the wavelengths of the main
emission peaks are 254 nm and 185 nm. Hence, ther&él¥ation is converted into light by a
phosphor layer on the inside of the tube. Since tlV-photon generates only one visible photon,
65% of the initial photon energy is lost as disgipa heat. On the other hand, the final spectral
distribution of emitted light can be varied by difent combinations of phosphors. Correlated color
temperatures (CCT) vary from 2700 K (warm white)da®b00 K (daylight) up to 17 000 K and
color rendering indices (CRI) from 50 to 95 are #able. The luminous efficacy of the latest T5
fluorescent lamp is up to 100 Im/W (without balldagsses). Dimming is possible down to 1% of the
normal luminous flux, and with special high voltagelse circuits down to 0.01%.
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Figure 5-3. Operation principle of a fluorescent lamp.

Fluorescent lamps display negative voltage-curaracteristics, requiring a device to limit the
lamp current. Otherwise the ever-increasing curreaiuld destroy the lamp. Pure magnetic
(inductive) ballast needs an additional startingneént such as a glow switch. Electronic control
gear incorporates all the equipment necessary fartisg and operating a fluorescent lamp.
Compared to conventional magnetic ballasts whickrafe lamps at a line frequency of 50 Hz (or
60 Hz), electronic ballasts generate high frequetiyents, most commonly in the range of 25-50
kHz. High frequency operation reduces the ballassés and also makes the discharge itself more
effective. Other advantages of the electronic Islare that the light is flicker-free and therghe
opportunity of using dimming devices.

Advantages of fluorescent lamps
— inexpensive
— good luminous efficacy
— long lamp life, 10 000 — 16 000 h
— large variety of CCT and CRI

Disadvantages of fluorescent lamps
— ambient temperature affects the switch-on and l@ltput
— need of auxiliary ballast and starter or electrdmatlast
— light output depreciates with age
— contain mercury
— short burning cycles shorten lamp life
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The linear fluorescent lamps have enhanced their
performance and efficacy with time. From the oldilky
T12, passing through T8, to the present T5 lampsamdy
the diameter is reduced. The T5 has a very goodronos
T12~38mm |q /\ .| efficacy (100 Im/W), the same lamp surface luminaraor
different lamp powers (some lamps), and optimal
operating point at higher ambient temperature. amps
are shorter than the correspondent T8 lamps, aeyltieed
electronic ballasts. Dedicated luminaries for Tz may
reach a better light output ratio (LOR), as the fam
diameter is smaller thus allowing the light to keirected
in a more effective way.

T8 ~ 26 mm
T5~16 mm

Figure 5-4. Comparison of tube diameter
of different fluorescent lamps.

The performance of a fluorescent lamp is sensitvéhe ambient temperature. TS5 lamps perform
best at the ambient temperature of 35°C, and T8kauat 25°C. A temperature of 35°C inside the
luminaire is more realistic for indoor installatien There are also amalgam lamps whose
performance varies less with the temperature.

Tips

— lIdeal for general lighting in most working placemdluding shops,
hospitals, open spaces, etc.), but also in somdeatal applications

— The choice of the lamp is always related to the lagpion. Always
consider the correlated color temperature and therecendering index.

— Halophosphate lamps have very poor light qualityd amill become
obsolete. (Fluorescent lamps without integratedasalshall have a color
rendering index of at least 80 (EC 245/2009)

— The five-phosphor lamps, with their excellent coloendering, are
particularly suitable in art galleries, shops, andseums but have lower
luminous efficacy than the corresponding triphosplamps.

— By using lamps of different CCT in the same lumimaiand proper
dimming, it is possible to have dynamic light, weehe color is selected
by the user by reproducing preset cycles (e.g.rduday)

— Caorrect disposal of these light sources, which aontmercury, is very
important

— As some T5 lamp types have the same luminance ifterént powers, it
Is very easy to build "continuous lines".

Compact fluorescent lamps (CFL)

The CFL is a compact variant of the fluorescent panthe overall length is shortened and the
tubular discharge tube is often folded into twosi® fingersor a spiral. For a direct replacement of

tungsten filament lamps, such compact lamps arappega with internal ballasts and screw or

bayonet caps. There are also pin base CFLs, whaeltlran external ballast and starter for operation.
The luminous efficacy of CFL is about four timesghier than that of incandescent lamps.

Therefore, it is possible to save energy and costighting by replacing incandescent lamps with

CFLs.

Today, CFLs are available with:

— different shapes, with bare tubes or with an exa¢envelope (look alike
for incandescent lamp)
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— different CCT (warm white, cool white)
— instant ignition (some)

— diminished sensitivity to rapid cycles
— dimmable (some)

Advantages of compact fluorescent lamps
— good luminous efficacy
— long lamp life (6000-12 000 h)
— the reduced cooling loads when replacing incaneieslamps

Disadvantages of compact fluorescent lamps
— expensive
— E-27 based are not dimmable (apart from special etg)d
— light output depreciates with age
— short burning cycles shorten lamp life
— the current waveform of CFLs with internal electroballast is distorted
— contain mercury

Figure 5-5. Different types of Compact fluorescent lamps.

Tips

— The advantage of pin base lamps is that it is gussio replace the burnt
lamp while keeping the ballast in place

— A physical limit of the CFLs is that a really insth ignition is
incompatible with long life

— CFLs are ideal for situations in which long burnitignes are expected

— Care should be taken in the choice of the propetihaire. It is very easy
to unscrew a traditional incandescent lamp andaegplit with a screw
based CFL, but the result may be unsatisfying. Tikibecause how the
light is distributed around the CFL is very differe compared to
traditional incandescent lamps.
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High Intensity Discharge lamps (High Pressure)

Without any temperature limitations (e.g. meltingimt of tungsten) it is possible to use gas
discharges (plasmas) to generate optical radiatigniike thermal solid sources with continuous
spectral emission, radiation from the gas discharggurs predominantly in form of single spectral
lines. These lines may be used directly or afteectal conversion by phosphors for emission of
light. Discharge lamps generate light of differematior quality, according to how the spectral lines
are distributed in the visible range. To preventaway current and ensure stable operation from a
constant voltage supply, the negative current-gsdtaharacteristics of gas discharge lamps must be
counterbalanced by a circuit element such as coimweal magnetic or electronic ballasts. In all
cases, higher voltages are needed for ignitingliseharge.

The power conversion per unit volume in high pressarc discharge lamps is 100 to 1000 times
higher than that of low pressure lamps, which leadsconsiderable thermal loadings on the
discharge tube walls. The wall temperatures maynbiie region of 1000°C. The discharge tubes
are typically made of quartz or PCA (polycrystadlisintered alumina: AD3). The arc discharge is
provided with electrical power via tungsten pin@®des. In most cases the main constituent of the
plasma is mercury. To reach operating pressures-td bars, the vaporization of filling materials
requires a warm-up time of up to 5 minutes aftamifgpn. For starting high pressure lamps (except
mercury lamps) superimposed pulses of some kVs fexternal ignition circuits or internal
ferroelectric capacitors are used. An immediatstagt after short power break demands voltages of
more than 20 kV. Many types of high pressure disgedamps can not be dimmed, others only in a
power range of 50% to 100%.

Mercury Lamps

In mercury lamp light is produced with electric cent passing through mercury vapour. An arc
discharge in mercury vapour at a pressure of al#obars emits five strong spectral lines in the
visible wavelengths at 404.7 nm, 435.8 nm, 546.], Bit¥ nm and 579 nm. The red-gap is filled up
by a phosphor-layer at the outer bulb. Typical wsdwf these lamps are luminous efficacy 40-60
Im/W, CRI between 40 and 60 and CCT 4000 K. Thedife is 12 000 h.

Mercury lamps will be banned from European markieza2015. (EC 245/2009)

Metal halide lamps

To increase the luminous efficacy and CRI of meychaigh pressure lamps, it is useful to add
mixtures of metal components to the filling of tkescharge tube. These additives emit their own
line spectra in the arc discharge, leading to anremus diversity of light color. For sufficient
vapour pressure, it is better to use metal hali(@snpounds with iodine or bromine) instead of
elemental metals. When the vapour enters the heghperature region of the discharge, molecules
dissociate, metal atoms are excited and radiasemitted.

The applications of metal halide lamps reach frolactic torches (10 W miniature variants) to

diverse purposes in indoor and outdoor lighting thages up to 20 kW). The lamps are available
with luminous efficacy typically from 50 to 100 I'w, CCT value from 3000 to 6000 K and CRI

from 70 to over 90. The lamp life is typically fro8000 h to 12 000 h.

Advantages of metal halide lamps
— Good luminous efficacy
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— Alternatives with good color rendering available
— Different color temperatures available.

Disadvantages of metal halide lamps
— Expensive
— Starting and re-starting time 2-5 min
— Differences in CCT between individual lamps and n@@s of CCT
during burning hours. These differences are muacuced with ceramic
metal halide lamps.

Figure 5-6. Metal halide lamps, nominal power from left 150 ¥00 W, 75 W and 70 W.

High pressure sodium lamps

In a high pressure sodium lamp light is producedsbgium vapour, the gas pressure being about 15
kPa. The golden-yellowish emission spectrum applewide parts of the visible area. The CRI is
low (= 20), but the luminous efficacy is high. The mostnemon application today is in street and
road lighting. Luminous efficacy of the lamps is-800 Im/W, and lamp life is 12 000 h (16 000 h).
The CCT is 2000 K.

An improvement of the CRI is possible by pulse a@n or elevated pressure but this reduces the
luminous efficacy. Color improved high pressure isod lamps have CRI of about 65 and white
high pressure sodium lamps of more than 80. Th&liT@s 2200 and 2700, respectively.

Advantages of high pressure sodium lamp
— very good luminous efficacy
— long lamp life (12 000 h or 16 000 h)
— high luminous flux from one unit for street and arigghting
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Disadvantages of high pressure sodium lamp
— low CCT, about 2200 K
— low CRI, about 20 (color improved 65, white 80)
— starting and re-starting time 2-5 min

Figure 5-7. High pressure sodium lamps, elliptical bulb 100 WHa250 W, tubular bulb 250 W and white high pressur
sodium 100 W.

Electrodeless lamps

The burning time of discharge lamps is normally ii@d by abrasion of electrodes. It is possible to
avoid this by feeding electrical power into the cliarge inductively or capacitively. Although the
principles of electrodeless lamp have been undedsfor over a hundred years, electrodeless lamps
were not introduced into the commercial market uthté past decades. The main reasons were the
lack of reliable and low cost electronics, and alamce of electromagnetic interferences. With the
great development in electronics and consequenthpduction of electronic ballasts, the electrode-
less lamp has become ready to be introduced to cermiad market for the general purpose lighting.

Induction lamp

The induction electrode-less fluorescent lamp isdamentally different from the traditional
discharge lamps, which employ electrodes as elactource. The operating frequency of induction
lamp is usually in the range of hundreds of kHztéms of MHz. A special generator or ballast is
needed to provide high frequency power. Without#ledes, energy coupling coils are needed for
the energy coupling into the plasma. A long lanfp lknd good lumen maintenance can be achieved
with these lamps because of the absence of eleesrothe filling of the discharge vessel consists of
mercury (amalgam) and low pressure krypton. Likdliorescent lamps, the primary emission (in
UV-region) is transformed with a phosphor coatimgoi visible radiation. Typical parameters are:
lamp wattages 55-165 W, luminous efficacy of sysse®®-80 Im/W, CCT 2700-4000 K, CRI 80.
The long lamp life of even 100 000 h is useful fapplications in inaccessible locations (road
tunnels, factory halls).

Compact fluorescent lamps (electrodeless)

Some models of CFLs are electrodeless lamps. Téwantages over common CFLs are instant
switching and good performance with switching cycle
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5.2.4  Auxiliaries

Energy efficiency of the lighting system depends paly to the luminous efficacy of lamps but
also on the efficiency of the auxiliary equipmemhis equipment include ballasts, starters, dimmers
and transformers.

Ballasts

Ballast providing a controlled current to the lamigsan essential component of any discharge
lighting system. The amount of energy lost in thalésts can be reduced considerably by using
efficient ballasts. European Directive 2000/55/E€idks ballasts into six categories shown in the
Table 5-3. Several types of ballasts are excludethfthe directive:

— ballasts integrated in lamps,

— ballasts designed specifically for luminaries to imeunted in furniture
and which form a non-replaceable part of the lumies and which
cannot be tested separately from the luminaries,

— ballasts to be exported from the Community, eitagma single component
or incorporated in luminaries.

Table 5-3.Ballast Categories(EC 55/2000)

Category Description

Ballast for linear lamp type

Ballast for compact 2 tubes lamp type
Ballast for compact 4 tubes flat lamp type
Ballast for compact 4 tubes lamp type
Ballast for compact 6 tubes lamp type
Ballast for compact 2 D lamp type

OO (WIN(F

The purpose of the directive is to achieve coseefifre energy savings in fluorescent lighting,

which would not otherwise be achieved with otherasres. Therefore, the maximum input powers
of ballast-lamp circuits are given in Annex Il ¢iie ballast Directive (EC 55/2000). Manufacturers
of ballasts are responsible for establishing thev@oconsumption of each ballasts according to the
procedures specified in the European Standard E2X0SQEN 1998).
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Table 5-4. Examples of the maximum input power of ballast-lasinpuits (phase two)(EC 55/2000)

Ballast Lamp power Maximum input power
category 50 Hz HF of ballast-lamp
1 15w 13,5W 23 W
70w 60 W 80w
2 18w 16w 26 W
36 W 32W 43 W
5 18w 16w 26 W
26 W 24 W 34w
6 now 9w 16w
38W 34W 45 W

The Directive 2000/55/EC aims at reducing the egecgnsumption of ballasts for fluorescent
lamps by moving gradually away from the less e#iti ballasts towards more efficient ones. The
ballast, however, is only one part of the energynsamption equation. The energy efficiency of
fluorescent lamps lighting systems depends on thrahkination of the ballast and the lamp. As a
consequence, the Federation of National ManufacsurAssociations for Luminaries and
Electrotechnical Components for Luminaries in theré&pean Union (CELMA) has found it
necessary to develop a ballast classification sgdiased on this combination (CELMA 2007)

The European Ballasts manufacturers, represente@€EbhMA, have adopted the scheme of
classification of ballasts defined by CELMA sinc®39. As a consequence, all ballasts falling
under the scope of the 2000/55/EC Directive arekmdmwith the pertinent Energy Efficiency Index
EEI (voluntary) printed in the label or stated metdata sheets.

There are seven classes of efficiency. Every clasgefined by a limiting value of the total input
power related to the corresponding ballast lumectdaBLF (1.00 for high frequency operated
ballasts and 0.95 for magnetic ballasts). The dasse listed bellow:
— Class D: magnetic ballasts with very high lossesddntinued since
2002)
— Class C: magnetic ballasts with moderate lossex(dtitinued since
2005)
— Class B2: magnetic ballasts with low losses
— Class B1: magnetic ballasts with very low losses
— Class A3: electronic ballasts
— Class A2: electronic ballasts with reduced losses
— Class Al: dimmable electronic ballasts

Dimmable ballasts are classified as Al if they iiutfie following requirements:
— At 100% light output setting the ballast fulfils dast the demands
belonging to A3
— At 25% light output the total input power is equal or less than 50% of
the power at the 100% light output
— The ballast must be able to reduce the light output0% or less of the
maximum light output

Electronic ballasts complying with CELMA energy eiency scheme classes Al and A2 are the
major power savers. They can even reduce the pa@arsumption of ballast-lamp circuits to less

than the rated power of the lamp at 50Hz. Thisasiged by the increased lamp efficiency at high
frequencies (>20 kHz), leading to about 10% redutif lamp power and a decrease of the ballast
losses.
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The European Standard EN 50294 (EN 1998) definesnieasuring methods for the total input
power of the ballast-lamp system. On the basishef standard CELMA has defined energy classes
and limit values for the ballast-lamp combinatiohtbe most common fluorescent lamps (details
are given in annexes to the CELMA guide (CELMA 2007 an example of class description in
Table 5-5. The EEI system comprises the followiamp types:

— Tubular fluorescent lamps T8

— Compact fluorescent lamps TC-L

— Compact fluorescent lamps TC-D

— Compact fluorescent lamps TC-T

— Compact fluorescent lamps TC-DD

Table 5-5. An example of the EEI class description system pd®&LMA 2007)

Lamp | Lamp power Class
type

50Hz HF A1" A2 A3 Bl B2 C D
T8 15W 135W 9w 16W 18 W 21W 23 W 25W >25W
70w 60 W 36 W 68 W 72W 77TW 80 W 83w >83 W

*at 25% light output

Comparison of the electro-magnetic-ballasts and@&t®nic ballasts

Electro-magnetic ballast produces a number of negaide-effects, such as:

— They operate at the 50 or 60Hz frequency of the vdltage. This means
that each lamp switches on and off 100 or 120 tipessecond, resulting
in a possibly perceptible flicker and a noticeablem,

— Operating at 50 or 60 Hz may cause a stroboscoffecewith rotating
machinery at speeds that are a multiples of thosguencies,

— They can give off excessive EMF (Electro-Magnetiel&s).

Advantages of the electronic ballasts:

— They operate at about 25 kHz. High frequency openrateliminates
flicker and hum, removing any associated healthoeons.

— They are lightweight

— They generate very little heat

— They have better energy efficiency using 25-309% lesergy.

— They can be built dimmable, enabling users to adjight levels to
personal needs resulting in energy savings.

The positive features of electromagnetic ballasts tihat they are very robust and have long
lifetime. The material recovery from them in thedeof-life is relatively easy and valuable metals
can be recycled, while electronic ballasts are nabffecult to recycle.

Transformers

Halogen lamps are available with low voltage rating transformer is needed to provide voltage
supply from either 110 V AC or 230 V AC mains todltamps. Transformers are generally available
with power ratings from 50 to 300 W. The transfommused in a low voltage lighting system may
be either electronic or magnetic. Tké&ctronictransformer ET represents an alternative means of
power conversion to the more standard iron cordkypand heavy transformer operating at 50/60
Hz. The advantages of the electronic transformempgared with the classical solution are
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(Radiolocman 2007):
— The output power from the electronic transformerth@ lamp can be
varied, thus dimming control can be added.
— It is possible to include protection against shoitcuit of the lamp
filament.
— Weight can be reduced and the construction madesroompact.
— Acoustic noise (mains hum) is eliminated.

The topology of the transformer circuit is the das half-bridge. The control circuit could be
realised using an IC (fixing the operating frequgncbut there is a more economical solution
(Radiolocman 2007, Fichera and Scollo 1999) whiohsists of a self-oscillating circuit where the
two transistors are driven in opposing phase bylfeek from the output circuit. As the capacitor at
the input of the circuit is relatively small, therg little deformation of the input current wavefor
However, this type of circuit generates a certaimoaint of electro-magnetic interference, due to the
high frequency source that feeds the resonant m&twidhus, a suitable filter must be inserted in the
circuit before the rectifier bridge to prevent thigerference being fed back to the mains. Another
solution (Lianget al. 2006) might be piezoelectric ceramic transformeéhis is a new kind of
electronic transformer which has low electromagnatiterference, high power density, high
transfer efficiency. It is small in size and ligim weight and makes no noise.

The disadvantage of these transformers is that taeip currents are rectangular in shape, leading
to generation of high electromagnetic noise andréased transformer core losses. The new
constructions solve these problems. An exampleuchssolution is an electronic transformer using
class-D zero-voltage-switching (ZVS) inverter (3eaeeamornkulet al. 2003) giving near
sinusoidal lamp current. The experimental resultefa 50 W/12 V prototype show that efficiency
is greater than 92% with unity power factor. Moreoythe dimming possibility and controlled
starting current can be achieved by simply incregdhe switching frequency without increasing
the switching losses. The wattage rating (Farin@Qdf the electronic transformer or of the toroidal
magnetic transformer should always be equal to r@ater than the total wattage of the lighting
system, but if a conventional EI magnetic transfernftransformer with a magnetic core shaped
like the letters E and |) is used, then the maximwattage of the lighting system may be equal to
but not greater than 80% of the wattage ratinghaf tonventional EI magnetic transformer.

Transformers usually have a minimum wattage (F&98) which they must power before they
work. For example, it is not uncommon for a 60 Weeronic transformer to require there to be at
least 10 W of lighting load and if there is only\satts of lighting load connected, the lighting

system will not work. Low voltage lighting systemsquire thicker wires due to higher currents. For
example, a 300 W lighting system operating at 123és a 25 A current on the low-voltage side of
the transformer, whereas this same transformer beayowered by 230 V and 1.3 A current on the
line voltage side of the transformer.

An AC (alternating current) electronic transforms#rould not be placed further than 3 m (10 feet)
from the lighting system in order to avoid lower ltages (voltage drop) and consequently lower
luminous flux. Also, the longer the distance frommetAC electronic transformer to the lighting
system, the greater the chance that it might creatko frequency interference (RFI) with other
electronic components in the area. A DC (directrent) electronic transformer may be placed up to
about 16 m (50 feet) from the lighting system. TDE output significantly reduces radio frequency
interference (RFI) and virtually eliminates the pilslity of voltage drop (the drop in voltage ovar
long circuit).

109



5 LIGHTING TECHNOLOGIES

Starters

Starters are used in several types of fluorescamipls. When voltage is applied to the fluorescent
lamp, the starter (which is a timed switch) alloagrrent to flow through the filaments at the ends
of the tube. The current causes the starter's ctsta heat up and open, thus interrupting the flow
of current. The lamp is then switched on. Since #re discharge has low resistance (in fact
negative voltage-current characteristics), thedstlserves as a current limiter. Preheat fluorescen
lamps use a combination of filament/cathode at eaod of the lamp in conjunction with a
mechanical or automatic switch that initially comte the filaments in series with the ballast and
thereby preheat the filaments prior to striking thie. These systems are standard equipment in
countries with voltage level of 230 V (and in coues with voltage level 110 V with lamps up to
about 30 watts), and generally use a glow stafgégctronic starters are also sometimes used with
these electromagnetic ballasts.

The automatic glow starter consists of a small desharge tube, containing neon and/or argon and
fitted with a bi-metallic electrode. When startiige lamp, a glow discharge will appear over the
electrodes of the starter. This glow discharge adlat the gas in the starter and cause the bi-
metallic electrode to bend towards the other etsdgr When the electrodes touch, the two filaments
of the fluorescent lamp and the ballast will effieely be switched in series to the supply voltage.
This causes the filaments to glow and emit electrorio the gas column. In the starter's tube, the
touching electrodes have stopped the glow dischargesing the gas to cool down again. The
starter additionally has a capacitor wired in phaldio its gas-discharge tube, in order to proldhg
electrode life. While all starters are physicallyterchangeable, the wattage rating of the starter
should be matched to the wattage rating of theriisoent tubes for reliable operation and long life.
The tube strike is reliable in these systems, Hotwgstarters will often cycle a few times before
letting the tube stay lit, which causes undesirdlashing during starting.

If the tube fails to strike or strikes but then eguishes, the starting sequence is repeated. With
automated starters such as glow starters, a fatlilg will cycle endlessly, flashing as the lamp
quickly goes out because emission is insufficienkéep the lamp current high enough to keep the
glow starter open. This causes flickering, and rtimes ballast at above design temperature. Some
more advanced starters time out in this situatiod do not attempt repeated starts until power is
reset. In some cases, a high voltage is appliedctly. Instant start fluorescent tubes simply use a
high enough voltage to break down the gas and migrcalumn and thereby start arc conduction.
These tubes can be identified by a single pin atheand of the tube. Low-cost lamps with
integrated electronic ballast use this mode eveit ieduces lamps life. The rapid start ballast
designs provide filament power windings within thellast. They rapidly and continuously warm
the filaments/cathodes using low-voltage AC. Nountive voltage spike is produced for starting,
so the lamps must be mounted near a grounded @riteflector to allow the glow discharge to
propagate through the tube and initiate the arclthsge. In some lamps starting aid strip of
grounded metal is attached to the outside of thegalass.

Dimming
Dimmers are devices used to vary the luminous fidxncandescent lamps. By adjusting the root
mean square (RMS) voltage and hence the mean ptovéine lamp it is possible to vary the

intensity of the light output. Small domestic dimmeere generally manually controlled, although
remote control systems are available.

Modern dimmers are built from silicon-controlledctéiers (SCR) instead of potentiometers or
variable resistors because they have higher effyyeA variable resistor would dissipate power by
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heat (efficiency as low as 0.5). Theoretically hcsin-controlled rectifier dimmer does not heat up,
but by switching on and off 100/120 times a secahd; not 100% efficient. Dimming light output
to 25%, reduces electricity consumption only 20%gcéuse of the losses in the rectifier. Using
CFLs in dimmer circuit can cause problems for CFuich are not designed for this additional
turning on and off of a switch 100/120 times pecsed.

Fluorescent lamp luminaires cannot be connectatidssame dimmer switch used for incandescent
lamps. There are two reasons for this, the firsthat the waveform of the voltage of a standard
phase-control dimmer interacts badly with many tyjoé ballast, and the second is that it becomes
difficult to sustain an arc in the fluorescent tudielow power levels. Dimming installations require
4-pin fluorescent lamps and compatible dimming &sti. These systems keep the cathodes of the
fluorescent tube fully heated even though the ancent is reduced. There are CFLs available that
work also in a dimmer circuit. These CFLs have Agin the lamp base.

5.3 Solid-state lighting
5.3.1 Light-emitting diodes (LEDS)

Solid-state lighting (SSL) is commonly referring tmghting with light-emitting diodes (LED),
organic light-emitting diodes (OLED) and light-etmitg polymers (LEP). At the moment there is
still no official definition for solid-state lightig, the expression “solid-state” refers to the
semiconductor crystal where charge carriers (ebestiand holes) are flowing and originate photons
(i.e., light) after radiative recombinations.

Operation principle and light generation

An LED is ap-njunction semiconductor which emits light spontansly directly from an external
electric field (electroluminescence effect). LEDsnk similarly to a semiconductor diode, allowing
current flow in one direction only. The diode sttuce is formed by bringingp- and n-type
semiconductor materials together in order to formp-a junction. P-type material is obtained by
doping an intrinsic semiconductor material with eptor impurities resulting in an excess of
positive charges (holes). To produce an N-type senmductor, donor impurities are used to create
an excess of negative charges (electrons). glad n materials will naturally form a depletion
region at the junction, which is composed of iordza&cceptors in the-side and ionized donors in
the n-side forming a potential barrier at the junctiorhe applied external electric field across the
junction will allow electrons in the conduction b&ywhich are more mobile carriers than holes, to
gain enough energy to cross the gap and recombitie holes on the other side of the junction
emitting a photon as a result of the decrease iergy from the conduction to the valence band
(radiative recombination).

Although radiative transitions can also occur imlirect bandgap semiconductors, their probability
is significantly lower than in direct bandgap seonductors. Radiative recombinations are
characteristic for direct bandgap semiconductoiser&fore, direct bandgap semiconductor alloys
are commonly used in optoelectronic devices suchL&PDs, where the highest radiative
recombination rates are a desirable feature. Exampf direct bandgap semiconductors that have
bandgap energies within the visible spectrum areaty alloys composed of elements in the groups
Il and V of the periodic table (e.g., InP, GaA$N, GaN, and AIN). The present high-brightness
LED-industry is based on ternary and quaternargyalcontaining a mixture of aluminum (Al),
gallium (Ga), and/or indium (In) cations and eittware of arsenic (As), phosphorus (P), or nitrogen
(N) anions. The three main relevant material systefor LEDs are AlGaAs, AlGalnP, and
AllnGaN. For each of these systems bandgap engimgé& used during the epitaxial growth of the
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semiconductor wafers to create heterostructuresaiearequired for high levels of carrier injection
and efficient radiative recombination. (Zukausk3kur et al. 2002)

Theoretically, it is possible that all free eleatinjected into the active region of recombine to
create a photon. This suggests the high energgieffcy potential of LEDs. This energy efficiency
potential is referred to as radiant or wall-pludigency 7., and defined as the ratio between the
total emitted radiated power and the total poweavan from the power source. The radiant or wall-
plug efficiency of an LED depends on several inldrmechanisms regulating light generation and
emission processes in the semiconductor and LECkage These mechanisms are commonly
characterised by their efficiencies, commonly reddrto as feeding efficiency, external quantum
efficiency 77ex, injection efficiencyriy, radiative efficiency or internal quantum efficien/..q and
optical efficiency or light-extraction efficiencyop. (Zukauskas, Shur et al. 2002).

/73: ”extxnf (5'1)
s = holqV (5-2)
Mext= Tinj * rad * Topt (5-3)

Luminous efficacyp, is obtained by multiplying the radiant efficiencwith the luminous
coefficientKp,.

My = 11> Km (5-4)

The best red AlinGaP LED and blue InGaN LEDs candaternal quantum efficiencies reaching
almost 100% and 50%, respectively (Steigerwald, tB¥taal. 2002). To achieve external quantum
efficiencies of such magnitudes, the light extranthas to be improved. One of the main challenges
faced by the industry to allow the more photonsescape from the LED chip without getting
absorbed by the surrounding structure (i.e., exiac efficiency) (Navigant Consulting Inc.,
Radcliffe Advisors et al. 2009).

The history of commercially available LEDs startiedthe early 1960°s with the first red LED with
peak emission at 650 nm (Holonyak, Bevacqua 1982e semiconductor material utilised was
GaAsP (Gallium Arsenide Phosphide). The typical powonsumption of these red LEDs would be
typically around 0.1 W, emitting 0.01 Im resulting 0.1 Im/W luminous efficacy (Humphreys
2008). The price was 260 $ and price per lumen ad@6000 $. Since then, the LEDs have
developed fast over the past four decades. Mod&D tomponents cover peak wavelength regions
from the ultraviolet to the infrared region. Alin®aare today the chosen semiconductor material
system to realise LEDs with spectral emission froed to yellow region of the visible spectrum.
AllnGaN materials usually cover the wavelength mgibetween green and ultraviolet. Colored
LEDs are characterised by narrow spectral emisgiaiiles. This characteristic is defined by the
full spectral bandwidth at half magnitude (FWHM)uadly around 15 nm to 60 nm (Zukauskas,
Shur et al. 2002).

White LEDs can be realised by mixing the emissidrdifferent colored LEDs or by the utilisation
of phosphors. Phosphor-converted white LEDs arallgibased on blue or ultraviolet LEDs. The
white light results from the combination of the prary blue or ultraviolet emission and the partially
downward-converted emission created by specific sphor layer or layers located over the
semiconductor chip. (Kim, Jeon et al. 2004, Nakaaptiasol 1997)

Depending on the properties of the phosphor layedayers utilised, white light of different
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gualities can be realised. The typical spectrumgleosphor-converted warm- and cool-white LEDs
at CCTs of 3000K and 7000K, respectively are shawthe Figure 5-8.
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Figure 5-8. Typical spectral power distribution curves for plpt®r-converted warm- and cool-white LEDs at 3000K
and 7000K CCT, respectively.

Color-mixing by combining the emission of differecwlored LEDs is another approach to provide
white light. Usually only two colored LEDs are nestlto produce white light. However, to achieve
high color rendering properties, at least threeooedl LEDs are usually required. Figure 5-9

represents the main approaches to create whité ligh
LED LED LED

Phosphor conversion Color-mixing

i)

o)
?)

Yellow

*

phosphor

o

Blue LED

Figure 5-9. Schematic representation of the two main approadbeseate white light using LEDs.

LED characterization

Optoelectronic devices such as LEDs are commonératterised by optical, electrical and thermal
parameters as schematically shown in Figure 5-10.
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Figure 5-10. Schematic representation of the main parametersiatatactions, which characterise the operationeof
LED.

Electrically, an LED is characterised by its forwacurrent (F) and forward voltage (M. Due to
their typical I-V curve, representing the forwardroent as a function of the forward voltage, LEDs
are called current-controlled devices. Along witketl-V curve, LED manufacturers provide the
nominal and maximum forward currents and voltagethe devices in their datasheets.

Several parameters are used to characterise LEDsatip. The main parameters depending on the
LED type (i.e., colored or white LED) are the spedtpower distribution (SPD), spatial light
distribution, viewing angle, color rendering indéXRI), correlated color temperature (CCT), peak
wavelength, dominant wavelength, luminous flux, laous intensity and luminous efficacy. The
electrical and optical performance of an LED isanelated with its thermal characteristics. Due to
the inefficiencies resulting from the imperfectiomsthe semiconductor and in the LED package
structure heat losses are generated. These lossestb be removed from the device in order to
keep thep-n junction operation temperature below the maximulfoveed value and avoid
premature or catastrophic failure of the devicee ieat losses are firstly conducted to the exterior
of the LED package throughout an included heat shNgxt, the heat is realised to the ambient
throughout convention and radiation. In some amgtlans the utilisation of an exterior cooling
system such as a heatsink is required to facilitatereleased of the heat to the ambient. Thus, the
main parameter characterising the thermal perfoceari an LED is the thermal resistance between
the p-n junction and the soldering-point. The variation @ junction temperature of the LED
influences the optical and electrical properties.

Other important parameters characterising LED oj@mnaare the temperature coefficient of the
forward voltage and the dominant wavelength tempeeacoefficient, given respectively by m\@
and nmfC. These coefficients show the interdependence éetwoptical, thermal and electrical
parameters. These parameters are responsible ficab@mnd spectral dissimilarities between
different LED types. AlinGaP LEDs (e.g., red, amlzerd yellow) are more sensitive to junction
temperature variations than InGaN-based LEDs (élgie, cyan, green and phosphor-converted
white). These thermal behaviour dissimilarities sepresented in Figure 5-11.
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Figure 5-11. Influence of the junction temperature;{Dn the light output and spectral power distriborni of AlinGaP
and InGaN-based LEDs.

The operation temperature of tpen junction influences the optical and electrical chaeristics of

an LED. Therefore thermal management is an impaérdapect to be taken into account at an early
design stage of LED engines. An LED is often mouht circuit board which is attached to a
heatsink. The simplified thermal model circuit atiee main equations are shown in Figure 5-12.,
where Rthya, Rthys Rthsp, Rthba represent the thermal resistances betwpenjunction and the
ambientp-njunction and soldering point, soldering point goldte, plate and ambient, respectively,
An LED luminaire will need, also, external opticecha driver.

, 1 TJ (p-njunction)

/! Rthyg || Lep
TS(SoIdering point)
' i i /7 Rt[‘gp PCB substrate
LT { Tp (Plate)

T, =T, + (Rthy, x Py) RthDA Cooling system
Rthy, = Rth;s + Rthgp + Rth, Ta (Ambient)

M
)
I
j
1
]
I
i
!
1
1
1
|
|
|
|
I
|
o

Figure 5-12. Simplified thermal model circuit of a LED placed arPCB.

The conversion efficiencies of incandescent andridscent lamps are limited by fundamental laws
of physics. A black body radiator with a temperawaf 2800 K radiates most of its energy in the
infrared part of the spectrum. Therefore, only ab®% of the radiation of an incandescent lamp is
emitted in the visible spectrum. Mercury dischafea fluorescent lamp occurs mainly at a UV-
wavelength of 254 nm. When UV-radiation is convdriato light with fluorescent powder, more
than a half of the energy is lost. A fluorescenniacan convert approximately 25% of the electrical
energy into radiant energy in the visible spectrum.

LED technology on the other hand does not haveigbtfthe fundamental laws of physics in a

similar fashion as the phosphor conversion in fesment lamps. Theoretically, it can achieve a
conversion efficiency of 100%. The luminous effigaaf a white light LED depends on the desired

wavelengths and color rendering index (CRI). Zukasset al. (2002) have calculated the optimal

boundaries for white light using two, three, fourdafive LEDs:

— 1,430 Im/W and CRI 3 using two LEDs
— 1, 366 Im/W and CRI 85 using three LEDs
— 1, 332 Im/W and CRI 98 using four LEDs
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— 12,324 Im/W and CRI 99 using five LEDs

Luminous efficacy of 400 Im/W is reachable with ¢ LEDs, but in that case the CRI will remain
under 50. Zukauskast al. (2008) have also shown that using phosphor-coedenthite LEDs good
color rendering can be attained at different cotemperatures, while maintaining luminous
efficacies relatively high (i.e., 250 to 280 Im/Wkuture lighting systems will require more
intelligent features. In this regard LED-based tigly systems have an important advantage due to
their easy controllability. Intelligent features mbined with the inherent high energy-saving
potential of LEDs will be an unbeatable combinatiora wide range of applications.

Advantages of LEDs:

— Small size (heat sink can be large)

— Physically robust

— Long lifetime expectancy (with proper thermal maaagent)

— Switching has no effect on life, very short rismg

— Contains no mercury

— Excellent low ambient temperature operation

— High luminous efficacy (LEDs are developing fastdatheir range of
luminous efficacies is wide)

— New luminaire design possibilities

— Possibility to change colors

— No optical heat on radiation

Disadvantages of LEDs:

— High price

— Low luminous flux / package

— CRI can be low

— Risk of glare due to high output with small lamgzsi
— Need for thermal management

— Lack of standardisation
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Figure 5-13.Examples of LEDs and LED modules.

5.3.2 OLEDs - Organic light-emitting diodes

Similarly to inorganic light-emitting diode, the ganic light-emitting diode (OLED) promises

highly efficient large area light sources.

Recent developments have reported luminous effésaof 90 Im/W at luminances of 1000 cd/m

with improved OLED structure combining a carefulljiosen emitter layer with high-refractive-
index substrates and outcoupling structure (Reinékedner et al. 2009). This efficacy level is

already very close to that of fluorescent lamps ethare the current benchmark for efficient and
high quality white light sources used in generghliing.

Hermetic encapsulation

Reflecting cathode

|
|
Transparent anode )'——l_

Transparent substrate

C] C] C]
Light
emission

Figure 5-14.Generic structure representation of an OLED.

‘ Organic emissive layer
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The basic materials of OLEDs are products of carbbamistry. Typically an OLED is composed
by one or several organic emissive materials sanded between two metal contacts (cathode and
anode) as shown in Figure 5-14. One of these caésithas to be transparent while the other has
reflective properties. Multi-layer-structures arepwsited onto transparent substrates like glass or
polycarbonate. Another essential difference is thatconduction properties of the materials do not
depend on doping as inorganic LEDs, but are instgdterent characteristics of the organic
molecule. White OLEDs have been made by piling ¢htkin layers, emitting the red, green and
blue light respectively. The special charactersti¢ OLEDs are:

— Light emission from large areas
— Simplicity of processing techniques
— Limited luminances (e.g. 1000 cdn

Applications range from lighting to flat-panel disys with high resolution. Transparent variants
(TOLEDs) may be integrated into car windshieldssimilar equipment to combine window and
display functions.

OLEDs are extremely thin with no restrictions oretsize or shape. The main advantages of OLED
technology are the simplicity of processing techugg, the availability of a wide range of organic
luminescent materials and emitted colors, and tlsspbility of producing large and flexible
surfaces. OLED technology has three specific chtaratics: transparency, flexibility and white-
light emission.

The energy efficiency potential of OLEDs is equdtligh as with inorganic LED technology. Both
technologies share similar problems such as thatively low external quantum efficiency.
Theoretically, internal quantum efficiencies close 100% are achievable by using phosphors.
However, to produce highly efficient devices, thdernal quantum efficiency has to be increased
by helping a larger fraction of the internally pnaced photons to escape to the exterior of the
device.

5.3.3 LED drivers

LEDs are making their entrance into the lightinglél using modern high-efficiency semiconductor
material compounds and structures. Solid-statetihgh (SSL), offers new possibilities and

advantages for the end-user. By using approprigtees, control strategy and LEDs, the qualitative
and guantitative aspects of the light can be fudbntrolled. Electronic drivers are indispensable
components for most LED systems and installatigks LED technology evolves, the possibilities
for new and more intelligent products increase dieenand for more specific features from the LED
drivers.

The LED chip has a maximum current density thatigtlonot be exceeded to avoid premature
failure. The cheapest and most basic way to drit#Ek is to use a constant voltage power supply
and a resistor in series with the LED to limit tbarrent flowing through it. The selected resistance
depends on the magnitude of the voltage sourgg)(\n the value of the LED’s forward voltage
and the forward current of the LED. However, thesusf limiting resistors is not desirable in
applications where reliability, accurate controldaalectrical efficiency are desired features. In
applications presenting small variations in the BQGpply voltage, the LED current will vary
considerably resulting in some cases in premataitare of the device.

Linear power supply (LPS) is an economical, simatel reliable way of driving LEDs. LPSs are
based on either integrated circuit (IC) linear rkegar or on bipolar junction or field effect
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transistors operating in the linear region. The rapien in the linear region is comparable to the
voltage-current characteristic of a resistor. The@est linear voltage regulator can be made from a
Zener diode operating in its breakdown region. TgbiDC/DC circuit stages of linear voltage and
current regulators are based on a commerciallylaibs 3-terminal adjustable ICs. LPSs are known
for their very low electromagnetic interference (BMTherefore, they do not require additional
filters. The low output ripple, excellent line ardad regulation and fast response times are also
important features. The main drawback is the heatImainly due to the operation of the linear
regulator and the resistors used in the voltagadeiv network. Off-line AC/DC linear power
supplies generally use transformers at the inpagetfollowed by the rectification and filtering
stages. The final stage includes a linear regulatoich is the key component in this type of power
supplies. Typical efficiency values range from 4@8055%, resulting in low power density and
bulky structure in most of the cases.

Switched-mode power supplies (SMPS) lack the maawthacks of linear power supplies and are
therefore the main solution to drive LEDs. Becal$eDs are DC components, just DC/DC and
AC/DC SMPS types are considered here. Efficiencypigally between 60 and 95%),
controllability, small size and low weight are th@nain advantages over the linear power supplies.
An SMPS can provide, if necessary, high currentg.(enore than 30A) at very low voltages (e.g.,
3V). Equivalent LPSs would be bulkier and heavigne main component of an SMPS is the power
switch. The power switch is basically a transistbat is used as an on/off switch. Typically, a
power switch should have low internal resistanceirmy the conduction time (i.e., on-time) and
high switching speed capability. The main lossesdue to switching and internal switch resistance
during the on-time.

In applications where the load voltage is higheartithe supply voltage, Boost DC/DC converters
offer a simple and effective solution. Boost LED\ars are often required when a string of several
series-connected LEDs are driven. In general, tbesb configuration provides greater efficiency
because of smaller duty cycle for a given outpuitage. Also, the conduction losses in the inductor
and other components are smaller. Buck, Buck-Bo@stk and Boost, are probably the most
common topologies found in SMTP LED drivers. Othepologies that allow isolated operation

such as Flyback and SEPIC (Single-Ended Primarydtahce Converter) are also used.

DC/DC Buck converters can provide simplicity, lowst and easy control. However, Buck-Boost
can be a more versatile solution when the inputage range overlaps the required output voltage.
SEPIC and Flyback topologies are useful in appiara where the output voltage falls between the
minimum and maximum input voltage. Additionally,eth provide full isolation between the input
and output stages. Though SEPIC topology outpersommequivalent Flyback topology in terms of
efficiency and EMI, Flyback topology continues te the most commonly used. One of the reasons
for this is the larger coupled-inductor size reguirby the SEPIC topology for operation in
continuous-current mode (CCM) at light loads.

The selection of the most appropriate topology tovel LEDs depends on the application
requirements (e.g., operation environment condgj@ystem input voltage, LEDs’ forward voltage,
number of LEDs and circuit array), standards andc#jcations. LED drivers intended for use in
commercial aircrafts or cars will have to be designaccording to specific standards and
requirements. To respond to the demanding apptioafieatures and requirements, practical
implementations make use of ICs or Application-Sfiedntegrated Circuits (ASIC) as switch
regulators or controllers.
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5.3.4 LED dimming and control

LEDs allow spectral, spatial and temporal contrbltlee light emitted. These features have been
unobtainable with conventional light sources. Cangntly, the emerging applications are bringing
important benefits to the lighting field. A majoyitof these applications require special control
features just achievable with intelligent batteradrivers. Intelligent drivers are usually basaual
ASICs switching microcontrollers which include praghmable flash memory (EEPROMS), several
on-chip Pulse-Width Modulation (PWM) controllers,DEs (analogue-to-digital converter) and
DACs (digital-to-analogue converter) channels.

Microcontroller-based LED drivers bring additiondlenefits such as operational flexibility,
efficiency, reliability, controllability and inteljence to the system. Microcontroller ICs provide a
long list of useful features such as built-in sefart, multi-channel from 8- to 64-bit DAC/ADC,
programmable input startup voltage, programmablgwcurrent range, shutdown mode, wide-
input-voltage range and short-circuit protectiomelfeatures also include thermal shutdown, multi-
PWM channels, possibility of synchronization witkternal clock, built-in switches, RAM, ROM,
and programmable flash memory (EEPROM) throughoatiad USART (Universal Serial
Asynchronous Receiver-Transmitter). In programmaivlierocontroller-based LED drivers the
processing speed is probably one of the most ingmirtaspects to be considered. The
microcontroller speed can limit the maximum switohpispeed and data acquisition in applications
processing information in real-time. The reasomekted to the full-cycle analyses of instructions
and the reading of variables. The reading speediven by Million of Instructions per Second
(MIPS) is a value provided in the datasheet.

In many LED applications, accurate and versatilenting of the light output is required. In
applications such as LCD backlighting, dimming paes brightness and contrast adjustment.
Dimming ratio or resolution is of paramount imparta, especially at low brightness levels where
the human eye perceives very small variations i@ light output. The LED is a current-driven
device whose light output and brightness are propoal to its forward current. Therefore, the two
most common ways of dimming LEDs utlize DC-curremontrol. One of the easiest
implementations makes use of a variable resistocdatrol the LED’s forward current. This
technique is commonly known as analogue dimmingwieer, voltage variations, power waste on
the variable resistor and color shift, make the lagae dimming method not suitable for more
demanding applications.

An alternative solution to analogue dimming is dégidimming which uses PWM of the forward
current. Dimming a LED digitally reduces signifidiythe color shift associated with analogue
dimming. Moreover, a LED achieves its best effiagmwhen driven at typical forward current level
specified by the manufacturer. Another advantage\WiM dimming over analogue dimming is that
a wider dimming range is possible. Ideally, with RAAdimming the LED current always stays at
nominal value during the on-time defined by theydaicle. By changing the duty cycle of the
PWM signal, the average LED current changes propoally. The selected PWM frequency should
be high enough to reduce or completely remove #rakg. Switching frequencies below 20 kHz
might result in acoustic noise, and below 100 He #ikely to cause visible flicker. Therefore,
special care has to be taken during the selectidheoperational switching frequency. However, a
trade-off has to be established between the outpple, the PWM resolution, the switching
frequency and the size of the inductor in ordeppiimize the overall operational performance of a
LED driver. High switching frequency will require small inductor size but the PWM resolution
will stay low. Low PWM resolution results in low erol accuracy and high output ripple.

In general, SMPS for LEDs operate in continuousdimtion mode (CCM) avoiding discontinuous
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conduction mode (DCM). The transition between th® tmodes defines the minimum duty cycle
value. The minimum duty cycle is a critical aspétterms of dimming resolution. Lighting control
protocols such as Digital Addressable Lighting hiee (DALI) and DMX512 use 256-step
dimming resolution. Such dimming resolution can dehieved with an 8-bit microcontroller. In
applications requiring high-dimming resolution sua$ in Digital Lighting Processing (DLP) and
Liquid Crystal Display (LCD) -based televisions, G dimming steps or more are required. In
RGB LED displays sophisticated LED drivers are negd to provide a high number of brightness
levels. The number of reproducible colors in thepday is proportional to the number of brightness
levels available for each of the RGB LEDs that malpea single pixel in the overall display.

For instance, in a 12-bit microcontroller-driven B&ED, one pixel is capable of reproducing 68.7
billion colors. High-dimming resolution is requirezspecially at low brightness levels where the
driver’s output current is low. In order to avoiddM a lower switching frequency has to be used.
That way the output ripple, the electrical stresstloe switch and the low efficiency associated with
DCM can be avoided. Ideally the PWM frequency slibloé chosen low enough to ensure that the
current regulation circuit has enough time to sliabi during the PWM on-time. The maximum
PWM frequency depends on the power-supply startogh r@sponse times. Last but not least, the
current linearity with duty cycle variation shoute taken into account when selecting the switching
frequency.

The manufacturers of LED systems want to make tigke of the great potential and characteristics
offered by LEDs. Thus, the optimization of the oakrsystem performance is always an aspect to
be considered. Electronic drivers are importantnponents in a majority of LED-based systems.
Relatively small improvements on the driver efficey often result in big improvements in the
system level efficiency. In order not to misuse avfethe great advantages of LEDs, their high
potential efficiency, the drivers should perforncaodingly. In applications involving power LEDSs,
the best efficiency performance is normally achgvaéth SMPS. SMPS are an ideal solution when
small size, light weight and efficient drivers arequired. The most appropriate topologies are
selected based on the type of LED clusters to beedrand on their operational requirements. IC
switching regulators, microcontrollers or progranii@amicrocontrollers are often being used in
LED drivers. Microcontroller-based LED drivers atemmonly used in applications where optical
or thermal control feedback loops are needed. Irstntases, this also requires a high level of
integration by combining optoelectronics with casiker and driver circuitry. This can result in cost
savings and reduction of the size of the produntsbme cases this might also result in a more
complex design affecting other properties such las product lifetime. With adequate thermal
management of LEDs, it is possible to reach lifeziexpectancies close to 100000 hours equivalent
to 11 years of continuous operation. Ideally, oraftbor integrated drivers should be able to match
the lifetime performance of LEDs. Digitally contiel SMPS are and will be indispensable
components of intelligent LED systems. However, thidisation of digitally managed SMPS for
LED driving have some limitations that need to beaft with. Among them are the processing
speed, inductor size, dimming resolution, commutica capability with other lighting industry
standards and driving capability for multiple outp@and/or LED strings. The power rating is also a
limiting factor when ICs with internal switch aresed.

In conclusion, the inconveniences associated wih wtilization of electronic drivers are mainly
related to the reduction of system reliability, irase in EMI, introduction of inefficiencies and
increase of size. The utilization of AC LEDs maydaédss the previous limitations at system level
and ease the adoption of SSL. Besides reducingykstem driving complexity, AC LEDs may also
minimize the complexities associated with DC cutreontrol. Additionally, system cost reductions
are also likely. The current and future demand ayh-end LED drivers has been fuelled by the

121



5 LIGHTING TECHNOLOGIES

competition between LED OEM and systems manufacturéhe current and future trend is to

include power conversion, control and intelligemreperties within a small number of chips using
the lowest number of external components. Conseatyethe required PCB size is reduced,

resulting in better reliability and allowing moreompact, efficient and low-cost power supplies.
Compact designs are usually possible with high slwitg frequencies due to smaller physical size
of inductors and capacitors required. Because thmradvantages of LEDs over conventional light
sources should not be misused, digitally managedepaupplies may be the best solution to drive a
broad range of LED systems both now and in thefeitu

5.3.5 LED roadmaps

The high energy-efficiency potential has been ohehe main drivers for the fast technological
development of LEDs during the last three decadasrently, the main R&D trends in the LED
technology have been the improvement of the efficie and increase of light output. The
acceptance of solid-state lighting in niche appimas such as horticultural lighting depends on
future improvements in conversion efficiency anghli output per package. The trend in LED light
output and light cost is continuing to follow theakiz’s law, according to which the evolution of red
LEDs in terms of light output increase by a factafr20 per decade, while the costs decrease by a
factor of 10 (Haitz, Kish et al. 1999).
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Figure 5-15. Evolution of the light output per LED package, cpst lumen (left); and white light LED package
efficacy targets (right). (DOE 2010, Haitz, Kishat 1999)

The luminous efficacy projections shown above fookwhite LEDs assume CRI between 70 and
80 at CCT located between 4746K and 7040K. The mmaxn expected efficacy for phosphor
converted cool-white LEDs with these characterssi& expected to clear surpass 200Im/W by the
year 2015. The luminous efficacy projections forrmawhite LEDs white expect values above
180Im/W. (DOE 2010)
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Figure 5-16. Targeted luminaire efficiencies at steady-stateragien of LED luminaires composed of phosphor-
converted white LED (left) and color LEDs (righfNavigant Consulting Inc., Radcliffe Advisors et 2009)

The main future developments at LED luminaire leeeé expected to be on external quantum
efficiency of the LED device followed by improvemisnof luminaire and optics efficiency.
Producing white light using color-mixing gives tigghest energy-efficiency potential at a system
level in comparison to luminaires using phosphomgerted white LEDs. An RGB LED luminaire
will be able to convert 55% of its input power intadiant power while a luminaire using white
LEDs will only convert 41% (Navigant Consulting IndRadcliffe Advisors et al. 2009).

5.4 Trends in the future in light sources

Currently there is a global trend to phase out fieednt light sources from the market through
legislation and voluntary measures. Commission Ragns (EC) No 244/2009 and No 245/2009
of 18 March 2009 implementing Directive 2005/32/Exodesign of Energy-using Products) of the
European Parliament and of the Council have satireqents for non-directional household lamps
and for fluorescent lamps without integrated balldsr high intensity discharge lamps, and for
ballasts and luminaires able to operate such lanfjp®se regulations will effectively remove
incandescent lamps, mercury lamps and certain imefit fluorescent and HID lamps from the
European market (Commission Regulation (EC) n. 2aa9, Commission Regulation (EC) n.
245/2009, Council Directive 2005/32/EC). Similagisiative actions are carried out around the
world: Australia has banned the import of incandegdamps from February 2009, and USA has
enacted the Energy Independence and Security ARDO# that phases out incandescent lamps in
2012-2014. Also other countries and regions havened, are on their way to ban, or are
considering banning inefficient light sources.

Electroluminescent light sources

Further technological developments on electrolumoeat light sources are forecasted. These
developments involve improvements in the devicecafhcy, light output and cost of lumens per
package. The referred developments will enlarge plssibilities of electroluminescent light
sources being utilized in applications dominatedilumow by conventional lighting technologies
such as high-intensity discharge lamps. Improvenoargxternal quantum of inorganic LEDs is one
of the main technological development goals of @bdotronic and lighting industry. Additionally,
semiconductor material structures have to be imedoin order to address the effects known as
“droop’ and “green holé These limitations are related with the decreadight output at high
currents and the low efficiency of LEDs emitting the green region. Nowadays the applications
involving LEDs are innumerable and the applicati@rieties impose a clear demand on design of
controllable LED drivers. At luminaire level, coolters and drivers are becoming indispensable
components. As the LED technology continues to eeplthe possibilities for new and more
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intelligent products or systems based on intelligeontrollers and drivers is expected to grow.

OLEDSs bring new and different illumination possib#s than inorganic LEDs to the lighting field

due to the large emitting surface and slim profilae to the fact that OLEDs are relatively more
recent technology than inorganic LEDs, their etfiocy performance still lags behind. Similarly to
inorganic LEDs, improvements on internal quanturficegncy and light extraction are required in
the future. Especially efforts have to be placedio® improvement of the efficiency of blue OLED
emitter. Before a significant market penetratiom ¢ake place, the lifetime of OLEDs is another
important aspect to be improved.

Future developments in the solid-state lightinddiare difficult to predict. However, the trend is
towards the increasing and gradual adoption of tieshnology to replace conventional light
sources, like the transistor replaced the valvthapast.

Discharge lamps

A special concern of all discharge lamps workingttwphosphors (fluorescent lamps, barrier
discharge lamps etc.) is the conversion from shatelength to long-wavelength radiation. One
UV-photon generates at most one visible photonil tmdlay. For example, the photon energy in the
middle range of the visible spectrum accounts &8sl than 50% of the photon energy of the main
Hg-resonant-line (254 nm) and only 30% of the Xe@naer radiation. It is expectable in the future

that luminescent materials will be able to converte short-wavelength photon into two long-

wavelength photons inside the visible spectrumaagi

Another problem of most discharge lamps, with tixeeption of low pressure sodium and barrier
lamps, is the use of mercury. From the point ofwief plasma physics, Hg is the ideal buffer gas,
but on the other hand, a perfidious environmentatin. Practicable countermeasures are the
systematic disposal of discarded lamps or a suligiit of Hg. There exist few potential mercury
free alternatives to current HID including metallida lamps using zinc iodide as a substitute for
mercury, and mercury-free high-pressure sodium BRigNEP 2008). OSRAM has recently
introduced mercury free HID-headlamp system withrf@enance comparable to xenon lamps
containing mercury (OSRAM 2009).

A disadvantage of high pressure discharge lampgse@ally for indoor applications, is the long
warming-up period. By special electronic ballasigwva boosted power starting phase and modified
lamp fillings, it is possible to considerably shemt this time. Such systems have already been
realized for 35 W gas-discharge car headlamps. WNeECE regulation No. 99 (UN-ECE 2009)
demands these lamps to reach 80% of the final l@usflux in 4 s after ignition.

5.5 Luminaires
551 Introduction

The discussions on phasing out the incandescenttgh&lamps and new findings on the effects of
light on human well-being and health have increaged public awareness of lighting. Beside the
lamps, luminaires are important elements in liggtimstallations, and their quality defines the
visual and ecological quality of the whole lightimg large part. During the last two decades, the
development of lighting engineering has been dribagrcomputerization of research and design of
both luminaires and lighting systems, by wide ugeslectronics in products and control systems,
and by application of new structural and lightingtarials.

Nowadays, one of the main future trends in lightinglustry is to offer products which are
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adaptable to the changing needs of the users, dndware energy efficient and ecological at the
same time. These luminaires have to be integratettheé building management systems (or other
control systems). Undoubtedly, the strongest trandluminaire industry is towards LED-
luminaires. New manufacturing and material techgas like high-reflectived > 98%) reflectors
and complex surface techniques allow completely heminaire concepts. Additionally, LED is
revolutionizing the whole lighting industry by chging it from a sheet metal forming industry to a
high tech electronic industry.

552 Definition of a luminaire

A luminaire is a device forming a complete lightingpit, which comprises of a light source and
electric operating devices (transformer, ballaginitor, etc.). It also includes the parts for
positioning and protecting the lamp/s (casing, feoJdwviring), and connecting the lamp/s to the
power supply, and the parts for distributing thghli (optics). The function of luminaire (if not a
pure decorative fitment) is to direct light to desi locations, creating the required visual
environment without causing glare or discomfort. c@king luminaires that efficiently provide
appropriate luminance patterns for the applicai®@an important part of energy efficient lighting
design.

Different lamp technologies require different luraire construction principles and features. For
example, a metal halide lamp HCI 150 W (extremehhgpwer density, very small, luminance 20
Mcd/n?, bulb temperature ca. 600°C) compared to a T8rBgoent lamp HO35W (diameter 16mm,
1.5m length, surface temperature 35°C, luminanc8020cd/nf) require completely different
luminaire types.

Figure 5-17.Example of a technical luminaire (circular fluoremtt, secondary radiation technique, high quality
shielding).

Luminaires can be classified by their differenttigr@s such as:

— Lamp type (incandescent, tungsten halogen, FL, GHD,etc.)

— Application (general lighting, downlight, wallwasheaccent light,
spotlight,etc.)

— Function (technical, decorative or effect luminaiye

— Protection class (e.g. ingress protection IP-code)

— Installation (suspended, recessed or surface-mdufiiee standing, wall
mounted, etc.)

— Type of construction (open, closed, with reflectarsl/or refractors,
high-specular louvers, secondary optics, projectets).
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: il
Figure 5-18. Technical luminaire — louver grid. Figure 5-19. Decorative luminaire.

Technical luminaires are optimized for a certaimdtion (e.g. a special luminous intensity
distribution according to the task, prevention darg, etc.), whereas decorative luminaires are
designed with the focus on aesthetical aspects.

5.5.3 Energy aspects

The luminaire is an important part of the electiyeluminance — chain (lamp including ballast,
luminaire, room). It is decisive for the energy ieféncy of the lighting installation. The energy
efficiency of a luminaire fLuminaire IS Characterized by the light output ratio (LOR)hich is given
by the ratio between the total luminous flux of tlenp when installed on the luminaire, (minire)
and the lamps alone&p(amp).

¢"Lu minaire

NLuminaire = Tmp =LOR

.

+ ~+ 2

High specular Electronic balast T5 lamp 16mm daylight dependant
louvers EVG dimming

T8 lamp 26mm

Figure 5-20.Historical development of linear fluorescent lanymiinaires regarding energy consumption.
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The efficiency of a luminaire depends mainly on thamp type, control gear and optical

components (defining the optical efficiency). Thewngeneration of linear fluorescent lamps, the
T5 (diameter 16mm), together with high frequencyldms, allows us to increase energy efficiency
and decrease the costs at the same time, compartdetold magnetic ballasts and T12 and T8
technologies. New generations of lamp of CFL, hmglessure sodium, metal halide and IRC
incandescent lamp types, have been introduced.theg&ith the appropriate luminaire technology
and lighting controls they can reduce energy constion of lighting significantly.

The development of high reflective surfaces (higieaular or diffuse reflectance) for lighting
purposes, of complex surface calculation method$ ehnew manufacturing technologies (e.g.
injection molded plastics with Al-coating) has ingwed the efficiency (light output ratio) of
luminaires reaching 80% or more. The developing L&EDBhnology will also continue this trend.
Thus, the technical potential for energy savindntigg solutions is already available. Adoptingst i
only a matter of time and application. 80% - 90%tlé current lighting installations are older than
20 years. The replacement of these inefficient tilgl installations with energy efficient
components (lamps, control gears and luminairesyipes a huge energy saving potential. With
this strategy, in parallel, the lighting qualityad be improved.

554 LED Luminaires

LEDs will revolutionise the lumininaire practicesé market in the near future. The long lifetime,
color mixing possibility (flexible color temperatairTy), spectrum (no infrared), design flexibility
and small size, easy control and dimming are theelies of LEDs. These features allow luminire
manufacturers to develop new type of luminires aesigners to adopt totally new lighting
practices. Further benefits include safety due dw-loltage operation, ruggedness, and a high
efficacy (Im/W) compared to incandescent lamps. Daiehe low prices and high lumen output,
fluorescent lamps are the most economic and widslgd lamps. Today, more than 60% of the
artificial light is generated by this lamp type @£2006) Compared to fluorescent lamps, LEDs are
expensive (costs/lumen output) and offers todayuatmower light output per one unit.

The gap between conventional light sources and LED¥ecreasing but still exists at the moment.
In residential lighting incandescent and tungstafogen lamps are the most widely used lamps in
spite of their very low luminous efficacy and shdifetime (<4000h). LEDs are an economic
alternative to incandescent and tungsten halogemp$a Up to now, the LED general lighting
market has been mainly focused architectural lighting

|
\

N

PN

Figure 5-21.LED Downlight.

Other barriers for mainstream applications of LE&e the missing industrial standards (holders,
controls and ballasts, platines, etc.), the requispecial electronic equipment (drivers, controls),
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short innovation cycles of LEDs, and required speopptics different from the conventional metal
fabrication. The spectral distribution and integsitf the LED radiation depends strongly on its
temperature, LEDs being much more sensitive to leeaditions than conventional lamps. It is
therefore essential to care for an optimal heatgpmrt to keep the LED’p-n junction temperature
as low as possible.

LEDs of nominally the same type may have a wideesgpr in their radiation features (production
tolerances). They are therefore grouped in so dabienings, i.e. they are graded in different
classes regarding luminous flux, dominated wavelerand voltage. For applications with high
demands on color stability, it is necessary to cemgate and control these production and operating
tolerances by micro controllers to reach predeficetbr features (spectra). All these features and
requirements make the development of an LED lunmaai highly demanding task. Following the
actual LED performance forecast, white LED lightimgl soon outperform some traditional lamps
with superior lifetime, decreasing prices, and gasing luminous efficacy, which opens the way for
LEDs in a broad field of applications. Due to thentinuous spectrum of white LEDs, it is the
perfect lamp for replacing incandescent and haldgewps. LEDs need to be equipped with special
electronics and optics and this will create a wholw industry for LED luminaires. One of the
challenges will be the maintenance of LED luminaire

New findings regarding biological effects (e.g. m@enin suppression) of light and the influence of
light on health (e.g. shift working) generate agrn@asing demand for innovative lighting that gives
better control over the spectrum, distribution, anténsity of light. This creates demands for LED
applications in general lighting and for luminaimenufacturers.

5.6 Network aspects
Description of phenomena

Contemporary electric lighting systems are soumfeseveral electro-magnetic phenomena, which
exert influence on the supplying network as wellather electric energy users and cannot thus be
neglected. The most important are: harmonics amdgower factor. The sources of harmonics are
(Armstrong 2006, Henderson 1999):
— Lighting systems due to the discharge plasma.
— Saturation of transformers in low voltage systems.
— Electronic dimmers and voltage reduction circuits.
— Ballasts inhigh-frequencyfluorescent lamps (actually single-phase ac-dc
switch mode power converters).
— Low voltage halogen lighting powered by so-calledeatronic
transformers (Armstrong 2006).

The current waveform of a compact fluorescent lar@@BL) and its spectrum (Figure 5-22), the
current waveform of an AC supplied LED lamp witts ispectrum (Figure 5-23) and the current
waveform of anelectronic transformersupplying a halogen lamp (Figure 5-24) are present

below.
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Figure 5-22.Current of a 20W CFL FLE20TBX/827 (GE) lamp anddfsectrum.
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Figure 5-23. Current waveform of a 0,9 W AC driven LED lamp @®0des) and its spectrum.
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Figure 5-24. Primary current waveform of an electronic transfanmsupplying a 50W halogen lamp.

In Figure 5-25, for comparison, the current wavefasf an incandescent lamp is presented.
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Figure 5-25.Current waveform of the 20W incandescent (standkmatp.

From the figures presented above, it can be seanttie currents supplying lamps with electronic
elements (ballasts, suppliers, and controllers)natesinusoidal and that their spectrum includds al
odd harmonics. The power factor (PF) of these langpkw. For the compact fluorescent lamp
(Figure 5-22) PF is equal to 0.64 and for the A@plied LED lamp (Figure 5-23) it is 0.26.

Single phase converters emit significant levelgtofd harmonics, which are a particular nuisance
because they are added linearly in neutral condacamd in zero-phase transformer flux causing
additional heating of cables. Total neutral curréntmodern offices) can be as much as 1.7 times
greater then the highest phase current, while thilellmg neutrals are not fused (Armstrong 2006).

In the domestic sector, most houses do not havgeldéinree phase lighting circuits, so the above
mentioned problems do not occur. However, the tytiinust be designed for such circumstances, if
the estimated load in a given district is predonmittya discharge lamps lighting. The design of the
utility in an electric domestic reticulation systesmould reflect this when calculating the After

Diversity Maximum Demand (ADMD) value for each haus

When electric water heaters and stoves are instatkxjuiring high currents, the lighting loads will
be relatively low and the effect of harmonics ore treticulation system will be small (Henderson
1999). Harmonic currents may contribute to failures power system equipment. The most
common failures are (Henderson 1999):
— Overheating of the power capacitor due to higherrents flowing at
higher frequencies.
— Power converters failure induced by incorrect shihg and causing the
malfunction of the unit.
— Failure of transformers and motors caused by owarhg the windings
due to harmonic currents and higher eddy curramtié iron core.
— Higher voltage drops because of additional lossas the supply
conductors due to the skin effect of the high hanms.
— In communication systems, the cross-talk effecthia audible range and
in the data link systems.
— Effects on metering if the harmonics are extremd aray cause relays to
malfunction.
— Malfunction of the remote control system in the keu(e.g. harmonics
have been known to cause the television set to gharhannels or the
garage door to open).
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In the houses that run on non electric energy sesifor cooking, heating water and for central
heating, the lighting load will be a high propomicof the maximum power demand. With the
introduction of CFLs in those situations the harrnwocontent of the network will be high. Therefore
the effect of the harmonic currents on the transfers must be calculated using the formula for de-
rating where the harmonic distortion levels areh@gthan 5%. For a typical installation with a
large number of CFLs on a small transformer, tremgformer would have to be de-rated to 88% of
its full load current or its rated kVA. The currem¢duction using CFLs instead of incandescent
lamps is a 80% reduction of load (e.g. from 100 W.S5to a 20 W CFL), which now must be
adjusted back by 12%. The saving on the transforwauld be 0.88 x 0.8 = 0.72 per unit, or 72%
reduction in load. The transformer would be ablesigpply 3.5 times more CFLs lamps than
incandescent lamps, which must translate into eukgtion cost saving to the utility (Henderson
1999).

Stroboscopic effect occurs when the view of a mgvobject is represented by a series of short
samples, and the moving object is in rotationabtrer cyclic motion at a rate close to the sampling
rate. This effect is observed when fluorescent lamyith magnetic ballasts are installed. The
stroboscopic effect can be eliminated by using lamyith electronic ballasts which usually change
the frequency of the power from the standard méiagquency to 20,000 Hz or higher. Electric and
electronic equipment in buildings generates elenagnetic fields. The health aspects related to
electro-magnetic fields are discussed in ChaptémBd standards and recommendations connected
with electric and electromagnetic aspects are diesdrin chapter 4.3.7.

Risks and opportunities

The harmonics of different manufacturers of CFLg afightly out of phase, and then the total
network harmonics can be smaller if a variety of LGFare installed in the community. The

cancelling effect is small and it is difficult faa utility to control (Henderson 1999, IAEEL 1995).

Henderson has given the measurements of harmongnituales and phase angle of some CFLs.
(Henderson 1999)

Modern appliances have good designs or filterstop $he harmonics going back into the network.
Filters are usually network of inductors and capars that resonant at the harmonic current
frequency and, accordingly, reduce the magnitudeth® harmonic currents. The filters are
effective, however when they are connected to teevork, a harmonic generated elsewhere on the
system will find the filter. The result will be thahe correcting filters of another user may filter
harmonics generated by a different user. The CHiessaall users of energy and the filters would
naturally be small. When these are connected tarty dystem (system with harmonic currents),
they will try to filter the harmonics from other ass and, consequently overheat, causing the failure
And therefore, CFL failures have to be monitoredtbg utility to determine if the supply to an area
is the cause of failure (Henderson 1999).

The total harmonics distortion (THD) of CFLs is higbut similar to that of other domestic
appliances. The use of filters in the CFLs may @escessive lamp failures because the filters
would attempt to reduce the harmonics created lheoequipment. The LEDs must be supplied
with appropriate current. This can involve shurgistors or regulated power supplies. Some LEDs
can be operated with an AC voltage, but they willielight only with positive voltage, causing the
LED to flicker at the frequency of the AC supplyhik causes different solutions of LED drivers
and diodes configurations which provide to self-©aling harmonics within the single LED lamp
(Freepatentsonline 2004)

The best way to reduce electromagnetic fields mugding all lighting equipment. The profitability
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of the special networks for lamps, computers antieotappliances should be individually
considered for buildings. For example, applicatmmDC networks might simplify suppliers (one

main transformer instead of the individual transfers for every device). This would ease the
power factor compensation and harmonics reductamd, increase efficiency of the whole electric
installation and its appliances.

5.7 Hybrid lighting

571 Introduction

An integrated lighting system utilizing both daytigand electrical lighting is called here a hybrid
lighting system.

DEIEIIT Electrical lighting system el
system system
H

ybrid luminaire

Figure 5-26.Hybrid (integral) lighting system overview.
A hybrid (integral) lighting system usually conssif the following major elements (Figure 5-26 ):

— A daylighting system (provides natural light to thHeybrid lighting
system)

— An electrical lighting system (provides artificiggiht, if it is required)

— A lighting control system (enhance the energetidgenance)

— A hybrid luminaire (integrated lighting delivery siem for both daylight
and electrical lighting)

— Transportation modules (in special cases)

5.7.2  Energy savings, lighting quality and costs

Daylight is a free and sustainable source of lightl the supply of daylight is typically at its higt
during the hours with peak electrical energy loadsually, there is enough daylight to meet the
demand for lighting of a building during most ofe¢hworking hours. Daylight is, however, also
associated with negative factors such as glare ianckased cooling loads. The challenge is to
control daylight in a way that the light is utilidewithout glare, and the heat is kept out. Studies
have shown that benefits of daylighting are notyomhergy savings but also improved satisfaction,
motivation of the occupants and productivity of twerkers (Hartleb and Leslie 1991, Figueiro et
al. 2002).

Costs can be reduced by integrating the componamdsutilizing the same materials for capturing,

transportation and delivery of daylight and elewdti lighting. Costs can also be reduced by
combining the control systems for daylighting aniéatric lighting. In order to achieve cost-

132



5 LIGHTING TECHNOLOGIES

effectiveness over its lifecycle, a functional higbrsystem needs to be combined with an
inexpensive actuation system. Its design has to cbhenpatible with standard construction
techniques.

5.7.3 Examples

Hybrid Solar Lighting (HSL)

Daylight is collected by a heliostat (sun trackifight collector). A transportation system (here:
optical fibers) is used to distribute the collectdhlight throughout the building interiors.

N

Figure 5-27.Hybrid Solar Lighting. lllustrations from Oak Ridd¢ational Laboratry.

Lightshelf systems

Daylight is collected and distributed to the cegiby a reflector (lightshelf) positioned in the wgp
part of the window, completed by an integrated #&iedighting.

Figure 5-28.A prototype of the Daylight Luminaire. Upward refted sunlight as well as electrical light can beege
on the wall to the left of the luminaire.

Lightpipes

Sunlight is collected by fixed mirrors or by suratking mirrors (heliostats) and transported inte th
building through lightpipes which can also trandpand distribute the electrical lighting from a
centrally located electrical light source.
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Figure 5-29.Pictures from an Arthelio project installation ind8lin. The heliostat on the roof supplies the ligfipe
with concentrated sunlight (left). An electricaglit source supplies the light pipes with electritght when needed

(right).
5.7.4  Summary

Hybrid (integral) lighting systems (not to be cos@d with daylight systems) are niche applications,
their market penetration is too small to play aer@h lighting and energy, but they attract attentio
thus they are important signs increasing the awassmf energy and daylighting.
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6 Lighting control systems

6.1 Introduction

A building can be compared to a system with a vigrigf physical processes interacting with each
other and with the environment. From the controlmpaf view, it is considered as having multi-
variant dynamic subsystems showing linear or noedrr behaviours. Environmental and occupancy
changes in a building increase the complexity oftcol operations. Occupants not only impose
control goals related to thermal comfort, visuahdort or indoor air quality but also influence the
building processes impacting indirectly on the @ohfunctions of the different processes (HVAC,
lighting, etc.).

Due to the increase of environmental concerns tiighcontrol systems will play an important role
in the reduction of energy consumption of the ligigt without impeding comfort goals. As
mentioned in the IEA Annex 31 (IEA 2001), energytlse single most important parameter to
consider when assessing the impacts of technicslesys on the environment. Energy related
emissions are responsible for approximately 80%aiofemissions (IEA 2001), and central to the
most serious global environmental impacts and hdsancluding climate change, acid deposition,
smog and particulates. Lighting is often the latgasctrical load in offices, but the cost of lighg
energy consumption remains low when compared &parsonnel costs. Thus its energy saving
potential is often neglected. According to an IEAIdy (IEA 2006), global grid based electricity
consumption for lighting was about 2650 TWh in Z)@vhich was an equivalent of 19% of total
global electricity consumption. European office ldings dedicate about 50% of their electricity for
lighting, whereas the share of electricity for ligig is around 20-30% in hospitals, 15% in
factories, 10-15% in schools and 10% in residertiigldings ( EC 2007).

Low Energy Building

|

Occupant g Integration )

Figure 6-1. Low energy building concept.

The human requirements and the quality of the wagkenvironment are often expressed in terms of
thermal and visual comfort. The optimal conditiooisthermal comfort can be easily described as
the neutral perception of the interior environmemhere occupants do not feel the need for change
towards warmer or colder conditions. Visual comfdrdowever, is not described easily. Rather than
referring to a state of neutral perception of tierior environment, it is perceived as receiving a
message. Aspects such as daylighting, glare, lunt@aatios, light intensity and contact to the
outside have their influences on our perceptionistial comfort.
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To fulfill the the requirements about comfort andeegy efficiency, building managers have
implemented programs to reduce lighting energy nexuents by installing more efficient light
sources and luminaires. However, this is not sigfit. Lighting energy management has to provide
the optimal lighting level for the tasks being parhed using the most efficient light source suitabl
for the application, and providing light only whemd where it is needed. This can be achieved by
using lighting control strategies and lighting catsystem. The main purpose of these systems is to
reduce energy consumption while providing a productisual environment. This includes:

— Providing the right amount of light

— Providing that light where it's needed

— Providing that light when it's needed

In fact, lighting control will depend on the congiced zone. Thus, it is necessary to define the
following factors beforehand:

— The lighting needs (level of illumination, ambienetc.)

— The task zone/area (position, size, dispositioo.,)et

— The occupation time

— The control needs of the user

6.2 Identification of the lighting control needs

Development of a questionnaire for users
Lighting control is continuously evolving due todltonstant evolution of requirements for visual
comfort and the increasing demand for lighting igyesavings. But there is often a lack of a clear
identification of the needs. Annex 45 proposes hgra questionnaire in order to help the designer
to identify the needs so that optimized solutioas de adopted. Note that the identification of the
person answering the questionnaire is useful toeustdnd the needs : a building energy manager
pays more attention to the energy consumption dred énergy savings than the occupant. The
questionnaire available in appendix B should previtformation on:

— The different practices within the building

— The perception of the control barrier’s

— The needed control type

— The controlled area

— The flexibility and modularity of the lighting coral system

For example, the identification of the usages hehpes designer to understand the way he has to
design the installation. In a school, an On/Off teys coupled with daylight dimming may be
adequate but in some offices, it could be necessargo one step further by integrating more
advanced techniques. Similarly, asking the percepof the people on the barriers of lighting
control may give information about the type and liyaof lighting control system that can be
applied (basic On/Off switching system, advancedligat dimming system, etc.). It is also
important to collect information about:

— Flexibility and modularity of the lighting systemhich gives information
about the future affectations of the building. Fesme buildings (e.g.
rented offices) light structure walls are displaceshd spaces are
reorganized regularly. A change of the lighting tmhsystem then has to
be possible and easy.

— Maintenance scheme and needs.
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6.2.1 Specification book
The building owner needs an efficient lighting sy

An objective evaluation of a system requires th&ndgon of performance parameters. In addition,
it depends on baseline conditions to which the @eniance should be compared. Performance
parameters include:

— Visual performance and comfort

— Building energy use

— Cost effectiveness

— Ease of use

— Maintenance

— Flexibility (versatility)

— Existing building constraints

— System stability

— Systems integration

An optimal system performance needs not only tahea good performance with respect to saving
electrical energy, but also to be accepted by thd-eser. The end-user may be disturbed by the
operation of the system and disable it. A high uaeceptance guarantees undisturbed operations
and consequently energy savings. Existing buildingse specific constraints and requirements.
There is a need to analyze the existing lightingteyn and to determine the upgrade possibilities
considering the technical and economical constsaimterefore, an audit of the existing lighting
installation is necessary. Advanced control recaiieéements such as electronic dimmable ballasts
and distributed electric indoor grids. Similarlyaet use of wireless technologies (switches, sensors,
etc.) is a suitable solution for retrofit so thaetplacement and exploitation costs can be limited.

The occupant needs to control the system

Within the limits of comfort, it is difficult to déne exactly what the needs and priorities of the
occupant are. They vary from one occupant to anpthied also with time for the same occupant.
For instance, some occupants may be concerned leyggnsavings, and some prefer better
algorithmic lighting scenes even if it requires ra@nergy and generates higher costs. Therefore, it
is recommended that the occupant should have thesipidity to change the system’s behaviour
according to his will.

The occupant needs to understand the system

The user acceptance of a lighting control systerbagier if the system and its working principle
have been explained. On-site visits by practitierend informal discussions with end-users showed
that about 90% of them accept the system operafiaghey know/understand what its aims and
working principles are. It has also been demonstiahat occupants react to a need (a specific
condition) but not necessary to the disappearamtei® need. For example, if an occupant switches
on the lights due to a sudden obstruction of the,gbe probability that he will switch off when the
high daylight levels have turned low.

The lighting control system must be easy to use

The usability of the system must be defined to a&ddrall the types of users (building operators,
occupants, facility managers, maintenance teanssaliers, etc.). Usability expresses the quality of
the experience of an user when interacting witlystem.
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It is the combination of factors affecting the exigace of the user with the product or system:
a.Ease of learning
— How quickly can an untrained user learn to opethtesystem sufficiently
well?
b. Efficiency of use
— How well and fast can an experienced user carry tasks using the
system?
— What about the required time for servicing and nt@ivance ?
c. Error frequency and severity
— How often do users make errors when operating yiséesn?
— How severe are these errors and how easily can beeyletected and
corrected?
d. Subjective satisfaction
— Does the user feel comfortable with the system ?
— Does the user feel that using the system bringsaaiwantages ?
— In what way does he interacts with?
e.Maintenance
— What about determination and implementation of thmintenance
schemes ?

6.3 Suitable Lighting Control Strategies
6.3.1 Introduction

Lighting and lighting control represents a sign#it contribution to the energy consumption of
building. In order to estimate the lighting energgnsumption and related impact of controls the
simplified equation from the European standard E3493 could be used:

W=W +We, (KWh) (6-1)
Where

W - Total energy used for lighting the amount of energy consumed in period t, by the
luminaires when operating, aparasitic loads when the luminaires are not opegat
in aroom or zone, measuredkiVh.

W - Energy consumption used for illumination - th@aunt of energy consumed in
period t, by the luminaires ttulfill the illumination function and purpose in é
building, measured in kWh.

Wp ;- Luminaire parasitic energy consumption - thegsatic energy consumed in period
t, by the charging circuit ofmergency lighting and by the standby control system
controlling the luminaires, meared in kWh.

AP X F)x [ xF Py )+ 1 X o))
W, Z 1000 (KWh) (6-2)
Where

tp — Daylight operating hours.

tn - Non-daylight operating hours.

P, —Total installed lighting power, measured in watts

Fp -Daylight dependency factor - factor relating the&age of the total installed

lighting power to daylight availaility in the room or zone.
Fo - Occupancy dependency factor - factor relating tisage of the total installed
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lighting power to occupancy pexdn the room or zone.
Fc - Constant illuminance factor- the factor relatitogthe usage of the total installed
power when constant illuminancertrol is in operation in the room or zone.

The estimation of the parasitic energyH) required to provide charging energy for emergency
lighting and for standby energy for lighting conlsoin the building is established using the
following equation:

{{Ppc X |.ty - (tD +iy )j}+ (Pem Xte)}

W, =Y o (kWh) (6-3)

Where

ty - Standard year time - time taken for one standegakr to pass, taken as 8760h.

tp — Daylight hours - the operating hours during tteg/light time.

tn - Non-daylight hours - the operating hours durthg non-daylight time.

te - Emergency lighting charge time - the operatirayrs during which the emergency lighting
batteries are being charged in hours.

Pyc - Total installed parasitic power of the contralsthe room or zone - the input power of all
control systems in luminaires in the roomzmne, measured in watts.

A detailed description of these equations is giveAnnex 4 : EN 15193.
The reduction of the energy consumption is posshifeplaying on the different elements of the
equations, for example:

— The installed power can be reduced by using low stonption light
sources and efficient control gear (electronic &st$, electronic DC
transformer, etc.).

— Daylight dimming can lead to an important reductioh the energy
consumption by adjusting the light flux smartly acding to the daylight
level. This is what is done by the;pparameter.

— Operating hours can be reduced by adjusting lightaccording to
predicted or real occupation strategies throughRhearameter and the
amount of working hours (t and ¢). In fact, only a fraction of a
building’s lighting system is required at any givéme. Lights frequently
are left on in unoccupied places where there isrmamd for lighting
Through the reduction of the,ttp and 5 values, energy savings can be
calculated.

The first lighting controls level, also the mostdely used, is the manual switch to put on or off an
individual luminaires or a group of luminaires. Bhtype of control is not robust enough with
respect to energy efficiency as it relies solely the behaviour of the occupants who are not
necessarily concerned by energy savings, espednthe tertiary sector buildings. Lighting control
strategies provide additional cost-savings througdl time pricing and load shedding. Reducing
lighting power during electricity peak-use periogben energy rates are at the highest can also be
achieved through a Lighting Management System (LMS)

Lighting Management Systems allow building operatto integrated lighting systems with other

building services such as heating, cooling, vetibla in order to achieve a global energy approach
for the whole building, in particular for green lding or an energy-producing building.
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Energy efficiency of lighting control systems depeon the strategies implemented as presented in
figure 6-2.

Energy Efficiency

PlkW] ™ Visual comfort Athermal comfort A Thermal consumption ™

P[kW] ™ Visual comfort A

Blinds

Daylight Harvesting and
Constantilluminance control PIkWI™, T[HI]™
strategies

(DHCS, CICs)

Predicted or real control strategy

TIHr] N
(PoOCS, ROCS)

No control-Low Consumption Lamps

PIkWI]N
(LcL)

No control, classical lamps
Figure 6-2. Relation between control strategy and energy &fficy.

6.3.2 Predicted occupancy control strategy

The Predicted Occupancy Control Strategy (POCS)sed to reduce the operating hours of the
lighting installation. It generates energy savitgsturning lighting on and off on a preset dailyne
schedule. Schedules usually vary on a daily basisoaling the building occupancy. By
automatically turning off lights at a preset tim#he systems assist building operators /facility
managers to avoid having the lighting be on durimgoccupied hours, mainly at night and at
weekends. Different schedules can be programmediftarent areas of the building based on the
occupant needs.

Turn OFF

Controller scheduler
D bmw

Figure 6-3. Time scheduling control scheme.

The time scheduling control strateggnables switching on or off automatically basea tome
schedules and occupancy patterns for different gomeventy-four hour timers allow the occupants
to set certain times for lighting. The timer is s&i switch lighting on during occupancy.
Measurements have shown that the best energye@itisiolutions are combining the use of a cut off
system with a manual switch on system; potentiaingaare between 10 and 15% (without
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daylighting) (Floyd et al. 1995, Rundquist et &D96). Note that the gain may be more than 50%
in case of 24 hours lighting (Maniccia et al. 199831 2003).

This strategy is used most widely in applicationisese building occupancy patterns are predictable
and follow daily and weekly schedules like classr® meeting rooms and offices.

D e

Controller @ Larnp

Outdoor daylight sensorb
Figure 6-4. Dusk dawn control scheme.

The Dusk or Dawn control strategis a type of predicted occupancy strategy baseduwnrise and
sunset which can be calculated for every buildiogdtion. Light is switched on automatically when
it gets dark, and off when there is enough dayligfttis control type is not often applied for indoor
lighting but is very efficient for atriums with gabdaylight availability or for glazed corridors
linking buildings. This strategy is not necessaalghieved with an outdoor daylight sensor. The on
and off hours can be provided by a scheduler.

6.3.3 Real occupancy control strategy (ROCS)

Real Occupancy Control Strategy limits the openmatione of the lighting system based on the
occupancy time of apace. In opposition to the predicted occupancytrabnt does not operate by a
pre-established time schedule. The system detebenwhe room is occupied and then turns the
lights on. If the system does not detect any atiin the room, it considers the room as unoccupied
and turns the lights off. To prevent the systemnireurning the lights off while the space is still
occupied, a delay time (ranging typically from @15 minutes) can be programmed.

Occupied
Non Ocect

SO ELL pied

T
@ Occupancy sensor

Figure 6-5. Occupancy control scheme.

Real Occupancy Control Strategies are best usagjhications where occupancy does not follow a
set schedule and is not predictable. Classic apgtibns include private offices, corridors,
stairwells, conference rooms, library stack arest®rage rooms and warehouses. The savings
potential of real occupancy control varies widetgrh 20 to 50% (system combination) (Maniccia
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et al. 2000, NBI 2003). It depends on the leveldgitection, the place of the sensor, the coupling
with daylight-harvesting and of course the movemsasftthe occupants.

6.3.4 Constant illuminance control strategy

The Constant llluminance Control Strategy (CICSRets into account the ageing of the lighting
system in the room. It compensates the initial @&ng of the lighting system introduced by the
use of the maintenance factor (MF) at the desigiyst

o /

r.
Y Constant illurminance
sensor

S Larmp

Figure 6-6.Constant illuminance control scheme.

The constant illuminance control strategges a photocell to measure the lighting level with
spaceor determines the predicted depreciation (ageifighe lighting level. If the light level is too
high, the system’s controller reduces the lumematibf the light sources. If the light level is too
low, the controller increases the lumen output lbé tight sources. The result is a system that
minimizes lighting energy use while maintaining tomim and constant lighting levels.

6.3.5 Daylight harvesting control strategy

The Daylight Harvesting Control Strategy (DHCS)aals facilities to reduce lighting energy
consumption by using daylight, supplementing ittwdrtificial lighting as needed to maintain the
required lighting level.

Q

, Indoor daylight sensor

Outdoor daylight senhs.ohr._(j
Figure 6-7. Daylighting harvesting control scheme.

The Daylight harvesting control strategyses a photocell to measure the lighting levelhimta
space, on a surface or at a specific point. Iflight level is too high, the system’s controllerdgces

the lumen output of the light sources. If the ligavel is too low, the controller increases the keim
output of the light sources. Sensors are often usddrge areas, each controlling a separate group
of lights in order to maintain a uniform lighting@Vel throughout the area. The result is a systea th
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minimizes lighting energy use while maintaining fomm lighting levels. This system can also
provide the constant illuminance strategy.

Daylight harvesting systems are generally usedoaces that have relatively wide areas of windows
or skylights. Typical applications include classna®, high-rise office buildings and retail facilise
The savings potential varies from 20% (daylightyesting alone) to more than 50% (daylight-
harvesting plus real occupancy. (NBI 2003)

To illustrate the potential gain obtained with teedifferent strategies an office building has been
simulated according to the energy calculation mdttlescribed in French regulation RT2005. Tests
have been done for two climatic zones - Paris ameN on a 600 m? office building. The results are
shown in Figure 6-8.

B0%
Lighting potential saving in
office building %

50%

40%

30%

209% OParis
i
= Nice

10% I
e L L L=

0%

T T T T T
Classic Switch Predicted Real occupancy Daylight-Harvesting Daylight-Harvesting
(reference) occupancy strategy strategy strateqy plus real
accupancy
Strateqgy

Figure 6-8. Estimation of energy savings according to the Fienlcermal regulation calculation tool "method Th-
CE".

In office buildings, predicted occupancy controtadegy (based on scheduler) allows 10% gain
whereas real occupancy (based on presence deteaitorys 20% gains. We can notice that
Daylight-harvesting impact depends on the climatoe. So, in office building potential gains vary
from 30% (Paris) to 40% (Nice). Coupling of differestrategies should result in more energy gains,
for instance, daylight harvesting and real occupgaachieves up to 50% gains. These gains are
function of the room and window sizes, buildingemtation and sensor(s) position(s).

6.3.6 Lighting management system and building managemegstem

All the strategies described above can be applredlmost any building. They can be stand alone
systems or part of a fully interoperable lightingamagement system (LMS). With LMS one can
schedule the light operations in any area withie thuilding, or monitor occupancy patterns and
adjust lighting schedule as required. The LMS gifaaslity managers the ability to remotely control
building lighting energy consumption. It also etebthe facility manager to perform load shedding
strategies in case of high electricity demand ia Building. The utilization costs is thus reduced a
the control strategy has turned off or dimmed sdigbts or lighting components during peak-use
periods.

Moreover, thanks to LMS, building operators will ladle to record lighting scenes or predefine

scenarios. For instance, a simple push on a buttard select avideo projectionscenario which
would consist of dimming light level, lowering blits and setting down the screen.
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LMS also give a finest way to control lamps. Buildj operators will be able to manage lamps in
one zone independently. The lighting rows closethie windows (usually less than 4m as best
practice) will be controlled with daylight stratggvhereas the others will not be. An additional
advantage of LMS is their ability to monitor the eqation of the lighting systems such as the
number of operating hours in a given area, the nemndd times the lights are switched on. Using
this information, maintenance operation like relangp(action to replace a burned out lamp) can be
scheduled.

In case of implemented Building Management Syst&M§), the management of the lighting
system can be combined with heating, ventilatiom, Gonditioning, security, etc. This type of
integrated management system will allow sharinguattdrs and sensors. Some examples of
integration are given below.

6.3.7 Lighting control integration levels

Three levels of integration can be distinguished tioe indoor lighting control.These are listed
below:
— The first level takes into account the artificiajting alone.
— The second level takes into account artificial ligly and its control by
external information like daylighting, occupancy,..
— The third level takes into account artificial lighg dealing with artificial
lighting plus external interaction with externaleatents like HVAC
systems and blinds.

Complexity
Anrtificial lighting
Level 3 + external informations + +
HVAC
Artificial lighting
+ gxternal information
Level 2 (daylighting, occupancy...)
Artificial lighting alone
Level 1 —

Figure 6-9. Levels of integration strategies.

Level 1 (artificial lighting alone)

In this integration example, the user controls dénficial lighting through a manual switch/dimmer.

O Manual switch-dimmer

Controller

"
=
I

Figure 6-10.Simple strategy.

148



6 LIGHTING CONTROL SYSTEMS

This allows artificial lighting control accordingpta manual switch (ON/OFF or dimming). This
solution is one of the most used systems in bugdaonsisting of only a switch for a lamp or a
group of lamps.

Level 2 (artificial lighting control based on exteral information)

In this integration example, an illuminance senaond an occupancy sensor have been combined to
the manual switch-dimmer in order to increase tisual comfort of the occupant. For each sensor,
a priority level is set.

Manual switch-dirnmer |

Figure 6-11. Coupling between Artificial lighting, daylightingnal real occupancy.
This system allows artificial lighting control acabng to:

— A manual switch (on/off) or dimming with a high janiity level

— An occupancy sensor with an intermediate prioriyél

— An illuminance sensor (in order to assume a cortsight level) with a
low priority level

We can notice that the plan becomes rather morepticated when we want to share sensors. The
saving potential of this solution is quite the saasedaylight harvesting plus occupancy sensor.

Level 3 (artificial lighting and daylight and HVACsystem)

In this integration example, there is a full intagjon of the lighting system with the HVAC systems
and the blinds system in order to increase thealismd thermal comfort of the occupant.
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Manual switch (blinds)
Manual switch-dimmer
Temnerature setpoint

N

e amp
lluminance sangor .Temperature
] . @ o 7 sEnsor

X S 0 i I
Motion sensor i =
® | Light Cartraller |4_>| HVAC Controller ‘
____________ ===

=
Fan Cail
Unit

S €] Glare sensor Indoor and outdoar blinds
Wind speed sensar

Figure 6-12.Coupling b:etween artificial lighting, daylightingnd HVAC.

This system allows control of artificial lightingdaylighting (with blinds) and HVAC.
Supplementary sensors are presented with theirmvanity level, such as:

— A manual temperature set point button with a higtopty level

— A manual switch blind button with a high prioritgvel

— An indoor temperature sensor and wind speed senghbra intermediate
priority level

— A glare sensor with a low priority level

The communication scheme of this third integratiemel is complicated because of the multiple

interactions between the sensors and the contso{led double-arrow). In this system, the sharing
of equipments and sensors is necessary as shofuigume 6-13.

Manual switch ON/OFF (High priofity) ———

Motion sensor (Interme diate priofity) — s—r——— Light contreller o Light level
llluminance sensor (Jow priority)
Sensar shating Interactions
Manual switch upfdown (High priority)
Elind
Wind speed sensor (Intermediate priority Blind controller v positions
—_—

Glare sensor (Low priority)

<
—

Temperature set point button {high priority)

Heating
HVAC controller Cooling

Temperature sensor (Low priority) =

Figure 6-13. Interaction of the sensors on the different conotypes.
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=T

HVAC controller ™

’ \
More artificial [

[ Time to reach light possible |
| desired position + |

current position \ | 4

Blind controller Up/Down possible Light controller

v 1
. I
Reguest Up/Down

Request More
artificial light

Reguest

Answer

Additionnal information

Figure 6-14.Example of interactions between controllers.

Figure 6-14 represents the possible interactionsvéen the different controllers. Contradictory
situation may lead to problems. A blind-up requésim the HVAC controller and a blind-down
request from the light controller have to be sohmdan arbitration system to adapt the best sotutio
in function of predefined priorities. If correctiynplemented, the energy saving potential of this
integration level is more significant than a lev&lintegration solution with daylight harvesting
alone.

It is important to note that this kind of integrati is not designed for buildings which consume éarg
amount of energy (other cheaper solutions are, Iposhore relevant and less expensive).
Nevertheless, it seems to be a real challengedohr¢he requirements of new building generations
(Green building and in positive energy building).

Sharing of equipment and sensor

The equipment sharing is an important issue to@ahia proper integration of the control strategies
(level 1 to 3). In order to maintain a good indadimate, the control system can generally act an th
applications as shown in Table 6-1.

Table 6-1.Equipments and sensors involved in the controltsgées — impact classification.

Sensor
Equipment Temperature Indoor illuminance Outdoor Occupancy
sensor sensor illuminance sensor sensor
Solar Visual comfort SA | Visual comfort MA Visual comfort MA -
protection Thermal comfort Thermal comfort Thermal comfort
system MA SA SA
Atrtificial - Visual comfort MA Visual comfort MA | Visual comfor t MA
lighting Thermal comfort
system MA
Heating Thermal comfort - - Thermal comfort
system MA MA
Cooling Thermal comfort - - Thermal comfort
system MA MA

MA implies a main actoiSAimplies a secondary or minor actor.
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6.3.8 Lighting control strategy analysis

Table 6-2. Lighting control strategy analysis 1.

6 LIGHTING CONTROL SYSTEMS

Strategy Predicted occupancy | Real occupancy Constant Daylight harvesting
illuminance
Main -Low costs -Relatively low -Constant light -Constant light
Advantages -Easy to install and | costs level considering level.
use -High rate of aging. -Possibility to
-10to 20 % gain energy saving for - 510 15% gain Couple with Blind
space with and HVAC
intermittent - 20 to 50% gain.
occupation for
example when
people regularly
go through (20 to
50%1).
Main -Setting of clock -Ultrasonic sensor -Sometimes high -Sometimes high

Disadvantages

has to be changed
if operating hours
change.

can be fooled by
HVAC systems
(vibration of air
flow)

-low precision
sensors will cause
uncomfort for the

costs.
-Not easy to
configure.

costs.
-Not easy to
configure.

occupant.
Main -Classrooms, -Corridors, -Offices (open - Offices (open
Usages -Meeting rooms stairwells space), space),
-Offices (open -library stack - Classrooms, - Classrooms,
space). areas, - High-rise office - High-rise office
-Store, -Storage rooms buildings buildings
supermarket -Warehouses - Retail facilities. - Retail facilities.
-Museum -Toilet.
Basic -Scheduler -Occupancy sensor | -Photosensor -Photosensor
Components -Time clock (Infra red or/and -Dimmer -Dimmer
-Switch ultrasonic) -Multi - switch
-Dimmer -Switch
-Dimmer
Table 6-3.Lighting control strategy analysis 2.
Strategy Level 1 : Artificial | Level 2 : Artificial lighting control | Level 3 : Atrtificial lighting
lighting alone based on external information and daylight;, and HVAC
system
Complexity - Low - Intermediate - High
Potential of | - Intermediate - High - High

energy saving

Control

- Predicted occupancy

- Predicted occupancy

needed

. - Predicted
strategies - Real occupancy - Real occupancy
: occupancy : ; ! ;
involved - Real 6CCUDANC - Constant illuminance - Constant illuminance
pancy - Daylight harvesting (main) - Daylight harvesting (main)
LMS - No LMS or BMS -LMS

- BMS (optional)

- BMS needed

160% is considered for Real occupancy plus Daykghtvesting
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6.4 Lighting control architecture

The lighting control architecture supports the ieplentation of the defined strategies. It can be
organized in four levels:

— Lighting service

— Lighting plant

— Lighting zone

— Lighting device

The lighting service level deals with the overgdhting management system, it could also be called
the lighting backbone. Lightinglant as an analogy to HVAC central plant deals with toatrol of
central technical areas. It often appears at eadlding floor. Lighting zone deals with the diffemé
interactions in a zone (zone = a room or a setadms). Finally, lighting device is the terminal
device, which controls the visual comfort of a sifiecarea.

Wiring device control

Embedded device control
Figure 6-15. Level structure of the lighting control architectur

These levels have been established thanks to g stuthe various lighting systems. These systems
are described with generic component listed in Fegt+16.

® O

o] é am | —

Light sources Ballast Sensor Controller Actuator Wire Wire Wire
Digital analogic 230V

Figure 6-16.Lighting components.

The key point of lighting architecture definitios the position of the actuator. We can consider any
lighting fixture as one or a mixed of these architees.

6.4.1 Lighting control levels
Plant Control Architecture

The Plant Control Architecture (PCA) is an architge where actuators and controllers are placed
in one panel board at the lighting plant level. Shype of architecture is usually used for on/off
control in buildings like industrial buildings, sepmarket. It could also be used for specific zones,
for example, a complete storey in an office builgliror even for individual corridors or staircases.
This architecture is simple and robust and thusahlyjdised.

153



6 LIGHTING CONTROL SYSTEMS

Building X Power

Lighting Service
Flocr 1 L Floar2 l
Lighting Plant =

Zome & Zome B Zome Zome D
Lighting Zone
\ \
& 0
-4 |
/

=
Lighting Dewvice K

1 = i
Ballast e Controller m Switch or dimmer
== switch i
Legend f m—
@  Light source (all types) . Actuator ﬁ Sensor (PIE)
~ | dimmer

Figure 6-17.Plant control.

Zone Control Architecture

The Zone Control Architecture (ZCA) is an architex where the actuator and controller act on a
defined area of the building floor. This architexus widely used for offices with open spaces,
schools and hospitals because it enables easy ebarighe control strategy.

Building X Dower

Lighting Service / /
Floor 2 { (
!

Floar
Lighting Plant

/
(
e O RG]
FEIEAC I
S | i a

! ! i n n =

Lighting Device H ; £ n . L é:- S

— &= Di 2

i Ballast

. =5
Ballast BENE Controller L Switch ot dimmer
i £ Switch

. Legend . n G !
@ @ Light source (all types) . Actuator ll'l Sensor (PIE) dimmer

Figure 6-18. Zone control.
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Wiring Device Control Architecture

In the Wiring Device Control Architecture (WDCA)hé actuators are located at the wiring device
level. It can be a wall, ceiling or floor wire. Thectuator is usually embedded with the sensorss Thi
kind of architecture is most popular for residehtaiildings, small offices and hotels because
commands are distributed in the room to allow thecupant to perform fine control. This
architecture is commonly used for simple controlevdrtheless, there exists more integrated
dimming applications. Moreover, WDCA can easilydmmbined with plant control architecture.

s Power
Lighting Service / /
Flocr 1 Floce 2
Lighting Plant
Zome & Zome B Zome C Zone D
Lighting Zone
/ / 3 7 [
d = — B 2 WA
Lighting Device N~ Q ! | / : “JI i | o
; FIE switch FIF. Dimrer :
Balast Criod¥ Dinuning ballast !
| :
FiEmiiEoEy Ballast B Convoller | “)I Switstior difimes
) == switch i
! Legend ¥ a i

| Light source (all types) . Actuator Mm Sensor (PIR)
p - |

dimtner

Figure 6-19. Wiring device control.

Embedded Fixture Control Architecture

The Embedded Fixture Control Architecture (EFCA) as architecture where actuators and
controller are positioned in the lighting devicesually in the ballast. Most of the EFCA systems are
connecting all control gears through a BUS systéihey provide individual or mutual control
thanks to controllers that are commonly placednat loor panel board, in the false ceiling or in a
device. On one side the binding between devicehygsjral through, for example, wiring. On the
other side, the binding is logical, through for tasce, links between the push buttons, sensors)(PIR
and the actuators are set by the controller. Tiygclbehind the binding and the programming makes
configuring the system really flexible and versatilThis kind of architecture uses proprietary or
open networks protocdldike KNX, LON, Zwave and of course the well-know»ALI.

In Figure 6-20 protocols are represented with aeline. Some BUS system can directly provide
power to the lamp (like LED), they are called Paov@@ver BUS.

2 See 1.4.4 Networks
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Building X Power
Lighting Service /
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Lighting Plant /'"
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Figure 6-20.Embedded Device control.

Architecture SWOT Analysis

Table 6-4 presents the SWOT Analysis of the lighting contaothitecture. (The SWOT analysis is
a strategic planning method used to evaluate then§ths, Weaknesses, Opportunities, and Threats
of elements or strategies).

Table 6-4. SWOT analysis of lighting control architectures.

. - Easy to Mixing with | Visual performance
Architecture Costs Flexibility install BMS and comfort
Plant Control Intermediate |Intermediate | Quite easy Possible Low
Zone Control Intermediate | Intermediate Easy Quite easy Intermediate
Wiring Device Low Low Very easy Difficult Intermediate
Control
Embedded High High No expert is Easy High
Fixture Control needed
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6.4.2 Lighting control components
Controllers

A lighting controller is an electronic device usad building to control the operation of one or
multiple light sources at once. Majority of lighty controllers can control dimmers which, in turn,
control the intensity of the lights. Other typesaidntrollers can also control lighting, according t
specific scenarios. Lighting controllers communéeatith the dimmers and other devices in the
lighting system via an electronic control protod@ALI, DMX, ZigBee, KNX, etc.). The most
common protocol used for lighting today is Digitélddressable Lighting Interface which is
commonly known as DALI. Controllers vary in size camomplexity depending on the types of
buildings (from small residential buildings to bigrtiary one). For most of the time the purpose of
lighting controllers is the same: to combine thentrol of the lights into an organized, easy-to-use
system, and to reduce lighting energy consumption.

Figure 6-21.Lighting controllers.

Sensors

A sensor is a device that measures or detects lavedd condition, such as motion or light level
and converts the condition into an analog or digiggpresentation. The sensor specifications include
performance factors (range, accuracy, repeatapgysitivity, drift, linearity and response time)
and, practical and economical considerations (costgintenance, compatibility with other
component and standards, environment and sengitnlitoise).

llluminance sensor

llluminance sensors indicate the illuminance lewelthe sensor detection area. They are used to
measure indoor illuminance (e.g. on a working pleawed outdoor illuminance (e.g. on the roof of a
building). llluminance sensors are mostly used toiteh or to dim luminaires. Some basic
illuminance sensors enable day/night detection.yTbhan also be used in integrated control
strategies, particularly if solar protections angolved.

llluminance sensor commands the lighting contrateyn to dim or to switch on/off according to
the daylight level. llluminance sensors have topbeced so that they measure the light levels which

are representative of the space. It is useful tokntae llluminance sensor position in the lighting
control panel so that building operators can fihdm in the future.

Figure 6-22. Example of indoor illuminance sensor.

Outdoor illuminance sensors measure the outdoamilhance level. They can be combined with the
lighting control so that indoor luminaires can bantrolled by dimming or switching.
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Table 6-5.llluminance sensor — Input/Output and applications.

Compgnent Information Inputs/Outputs Applications in buildings
3 . Input : llluminance on the work plane Visual comfort

Indoor illuminance ) o . .

— Output : Analogue or/and digital signal to Energy consumption
controller

Outdoor illuminance Input : Qutdoor |IIum|nance_ _ _ Energy consumption.
Output : Analogue or/and digital signal to

sensor
controller

Particular case of day/night sensors

This device enables the comparison of outdoor iilence with a predefined threshold in order to
trigger actions on outdoor lighting (street lighginor closing of shutters. They were developed
primarily for street lighting and are generally yeobust.

L

£

Figure 6-23. Example of day/night sensor.

Table 6-6. llluminance sensor — Input/Output and applications

Component Information Inputs/Outputs Applications in buildings
Input : Outdoor illuminance Visual comfort (outdoor
Day/night sensor | Output : Analogue or/and digital binary | lighting, shutters, etc.)
signal (on-off) Energy consumption (blinds,
heating, etc.)

Presence sensors

Presence sensors detect the presence of occupade&tdrting theimovementsThe most common
sensors used in the building sector are passivaiedl (PIR) sensors that react to variations ofanf
red radiations due to movement of persons.

Table 6-7.Presence sensor — Input/Output and applications.

Component Information Inputs/Outputs Applications in buildings
Input : Movement Security
PIR sensor Output : Analogue or/and digital binary | Visual comfort
signal (occupied/not occupied) Energy consumption
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Passive InfraRed (PIR) sensor

These sensors are usually equipped with Fresnskkethat define the zone of detection. Two kinds
of PIR are usually distinguished: the movement serend the occupancy sensor. They have the
same working principle but differ on the numbersafanned areas.

Figure 6-24.PIR sensor. Figure 6-25. Multi-function PIR sensor.

Multi-function PIR sensor can integrate up to 4 étions listed below:
— Occupancy detection
— Indoor illuminance sensor (level of illuminance ftire switch on of the
lamps)
— Infra-red sensor
— Atimer (turn the lamps off after a certain delay)

The PIR sensors have some inconveniences, such as:
— Some human activities are achieved without any moset. e.g. watching
television, reading book, sleep, etc.
— They are position sensitive and may be irrelevdniboking to a dead
zone

Active InfraRed (AIR) sensor

Active InfraRed devices use infrared technology sisting of an infrared diode which constantly or
episodically sends infrared rays into the contrdllrea. A receiver monitors the reflected wave
levels. The non-appearance of a reflected ray onaification of its properties (wavelength or

amplitude) indicates a change occurred in the detezone.

Sender Receiver

Phe o _'

Figure 6-26.Infra red sensor.

Ultrasonic Presence (UP) sensor

Ultrasonic devices send out inaudible sound wavdsthe same time, a device is scanning for
sound waves which are reflected at a specific riita.change in the reflected wave is detected, it
indicates that something or someone has moveddmi#iection zone.
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Figure 6-27. Ultrasonic sensor.

There are products combining the two technologies, example, the PIR and the ultrasonic
presence detections. They are called Passive Deahiology sensors. They see and hear the
occupant so that presence is detected even ifetiseamo movement.

Wind speed sensors

Cup or propeller anemometers are adapted to wintaarilows in duct measurements. They are the
most common sensors for wind speed in systems nateyg this data for management of external
shadings. They are useful for the control of blinds

Table 6-8.Wind speed sensor — Input/Output and applications.

Component Information Inputs/Outputs Applications in buildings
wind speed | Input: wind speed Security
sensor Output : Analogue or/and digital signal (wind | Visual comfort _
speed) Energy consumption

CO, sensors

CO, sensors can in certain cases where advanced agoilcontrol strategies are applied be used
as presence detectors. Particularly when sharing@s among applications is being considered.

Table 6-9.Wind speed sensor — Input/Output and applications.

Component Information Inputs/Outputs Applications in buildings
Input : CO, concentration Thermal comfort

CO2 sensor | oytput : Analogue or/and digital signal (CO, | Visual comfort
concentration) Energy consumption

Sensor Position

Positioning the sensors cannot be neglected. Famgke,to get a relevant indication of the

illuminance level on the work plane, the illuminansensor should be installed on the workplane.
For obvious practical reasons, sensors are nevaaly placed on the workplane. Similarly, to have

a proper evaluation of the thermal comfort levdie ttemperature and humidity level should be
measured at the centre of the room. This is haptigsible in practice in an occupied space. It is
highly important for movement sensors to have adyoiew of the space so that they correctly can
detect the movement in the area.
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Actuators

Actuators are used for the automation in all kinafstechnical process plants. They are used in
wastewater treatment plants, power plants and e@veefineries. This is where they play a major
part in automating process control. Depending oairthype of supply, the actuators may be
classified as pneumatic, hydraulic or electric attws. They measure or detect real-world
conditions, such as displacement or light level aodverts the condition into an analog or digital
representation.

Switch

The switch is the most common interface betweenitfteging system and the occupant. The switch
can integrate several modes :

— On-off switch

— Timer for switch-off

Figure 6-28. Manual switch.

Switching hardwares are relatively simple and galigrvery cost effective. Switching is
appropriated in singly occupied spaces where lighel changes are generated by the behaviour of
that occupant (when the occupant switches the digitt or when the lights are switched on by an
occupancy sensor). For multiple-occupant spacemnaatic on/off switching must be used with
care. An automatic control that causes unexpedtehges in light level, while a space is occupied,
may confuse or annoy occupants.

Switching systems that automatically change light¢sording to daylight, should only be used in
spaces where the daylight levels are very highrymost of the day. In this case lights will be off
during most of the day and the occupants will netlimthered by cycling. Switching may also be
acceptable when occupants are transient or perf@ymbon-critical tasks. Switching systems are
often appropriate for atria, corridors, entrywaygrehouses and transit centres, especially when
there is abundant daylight.

Dimmer

Dimming systems adapt the light levels graduallyg @ahus reduce power and light output gradually
over a specified range. Dimming can generate ingurtenergy savings. However, dimming
hardware/devices are more expensive than switcliagices. The dimming can be achieved
through two modes:

— Continuous dimming

— Step by step dimming

Figure 6-29. Dimmer.
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Continuous dimmings a continuous adaptation of the luminous flux tbke light source(s) in
function of external information. Most of the timthis kind of dimming is achieved through a DC
control command on the ballast of the luminairesfdiarge lamp) or through the transformer
(halogen lamp). Some manufacturers have adoptedralard analogue 0-10 V dimming protocol
that allows ballasts from different manufactureyoe used with compatible systems.

Step by step dimming a way to control the light output of the luminas based on a limited
number of configurations. The rated dimming levale based on information generated by the
controller, received by the actuator and transrditte the light source. The number of dimming
steps is defined by the protocol used. DALI-bas@urding system is an example of this kind of
step by step dimming (256 dimmed levels). Switchgygtems perform very well in climates with
stable sky conditions, such as south of France]enimming systems is predisposed to save more
energy in climates with variable sky conditions¢Blas Brussels.

Wireless sensors and actuators

Wireless sensors (Presence sensor, illuminancesegts.) and actuators (dimmers, switches, etc.)
are based on old existing concepts what their msid functionalities concern. It is the way the

control is achieved that makes them now attractivareless. Their main advantage is their

flexibility (no need for cabling). Thus, both indfation and operational costs can be reduced
significantly. That is why they are used more andre in refurbishing and open space area.

Wireless sensor networks in commercial and indabtouildings are exposed to an increasing
number of interference sources, like WiFi nodesgmnmivaves, Bluetooth devices, RFID, and other
wireless sensor networks. Most wireless sensor odsvperform well in acleanRF environment
after initial installation. The challenge is to m&in good performance when there is another
deployment of supplementary RF source.

Others components

The building shell can be integrated in severaleywf active or passive components that impact
directly on heat/cool energy or illuminance levéhese components can be placed in roof or in
facade. See I|EA task 31 and IEA task 21 on dayligghfor more details. The visual comfort may
be influenced by the daylight availability. We catentify a large list of components influencing the
daylighting of the building such as the dynamiczitay systems or the blinds, louvres and shutters
family.

Dynamic glazing systems

Electrochromic, gazochromic and crystal-liquid ghag (EC, GC and CL) are color changing
glazing (through voltage control). These windowsog to a new generation of technologies called
switchable glazing-or smart windows. Switchable zghg can change the transmittance,
transparency, or shading of windows in reactionawm environmental signal such as sunlight,
temperature or an electrical control. Smart windadter from transparent to tint by applying an
electrical current. Potential uses for these tedbgies include daylighting control, glare control,
solar heat control, and fading protection in windoand skylights. By automatically controlling the
amount of light and solar energy that can passuglothe window, smart windows can help save
energy.
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Blinds, louvres and shutters family

Generally, louvres and shutters are opaque, rigiderable blades or panels with manual or
automatic controls such as clocks, timers, illunmo@a sensor or thermostats. Flexible and
translucent designs are also available. Louvresaedheat gain and can transmit, disperse, reflect o
reduce daylight. Automatic blinds coupled with lircontrollers and combined with lighting
control can significantly reduce the need for etieclighting during the day.

Networks

The evolution of building automation and direct g control in the 1980’s has favoured the
development of communication technologies in buiggi. Today building automation system offers
two main possibilities to integrate the control different equipment/applications in a building,
namely:
a. Proprietary systems
b. Open systems
— Standard system (which comes from a standard)
— De facto standard (which comes from industry beattice)

A proprietary systenis a closed system that is developed by a singdmufacturer/contractor. The
manufacturer holds the knowledge underlying theed@ment of the system. In such systems, the
initial costs might be relatively low and easy tetsup, but the building owner is locked into
products of a single manufacturer and can not &dkeantage of innovative technologies easily.

An open systeris one where standards are developed, publishddvaintained by an independent
recognised organisation body (CEN, 1ISO, ASHRAE/AN&L.) or an industrial alliance (de facto
standard). Any change to the system requires tmengents of users, industry, professionals before
being approved by the standards / organisatiorheralliance. Open communication protocols are
now becoming used for the integration of equipmizain different manufacturers. This offers the
following benefits:
— Media sharing. In this system, different produatsm different
manufacturers run on the same communications cables
— Vendor independence. This applies for initial puasé of different
equipment and / or system extension

Standardization of protocols

The CEN TC247 WG4 has been working on standardisatif data transmission methods between
products and systems for HVAC applications. Thisrkiag group has divided the communication
within a building automation system into three tgp® communication requirements:

— The Management net. It is used for workstationviarkstation
communication

— The automation or control net. It is used for glaontrollers and
workstations

— The field net. Used for terminal unit controllesensor devices, drives
etc.
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The work of CEN TC247 is to enhance the implemepotabf Building Automation System (BAS)
by supporting a number of standards. To bring daest, the standardization work promotes open
systems architecture.

Table 6-10 gives a list of communication protocatsd the media that are required:

Table 6-10.Communication protocols and media. (Adapted fror@@group - UK)

Level Protocol Transmission Media

Management BACnet (ISO 14684-5) | Ethernet, PSTN / dial up modem, IP, MS/TP
WorldFIP(EN50170) Twisted Pair

Automation BACnet (ISO 14684-5) | Ethernet, LONtalk, PSTN / dial up modem
KNX (1SO 14543) Ethernet
LONtalk (EN 14908) | Twisted pair, RF, CPL, IP

Field KNX (1SO 14543) Twisted pair, Mains signalling

LONtalk (EN 14908) | Twisted pair, RF, CPL, IP

Some commonly used open standards have not beegnsed by CEN TC 247, but are in use, for
example :

— MODBUS which is often used to attach HVAC plant mudels such as a
chiller to a BAS.

— IT standards such as Microsoft COM, DCOM or intdrregandards
(TCP/IP, HTTP, etc.) which is used at the managentarel.

Proprietary systems and protocols
ZWAVE (Will become a de facto standard)

Z-Wave is a new technology in wireless remote cohtteveloped by Zensys
(http://www.zen-sys.cohn from Denmark. Z-Wave is a next-generation wisse
ecosystenthat lets all home electronics talk to each otlaerd to the customer,
via remote control. It uses simple, reliable, lowwvger radio waves that easily
travel through walls, floors and cabinets. Z-wavees a sharp Mesh network
topology and hasnot master node. Therefore, a Zema@twork can span much further than the
radio range of a single unit.

ENOCEAN

The Enocean company (Enocean 2007) has developechaology that is based
P on the efficient exploitation of slightest changesthe environmental energy
ﬁmmm using the principles of energy harvesting. In ordertransform such energy
OCeanm”  flyctuations into usable electrical energy, elentamnetic, piezogenerators, solar
cells, thermocouples, and other energy convertersised.

The products (such as sensors and radio switchesj fEnocean are batteryless and were
engineered to operate without maintenance. The rpestasive example of a product stemming
from the proprietary RF protocol is the batterydravireless light switch. This product is been
marketed with the argument that it requires leasetiand wire to install because no wire is required
between the switch and the light fixture. They abmid the need to run switched circuits as the
actual power switching is performed locally at tload itself. The above list is not exhaustive. In
fact there are many others proprietary protocolsHome and building automation (and especially
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for lighting) such as system from Creston, LegraWdavenis, Lutron, Delta Dore, Schneider
electric, Insteon and so on.

Open systems and protocolsstandard systemand de facto standard
BACnet

BACnet (http://www.bacnet.org/) stands for The Big Automation and
F?m Control network. It was developed by ASHRAE andnigw published as an
ASHRAE/ANSI standard, a CEN standard and an ISQi¢aad. BACnet is a
communications protocol for building automation atwhtrol networks. It is equally suitable for
both the automation and management levels, espeéml HVAC, lighting control and fire alarm
equipment. It is recognized as an ANSI and CEN dtad as well as ISO standard 16484-5. The
protocol is based on four layers of the OSI model.

LonWorks

LonWorks (http://www.echelon.com/) was developedHphelon in the USA. It
LoMMARK" 5 g general purpose network using the LonWorksawol and the Neuron chip.

It is most suitable for device-level integrationdawidely used in buildings on
twisted pair cable using a transceiver known as HDT The use of Standard Network Variable

Types (SNVTs, pronouncesnivet$ contributes to the interoperability of LonWorksfroducts
from different manufacturers.

MODBUS (De facto standard)
Modbus-IDA MODBUS (http://www.modbus.org) designed by Gould diimon Company is

=== not an official standard and is supported by mosbgPammable Logic

Controllers (PLC). It relies on a Master/Slave sérprotocol. Modbus is
considered to be very simple and easy to implenagnt use, and has been adopted not only by the
industrial manufacturing milieu but also by many maéacturers of building equipments Modbus
has become extremely popular for the reason thas free, inexpensive to implement both in
hardware and software. It is however limited to plexdata exchange and is not used for more
sophisticated requirements.

KONNEX

Konnex (http://www.knx.org) results from the forinmerger of the 3 leading

K systems for Home and Building automation (BatiBUSB and EHS) into the

s specification of the new Konnex Association. Themoon specification of the
KNX system provides, besides powerful runtime chargttes, an enhanced
toolkit of services and mechanisms for network managen@ntthe Konnex device network, all
the devices come to life to form distributed applions in the true sense of the word. Even on the
level of the applications themselves, tight intérac is possible, wherever there is a need or biénef
All march to the beat of powerful interworking mddewith standardised data-point types and
Functional Blockobjects, modelling logical device channels.
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X10 (De facto standard)

X10 (http://mwww.x10.com is an industry standard for communication among
devices used for home automation. It primarily uggswer line wiring for
signalling and control, yet now a radio-based trors is also defined. X10 was
developed in 1975 in order to allow remote contr@i home devices and
appliances. It was the first domestic automatiochteology and remains the most
widely available. X10 was the first home automatitathnology and remains the most widely
available. However, now it seems obsolete. Datagrare very low (around 20 bit/s). To summarise,
with its tiny command set and poor reliability XJ0otocol is simply too limiting for today’s home
environment control.

ZIGBEE

@ ZigBee™ The ZigBee(http://www.zigbee.org) Specification deises the infrastructure and

- services available to applications operating on #igBee platform (ZigBee,
2004). ZigBee is a published specification set @hhlevel communication protocols designed to
use small, low power digital radios based on thEHE802.15.4 standard for wireless personal area
networks (WPANS). ZigBee's current focus is to defia general-purpose, inexpensive self organ-
izing mesh network that can be shared by industraitrols, medical devices, smoke and intruder
alarms, building-automation and home automatione Téchnology is designed to be simpler and
cheaper than other WPANSs such as Bluetooth. The wmsable ZigBee node type is said to require
only about 10% of the software of a typical Bluetb@r Wireless Internet node, while the simplest
nodes are about 2%. There are currently discusdietseen the ZigBee commission and BACnet
commission to set up a bridge betweenwieed andwirelessopen protocols.

Communication systems and protocols specific to ligfing systems
DALI

DALI (DALla, DALIb) is a digital communication praicol designed specifically
for lighting systems. DALI is effective for scenelsction and for getting feedback
regarding faulty light sources. This makes it vargeful to use together with
building automation systems where remote supergisind service reports are required. DALI was
originally introduced in 1999 by ballast manufaeits who wanted to introduce a standardized
digital ballast control protocol. It is designed be very easy to install and to (re)configure. All
actuators, controllers and sensors are connecteddaingle control cable. A DALI-system consists
of load interfaces ( electronic ballasts), contpalinels ( push buttons), sensors (occupancy sensor)
and control interfaces (controller) and gateway$-{0V converter). Example of possible DALI
operations:

— Individual, group or broadcast messaging

— Request status data from an individual luminaire

— Assigning of addresses to luminaires using a discioyg algorithm which
makes the need for hard addressing obsolete

— Selection of lighting scenes

It is important to note that DALI is not a new Bdihg Management System (BMS), DALI is only

available for lighting. However, it can be an easyd to existing BMS like BACnet, Lonworks or
KNX thanks to gateway.
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DMX 512/1990

DMX 512/1990 is a Digital Multiplex Data Transmissi standard for Dimmers and Controllers

operating in simplex mode (unidirectional). It caontrol up to 512 channels. Data is transmitted in
packets. Each packet updates all the devices IedtaEach packet consists of up to 513 frames.
After a start frame (consisting of zeros), up ta25ftames can follow containing the data for each
device connected. The devices are not directly eslelrd. The information sent to them is defined by
the frame position within the packet.

Conclusions

The main issue for the success of integrated smhstiin buildings is to define the appropriate
communication protocol and the media for the infatran transfer. It is most likely that BACnet,
Konnex and LonWorks will be the major actors indHield as there will be integrating HVAC,
lighting, fire safety, security functions. Howev&ALIl and wireless low power technologies have a
certain future regarding lighting control. On the band, DALI has been established worldwide as
the standard for digital lighting control. It is apen non-proprietary standard that makes genuine
freely addressable lighting control a reality (iwdiual, group, and all together). DALI seems to be
much easier to install, extremely versatile and muwore cost-effective than any lighting control
systems already on the market, despite its grdatetionality.

On the other hand, wireless technologies (low comsiion or battery less) may present a new
solution to bring the installed cost down and tcsere energy efficiency. Over the past 10 years
many new RF solutions have been developed into emary-day life. It is expected that soon a

reliable, robust, easy-to-install and secure wsslaetwork technology for connecting devices in
buildings will gain market acceptance and substdrghares of new and retrofit installations soon.
ZigBee and Zwave are heading in this direction. Bitreless they are still not well defined on a
semantic point of view. Moreover it doesn’t exidtieient tools to design, install, commission and

troubleshoot this kind of technologies.

Internet Protocols (IP)

IP is said to be among the most important technigedor our industry. IP networks are deployed in
the Internet, in extranets, and in intranets. Nuooer different media are concerned, for example,
fiber optics, cables and wireless. IP is a powesfahicle for enabling communication but it does
not specify the content of messages in such détatl is needed e.g. to make two systems exchange
a temperature value.

Today, IP serves as the intermediary network tetdmo It is principally found in building

backbones and access networks to the field-aremankt Technologies that provide mechanisms to
be transported over IP include LonWorks (EIA-85BACnet/IP and KNX/IP.
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i Media/Option Standard App_llca_tlons Sect_or O.f Main Advantages
protocol for lighting application
BACnet IP, Ethernet, Yes ISO 16484- Building Norm
PTP, ZigBee, 5 e automation Many networking
MS/TP, Lontalk, options
Arcnet
LonWorks |IR, PLC, TP, Yes EN 14908 Buildingand | Norm
RF, IP R home
automation
KNX IR, PLC, TP, Yes ISO 14543 | ,.us LB and HA Norm
RF, IP
PROFIBUS |IP, TP Not a norm but Industrial Robustness
an industrial *
standard
MODBUS IP,PTP, MS/TP | De facto s Industrial Robustness
Simplicity
WorldFIP IP, TP EN50170 * Industrial Robustness
X10 PLC, RF OPEN not a R HA lot of products
norm
Bluetooth RF IEEE 802.15.1 |* Electronics low cost
ZigBee RF Base on IEEE ewww LB and HA low consumption
802.15.4
DALI TP IEC 62386 R Lighting Dedicated to lighting
control
DMX MS/TP YES R Theatre Dedicated to lighting
lighting
Zwave RF Not a norm but LB and HA Low consumption
Industrial waen Many application in
standard USA
INSTEON RF, PLC Proprietary P HA Robustness
Simple to use
Wavenis RF Proprietary P HA Simple to use
IN ONE RF, PLC Proprietary P HA Simple to use
Simple to install
Enocean RF Proprietary HA Battery less
* % % %
Many products
Very few lighting applications : * IP: Internet Protocol RF:Radio Frequency

Few lighting applications :

Some lighting applications exists :
Many lighting applications exists :

Dedicated to lighting :
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IR: Infra Red PLC: Power Line Communication
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Component analysis
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Table 6-12 below gives an overview of the typicak of the different components.

Table 6-12.Components application overview.

Simple strategies Integrated strategies
Predictable |Real Constant Daylight Integration | Integration
Components | Occupancy |Occupancy |llluminance |Harvesting |with blinds |with HVAC
Control Control Control Control
Strategy Strategy Strategy Strategy
Sensors
Scheduler v v v v
Clocks v v v
Illuminance v v v v
sensor
Presence v v v
sensor
Temperature v
sensor
Wind sensor v
Actuators
Switch v v v v 4
Dimmer v v v v
Others
Skywells 4 v 4
Smart v v
windows
Automatic
blinds Y Y
Networks
Proprietary v v 4 4 v v
Open v v v v v v

6.5 Recommendations

General Recommendations

This section suggests a generic analysis schenaesign lighting control systems for new and
existing buildings. Thdirst stepis to collect the building owner needs and the estation of the
different users of the building (facility managdmwilding operator, occupants). This step is crucial
to design a lighting installation as it will:
— enhance the acceptation of the system by the u@etpected visual
comfort level, adapted human interface, etc.),
— facilitate the overall management of the system dogviding relevant
information and tools like fault detection, energonitoring, dashboard

etc.

This may be difficult in case of new building espeaty when the owner is not the end user. The
second stejs to achieve the functional analysis in ordetttanslate the needs into technical terms,
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that is, to choose the relevant control strategmesyork architectures, systems and equipments. It
includes the definition of a commissioning (Cx) plaorresponding to the above mentioned
functional analysis.

Thethird stepis to produce user guides for :

— The building operator to understand the system@ptimise its operation
(fault detections, maintenance, etc.)

— The facility manager to understand the performaimudicators of the
dashboard (energy consumption, running cost, pai bene, etc.)

— The occupants to understand the control strate@pesdicted occupancy
control strategy, real occupancy control strateggnstant illuminance
control strategy, daylight harvesting control ségy, etc.) and how to use
the control system to optimize his visual comforittwan eco friendly
behaviour (e.g. remote control, dimmer, task ligitietc.)

Specific Recommendation for existing buildings

Installing lighting control system in existing bdihg requires, in addition to the user needs angys
an audit of the existing lighting installation irrder to get a detailed description of the existing
strategies, architectures, systems and components.

This audit allows to determine the control potehti the lighting installation (e.g. presence of
separated lighting circuit for different zones, geace of electronic ballasts, possibility to irista

and use a wireless network, electrical network tyaétc.) and to design a relevant system for this
building.

For example, wireless networks or power line comination system (PLC) seem very attractive as

they are flexible and less expensive to installwéwer these solutions have limitations when the

lighting system is very large (in buildings over.000 m?) due to signal attenuation, electromagnetic
compatibility disturbance, etc. Figure 6-30 preseatgeneral scheme to design an energy efficient
lighting installation with specific considerationrfthe control system.
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Do an audit of your
lighting installation
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Figure 6-30. General scheme for energy efficient design of lightcontrol.
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6.6 lllustrations

6.6.1 |Illustration 1: NOSS National Office for Social Searity — Belgium

This case study is an example of a very simpletiigy control
system working in a very efficient way. The buildjnis
organised in landscape offices (open plan) of ab2itwork
stations.

- Control and management of the daylight

There is no advanced daylight control system in @SS
building. The users have vertical lamellas that ythean
manually control in order to assume their visuahdort.

Figure 6-32Landscape office at day time Figure 6-33.Luminaire Figure 6-34.Landscape office at night time.
with daylight sensor.

Control and management of the artificial light
Landscape offices

The atrtificial lighting is controlled by :

— A manual switch in each local (landscape officepmler to switch lights
manually on or off

— Two rows of luminaires (near to the windows and jgexein the local) are
connected to a daylight dimming system based on itheividual
measurement of the luminance of the area undelutiénaire.

— A central clock cut the luminaires off at 19:00. second cut off
command is sent at 21:00.

Circulation areas
. —

The atrtificial lighting is automatically switchednacat 7:00 in all corridors (day

time mode). At 19:00, the artificial lighting of éhcirculation areas is set on
night time mode. two luminaires on out of are swigd off in order to save

energy. But one luminaire out of three stays on fbe movement of night

workers (for security, cleaning, etc.). A cycle thiree days is used to avoid un-
uniform ageing of the luminaries. This is done thgh special cabling so that
the luminaire that stays on for the night changastenight.

Figure 6-35.Circulation area.
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Rest rooms

During day time, the artificial lighting of the resooms is continuously On. During night time, the
artificial lighting of the rest rooms is controlleoly a presence PIR sensor with a delay set on 15

minutes.
Table 6-13.NOSS building - lighting control system properties.

Features System properties

Predicted Occupancy Control Strategy
Strategy Real Occupancy Control Strategy
(Time Scheduling Control Strategy)
Daylight Harvesting Control Strategy

Integration level Level 2
Architecture Zone Control Architecture
Network Open systems - Standard system

Building Information

Architect : Régie des Batiments
Building owner : Régie des batiments (occupant :3E)
Location : Place Victor Horta, nr 11, B-1060 BrusséBelgium

6.6.2 lllustration 2: The Berlaymont Building - a louvredacade — Belgium

The concept of Ventilated Double Skin Facades (VIDSHncreasingly often applied in new office
buildings or retrofittings. For common VDSF equipgbweith parallel glazing panes, a link can easily
be made between the amount of daylight penetratiegbuilding and the total glazed area of the
facade. Louvres facades are a particular concepfentilated Double Skin Facades equipped at the
outside with inclinable glazed lamellas. They oféedynamic behaviour, which is function of many
elements: slope of the lamellas, climatic condisqdiffuse or direct light), incidence angle of the
sun, control algorithm, etc. Such a louvre facadmaept has been applied on the Berlaymont
building, the new retrofitted building of the Euregn Commission in Brussels (Belgium).

The multi-storey louvre ventilated double skin fdeaof the Berlaymont presents a cavity that is
partitioned neither horizontally nor vertically anlderefore forms a single large volume. Metallic
floors are installed at each storey in order t@ailaccess for cleaning and maintenance.

Figure 6-36.View of the large cavity Figure 6-37. ouvres in Figure 6-38 Shadow on the Building — 10
and the louvres in vertical position. horizontal position. December — 14:00

The difference between this type of facade anddlassicalmulti-storey facade lies in the fact that
the outdoor facade is composed exclusively of matile louvres.
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Facade description

The Berlaymont building is a louver VDSF buildings interior skin is composed of traditional

double glazing elements. Its external skin is mafl@ whole of suspended frameworks on which
are fixed the glazed plates (200 cm out of 50 cmith un-uniform thickness (8 mm on the bottom
of the facade and 12 mm on the top of the facades @ their dimensioning with the wind.

Figure 6-39.Cross-section of a lamella. Figure 6-40.View Figure 6-41 View of the
through the louvres. building.

The glazed lamellas of the exterior skin are mapgeotitwo glass leafs which enclose a multi-layer
perforated film presenting a white face to the ex#d side to better reflect the light. On the inter
side, the louvres present a dark face so as towalloe seeing them. Indeed, the contrast of
brightness being positive, view is possible frone tihside to the outside but impossible the other
way.

Control and management of the daylight

The slope of the lamellas is ensured by enginesclwlre ordered from a central processing unit.
The control of the slope is done according to vas@arameters, such as:
— The position of the sun (date and hour)
— The position of the lamellas on the facade (oriéintaand height)
— The information collected by the outdoor sensoigontal illumination,
wind speed, rain, outside temperature)

When the outdoor horizontal illuminance is highéan 25000 Ix, the lamellas are positioned
according to their position on the facade.

If the lamellas are located in a sunny zone (whiefunction of
the date and the lamella’s position on the facatle®y are tilted
.2 so as to be perpendicular to the rays of the sueiiTslope lies
= ) thus between 0° and 80°, in order to work as splatection;

A F If the plates are located in a shaded zone andhéf éxternal
~-.J horizontal illumination is higher than 25.000 bhey are placed
in position of luminous penetration (slope with £},0to work
as reflectors of light.

0° slope 45° slope 110° slope

Figure 6-42.Different louvres positions.
When the horizontal outdoor illuminance is loweath25000 Ix, all the lamellas are set in position
of luminous penetration (110° of slope) to allowetllaylight penetration in the building. Other

modes are also integrated into the control algonitsuch as maintenance mode and alarm mode in
case of fire.
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Figure 6-43 Louvres in horizontal position — 90° slope.  Figure 6-44.Louvres in light penetration
mode — 110° slope.

The control strategy of the lamella is structurexlaa open-loop system organized as presented in
Figure 6-45.

v
es
Cleanln

|Free| |Frose|
|

[between 0° et 80°] [110°]

Figure 6-45. Structure of the control strategy of the dayligigiof the Berlaymont Building.
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Control and management of the artificial light

The control of the artificial light in the individal offices of the Berlaymont Building is a function
of:

— An individual switch. An individual switch controlghe luminaires for
each local (Manual On and Manual Off)

— The absence detection. If there is nobody in a lldcéfice), the light
switch off after a delay (than can be adjusted)

— The daylighting level. The illuminance level of tratificial lighting is
automatically set to 300 Ix or 500 Ix in the lodalffice) in function of the
outdoor illuminance level (daylighting level). Thi®ntrol of the artificial
lighting is function of general settings for eaclng the building.

Table 6-14.Berlaymont building - lighting control system prafies.

Features System properties

Strategy Constant llluminance Control Strategy
Daylight Harvesting Control Strategy

Integration level Level 3

Architecture
Network

Plant Control Architecture

Open systems - Standard system

Building Information

Architect: P. Lallemand, S. Beckers, Berlaymont @00
Building tenant : European Commission
Location : Rue de la loi, nr 200, B-1000 Brussdg|gium.

6.6.3 lllustration 3: Intecom project - France

The aim of the Intecom project was to develop snsgstems to integrate the lighting control, blinds
and HVAC applications to improve the indoor enviment and reduce energy consumption. A
good integration can be achieved through a limitkta exchange. CSTB has focused on the
interactions at the zone level among the threeiappbns: HVAC, lighting and blinds. At the zone
level, the different applications enable to readaé tollowing goals during occupied period:

— Provide desired thermal comfort

— Provide desired illuminance level

— Avoid glare or provide requested contrast level

When the space is unoccupied, only the energy etgntarget needs to be met. The control
strategies has been first assessed by simulatiomg uke SIMBAD Building HVAC toolbox. The
implementation has been carried out wusing the gdrmirpose simulation tool
(MATLAB/Simulink/Stateflow). Two emulators have beealeveloped, namely; a zone emulator
and a building emulator. The communication betwbailding and prototypes was supported by the
Lonworks standard protocol.

The zone emulator consists of a single room wittam coil unit, a luminaire with
electronic ballast and a screen blind.

.One zone sample.
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The building emulator consists of a six-zones binigpwith aVAV system for
air conditioning and the same characteristics asztbtne emulator for the light
and blind equipments.

Figure 6-47.Six zones sample.

The following facts can be considered on the comiation among the controllers:
— The blind can answer to a request of the artifidigiht or HVAC system.
— The light controller can request blind for more tght
— The HVAC controller can request the blind to redwsm#ar gains or ask
the light to switch on to bring more internal gains
— The interactions among the applications will dep@mdthe amount and
type of data that is exchanged.

Goal
. Glare lluminance ||_| Thermal
c%ﬁ:;ﬁgr Controller mm( Controller N Controller
Equipment Artificial
oriented Blind rL.'glﬁlta HVAC
controller Controller Controller Controller
0, ¢

Figure 6-48. Communication between goal oriented and equipmeetited controllers.
The simulation studies have shown that:

— There is significant potential for energy savingsdavisual comfort with
integrated control of light and blinds only if tHigihting system possesses
a dimming actuator.

— The integration of HYAC and blinds applications dasot gain any major
advantages.

— The integration of HVAC, light and blinds applicatis can bring up to
50% of energy savings during summer periods.

— In the case of integration of HVAC, light and bligdthere is a tendency
of an increased number of blind movements duringhsier. This is
usually not accepted by occupant.
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Table 6-15.Intercom project - lighting control system propesi

Features System properties

Real Occupancy Control Strategy
Strategy Constant llluminance Control Strategy
Daylight Harvesting Control Strategy

Integration level Level 3

Architecture
Network

Plant Control Architecture

Proprietary system

6.6.4 lllustration 3: DAMEX project - Finland

The objective was to improve energy efficiency af affice building by maximizing daylight
utilization. This was achieved by means of the graged control system consisting of illuminance
sensors, venetian blinds and electric lights, @mtérfaced to the DALI bus (Figure 6-49).

Short description of the characteristic featurethef system:

— Both blinds and lights were controlled using onlyvartical outdoor
illuminance sensor without any indoor light sensors

— According to measured vertical fagade illuminanaed current date and
time, the control system selects a predetermingtating scene to be used.
The scenes stored in the system memory containthedl information
which is needed to control the devices.

— Only a little instrumentation is needed. The prirleipvas to apply the
daylight measurements and computer simulations iadelling the
lighting process and then utilize the model in goht

— Individual light output levels for each luminairer damp and blind
position were created and stored using DALI progmaing software. The
predetermined scenes were created using real dyhgasurements and
lighting software. The DALI system is capable obshg 16 different
scenes.

The measurements gave important information howoardighting and window luminances are
changing in different daylight situations. Predetered scenes were selected to minimize the glare,
not to maximize the indoor light levels. The blimtigles were selected to keep the luminance of the
window within an acceptable range. Delays in coh&n@ short enough to prevent intolerable glare
in dynamic daylight situations with high sun intétys

Results showed that the described system can leetefély used to utilize the daylight in office
building without causing glare to the users. Thargl caused by the daylight reduces often the
savings otherwise achievable through daylight.

An example of the results is shown in Figure 6356re the data is measured or”'2#f December,

l.e., the shortest day of the year. Due to the gl#re blinds shut at 10:51 AM when vertical
illuminance exceeded 16000 Ix, and opened agaia28 PM when the vertical illuminance falls
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under 12000 Ix. The figure presents the verticainlinance (highest curve), indoor sensor data of
the horizontal illuminance (middle curves) and tiimds (lower curve).

The relative power of the lighting during one dayshown in Figure 6-51. The minimum power at
noon was 43% and the average power 73% of the #igig value. The main conclusion is that
even in December it is possible to achieve enemyirgs in the Finnish climate. In summertime
when days are longer, the savings are remarkabkleguise with an optimal blind control the need of
electric light is minimal during normal working hosi

& __)
Blind control unit

DALI -bus

Motorized Luminaires with
venetian Dali-ballasts
blinds

Digidim Toolbox
software in PC

Figure 6-49. The integrated control system interfaced to DALE.

Results of 21st Dec 2007
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Figure 6-50.Illustration of the sensor data and operation bEtblinds during one day.
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Results of 21st Dec 2007
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Figure 6-51.Electric power reductions during the day of Figuse50.

6.7 Conclusions

Lighting is an important part the global buildingergy consumption. It can represent about 5 to 10
kwh/mz2.year in the residential sector and reachmore than 60 kWh/mz2.year in tertiary sector.
Lighting consumption can be easily reduced with@éint light sources. Further energy gains can be
achieved with smart lighting control strategiesodhy, the most common form of control (the
standard wall switch) is being replaced by automaystems which are based on occupancy or
daylight harvesting. Most common examples are oaogy sensors which turn the lights off when
the area is unoccupied, time-based controls anddthramer plus photocell combination. All are
more effective than the standard switches in sawngrgy. Potential gains vary from 10% with
simple clock to more than 60% with a total integr@tsolution (occupancy plus daylight plus
HVAC). However, each sensor can turn the lights lojf mistake if they are not well specified,
installed and maintained. On the other hand, ifytbperate well they provide a direct benefit to the
occupant in term of energy saving, comfort and eafsese, in new building as well as in refurbish
one.

Furthermore, today new components are coming omiheket like smart windows and intelligent
automatic blinds. The last component allow obtagnsignificant energy savings. However, no
concrete study can actually show this. Finallyhlipg management/control systems can easily be
associated with BMS. Smart integration with othéeghnical equipments (such as Blinds and
HVAC) can be done to decrease energy consumptiahimprove general comfort. Such solution
can allow building operator to provide thight amount of light where and when it is need€u the
other hand, it increases the complexity of the tigh system so that commissioning becomes
essential for a good integration.

Lighting automation systems must be calibrated wirestalled, if possible after the building is
occupied and the facility staff has to be involviedhe commissioning process. The building sector
is rife with anecdotes on lighting control systemkich do not run as expected or do not work at all
because they were improperly installed or because facility managers or occupants do not
understand them. The commissioning process willicedthese problems.
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7 Life cycle analysis and life cycle costs

7.1 Life cycle analysis

Life cycle analysis (LCA) gives an overview of tiemergy and raw materials use of a product from
cradle to grave. It considers also how much soliguyid and gaseous waste and emissions are
generated in each stage of the product’s life. (GDE09)

Extraction and
processing of
raw materials

Recycling and

disposal as @ Manufacturing
waste
Use, reuse and % &

maintenance of Packaging
the product

Marketing

Figure 7-1. A principle schematic of a life cycle analysis.

The scope definition is very crucial in LCA. It daks what is included in the analysis. For example
are transports or mining of the raw materials irtgd, does the analysis concentrate on a specific
life cycle phase, or is the whole life cycle is ®dered. The energy resources used in the operation
phase is very important to be defined. Usually, @mergy use in operation phase causes the largest
environmental impacts of the whole life cycle, esipdly when it comes to energy-using products,
such as lighting equipment.

The LCA is a useful tool in environmentally consagproduct design. The results of the LCA can
be used to compare products or technologies, ardré¢Bults indicate on what to concentrate in
ecodesign. The results of an LCA are often givereagironmental impact categories or as the so
called single scale indices. Environmental impaategories are for example primary energy,
toxicological impacts, global warming potential aratidification potential. These allow the
comparison from the point of view of a single typé environmental impact. Single scale indices
weigh different environmental impacts and calcul#tem into one score to describe the total
environmental performance of a product. This maktes comparison of the total environmental
impact of products easier. Single scale indicesfarexample Ecoindicator'99 and CML2001. The
Ecoindicator'99 concentrates on respiratory effeatsl climate change, whereas the CML2001
emphasizes global warming and acidification. (Enditator 2009) (CML 2001)

In the following examples the environmental effecfsdifferent lamp types are compared on a
general level. The comparison is made regardingr tagergy consumption, not in environmental

impact categories of single scale indices. This esathe analysis very simple and the comparison
easy.
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In an early study by Gydesen and Maimann (19919, ehergy consumption of a 15 W CFL and a
60 W incandescent lamp is compared for the produgtioperation and disposal phases. The
lifetimes were 8000 h for CFL and 1000 h for incasdent lamp, respectively. The energy used
was also calculated against the light service #rags provide in lumen hours. The results showed
that CFL consumes 17 kWh/MImh and incandescent I8 gWh/MImh.

Table 7-1.Energy consumption and emissions during life cydl€FL and incandescent lamp. (Gydesen and Maimann

1991)

15W CFL 60 W GLS 15W CFL 60 W GLS
Energy consumption & quantity of light Production and use
Production 1.4 kWh 0.15 kWh co, 14.4 kg 70.0 kg
Use 120 kWh 60 kWh S0, 0.11 kg 0.53 kg
Disposal 0 kWh NO, 0.07 kg 0.35kg
Total 121kwh | 60kwh CH, 0.059g 0.259
fly ash 0.82 kg 4.00 kg
Service 7.2Mimh | 0.73 Mimh mercury 1.00 mg 4.86 mg
Energy consumption per Mimh gaseous/solid split 0.40/0.60 1.94/2.92
Production 0.19 kWh 0.21 kWh Disposal
Use 17 kwh 82 kWh mercury 0.69 mg
Disposal 0 kwh 0 kwh solid waste 0.015 kg 0.042 kg
Total mercury 1.69 mg 4.86 mg
Total 17 kWh 82 kWh Total solid waste 0.83 kg 4.04 kg

The mercury content in operation was achieved lsuasng that the electricity is produced with
coal power plant. The amount of mercury and othrarssions from electricity generation depend on
the electricity generation system that differs couiy country.

The European Lamp Companies Federation has publigmironmental impact assessment of
lamps on their webpage. According to that 90% af #imergy is consumed during the operation
phase. In other phases, energy is consumed asMalleesource 4%, production 5% and transport
3%, and disposal releases 2% (ELC 2009).

100 %

80 % -
° 90 %

60 %

40 % ~
20 % ~ 50
—

4%

———

3%

——

2%

0%

Resource Production Use

Transport Disposal

-20 %

Figure 7-2.Lamp energy consumption during life cycle accordiodguropean Lamp Companies Federation (ELC
2009).

Preliminary data of Osram on LEDs life cycle assesat show that only 2% of total energy
consumed by LED based lamps is used in their prtdoc(LEDs Magazine 2009)
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In the life cycle analysis of light sources the @ewnmental impacts are assessed in raw material
production, manufacturing, distribution, use / comgption and disposal through fifteen
environmental indicators. One of the indicatorghe Global Warming Potential (GWP), which is
measured in kilograms of carbon dioxide (§@quivalents. In the use phase the GWP indicator i
measured by the power consumption. In the followting percentage is the GWP impact of the use
calculated over the total GWP impact for differdight source systems. (DEFRA 2009).

— integrally ballasted LED lamp, 93.3%

— dedicated LED luminaire system, 97.3%

— ceramic metal halide luminaire system, 98.7%

— T5 luminaire system, 97.7%

— integrally ballasted compact fluorescent lamp, 94.7

— general service incandescent lamp, 99.7%.

7.2 Calculation of lighting energy

The total lighting energy used by a lighting systel®pends, in addition to the used equipment
(lamps, ballasts and luminaires), on the lightingsidn and the room itself. The efficiency of the
lamps can be defined as luminous efficacy (Im/WheTballast losses define the efficiency of the
ballast and luminaire output ratio (LOR) defineg tfficiency of the luminaire. The lighting design
has an effect on the position of the luminaireslgted e.g. to working desk), the illuminance,
illuminance distribution and maintenance. Also them has an effect on the illuminance, since part
of the light comes to the working desk through eetions. An extreme example of this is indirect
lighting in which all the light is reflected throdngceiling and walls to horizontal surfaces. Thesha

of the room, height (luminaire distance from hormzal plane) and the surface reflectances (related
to colors) together with the luminous distributiaf the luminaire affect the illuminance and
illuminance distribution in the room.

Figure 7-3 shows the factors affecting the totghling

Pc energy consumption in a room. The efficiency of the
. Tfo _ T luminaire (light output ratio) is represented byeth
| fa & 0R | symbol LOR The utilanceU describes the amount of

Ou g Tt luminous flux reaching the task area divided by the

luminous flux of the luminaires. The utilanee

affected by the luminous intensity distribution tife

luminaire, reflectances of the room surfacgs pw, 2),
\ width (w) and length ) of the room and the distance
8 between the workplane and the luminairdg)( The
lumen maintenance factofMF) includes the lumen
depreciation of the lamps and the depreciation edus
by contamination of luminaire and the room surfaces
The energy consumption can be reduced by dimming
the lights according to daylightfq]. Lights can be
controlled also by an occupancy sensfyj, (a switch
(f9) or adimmer(fc) in the room.

Wy yyBiay

length |

Pr

width w

Figure 7-3. Factors affecting the total energy usage of ligigtin
Reducing the installed power of a lighting systeapresents only one part of the lighting energy

saving opportunity. Lighting energy consumption caeo be decreased by reducing the use of
power by using lighting control systems. This candone by the application of occupancy sensors,

187



7 LIFE CYCLE ANALYSIS AND LIFE CYCLE COSTS

and automatic switching and dimming according te #vailability of daylight. The total energy
consumption can be calculated, if the total ingtdlpower is known.

W =" Pif 7-1)

energy consumption, KWh

installed power, W

annual burning hours, h

control factor, which takes into account both thieming and switch off periods.

where

—h-—n-Ué

The average illuminance is luminous flux per illumied area. Part of the luminous flux of the
lamps is blocked by the luminaire while part of thininous flux reaching the task area is reflected
from the room surfaces.

The average illuminance of the room is

E:MFE;EE
A (7-2)
where
E average illuminance, Ix
MF  maintenance factor (product of lamp lumen deprmiaand contamination of the
luminaire and room surfaces)

n utilization factor (product of luminaire light optit ratio and utilance of the room).
N number of the luminaires
) luminous flux of the lamps in one luminaire, Im
A area of the room, fn

The total luminous flux of the luminaireN@) is the product of system luminous efficacy) and
installed powerR) i.e. N@ = n4P. Inserting this in Equation (7-2) leads to:
P E

PA ==
A MFLn, (7-3)
where
P, lighting power density in a room, W/m
No system luminous efficacy (lamp luminous efficacgluding ballast losses), Im/W

Equation (7-3) is used to calculate power densiéigs function of light source luminous efficacy in
Figure 7-4. With T5 lamps the luminous efficacy thfe system is 90 Im/W and 500 Ix can be
reach(;:r(]j2 with installed power density of 15 W/riVith CFLs the power density would be about
27 W/nft.
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Figure 7-4. Power density (W/fas a function of light source luminous efficaty{W) at
different illuminance levels (Ix), maintenance facMF = 0.75 and utilization factof) = 0.5.

Figure 7-5 shows the effects of maintenance fabérand utilization factor; on power density. In
the calculations illuminance has been 500 Ix amdgduminous efficacy 80 Im/W. It is possible to
achieve the desired illuminance level of 500 Ixwtower densities of less than 10 W/{rwhen the
maintenance factor is higher than 0.90 and thezatlon factor is higher than 0.80.
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Figure 7-5. Power density (W/fas a function of utilization factor at differemaintenance factor values (MF = 0.50,
0.75, 0.90), calculated for illuminance E = 500dxd system luminous efficagy, = 80 Im/W.

Normalized power density

Hanselaeet al. (2007) defined the normalized power density NPDdyiding the installed power
by the maintained luminous flux on the task areau(iits of 100 Im or 100 Ix, f3) as:
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100
MF U |:I-ORUVIamp m7gear

P
NPD =%B/V/m2 EI.O(]x] =
®ra (7-4)
Where
NPD normalised power density, W/@m100 Ix)

Psys total system power, lamps, ballasts, etc., W
oM maintained luminous flux on the task area, Im

MF  maintenance factor, ratio of the average illaamce on the working plane after a
certain period of use of lighting installation tiod initial average illuminance

U utilance, relatethe luminous flux from the luminaires to the lumumflux on
the target area

LOR Light Output Ratio or the efficiency of the lumaire

Niamp  iNitial luminous efficacy of the lamp, Im/W

Ngear €fficiency of the control gear

According to Hanselaegt al. (2007) the target values for efficient lighting talations arengear >
0.84,Niamp > 70 IM/W,LOR > 0.75,MF > 0.75,U > 2/(1+0.5@n7a/A7a)). Ara is the task area and
Anta the total non-task area. In defining the utilanités supposed that the mean initial illuminance
on the non-task area is lower than the initialmiinance on the task area.

7.3 Economic evaluation of lighting

For economic evaluation of different lighting satuts, a life cycle cost analysis has to be made.
This means, that all cost categories includingiahiand variable costs must be considered over the
lifetime of the whole lighting installation. Initlacosts are e.g. costs for the lighting designhtigg
equipment, wiring and control devices, and the labfor the installation of the system. Variable
costs may include replacement of the burnt out larfiplamping), cleaning, energy, replacement of
other parts (reflectors, lenses, louvers, ballasts) or any other costs that will be incurred.

Usually, only the installation costs are taken irocount. People are not aware of the variable
costs. In commercial buildings the variable costs aften paid by others who rent the apartment,
and the initial costs are usually paid by the ineesvho makes the system decisions. The energy
costs of a lighting installation during the wholéel cycle are often the largest part of the whole

costs.

Costs
Initial costs

The initial costs are the investment costs, whielm ®e converted to annual costs by multiplying
them by the capital recovery factor.

e i@ri)"
@+i" -1 (7-5)

C annual costs of the initial investment, €

I investment cost (initial costs of equipment, desigstallation, etc.), €
i interest rate (i = p/100, where p is interest riat@ercentage)

n number of years (service life of lighting instdilan).
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Variable costs

The variable costs consist of maintenance costssamdice costs. The maintenance costs include
energy costs and lamp replacement costs. The geposts can include, for instance, the costs of
cleaning and reparation of luminaires.

Energy cost,

Energy costs are calculated by multiplying the tqgawer of the lighting installation by annual
burning hours and the price of electricity.
Ce =ny CetF’lO_5 (7-6)

where
C energy costs, €

Niy number of the luminaires

C. price of electricity c/kWh
t annual burning hours, h
P power of the luminaire, lamp and ballast, W.

Lamp costsC,

The annual lamp costs are calculated by multiplyihg lamp price by the quotient of the annual
burning hours and lamp lifet/,, ). Instead of the quotient also the capital recgviarctor can be
used. This is reasonabletft, | is small, i.e. either the burning hours are snmllthe lamp life is
long.

Cp =ne {t/ty )Ja+k) (7-7)

where
C annual lamp costs including the lamps for spéameping, €

n number of the lamps

C price of a lamp, €

t burning hours, h

t, lamp life, h

k average mortality during lamp group replacementqut%.

Group replacement cost,

If lamps are changed by group replacement, theawghent period can be chosen based for
example on 30% decrease of illuminance due to luohegpreciation and lamp mortality. Fluorescent
lamps contain mercury and therefore the replacernests have to include also the disposal of the
old lamps.
CG =N.Cgs /T (7'8)

where

Co annual group replacement cost, €

n number of the lamps

Co group replacement costs per lamp in group replacgnneluding lamp disposal, €

T group replacement period in years, a.
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Spot replacement cosg

where
Cs annual spot replacement costs, €

n. number of the lamps
s spot replacement costs per lamp in spot replaceémetuding lamp disposal, €

c
k average mortality during lamp group replacementquk%
T group replacement period in years, a

Service cost

Service costs result from the cleaning and repanatif luminaires and in dirty conditions also from
the cleaning and/or painting of room surfaces. fervcosts are very dependent on the
circumstances. If the lamps and luminaires areraelaon a regular basis, for instance combined
with the group replacement, then the annual clegquaiosts can be calculated by dividing the work
and material costs by the cleaning period.

Ce =n(cc +cm)/tc (7-10)
where
C. annual cleaning costs, €
n number of the lamps
Cc work costs of cleaning per lamp, €

material costs of cleaning per lamp, €
te cleaning period in years, a.

Example of the use of equations

In the following the energy costses@nd lamp costs Cusing different lamps are calculated. The
lamps are incandescent (Inc.), compact fluores¢ERL) and LED lamps. Since the price of the
lamps is quite different, the lamp costs have bealtulated by using the capital recovery factor,
Equation (7-5). The service life (humber of yea)sis one year for incandescent, three years for
CFL1 and five years for CFL2, LED1 and LED2 lampkhe actual service life of, for example,
LEDZ2 is much longer than five years, taking the aahburning hours of 2000 h and lamp life of
50 000 hours. The service life of LED2 would be $Bars and the initial costs only 3.55 €.
However, due to service life of five years usedtie calculations, the initial costs for LED2 are
11.55 €. Table 7-2 shows the initial values useddalculations. With incandescent lamp, another
lamp costs of 1.05 € has been added after 1500h@800 hours and again after 3500 burning
hours.
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Table 7-2.Initial values for calculation of energy costs alanp costs and
the results of the calculations for different lartypes.

Initial Values GLS | CFL1 | CFL2 LED1 | LED2
Ce price of the electricity, c/kWh 15 15 15 15 15
P power of the lamp, W 60 15 15 15 10
c. price of the lamp, € 0.5 5 10 20 50
t,. lamplife, h 1000 | 6000 | 12000 | 20000 | 50000
t  annual burning hours 2000 | 2000 2000 2000 2000
k  mortality, % 0 0 0 0 0

i interest rate 0.05 0.05 0.05 0.05 0.05
n service life (number of years) 1 3 5 5 5
Calculated values

C, Initial costs, € 0.53 1.84 2.31 4.62 11.55
C. Energy costs, € 18.00 4.5 4.5 4.5 3.00
C. Lamp costs, € 1.05 1.84 2.31 4.62 11.55

Figure 7-6 shows the effect of annual burning hoamsthe lamp and energy costs. When using the
service lives of 3 years and 5 years, the totatedsr CFL1 are 4 € and for CFL2 4.50 €, and for
incandescent lamp 9.50 € with 1000 annual burniogrk.

w 40.00

@

§ 30.00 Inc.
> CFL1
<)

S 20.00 CFL2
(0]

T | LED1
© |

iy 10.00 LED?2
£

©

-1 0.00 |

0 1000 2000 3000 4000

Burning hours
Figure 7-6. Combined lamp and energy costs as a function otiahburning hours for different lamp types.

Figure 7-7 shows the distribution of lamp costs amérgy costs with 2000 burning hours. In case
of the incandescent lamp, two lamps are used duthigyperiod. With LED1 annual energy costs

and lamp costs are almost equal, 4.50 € and 4.6Ph€. price of the LED1 lamp is 20 € and the

service life is five years. The price of electrigiis 15 c/kWh and the power of the lamp is 15 W.

With CFL and Incandescent lamps the energy cogtglaminating.
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Figure 7-7. Lamp and energy costs of different lamp type$\&R200 annual burning hours.

Other considerations

— The electric energy for lighting is an internal hegain in a room. In
winter peaking regions (cold areas) it can be méit for heating, but in
other regions and in summer time it will increase theed for cooling
energy.

— If the lighting is dimmed, for instance according tlaylight, this will
decrease the energy consumption. With fluorescanipk even if the
luminous flux is on the minimum level (1% to 5%)dlsystem energy
consumption is still about 20%.

— Lighting control strategies can help to save eneifyluorescent lamps
are switched off regularly, this will save enerdyt it will shorten the
lamp life and thus increase the lamp and replacdmests. Calculations
show that generally it is economical to switch @tforescent lamps when
the switch off time is 15 minutes or longer.

Maintenance

All system components age by time and must be aaat certain periods (before dropping out).
Lamp performance decreases over time before fai(fiigure 7-8), and dirt accumulations on
luminaires and room surfaces decreases the uibzafactors. The lack of maintenance has a
negative effect on visual perception, task perfoneg safety and security, and it wastes energy as
well. Both aging and dirt accumulation can redulse efficiency of a whole lighting installation by
50% or even more, depending on the application agdipment used. The following measures
should be defined by a regular maintenance schedule

— Cleaning of luminaires, daylighting devices andmo(dirt depreciation)

— Replacement of burned out lamps

— Replacement of other parts (e.g. corroded reflexjtor

— Renovation and retrofitting of antiquated systemd aomponents.

194



7 LIFE CYCLE ANALYSIS AND LIFE CYCLE COSTS

luminous flux

b

lifetime

Figure 7-8.Lamp luminous flux depreciation during life timgrincipal sketch).

7.4 Examples of life cycle costs

A simple appraisal with very common parameters (agstions) for two lighting examples (shop
lighting and office lighting) shows the LCC dimepsis.

The following terminologies are used in the exansple

E average illuminace, Ix

MF  maintenance factor, including lamp lumen deprecratind dirt accumulation on luminaires
and on room surfaces

n utilization factor (product of luminaire light optit ratio and utilance of the room)
) luminous flux of the lamps in one luminaire, Im

A area of the room, f

w energy consumption, kWh

P installed power, W

t annual burning hours, h

Shop lighting

Required illuminance E= 1000 Ix

Dimensions A=4m x5m =20 m?

n 0,6

MF 0.67 (acc. to DIN12464)

t 3000 h Sm
lamp type HCI-T 35W~> 3500 Im

power (per luminaire) 40 WO 87.5 Im/W

«— 4m ——»
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Simple calculation without maintenance and relamprcosts

®=E.A/(Mm.MF)=49.8 kim

for t =3000 h-> 149 Mimh

P =49.8 kim/87.5 Im/W =569 W» 28 W/m?
for t=3000 h> W = 1700 kWh-> 85 kWh/m2,a

Installation costs 100 €/m
Energy consumption 85 kWh/fa
Costs for electricity (0.15€/kWh price) 12.75 €
Costs for electricity for 10 years 1ZEn?

Present value of a growing annuity

Present value of an annuity is a series of equahpants or receipts that occur at evenly spaced
intervals that occur at the end of each periodtHa present value of a growing annuity (PVGA)
there is a rate of growth of the annuity. Annuisythe payment in the first period.

where
PV(a) value of the annuity at time =0
a value of the individual payments in each compoimgdoeriod
i interest rate that would be compounded for eaehqal of time
Np number of payment periods
g increase in payments, each payment grows bytarfat (1+g).

We can consider the previous example of shop ligihtvith the following assumptions.

Total life cycle 24 years

Maintenance interval 3 yearsy(n 8)
(cleaning and relamping)

Maintenance costs 22 €fm

Interest rate 6%

Electricity cost 12.75 €/fyear (n, = 24)

Electricity price increase 1% /5%

Present values of the total life cycle costs are

Installation 100 €/rh

Electricity 175 €/m (1% annual increase)
Electricity 259 €/m (5% annual increase)
Maintenance 137 €/fr(no annual increase)

Figure 7-9 shows the share of energy costs in ifteeclycle costs. The calculation is done over 24
years. Figure shows two examples of the increash®frices one with 1% annual increase in the
electricity price and the other with 5% annual iease in the electricity price.
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Figure 7-9. Distribution of costs [€/f] for shop lighting during life cycle of an instaition (24 years).
Increase of 1% (left) or 5% (right) of the price efectricity has been considered.

Office-lighting
Energy efficient office — low power density
Required luminance 500 Ix '
Dimensions: A=4m x5m =20 m?
n 0.7 5m
MF 0.67 (acc. to DIN12464)
t 2000 h
lamp type LFL 54 W-> 4450 Im )
power (per luminaire) 58 W 77 Im/W

“«— in —>

Simple calculation without maintenance and relampgrcosts
® =E XA/ (nxMF) =21kim
for t =2000h—-> 42 Mimh
P=21000 Im/ 77 Im/W = 270 W> 13.5 W/nf
for t=2000 h-> W = 540 kWh-> 27 kWh/ nf

Installation costs 31 €/

Energy consumption 27 kWhia

Costs for electricity (0.15 €/kWh price) 4.05 €
Costs for electricity for 10 years 40 €lm

Life cycle costs with maintenance costs

Total life cycle 24 years
Maintenance interval 6 yearsy(n 4)
(cleaning and relamping)

Maintenance costs 5 €fm

Interest rate 6%

Electricity cost 4.05 €/fa (rp = 24)

Electricity price increase 1% /5%

Present values of the total life cycle costs are
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Installation 31 €M

Electricity 56 €/nf (1% annual increase)
Electricity 82 €/nf (5% annual increase)
Maintenance 20 €/f(no annual increase)

Figure 7-10 shows the share of energy costs indyfele costs in office lighting. The calculation is
done over 24 years. The figure shows two examplkethe increase of the electricity prices; one
with 1% annual increase in electricity, and theatlvith 5% annual increase in electricity price.

5%

29 %

1 % increase 5 % increase

in electricity in electricity
‘ O Installation O Electricity 0 Maintenance ‘ ‘ O Installation O Electricity 0 Maintenance ‘

52 % 62 %

Figure 7-10.Distribution of costs [€/rf] for office lighting during life cycle of an instiation (24 years).
Increase of 1% (left) or 5% (right) of the price efectricity has been considered.

“The standard EN 15193 defines limits for connedighiting power density. For office lighting the
recommended power density is 15 -25 \§/manging from basic requirements (15 Wjmto
comprehensive requirements (25 Wjmin the following, costs for office lighting arealculated
with power density of 25 W/ and presented in Figure 7-11. The installatiosts@re 50 €/fh

Total life cycle 24 years

Maintenance interval 6 yearsy(n 4)

(cleaning and relamping)

Maintenance costs 5€fm

maintenance costs increase 1%

Interest rate 6%

Energy consumption 25 W/Am 2000 h = 50 kWh/rfyear
Electricity cost 7.5 €/fyear (p = 24)

Electricity price increase 1% /5%

Present values of the total life cycle costs are

Installation 50 €/rh

Electricity 103 €/m (1% annual increase)
Electricity 153 €/m (5% annual increase)
Maintenance 20 €/f(no annual increase)

The increasing of the lighting power density up2b W/m2 (maximum power density for office-
rooms according to EN 15193) increases the eneogyscsignificantly compared to the installation
costs, Figure 7-11. When compared to Figure 7-1d ratated calculations, the electricity costs are
increased by about 85%.
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1% 9%
22 %

29%

69 %

1 % increase 60 % 5 % increase
in electricity in electricity
O Installation O Electricity 00 Maintenance ‘ ‘ O Installation [ Electricity 0 Maintenance ‘

Figure 7-11.Distribution of costs [€/rf] for office lighting during life cycle of an instition (24 years).
Increase of 1% (left) or 5% (right) of the price efectricity has been considered.
The lighting power density is 25 W/m

Conclusions

There is lack of awareness of the fact that thealade costs (operation costs), especially the eperg
costs of a lighting installation during the wholéel cycle, are mostly the largest part of the total
costs, and that proper maintenance plans can séeoé energy during the operating phase of the
installation. Due to this lack of awareness in coammpractice, life cycle costs (LCC) and
maintenance plans are very seldom put into pracilite calculations show that the management of
LCC in the design phase can change the evaluatiaifferent lighting solutions significantly. This
adds weight to the energy aspects and thus influgnthe final decision of the client to more
energy efficient lighting solutions.

7.5 Long term assessment of costs associated with lighyy and daylighting techniques

Fontoynont (2009) has studied financial data legdin the comparison of costs of various
daylighting and lighting techniques over long timperiods. The techniques are compared on the
basis of illumination delivered on the work planerpyear. The selected daylighting techniques
were: roof monitors, facade windows, borrowed lighindows, light wells, daylight guidance
systems, as well as off-grid lighting based on LEp®wvered by photovoltaics. These solutions
were compared with electric lighting installatioosnsisting of various sources: fluorescent lamps,
tungsten halogen lamps and LEDs. Figure 7-12 sheéhes annual costs for various options
(€/MImh).
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Figure 7-12.Annual costs for various lighting and daylightingchniques (Fontoynont 2009).

General results of the study were:

— Apertures in the envelope of the building are ceffective in directing
light in the peripherical spaces of a building, migiif they are durable
and require little maintenance.

— Daylighting systems aimed at bringing daylight digepto a building are
generally not cost effective, unless they use reawdyle industrial
products with high optical performance and low ntaitance, and collect
daylight directly from the building envelope.

— Tungsten halogen lamps, when used continuoushlifiiting, are very
expensive and need to be replaced by fluorescempseor LEDs.

— Depending on the evolution of performance and castd. EDs and
photovoltaic panels, there could also be optiongyémeralize lighting
based on LEDs and possibly to supply them with &leity generated
directly from photovoltaic panels.
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8 Lighting design and survey on lighting today and inthe future
8.1 Thoughts on lighting design

“Primarily, it is light which brings materials tafe and gives a room its form. A single beam of
light allows for a surface to express itself aneates shadows behind objects”, states Tadao Ando,
one of the most famous architects of light.

Lighting design is more than the planning of stig@ld light intensities and luminance levels.
Lighting design is also more than the fulfillment physiological visual requirements of visual
perception. The fulfilment of these requirementsldngs to the necessary prerequisites of
illumination. Lighting design is more than just tHelfillment of normative guidelines. Lighting
design means the creation of an appearance (e.g.robm), which complies not only with the
technical requirements but also with the emoticaradl aesthetic requirements of the user.

Designing with light is based on psychological pgston correlations, which cannot be measured
guantitatively (at least at present), and therefmaanot be mathematically described or converted.
Lighting solutions, in the sense of creations ighti are very difficult to represent and communicate
as they are abstract and can practically only bheceoved by means of visual perception (one has to
be able to see the solution). In order to be ablednvey an illumination solution, they are either
graphically represented (artwork) with the helpcomputer simulations (renderings), or represented
by scale models. Ultimately, these are just aidd te true effects can only be experienced in & rea
situation.

From an architectural point of view lighting is ag@n to express and underline the desired character
of the building space, which may be defined by aemll design style of the architect.

Different places need different ways of lightingsign. Anyway, it is possible to identify three main
typologies of environments, each one characterisgdiifferent hierarchies of objectives, with a
specific technical, functional or aesthetical pitgr
a. Environments designed for work and services toghblic: places where the functionality is
the key element guiding the work of the designerd ahe main aspects to satisfy are the
rules of the vision and ergonomics, the safety #trelcommunication
b. Environments designed for exhibitions and salecetawhere the most important need is the
image, be it faithful to the truth or distant toheality, virtual, fascinating
c. Environments designed for residence and tourismacgs where light should satisfy the need
for comfort, relaxation, aesthetical value, stagymbol

Visual perception is first of all a mental proceduand not only a pure sensation (like e.g. a trerm
sensation, which causes feelings of coldness ommass). It is a means to receive information
about our surroundings, about the distances, sesfaextures, about what happens around us, and
all this information arouses emotions. Our peroaptis very selective, prejudiced by our personal
experience, and is influenced also by our actuahtalestate, history and expectations.

Through the visual perception system we receive llrgest amount of information (most of it
unconsciously) about our environment. Optical ilbus are very popular to demonstrate this
perception procedure: we interpret (unconsciousigt aot controllably) by a mental process what
we are seeing (see Figure 8-1).
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Figure 8-1. Optical lllusion.

The picture in the Figure 8-2 is an example of edde that is illuminated from the ground upwards,
which causes very unusual shadows and thus isregtrg the appearance of the building.

Figure 8-2. Estrangement of a building facade by uplighting (@abach 2009).

The comparison of two antithetic examples for shigiting is shown in Figure 8-3. On the left
picture many glaring light sources (no shieldingyether with specular surfaces (floor, ceiling and

shelves with ware) give a glittery appearance, wheron the right side the light sources and
luminaires are hidden, and the ware is in the focus
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Another example is the corridor lighting in Figuge4.: on the left is seen a shiny dark floor which
appears like a black hole, and on the right surfaghich are made visible by the illumination.

Figure 8-4. Comparison of two different floor lighting concegBartenbach 2009).

In the museum lighting shown in Figure 8-5 the itiination idea was to use the fluorescent lamps
themselves as art. The effect of such illuminatiasbvious: the paintings are in the background.
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Figure 8-5. A special approach to museum lighting (Bartenbato®).

Figure 8-6 demonstrates how the appearance of ilated paintings on a wall can be changed by
simple measures. The change in the backgroundctefiee from white to dark increases the
visibility strongly.

LSl

-

Ly
Il

Figure 8-6. Comparison of two different backgrounds (Bartenba069).

These few examples make it evident that lightingide is much more than the planning of
stipulated illuminance levels.

The aim of an optimum lighting design is to achies&rtain appearances and, at the same time, to
fulfill the fundamental physiological and psychologl visual requirements and to ultimately put
the whole thing into effect in an energy efficiem@anner.

8.2 A technological approach

From an energy point of view, we can identify thigteps that transform electrical energy into light:
the lamp (light source, including controls and latk), the luminaire, and the room. The lamp
transforms electric power into luminous flux, therinaire distributes the light in the room, and the
room transforms this light into visible luminancleg the surface reflections.

The energetic performance of these different trammshtions are characterized by the factors
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- lamp luminous efficacy (in Im/W, including operatjrdevices)
- luminaire light output ratio (LOR, in %)
- room utilization factor, in %).
The ‘sum’ of these factors gives the ultimate (tbtdilization of the electric light installation.

energy

luminaire E ] m
’rj“ﬁ controller
window g,

Figure 8-7. Supply chain from the electric power grid to thewal environment.

The energy consumption of the installation is fentldefined by the operating times, i.e. the need
for artificial lighting should be minimized by intiéggent architecture and daylight harvesting. Pnope
controls (occupancy, daylight dependence, etc.ehavbe installed to avoid needless operating of
the artificial light.

The first key point for an energy efficient lighgninstallation is the choice of efficient lamps
(characterised by the lamp luminous efficacy in W)/ which produce the proper spectrum
(correlated color temperature and color renderimgei) and offer the required operating features.
Besides the use of energy efficient lamps, the @pgibn of high quality luminaires (characterised
by the LOR) together with efficient room lightingoncepts (characterised by tihg and clever
controls, are important for the visual and ecol@diguality of the whole lighting installation.

The luminaire should not only be a decorative elatbéut rather a device to distribute the light of
the lamp according to the illumination tasks in th@om without causing glare, thus creating
together with the room surfaces the desired vismsiironment.

8.3 The role of LEDs

With the emerging LED technology a new white lighdurce is available which offers a great
potential for energy efficient lighting. With anfefacy of more than 100 Im/W in the near future, a
lifespan up to 50000 h and more, and with easy mdrdnd dimming possibilities, LEDs offer all
the key features for an energy efficient light soewr Additionally, the light output ratios of LED-
luminaires are usually much higher than for conveml light sources.

LEDs allow for completely new designs and architees for lighting solutions, thus opening a new
and wide field of creativity for all lighting profgsionals. At the same time, some old rules and
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standards for a good lighting design are no lorggplicable to LEDs (e.g. glare assessment, color
rendering, light distribution, etc.). They demarmh®e adjustments and sometimes also new rules,
and this needs time to become a widespread and aonaocepted state of the art. In this transition
period some meanders and mistakes will occur.

As an example, LEDs are very often used as replacgnof low voltage incandescent lamps
operated like a starry sky (many small light spatthout any shading), but there are no clear rules
for glare assessment of such an application. Anoth@mple is the color rendering topic, the
commonly used CRI for lamps is misleading if apgli® LEDs.

There is increased attention for biological (nosual) effects of lighting in the lighting community
For these different biological effects of light spa& light spectra may be needed. Although the
scientific basics are still too weak to be appliéidhting industry already offers a lot of so calle
‘dynamic lighting’ solutions, e.g. to assist theilglaactivity and circadian rhythm of people. With
the mixture of different LEDs it is possible to @t almost any desired spectral distribution. This
enables the creation of lighting environment fortgrdial visual and biological effects for human
beings.

8.4 Architectural view on illuminants

Light sources or illuminants are defined as deviedsch transform electrical power into luminous
flux. A luminaire is a device which is necessary tbe operation of an illuminant. It consists of a
lamp holder, an operating device for the illuminangether with the necessary electrical wiring, a
mechanical construction including a housing and light directing elements (reflectors, prisms
etc.). These light directing elements serve tordiste the light according to requirements and also
to shield or fade-out the illuminant.

An architect views the luminaire as a visible paftthe interior decoration, whereas a lighting
engineer considers it as a device which fulfils fifetometric requirements. The lighting designer
however, wants to be creative with light and to iesle effects. For architects, aesthetic demands on
the body of a luminaire (housing) and its arrangatria a room is paramount. On the other hand,
the lighting engineer has the photometric requiratean mind (illuminance, glare values, etc.),
which come from relevant regulations and the exgrace of the engineer. The lighting designer, in
turn, works with the emotional effects of light, ame can observe from the work of a theatrical
stage illuminator. In this case, the spotlightsrtiselves are not important and are rarely visible.
Photometric values and requirements are also unknonly the emotional effect on the stage is
what counts.

In accordance with these considerations, the effefta lighting system can be divided into the
following three categories:

— The body of the luminaire as a component of théhdecture (decorative)

— The purely visible effect of the light (makes thmuyisible)

— The associated aesthetical and emotional effects.

Depending on the objective, the lighting system hagocal point in one of these three categories,
but ultimately it is a combination of all effect¥herefore, all of these aspects must be collegjivel
considered. A good lighting design, whether frorspecialist or a generalist, always considers these
effects as a whole. In the future, further aspewils be more intensively considered. These aspects
include energy consumption, environmental impaajntenance, and cost of the illumination over
a life cycle.
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8.5 Energy efficient lighting culture

It is essential that in future lighting design ptiges, maintenance schedules and life cycle cosdts w
become as natural as illuminance calculations dliyesre. A sustainable lighting solution includes
an intelligent concept, high quality and energyi@ént lighting equipment suitable for the
application, and proper controls and maintenance.

There are activities and efforts underway in Eurdpg). by CELMA, ELC) to establish a Lighting
Design Legislation, which should make sure lightidgsign follows energy efficient rules in the
future. Due to the fact that the objectives of ghliing system can differ, and that there can orgy b
limited standards for architecture and design, we must take in our endeavor to regulate these
areas and to implement limitations. For exampleyé set our limitations for the power input per
unit area too low, not only the architectural, lal$o the photometric leeway can be lost and only a
trimmed standard illumination with minimal energgrisumption would be possible. On the other
hand, if we set such a leeway too loose, there wdnd no effect on energy efficiency.

A more promising prospect seems to be by meansfafrimation, clarification and the raising of
awareness, together with well targeted technicalaadement. This can help to increase the
awareness of lighting so that predominantly good anergy efficient lighting solutions will be put
into practice.

We have to be careful to avoid overregulation, amd cannot forget that lighting design is
essentially a creative design process.

8.6 Survey on the opinions of lighting professionals orighting today and in the future

8.6.1 Introduction

The survey was conducted during 2006-2007 and fheions as presented here reflect those of the
respondents.

Part of the Annex 45 work was to identify knowleddpe people in the lighting community and to
collect information. The goal was to find out hoighting has been developed in different countries
within last 5 to 10 years and how people see itgall@oment in the future. The experts were also
asked what kind of information about (energy e#iai) lighting is needed and in what form this
information should be provided.

A questionnaire template was sent to key contat&snmex 45 and they could decide whether to do
it by interview or by sending back the filled quesinaire. Altogether twenty-five answers were
received from the following eleven countries.

— Austria 1
— Belgium 2
— Canada 2
— China 4
— Finland 3
— France 3
— Germany 1
— ltaly 4
— Russia 1
— Turkey 3
— Sweden 1
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The members were from the research, manufacturmapplication sectors. The following topics
were covered in the interview questionnaires:
— Background of the respondent
— History and state of art
— Meaning of lighting for the comfort of indoor enanment, health and
productivity
— Future of indoor lighting, light sources, instaltats, integration,
automation, daylight, developing needs
— Energy efficiency, life cycle, environment
— Flexibility, changeability and dynamics of lighting
— Automation
— LEDs
— Information and standardization
— Summary

8.6.2 Results

Background

Respondents were asked about their experienceeitighting field and also the activities of their
companies in the lighting field. If the company hselveral activities it was classified by the main
field of activities. For instance, manufacturergeof have also R&D but they were classified as
manufacturers.

00 Manufacturer

8% 4%

O Lighting design, architecture,
consultant, engineering

0 2 %
8% 3 ° 0O Research

8% 0 Building management
o Distribution of equipment

O Electrical utility, public lighting
20% 20 %

0
O Energy efficient authority

Figure 8-8. Companies’ (represented in the survey) activitiethie lighting field.
History and state of art

How has lighting been changed during last 5 to 1@grs

When people were asked how lighting has been chéuigeing the last 5 to 10 years, more than
half of the respondents mentioned the increasedatehior energy efficiency or energy savings.
The second largest group mentioned the increaserafs and the increase of (small) gas discharge
lamps (mainly metal halide lamps) in indoor lighginAfter that, the arrival of T5-lamps and the
increased use of electronics in the lighting mankete mentioned.
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The increased use of electronic ballasts as wellhasincrease of control and the integration of
control to building management was indicated. Luanie design has been changing with the new
lamps (for instance T5), but also due to new maiesriThe use of daylight is increasing, partly due
to energy savings demand, and this was also relatétke increased use of control systems.

The importance of lighting design was mentioned dmdas indicated that nowadays it is no longer
just electricians that do the design. At the saimeet designing has become much easier because of
powerful computer tools. The increase of lightingadjty, LEDs, reduction of incandescent lamps,
dynamic lighting and reduced operational costs vadse mentioned in the survey.

Table 8-1.How has lighting (techniques, design, installatioise and maintenance) been changing during the 3de
10 years?

How lighting has been changing No. of
responses

Increased energy efficiency (of lighting, luminaire s, ballasts) and environmental
friendliness

Increase of CFLs, small gas discharge lamps

Increase of T5 lamps

Introduction of electronics, digital technology

Control (intelligent, digital, integration in building management)
Luminaire design, easier to install, better materials

Daylighting

Lighting design more important but easier (faster)

Focus on lighting quality and well-being, health

LEDs are entering

Reduction of incandescent lamps

Dynamic lighting (CCT change)

Reduced operation costs (through increased lamp lif e, lower wattages)

NI EN NS TS ) ENTEN] eY P

The problems of current technology

Table 8-Error! Reference source not foundlists the problems of current technology as intiech
by the survey. The most evident problem was thegf the products; nine respondents out of
twenty-five mentioned the price.

Table 8-2.Problems of current technology.

Problems of the current technology No. of
responses

Price (costs)

Reliability of electronic ballasts

Size and shape

Lack of knowledge of best option for the customer, marketing confusing
Old installations are not renovated

Efficiency

Life time

Compatibility of components from different manufact urers, standardization
Problems with lighting controls, lack of control sta ndards

Market is slow (takes long time until a new technol ogy can be established on the market)
Glare (T5 and LEDs)

Feasibility

Acceptance by users

Lighting design not paid attention

Communication between different players

Lack of educated professionals

Transition period between old and new products

Mercury

RlRR(R|RRR|R[FP NN N N[N w| Ao
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Four respondents mentioned the reliability of elecic ballasts. Three respondents were referring
to size and shape of CFL lamps and the fact thayttio not fit into old incandescent luminaires.
Compatibility of components from different manufatrs was also mentioned related to CFLs and
their ballasts. It was also pointed that custonaeslacking information on the best options and the
marketing can be misleading. Two respondents maetiothat the old installations are not
renovated and that there is still need for furthemprovements in efficiency and life time of
products.

How should manufacturers improve their products?

Respondents were asked how manufacturers shouldoiraptheir products. They could freely
express their opinions on the subject and arrahgegtven nine characteristics of the products in an
order from most important to least important. Fig@-9 shows the aspects that were considered in
the survey and the survey results. The largest griurespondents chose energy efficiency as the
most important character to be improved.

The respondents also mentioned that manufacturboalld communicate more with lighting
designers and researchers. The lack of standaioiizaias also mentioned. It was pointed out that
new technology has defects in the early stage. Afsore energy saving technology such as PIR
sensors was requested.

14

Figure 8-9. Analysis of how manufacturers should improve thoducts.

Usage, maintenance, needs of development

Opinions on the usage and maintenance of lightimoduided:

— Significance of the total costs of ownership: Marensciousness of this
would lead to much higher rate of renovation ofhing, and thus save a
lot of energy.

— Maintenance has become more expensive: electrisaneeded quite
often, faults are expensive, and conventional Ilsédlamore reliable,
electronic ballasts becoming more reliable tharytiere five years ago.

— To make green design a reality, utilities and gowveents have to work in
synchronization with manufacturers and building @mnto stimulate the
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use of the most efficient technologies and to congage for the premium
costs until market is transformed. Incentives, tdeduction, real estate
appraisal are good examples.

— More control systems solutions oriented at energyirsys and user
comfort.

Meaning of lighting for the comfort of indoor envionment, health and productivity

View of the importance of human factors (well-beingealth, productivity, visual environment) in
the future lighting technology

What kind of research is needed? Did you note thieportance in your own activities?

The answers for these questions highly reflecteel tieed for more research; 64% of all the
respondents expressed the need for more reseahnely. Wanted also guidelines and solutions. Few
examples of the answers:
— Research on impact of design on vision and humesatdth
— Health, productivity and well-being are very impamt aspects and much
more research is needed to understand the impatglaing on these
guantities.
— Much more research and dissemination is needed ntwease the
knowledge and awareness on the visual and non-vetects of lighting.
This is a precondition to reach a higher state teé art for our lighting
solutions.
— Importance mostly not noted
— There is a lot of research but each study is omlsscale. There is a
need for a comparison of all the studies and givawgrall conclusions.
Industry is interested in more studies on the efexf dynamic light.

Future of indoor lighting, light sources, installabns, integration, automation, daylight, most
important developing needs

New light sources and ballasts

Two thirds of the respondents mentioned LEDs wheeytwere asked what new light sources are
coming on the market. Nine respondents mentioneat teelectronics, intelligence and
communications are increasing (wireless or withe)ilt was expressed that the market wants more
energy efficient lighting and products with londde-time.

Table 8-3. New light sources coming on the market.

New light sources, their components & their importan t features | No. of
responses
LEDs 16
Electronics, intelligence , sensors, communication is increasing
More energy efficient lighting

Longer life

Dimmable/smaller wattages high pressure discharge |amps
More efficient ballasts

Mercury free lamps

Controllability

Take into account visual and non-visual effects

Plrir(NDN|o|o©

Barriers for new light sources
Price seems to be the most important barrier fer ¢éntry of new light sources in the market. The
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respondents were also concerned about the qualdlyperformance of new products. It was seen
that the pay-back time of new products can be nathigh. It was seen that the markets are
conservative and it takes time before new prodacesapproved. On the other hand, since volumes
are big it takes also time for the manufacturershange volumes. Some respondents expressed that
the management of lighting is becoming more comg@es there is lack of standardization and that
some dimensions can be inappropriate (CFLs vs.nideacent lamp).
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Figure 8-10.Barriers for new light sources.

Trends in luminaires

According to the survey the trend in luminaireghsit they will become more efficient in the future.
It was seen that energy efficiency will also impeothrough better lamps and ballasts, better
reflectance materials and optics. It was exprestet the design of a luminaire (in-fashion
appearance) is becoming more important and lumésaivill become smaller; luminaires should be
environment-friendly and then parts should be réalyie. Indirect lighting was seen as one trend,
although one respondent considered this sometlhiaigshould be avoided.

Figure 8-11.Trends in luminaires.
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Control methods

When the respondents were asked about the futudgylofing control methods most often they
mentioned wireless control. Wireless control wasoateen as a way for individual dimming and
easy access. On the other hand one respondentRagagple go in and out of their rooms in their

routine work and don’t think about the light. Atetbeginning it is fun, but then the lighting istlef

the way it is”. It was seen that the control systems enable ensagings and the use of daylight.
Future possibilities of lighting control were seaa dynamic lighting (variable color temperature),
intelligent control and adaptive, learning systems.

Table 8-4. Future lighting control methods.

Lighting control methods No. of
responses

Wireless control

Daylight use, energy savings
Integration to other building systems
Individual, personalised dimming
Easy access, user friendly

Dynamic lighting (variable CCT)
Intelligent control

Self learning systems

RIR|INWWw(d o

Vision of the exploitation potential of daylight ath the needs for development to achieve the
exploitation potential, the biggest barriers on thgoint of view of one’s own country

In principle all the respondents that answered tjusstion considered the use of daylight as useful
for energy savings, visual comfort, health and wading. Artificial lighting was also seen as a
supplementary light source supplementing and asgisiaylight during the daytime.

However, the respondents also found barriers feruse of daylight:

— Lack of general awareness and knowledge of eneagyng potential: in
many cases the energy efficiency has to competk lwilv-cost solutions
in order to meet budget restrains

— Uneven luminous distribution in the room in dayligtonditions

— Lighting design is very important in order to cregtroper environment
for visual tasks

— Architectural designs are made by aesthetic andllooncerns not taking
sunlight into considerations.

— Control of artificial lighting has to be done autatically

— Investment costs, difficultie® estimate energy savings

— Thermal problems in summer

The solutions were seen as:
— More education and know-how workshops for archgecand
electrical/lighting consultants
— Financial and design incentives
— More attention by both architects and lighting dgegrs

Lighting design
The respondents view was that in many cases lighdiesign is carried out as a side task by people
(electrical designers) with low level of expertigelighting field.
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It was expressed that the customers might not laelydo hire lighting designers as they may be
unaware of the impact of lighting on the operatiboasts. It was seen that poor designs are unable
to make use of the energy saving potential of ddng. The view was that there is a large potential
for lighting design to affect the energy efficienand that good lighting design will have benefits
both in energy saving and good performance. It s@sn that lighting designers are necessary and
ought to be paid for their job; lighting is the laphase during the design and construction, the
moment when money runs out.

The solutions were seen as:
— Raising public awareness about lighting design
— Integrate the lighting design in the start of thalding design
— The electrical consultant and the lighting indudtigve a strong impact to
make the decision makers understand. Within 3-5g/¢lae market will
be ready to pay for energy saving lighting designs.

Energy efficiency, environment

The experts were asked what actions are the mogbitant in order to improve the energy

economics of lighting. They were given three alegimes and the possibility to freely formulate

their answer. They were allowed to give more thare answer and therefore all the specified
answers were frequently mentioned: “More energyicedht lamps/luminaries” (24 answers),

“automation” (22 answers) and “life cycle analysid4 answers). Better maintenance, intelligent
lighting concepts, including daylight utilizationand quantitative explanations for quality

improvements were also mentioned. In the questiahdt things have to be considered on the
environmental issues of lighting” there were aldwee alternatives and a free formulation
possibility. Again, the specified answers were ofteentioned: “The long life of lamps/luminaries”

(19 answers), “the energy efficiency of lamps/luaries” (24 answers), “the small environmental
burden of lamps/luminaires (in the production, asel disposal/recycling)” (16 answers).

Payback time of additional costs

0 | | |
< 3 years 3to5years 5to 10 years >10 years

o Energy efficient & Environmental ‘

Figure 8-12. Payback time of additional costs of energy effitigghting and environmental friendly technology.

Thirteen answers saw that the payback time of ttditeonal costs of energy efficient lighting
should be less than 3 years, while ten answersthatthe payback time should be 3 to 5 years. One
respondent expressed that the payback time shoalgds than 3 years in domestic lighting and
from 3 to 5 years in industrial lighting.
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The view was that the payback times of additionadts of environment-friendly technology can be

slightly higher: there were 10 answers for payb#oie of less than 3 years, nine answers for 3to 5

years, five answers for 5 to 10 years and one an$ovanore than 10 years.

Vision of the energy efficiency of lighting in a %o 10 year period

Barriers:

LEDs will probably be significant for general lightg in 10 years
Efficacy of lamps will increase, integrated lighginconcepts and
technologies will allow realizing energy savinghigng concepts
Technology improvements, directives and requirementi be made
Customers will be interested in energy savings biseaf the electric bill
The lighting design might focus more on additiori@nefits such as
health-related aspects or productivity. If theskeets can be included in
an overall cost/benefit calculation, it could makeay for many
innovative technologies.

There is limited possibilities for light sources tmprove by raising the
luminous efficacy, but a lot of things can be daiweluminaries. Market
penetration depends not only on the effect of sgwenergy but also on
the cost to get this energy cut. This also implibe barriers for new
technology, because more often new technology mesns costs.

With institutional intervention, the market is stifg and will shift more
and more

Disappearance of old fluorescent lamps (T12) andctebmagnetic
ballasts, great penetration of T5 and CFL lamps

Costs will probably decrease; that will improve thearket. Better and
more control systems (too little nowadays).

W/m? will drop down

Directives will improve the efficiency.

With the development of lighting technology, theeegy efficiency will
be higher and higher, this is especially for LEDs.

New lighting products will improve energy efficiepc LEDs, low
wattage HID lamps, and fluorescent lamps with hiigiminous efficacy.
Energy is becoming very expensive and every sedtas to give
importance to it.

Incandescent lamps will be banned.

To be on the top of the list for energy saving aittes in the building
process. To day it is insulation, change of windosts, which take the
money for the lighting installation.

Costs, stocking and unadjusted marketing directions

Main barriers will be in the budget for a building.

Old installations: there is no urge to change themd if they are working
they are not changed

With LEDs the barriers are the packing technologg éhermal issues.
LED luminaires produce electronic waste

Materials (for instance, fluorescence powder) aadking technology
New technologies are under the monopoly of spedifias and are being
directed by them. Therefore new products are veqyessive when they
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enter the market.

Vision of the environmental issues in a 5 to 10 ye@eriod

— Mercury content reduction

— Government regulations could be the only major dacto improve
environmental aspects of lighting

— Reduction of toxic materials in products (lampsminaires, etc.) and in
the production process.

— Environmental issues are used for marketing.

— Legislation, image, environmentally-friendly solortis, although usage is
more important than technical solutions.

— The application of environmental friendly technojogshould be
promoted by the government.

— Also new technology can be harmful to the enviromtnge.g. content of
mercury). The light sources are beneficial to thevieonment in two
ways, one is the benefit coming from them spendexs energy, and the
second is the efficiency of the new technologiead a&he increased
product life.

— Materials recycling.

— Ecology becomes a business.

Flexibility, changeability and dynamics, is it imptant and in what applications?
Automation
Is the changeability of the lighting important?

In what kind of property the physical changeabilityf the lighting is especially important?

The physical changeability of the lighting was faliespecially important in office buildings (23
answers), clinical health care (19 answers) andcational buildings (19 answers). All the
beforehand defined building types were mentioneably a few respondents. Table 8-5 shows the
survey results on the importance of dynamics ohtigg (amount of light, color) in different
building types. Dynamics was also found to be intpat in offices and clinical health care
buildings. In residential buildings and shops dynesnwas mentioned more than the physical
changeability of lighting.

Table 8-5.1n what kind of property the physical changeabilityd dynamics of the lighting are especially imgot

Building type Physical Dynamics
Changeability
Office building 23 22
Health care, clinical 19 20
Educational building 19 16
Health care, not clinical 14 14
Residential building 13 16
Shop building 13 15
Sports building 12 13
Assembly building 12 12
Accommodation building 12 11
Catering building 8 9
Penitentiary building 8 8
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What is your opinion about the future of the lightig automation?

Nine answers mentioned that the lighting automatisrgood and economical investment, ten
mentioned that it is good but there are barrierd dns uneconomical, one considered it to be good
but uncertain functioning is a problem and two madieer points. One respondent saw that before
automation there is the intelligence of usage atties saw that automation is good mostly for
visual comfort.

What benefits do you except to gain from the autotiwan of lighting

Energy savings was clearly the most important fadtwat respondents expected to gain from
automation, Figure 8-13.

0 Energy savings

4% 4% oo

4% O The quality and efficiency of
4% maintenance is improving

4% O Certainty of operation is improving
0 Rooms become more tempting
O The quality of lighting is improving

O The productivity is improving

O Image is improving

Figure 8-13. What benefits do you except to gain from the autiboneof lighting?
Light emitting diodes (LED)

New technology and its integration for building seices

— Sitill at small scale use in lighting applicatiorisyt already very efficient
for colored lighting, EXIT signs with LEDs are conan, small accent
and step/ night lighting with LEDs is more usualdoildings

— LEDs offer a new trend in lighting as they allow ropletely different
luminaire design. There are still some problemsoperating them and
these problems have to be solved (thermal issu#sr etc.)

— Higher and higher lumens output in one package.évkiable operation

Where do you see applications for LEDs?

— LEDs can be useful in accent lighting or in enviments that require low
lighting levels (e.g., patient rooms at night timegtail (dynamic-color
lighting, floodlighting of vertical surfaces, dekation (replacing neon)
and seasonal lighting

— Indoor lighting, specialized area lighting (smaktes allows to be operated
in hard-to-reach areas). They can be dimmed eamilg have a long
lifetime so that they offer quite a few chancestire overall dynamic
lighting field.

— LEDs are already being used in traffic lighting,chitectural lighting,
safety lighting

— At the moment there is only a niche market for speapplications, but
this will change rapidly in the next 5-10 years. DE outperform
traditional lamps with their superior lifetime, theffer the possibility of
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Ways of illumination?

Structure of luminaires

Low voltage
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spectral mixing, are free of IR/UV and very robusOngoing
improvements in LED technology indicate, that irethear future LED
prices are decreasing rapidly, the efficiency isttier increasing which
opens the way for LED's to be the light source bétfuture with a broad
field of applications.

Outer wall of sky-scrapers, screen of large scaletomotive lighting,
flashlights, indicators

Building surface, background lighting

Mainly for decorative lighting

General lighting, traffic lighting, vehicles lighmg, every lighting
application

Rather than conventional, better and more innoeatias part of
decorative elements, wall/ ceiling grid, etc. Coahd innovative
technologies are the barriers

Backlighting of monitors, task lighting, ambientglting, etc., many
setups possible

Optical efficiency, directed lighting

Easy to focus on what needs to be illuminated

For small surface or area

Stand alone (more classic) or integrated into theestruction elements
Luminaires holding LEDs can shrink in size allowiag‘lighter” design
of the interior.

Smaller luminaires, integrated in furniture

Temperature and glare has to be taken into account

The conventional luminaire industry is not well ®d for these new
techniques, instead of mechanical (spinning, hyaming etc. of
reflectors, mounting, casing) and electrical comstion electronic and
small optical construction and manufacturing is essary

Panel-like luminaires, linear luminaires

The smaller the better

Should release heat easily

Great flexibility in design, smaller or bigger lumaires.

LEDs evolve quickly, that is a difficulty for thasminaire manufactures

Quite suited for this application

If low voltage can be supplied easily this allowsesialized solutions in
fields where electrical safety is extremely impaoita

Makes easier to hide wires, no electricity hazars problems with the
temperature like with halogen lamps

Low voltage is more safe and convenient

Advantage for some applications: Wall, floor, undé&e hand, under
table, in the seat; the very easy utilization whhtteries will create a
specific sector for itself.
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New installation practices?

— Correct installation of LEDs will require speciaéid contracting teams
that have their own designers and can control theclpase, installation
and commissioning of the LED design

— This will be answered in the future by applyingntthe real world.

— LED-luminaires may produce electronic waste (tretadthrow away
elements and luminaires, no replacements due tg liémtime). We have
to establish industrial standards for LEDs itsdifjlders, controls etc.
(comparable to the ones for common light sources) eicourage
sustainable LED luminaire design.

— Only in detail, does not have many effects on mgaedform

— Yes, due to the long lifetime

Integration in building structures and to other engy systems

— Requires a lot of careful planning and may neeccggized sub trades

— | do not see any difficulty in integrating LED lumaires in buildings.
Ballasts can be designed such that they can berated by building
management systems.

— Integration to furniture, OLEDs can be used, fostemnce, as wall papers

— Lumen maintenance, costs

What are the worst barriers?

— Cost and knowledge of procuring the right equipnientthe application

— Thermal management issues, luminous efficacy, ac@odering

— Users are slow to accommodate, building life cyisléong

— Reliability, lamp life, price

— Glare, price, energy efficiency (at the moment)

— Industrial standards are not available (holdersntecd and ballast,
platines, etc.). High prices, high risk (not fulljeveloped state at the
moment, LEDs in practice do not fulfill the promse fast developing
LEDs.

— Lumens efficiency, packing technology, second agitaesign

— Heat, the lack of standard and the fact that theospare not specified yet.
The concepts haven't found their place yet.

— Let’s not say barriers, but disadvantages; it haseached high power
values yet, highly efficient light has not been aioied yet, secondly we
can’'t use it as easily as it would have been inmak network voltage, in
addition to that there’s the heat problem in higtwer LEDs. The LED is
small but for cooling it, 50 grams of aluminum ceolis used per 1 gram
of LED.

— Reliability

— Not possible for the owner to know about the dulifyiof the
installation.

Information and standardization

What is your level of knowledge on standards, ditees, recommendations, energy efficient
techniques and design?

Fifteen respondents answered that their knowleddagh or good. Three answers mentioned that
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their knowledge is common or adequate.

Is education needed on energy efficient lightingdienologies?
Sixteen respondents answered yes.

Is public actions needed to promote new technolsjte

Sixteen respondents answered yes. Three responskadtthat there already exist standards; two of
them considered that the standards are not useagéno

Who should act as sources for neutral informatioroacerning new technologies?

Few respondents said that information is needethfadl sources. It was also pointed out that
research institutes do not necessarily have thdifugfor the information delivery.

Table 8-6.Who should act as sources for neutral informati@mcerning new technologies?

Who should act as information sources No. of

responses
Research institutes 25
Associations like llluminating Engineering Societie s 18
Manufacturers organizations 10
Private info services 9
Others: utilities, governments, press, governmental 4
organizations etc.

Are you ready to pick up information? From what aees of lighting more information is needed?

Information is needed about the total costs of ligating (17 answers out of 25). Information is
also needed about the systems and the choice gb lgpe and luminaires (16 answers). Energy
efficiency (15 answers) and choice and use of adnéquipment in different installations (13
answers) were also often mentioned. It was seenrtizae information is needed about techniques,
environmental issues, lamp lives and illuminatioasin. Information should be provided by
different means, the most popular was internet§2swers), seminars (19 answers), brochures (18
answers) and CDs (10 answers).
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Figure 8-14. From what areas of lighting more information is rokssl.
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8.6.3 Summary and discussion

In the summary the respondents were given a lisssdies of lighting and asked how important they
considered them. They could rate each issue fromo 5 (1 being not important and 6 very
important). They were asked both their own pri@stiand also what they think that the end-user
would appreciate. The same number could be giverertttan once for different issues. The results
are shown in Figure 8-15.

Most of the issues were considered important, epefficiency being the most important. The
average value given to energy efficiency was 5.6wdver, the respondents did not think that the
end-user values it as much. The average valuerfdrieser was 4.3. Quite large differences between
the opinions of respondents and what they think #mel-user appreciates were also found in
positive impact to health (respondent 5.4 versud-eser 4.6), longevity (5.2 vs. 4.1), increase
productivity (5.0 vs. 3.9), environmentally frieryd(4.7 vs. 3.3) and technical progressiveness (3.9
vs. 2.8). The respondents view was that the end-agpreciates appearance (5.1), amount of light
is enough (4.8), price (4.8), quality of lighting.7) and energy savings (4.7). The issue trendy was
valued for 3.9 by respondents and 4.0 by what ragieats thought end-users appreciate.
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Figure 8-15.Importance of different issues of lighting.

The respondents were also asked if they think thgiting has an effect on different aspects of
property. They could value them from 1 (not impaitfato 6 (very important). The average values
are shown in Table 8-7.

Table 8-7.Evaluation of lighting effect on different aspeofgroperty.

Evaluation feature Average
given
Satisfaction of the users 5.3
Quality 4.7
Desirability as a working place 4.7
Image of the company 4.5
Easiness of renting/selling of property 3.8
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The survey indicated that energy efficiency of ligiy has been increasing during the last 5 to 10
years. This has happened through more efficieritlgpurces like compact fluorescent lamps and
T5-lamps and also through the increase of eleca®(electronic ballasts) and control. Problems of
the current technology were seen to be high priog eliability. On the other hand, it was seen that
the market is slow and it takes time before the neshnology can be established on the market.
Further improvements on energy efficiency are stdeded. When asked how manufacturers should
improve their products 14 respondents out of 25dstiat they should improve the energy
efficiency.

Human factors (well-being, health, productivity,sual environment) were considered very
important. But the general opinion was that thesenot enough knowledge on these and more
research work is needed to understand the impalgglating on human factors.

The survey indicated that in the future new liglousces on the market are LEDs and dimmable
and/or small wattage high pressure discharge lamigis longer life times. It was also seen that
electronics, intelligence, (wireless) dimming, serssand communication are becoming more
commonly used. The view was that the luminaire aéincy (light output ratio) is increasing.
Barriers for new products were seen to be the pfloeg payback time and also the lack of
information of the total costs), reliability and ehconservativeness of the market. It takes time
before new products are approved and on the othedIsince volumes are big it takes also time for
the manufacturers to change volumes. The majoritthe respondents answered that the payback
time for the additional costs of energy efficienslyould be less than 5 years (85% of answers) and
moreover 37% answered that it should be less thgaads. The attitude for the additional costs of
environmentally friendly technology was paralle§% saying that the payback time should be less
than 5 years and 36% said that it should be leaa Bhyears.

The respondents saw that in the future, the eneafligiency will increase through technology
(LEDs, CFLs, T5s, luminaires) and also becausehaf increase of the electricity price. Further
causes for improve in energy efficiency were sebr hew directives and requirements (for
instance, the ban of incandescent lamps). Energynga was found to be the most important factor
to be gained from automation.

The respondents expressed that LEDs are comindnenmarket, but at the moment LEDs are on
special applications like traffic lighting, archdiral lighting and safety lighting. Thanks to
lowering prices and increasing efficacy and lorfgtime LEDs will be the light source of the future
with a broad field of applications. It was seen ttH&ED luminaires will be smaller, perhaps
integrated in the furniture or construction elenserBarriers for LEDs were seen to mainly be high
price, thermal management issues (need for he&) sind luminous efficacy. As barriers, the lack
of standards and glare and the durability of thetatlation were also mentioned. The respondents
view was that education and also society’'s actiaresneeded to promote energy efficient lighting;
research institutes were seen as the best sounceutfal information.

According to the survey there is demand of eneréficient products in the market. In the near
future this demand will be increasing through timerease in prices of electricity, the increasing
awareness of environment, and directives and requaéints. However, it was seen that the energy
efficiency of lighting products has been increasiog last 5 to 10 years with new light sources,
electronics and control systems. The view was fhlitadvantage has not been taken of the new
products which are already in the market, as lightmarket is conservative and the renovation rate
is slow.
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The survey indicated that information of the newttaologies should be provided to the end users,
and also public actions and awareness are needawtoote energy efficient lighting technologies.
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Chapter 9: Commissioning of lighting systems
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9 Commissioning of lighting systems

9.1 Definition of Commissioning

The demands of building users regarding the builvieonment are growing. We all want a
comfortable and healthy indoor environment but essiee use of natural resources and pollution of
outdoor environment we do not accept any more. €hergy consumption and the energy costs
should indeed be kept on a low level. The heatimgntilation and air conditioning (HVAC)
industry seeks solutions to fulfil these higher uegments. Many new products and systems are
developed such as high efficiency generation systasing renewable energy sources, low energy
cooling systems, natural ventilation systems artdgrated control systems. We are clearly leaving
the time of low efficiency stand alone products ardering the period of high efficiency integrated
systems.

Moving from simple products to large systems enahls to develop more efficient and flexible
solutions, but leads to a higher level of complgxiComplexity increases for the building owner,
who has to define the Owner's Project Requirem@fR) in greater detail. It also increases for the
designer who has to design and define a full systenthe basis of a growing number of attractive
components. Complexity increases for the instaio has to install large systems which are all
different, often innovative and have complex cohtemd complex interactions. Complexity
increases for the users who have access to morenanel choices for the operation of the building.

The management of this complexity requires new apphes, new skills and new tools. Most of
these were not available 20 years ago and are eitiayight at school. Commissioning is one of the
new approaches to manage the complexity of todayilsling and HVAC systems.

Commissioning

Commissioning is done for the number of reasonsrifiling building system performance
requirements set by the owner, auditing differeamtigments and actions by the commissioning
related parties in order to realize the performarnvegting necessary and sufficient documentation,
and verifying that the system enables proper op@mattnd maintenance through functional
performance testing. Commissioning should be appleough the whole life cycle of the building.
In the coming years, commissioning will probablyweép for three main reasons:

— Energy and environment related reasons: Global wagrhas increased
the pressure to reduce energy use in buildings.

— Business related reasons: Many companies are daneglomew services
to diversify their activities in the building andhergy industries. They see
the commissioning as a way to develop new busirfesshe benefit of
their customers.

— Technological reasons: Building automation systemesnow standard in
new buildings and are being installed in many oldaes. These systems
automatically collect building and plant operatingata and offer
possibilities for innovative commissioning services

The primary obstacles that impede the adoption aihmissioning as a routine process for all
buildings are clearly lack of awareness, lack ahe, and too high costs. Hence, efforts for
improvement should consider how new tools, meth@igl organizations can increase the
awareness of commissioning, decrease the cost ardonstrate the benefits obtained by
performing commissioning.
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9.2 Definition of the Commissioning Process

Commissioning is a quality-oriented process foriaemg, verifying, and documenting whether the
performance of a building’s systems and assemintiest defined objectives and criteria.

Commissioning is too often viewed as a task perfednto check operational performance after a
building is constructed and before it is handed roteethe building owner. A broader view was
clearly favoured, which starts at the predesigngghaoes through the construction process, and
continues during operation. This broader view aiatsbridging the gaps among four different
visions: the expectations of the building ownee firoject of the designer, the assembled system of
the contractor, and the running system of the ofper&ridging these gaps will consist in:

— clarifying the expectation of the building owner abtain the owner’s
project requirements so that the owner and desigmaterstand each
other and are in agreement

— translating the project of the designer to speaificns which can be
understood and realized and verified by the conitnac

— applying functional performance testing procedussch will enable the
contractor the building owner and the designereafy that the system is
clearly operating as expected

— producing system manuals which will enable the aparto take the best
profit of the ideas of the designers and of theteys realized by the
contractor to fulfill owner requirements

— producing reports at regular interval which will &ble the operator and
the building owner to check that the operation @omés to fulfill these
requirements

In this broader view, the Commissioning processibhg@t project inception during the predesign
phase and continues for the life of the facilitydabigh the occupancy and operation phase. This
global view aims at providing a uniform, integrateahd consistent approach for delivering and
operating facilities that meet the on-going reqments of the owner. This broad view could appear
to many users as a dream which could be realizeal fiew projects but which is too far from their
day to day practice to be applicable to their pobge In practice, one can differentiate four tygds
commissioning which are represented in Figure 9-1:
— Initial Commissioning (I-Cx) is a systematic prosesapplied to
production of a new building and/or an installatiohnew systems.
— Retro-Commissioning (Retro-Cx) is the first timensmissioning which
is implemented in an existing building in which ao@imented
commissioning process was not previously implemente
— Re-Commissioning (Re-Cx) is a commissioning procesplemented
after I-Cx or Retro-Cx when the owner hopes to fserimprove and
document the performance of building systems.
— On-Going Commissioning (On-Going CX) is a commissig process
conducted continually for the purposes of maintagiimproving and
optimizing the performance of building systems aft€x or Retro-Cx.
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Initial Commissioning On-Going Commissioning
g >
Initial Commissioning Re-Commissioning
L |
Missing Initial Commissioning (or missing documentation on Initial Commissioning ) Retro-Commissioning
_>
Production Operation & Maintenance
Pre-Design Design Elaboration Construction Occupancy & Operation
Program Planning Prehm_mary Worl_<|ng Elaboration | Construction | Acceptance Post: Ordinary Operation
design design Acceptance

Figure 9-1. The 4 different types of commissioning.

The building process from design to operation isa#&ed in relation to the HVAC commissioning
activities.

Phaza 1 Phasa 2 Phasa 3 Phase 4 Phasze 5

Actors
Pre-Design Phase
Program Step & Planning Step
Design Phase

Praliminary Design Stap & Working Dresign Step

Elaboration Phase

Construction Phase
Construction Step & Acceptance Step
Occupancy & Operation Phase

Post-Acceptanca Step & Ordinary Operation Step

Schedule of the processes of design

—_— e

Figure 9-2. Different building processes.

Pre-Design Phase

Pre-Design Phase is the first phase of the I-Cxcpss, divided into two steps, namely:
— Program Step
— Planning Step

Program Step

The Owner’s Program (OP) is established and theesvgenerates request for proposal and solicits
a Cx-Authority (CA). At this stage, the owner caskafor inside and/or outside professionals for
advice on technology, finance, business and coostm.

233



9 COMMISSIONING OF LIGHTING SYSTEMS

Planning Step

The appointment of the CA typically defines the begng of the planning step. The CA consults

the construction manager, facility manager, finah@advisor, operation and maintenance staff,
occupant, etc., to identify the systems targeted@ommissioning and documents. In addition, the
CA will assist the owner and consultants in estimgtcosts for design, construction, Testing

Adjusting & Balancing (TAB) and investigate the mssary regulations related to the

Commissioning. The scope of the work varies widdBpending on the project size and owner's
requirements for Commissioning. But in general, #osuccessful Cx Process, the CA develops a
commissioning plan and with the owner formulates tdesign requirements. The design

requirement in conjunction with the owner’s requirent is used to generate the Owner’s Project
Requirement (OPR). The OPR allows a design profesdito propose a firm design. Consequently,

an request for proposal is generated and usedéctse design professional for the project.

Design Phase
Design phase begins with drafting schematic plagmiocuments and ends with completion of
design documents and their handover to the owndriswdivided into two steps, namely:

— Preliminary Design Step

— Working Design Step

Preliminary Design Step

The preliminary design step begins with schematlanping documents and ends with the
submission of the preliminary design documents. T0& verifies that these documents are
appropriate and clarifies the procedure and sched@lCommissioning. The CA coordinates the
commissioning plan with the design intent so théte tdesign professional can state the
commissioning specification in the design documents

Working Design Step

The final design documents are developed. The degigfessional updates the draft design intent
document in the preliminary design documents anthgletes the final design documents. The CA
audits these documents for completeness. The destge responsibility of the design professional.
Inconsistencies with the OPR, however, should lghlghted to the owner by the CA.

Elaboration Phase

The elaboration phase is the transitional phase/®eh completion of design and commencement of
construction. In this period, the completion of thenstruction documents, bid submission, bid
assessment and selection of the contractor forcthestruction is carried out. The CA helps to

coordinate the commissioning related parties.

Construction Phase

Includes construction, testing adjusting & balamgifrunctional Performance Testing (FPT) and
acceptance, under the guidance of the CA and isrde=d in two steps:

— Construction Step

— Acceptance Step

Construction Step

Shop drawings are created from the design documé&¥tsk is installed and testing adjusting &
balancing is carried out. The CA conveys change®BR to the commissioning related parties or
proposes design changes to ensure performancehisvad. The CA audits performance of the
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construction supervision and control, and supes/tbe TAB work confirming the maintainability
of building systems with the owner.

Acceptance Step

The CA verifies the TAB work, the correctness okths-built records and determines from FPT
results whether the operations of the equipment aystems meet the OPR. Deficiencies are
addressed by the appropriate party. The CA plamksmanages the training program.

Occupancy & Operation Phase

The occupancy and operation phase takes place hfiedover when the building systems are
operating acceptably. Some seasonal FPT will &lrequired with certain systems. There are two
steps:

— Post-Acceptance Step

— Ordinary Operation Step

Post-Acceptance Step

The post-acceptance step applies to building systemwhich the performance is seasonally
changed and the design requirement demands cornfomaf the annual performance (HVAC
systems). This is the final step of the I-Cx prage§he role of the CA in this step is to identiflyet
seasonal system performance. This might include KRWAC systems) determining the system
performance for the peak-cooling season, the pesdtihg season, and the intermediate season
when cooling and heating modes are both requir@d. I5 used in conjunction with the BEMS after
faults identified in the acceptance step have bestified. The term of the post-acceptance step
mostly overlaps with the warranty term of the canstion and the seasonal FPT mentioned above
is considered to be requested in the range of tmstruction.

Ordinary Operation Step

In the ordinary operation step, the evaluation wlwkthe Re-Cx and/or On-Going Cx to identify
the unresolved issues, desired changes, weaknedsatified, desirable improvements identified
during Commissioning, warranty action items, etoay be addressed. The repeated Re-Cx could
correct faults and the evolution to the On-Going @&y maintain the building systems in optimal
condition through the life of the building.

9.3 The commissioning plan: A tool to structure the conmissioning process

Whatever organization approach is chosen, the kejienge to commission a building or system is
to follow a well managed process. A central docubfen that purpose is the Commissioning Plan
which defines the actions to be performed.

The Commissioning Plan is the key tool that givies tlifferent players an understanding of what is
meant by commissioning on a specific project, whaatount of effort and money will be required

and how it will be managed. The global content lmstCommissioning Plan will be defined at the
beginning of the project and will be refined albalg the project.

Three types of tools were used within the Annexstgport the definition and application of the
Commissioning Plan. The following table gives areoxiew of these three types of tools:
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Table 9-1.Tools used in commissioning plans.

Tool Description Level of detalil
Standard Models of A typical description of commissioning actions during a Medium
Commissioning plans project.
(SMCxP) To be used as a guideline to define commissioning p lan
for a given project.
Checkilists Medium level of definition of a commissioning plan is low
specific to a given type of HVAC system.
Matrix for Quality An extensive tool for the management of the quality of the high
Control (QMC) whole construction project.
Includes commissioning plan as well as other elements in
a very structured way.

9.3.1 Standard model of commissioning plans

These standard models include typical lists of sagkth a description of the content of each task.
They can be used as a basis to define customizedrissioning Plans adapted to a given project.
Five standards models of Commissioning Plans afie@. The appropriate model can be selected
by a risk evaluation which takes into account bintgl size, HVAC system complexity and the
accepted risk level.

Building size
The risk of malfunctions increases when one mowvesnf small heated buildings to large air
conditioned buildings.

HVAC system complexity

HVAC packaged units designed to perform multipledtions to meet specifications which have

been selected for a given building. Distributed teyss, such has hydronic heating system or
centralized air conditioning systems, are connedtedugh air or water networks to constitute

unique systems. The risk of poor design and inatah is clearly higher with distributed systems.

Therefore, they require more intensive commissignin

The accepted risk level

The accepted risk level depends on:

— The building owner and operator strategy: When fineire user of the
building is involved in the project from the begimg, the approach
chosen to look at future operation of the buildirggoften much more
detailed. So, the effort put in commissioning canrbuch more intensive.

— Criticality of building operation: Laboratories, w©wuter centers,
industrial and headquarter buildings are examplédwldings where
malfunction may have high economic or image impaktsuch buildings
the commissioning effort can also be more intensthan in other
buildings.

9.3.2 Checklist

The minimum version of a Commissioning Plan is eecklist defining the verifications to be
performed as the project progresses to ensurecttitatal actions were effectively performed. The
key advantage of the checklist is its simplicityndre would be no need to use a special software or
for in-depth training of the users. The main disadtage is that it defines what to do but not how to
do it and does not include a documentation of #uits obtained.
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In simple projects, where an independent commisegauthority generally will not be involved,
the checklist enables the project manager to appihginimum of quality control. Checkpoints are
especially important when proceeding from one projghase to the next. These checklists will be
used by each party involved in the project.

9.3.3 Matrix for quality control

Matrix for Quality Control (MQC) was initially deMeped in the Netherlands as a tool for the

overall quality control of climate control Climaténstallations. In the Netherlands, the MQC

structure has been elaborated for heating systeardsdamestic ventilation systems. Its intention is
to control the total production process includingesifications, design, construction, hand-over and
operation. It focuses on avoiding failures on atbsegic aspects and phases in this process.

The most important characteristic of MQC for HVA@stems is a structure that follows through all
the process phases. This enables planners to bugdnumber of strategic decision points in the
building and system process and to assess if @systeets the targets and requirements, as defined
in the program phase. The total quality requiredesermined by several aspects (not only technical
but also financial, organisational and communicasio

This leads to a so-called quality control matrixn @e horizontal axis of the matrix, the phases of
the process are presented. On the vertical axisemmatrix, quality control elements are listed.

9.4 How to execute the commissioning plan

The commissioning plan defines a list of tasks ¢thiave, verify and document the performance of
the building. Users need some tools to be ableadqgum tasks defined in the commissioning plan.
Annex 40 identified three types of tools to perfothese kinds of tasks. These three tasks are listed
below:

— Functional performance testing (FTP)

— Using the building control system for commissioning

— Using models at the component level

9.4.1 Functional performance testing (FTP)

Many actors around the world have already developethe performance procedures. The main
challenges today consists in making the best usxsiting procedures adapted to national building
industry and contract standards, and only devekp anes when required.

IEA Annex 40 (IEA 2001) strategy consisted in sgegirig the commissioning process and the tools
actually required for the application of each corssioning plan, in addition to transferring existing
procedures from one country to another one andewetbping new required procedures. The main
information sources were localized, among them B, Where an important data base is available.
This source was very much used in the frame of l&#nex 40. Each component has a well defined
function inside the whole HVAC system. Any malfuitot can compromise the correct behaviour
of the whole system. The malfunction may occur tlre

— Design faults

— Selection or sizing mistakes

— Manufacturing fault or initial deterioration

— Installation faults

— Wrong tuning

— Control failure
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— Abnormal conditions of use.

The FPT is devoted to the detection of such possibalfunction and to its diagnosis. The test can
be active or passive, according to the way of amaly the component behaviour i.e. with or
without artificial perturbation. Active tests areostly applied in initial commissioning, i.e. at the
end of the building construction phase. Later ia Building Life Cycle (BLC), i.e. in re-, retro- @&h
on-going commissioning, a passive approach is Ugymkferred, in order to preserve health and
comfort conditions inside all the building occupgnzones. A generic description of a FPT
includes:

— A description of the system, subsystem or compogensidered

— A presentation of the testing procedure

— Some additional possibilities (model use and pabsilof automation

FPT can be realized on the whole system, a subsyg$several interconnected components) or on
specific components that are considered as critida¢ selection of the appropriate level is made on
the basis of risk in relation with the acceptancéetia. The search for malfunctions can either
follow a top-down or bottom-up route:

Top-down

The whole system functional performances are fustified, moving on to subsystems and then
onto specific components as malfunctions are foand require investigation. The goal is not to
verify if a component is good or bad in itself, biat check if it's correctly integrated in the syste
considered.

One problem is the possibility that energy-wastisiguations could be missed. For example, a
poorly-tuned control may cause an air handling daitycle between heating and cooling. If the
zone temperature doesn't vary too much and stags nvear to its set point, the problem might not
be apparent. Such faults may be found at the sys¢eel only, if the losses are great enough to be
obvious when compared with expectations.

Bottom-up

Starts by confirming the performance of an elemgntmmponent and progressively working up to
the whole system. This may be more appropriatardial commissioning, following construction.
It allows a safer identification of local defaultsut it may require excessive effort.

9.4.2 Using the building control system for commissioning

Today, microprocessor-based control systems aré tssautomatically operate many of the major
energy systems in buildings. As technology contsoe evolve, the trend is for more systems to
come under the action of automatic control and fisparate systems to be integrated across
communication networks. Automatic control systenignmate the need for dedicated manual
operators and can reduce costs. Modern controegysialso allow the operation of multiple energy
systems to be coordinated according to advancettlingilevel strategies. The proliferation of
automation in buildings has led to a situation irhieh realizable building performance is
fundamentally dependent on the control system. Awpoartant part of commissioning should
therefore be to ensure that the control systenperating properly.

It is useful at this point to define what componggbnstitute the building control system. Firstisit
assumed that the control system encompasses batlwage and software. On the hardware side,
the scope of definition is limited to the compongstich as sensors, actuators, wiring, switches, and
(microprocessor-based) control devices. The bounftarthe hardware side is, therefore, the point
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of interface to the energy systems and the cordgtbnvironment. Scope on the software side is
limited to the control algorithms, user interfacand other miscellaneous functionality that is
typically packaged in modern systems. Control systeare becoming more modular and, from a
commissioning perspective, modularization helpsmtove some of the onuses of testing onto the
factory and component vendor. A valid expectatistherefore that components, whether hardware
or software, have been tested before arriving dtudding for installation. The most important
aspects then to verify and commission on-site viaé those that have been affected by the
installation process. For example, checking wirengd panel connections is very important as is
verifying that all on-site software downloads andmnfigurations have been successful. Pre-
calibrated sensors are reducing the need for waddessensor validation but an important and
related commissioning task is to check whether sepsints have been correctly mapped into the
control logic.

In addition to commissioning the control systenelfsthe control system can also be used as a tool
for carrying out commissioning on the energy systenA control system can serve as a

commissioning tool by making use of its ability toanipulate energy systems through interfaces
such as actuators and switches. The idea is toycaut tests that involve making changes to a
particular system through the control system rathan by direct manipulation. Sensors connected
to the control system allow the effects of change®e measured and recorded. Different levels of
automation can be applied when using the contr@tesy as a commissioning tool. A human

operator can perform tests through a user-interfaaeal or test procedures can be programmed
into the control system and be activated by a uS&rying degrees of automation can also be
employed in the analysis of test results.

9.4.3Using models at the component level

The following steps comprise @se casdor a general purpose, component-level, and mbasked
commissioning tool that can be used both for init@ammissioning and for performance monitoring
during routine operation:

— For automated functional performance testing, thedet is configured
using manufacturers' performance data and systesigiéenformation. In
general, the model parameters will be determinedabgombination of
direct calculation and regression.

— An active test is performed to verify that the pmrhance of the
component is acceptably close to the expected padace. This test
involves forcing the equipment to operate at aeeof selected operating
points specifically chosen to verify particular asps of performance (e.g.
capacity, leakage).

— The test results are analyzed, preferably in réakf to detect and, if
possible, to diagnose faults.

— If necessary, the test is performed again to comfthat any faults that
resulted in unacceptable performance have beed fi®@ace the results of
this test are deemed acceptable, they are takedefme correct (i.e.
acceptable) operation.

— The model is re-calibrated using the acceptableressuilts.

— The tool is used to monitor performance during airg operation. This
will typically be done in passive mode, though aetitesting could be
performed at particular times, e.g. every weekerafter routine
maintenance, after system modifications or retrofin change of
ownership, etc.
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9.5 Applying commissioning process to the lighting conbl system

The aim of the commissioning applied to the liglgticontrol system is to verify if the performance
of this system meet the defined performance antkiGa. The first step consists of collecting the
performance targets of the system and definingctiteria to assess these performance.

9.5.1 Objectives of lighting systems

Adequate and appropriate lighting should be prodlide that people are able to perform visual
tasks efficiently and accurately. The illuminatioan be provided by daylight, artificial lighting ar
combination of both. The level of illuminance andnafort required in a wide range of work places
is governed by the type and duration of activity.

9.5.2 Criteria for lighting systems quality

For good lighting practice, it is essential thaetfualitative and quantitative needs are satisiired
addition to the required illuminance. Lighting regements are determined by the satisfaction of
three basic human needs:
— Visual comfort which enables the workers to haviealing of well-being
(in an indirect way) also contributing to a highggluctivity level
— Visual performance which enables the workers tofqren their visual
tasks, even under difficult circumstances and dyitionger periods with
comfort.
— Safety

Main parameters determining the luminous environnaee:
— Luminance distribution
— llluminance
— Glare
— Directionality of light
— Color rendering and color appearance of the light
— Flicker and stroboscopic effects
— Maintenance factor
— Energy considerations
— Daylight

Methods of calculation of all these parametersaailable in the European standard EN 15251.

9.5.3Indicators to evaluate the performance of lightingystem

Previous paragraph defines a list of criteria fayhting system. Some indicators are necessary to
evaluate these criteria.

Luminance distribution

The luminance distribution in the field of view ctols the adaptation level of the eyes which
affects task visibility. A well balanced adaptatibmminance is needed to increase:
— Visual acuity (sharpness of vision)
— Contrast sensitivity (discrimination of small rels Iluminance
differences)
— Efficiency of the ocular functions (such as accongation, convergence,
pupil contraction, eye movements etc.)
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The luminance distribution in the field of view alsffects visual comfort. The following situations
should be avoided for the reasons given:
— Too high luminances which may give rise to glare
— Too high luminance contrasts which will cause faggbecause of
constant re-adaptation of the eyes
— Too low luminances and too low luminance contrastsch result in a
dull and non-stimulating working environment

lluminance

The illuminance and its distribution on the taskearand the surrounding area have a great impact
on how quickly, safely and comfortably a person qeves and carries out the visual task. All
values of illuminances specified in the Europeaanstard EN 12464 are maintained illuminances
and will provide for visual comfort and performanceeds.

Glare

Glare is the sensation produced by bright areasiwithe field of view and may be experienced
either as discomfort glare or disability glare. @&acaused by reflections in specular surfaces is
usually known as veiling reflections or reflectethige. It is important to limit the glare to avoid
errors, fatigue and accidents. In interior work gda, discomfort glare may arise directly from
bright luminaires or windows. If discomfort glarerlits are met, disability glare is not usually a
major problem.

Directionality of light

Directional lighting may be used to highlight objecreveal texture and improve the appearance of
people within the space. This is described by tent modelling. Directional lighting of a visual
task may also affect its visibility.

Color aspects

The color qualities of a near-white lamp are chégased by two attributes:
— The color appearance of the lamp itself,
— lIts color rendering capabilities, which affect tloelor appearance of
objects and persons illuminated by the lamp.

These two attributes shall be considered separately

Flicker

Flicker causes distraction and may give rise to blpgical effects such as headaches.
Stroboscopic effects can lead to dangerous sitnatity changing the perceived motion of rotating
or reciprocating machinery. Lighting systems sholéddesigned to avoid flicker and stroboscopic
effects.

Maintenance factor

The lighting scheme should be designed with an alWanaintenance factor calculated for the

selected lighting equipment, space environment specified maintenance schedule. The recom-
mended illuminance level for each task is givemaantained illuminance. The maintenance factor
depends on the maintenance characteristics of éimepland control gear, the luminaire, the

environment and the maintenance programme. Thegdesshall:
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— state the maintenance factor and list all assummgtionade in the
derivation of the value

— specify lighting equipment suitable for the apptioa environment

— prepare a comprehensive maintenance schedule kadmdrequency of
lamp replacement, luminaire and room cleaning wveés and cleaning
method.

Energy considerations

A lighting installation should meet the lightingqeirements of a particular space without waste of
energy. However, it is important not to compromige visual aspects of a lighting installation
simply to reduce energy consumption. This requitke consideration of appropriate lighting
systems, equipment, controls and the use of avialdaylight.

Daylight

Daylight may provide all or part of the lighting fovisual tasks. It varies in level and spectral
composition with time and thus provides variabiliyithin an interior. Daylight may create a
specific modelling and luminance distribution dweits nearly horizontal flow of light from side
windows. Windows may provide visual contact witletbutside environment, which is preferred by
most people.

In interiors with side windows, the amount of awaile daylight decreases rapidly with the distance
from the window. Supplementary lighting is neededehsure the required illuminance level at the
work place and to balance the luminance distributwithin the room. Automatic or manual
switching and/or dimming may be used to ensure appate integration between electric lighting
and daylight. To reduce glare from windows, scregrshould be provided where appropriate.

9.6 Example of a Commissioning Plan applied to the ligting system

The purpose of the commissioning plan is to provitleection for the commissioning process
during the life cycle of the building. It provide®gsolution for issues such as scheduling, roles and
responsibilities, lines of communication and repagt approvals, and coordination.

The commissioning plan defined at each step offfoeess the list of tasks to perform to assess the
performance of the system. Associated tools cowddalso associated to help the commissioning
provider to perform tasks. Tasks defined in the ooissioning plan could be shared in two parts,
namely; organisational part and technical part. Tdmnmissioning plan could also provide a
general description of the commissioning team irdesr to identify persons relevant to the
commissioning process.

The objective is to be able to contact the rightgmn in case of malfunctioning of buildings or

systems of the building. Each related actors shdwddidentified by his name, address, phone
number and e-mail address.

242



9 COMMISSIONING OF LIGHTING SYSTEMS

Program
step

Cx Organizational

Check that the list of the relevant to take into ac count has been defined.

Cx Technical

Check that the occupant’s lighting needs (Lighting requirement and calculation & lighting zone assumptions) have been defined.

Check that the energy performance of the lighting s ystem has been defined.

Cx Organizational

Check that the lighting system control method is de fined.

Check that each room has its own control system.

Check that each local, luminaires of the row closet to the windows could be controlled separately.

,% Check that the designer specified lighting equipment are suitable for the application environment.
2 Cx Technical
% Check that time delay and sensitivity are defined f or each work space.
g Check that the sensitivity to change in daylight is defined for local room conditions.
= Check that the ranges of the reflectance for the ma jor interior surfaces are in accordance with EN-124 64
X Check that lamps with a color rendering index lower than 80 are not used in interiors where people wor k or stay longer periods.
§ Check that the designer states the maintenance fact or and lists all assumptions made in the derivation of the value.
Check that the designer prepares a comprehensive maintenance schedule to include frequency of lamp rep lacement, luminaries
and room cleaning intervals and cleaning method.
Check that the uniformity of the illuminance is sup erior at 0.7 for the work plane and 0.5 for immedia te surroundings.
For offices check that the minimum shielding angles shall be applied for the specified lamp luminance.
Cx Organizational
Check that the plans of the offer answer the initia | requirements.
Check that the hypotheses of calculation are justif ied.
a Check that plans take into account the location of the components of the installation.
% Check that the plans take into account the accesses allowing the maintenance.
5 Check that the list of the tests and controls is in cluded in the answer to the offer.
= Cx Technical
‘g Check that the description of the heating system is complete (design, components, performance):
© a) List and description of the main ¢ omponents
o b) Location of the components
Check that the access to the sensors is easy but no t so accessible that unauthorized personnel can int erfere with it.
Check that DC electrical supply is used for incande scent lamps or that incandescent or discharge lamps are of high frequencies.
For offices check that the installed power in inter ior to 2.2 W/m?/100lux and 2.5 W/mZ?/100lux for corridors.
- Cx Organizational
Q Cx Technical
2 Check that lighting systems control is well connect ed.
-% Check that schedule of the lighting system is imple mented into the building energy management system.
= For sweep-off system, check that appropriate start and stop times are set to accommodate weekdays, wee kends and holidays
@ operation.
8 For daylight-linked system be sure all furnishings and interior surface materials are installed before calibration.
For manual dimming, check that the dimmer has been installed in correct position adjacent to the wall switch as par drawings
Cx Organizational
Provide building maintenance personnel with all nec essary documentation and operation instructions to re-commission and
maintain the system.
Check that a user’s guide has been written.
§ Check the periodicity of the maintenance’s inspection.
i Cx Technical
o Check that placements and orientation of the sensor s are correct according to the plans.
g Check that the sensitivity of the occupancy sensor is adjusted.
9 Check that the time delay of the occupancy sensor i s adjusted according to the room.
< Check that the schedule of the lighting system meet s the effective functioning of the lighting system.
Check that local and/or central overrides are well taken into account.
Check that the lighting system is well controlled.
For dimming system, check burn in new lamps by oper ating the lamps at full power continuously for 100 hours.
For daylight-linked system, check that the light se nsor is calibrated in order to obtain desired light level at the work surface.
s o | _CxOrganizational
.. @2 2 | Inform occupants about the functionality of the con trols and, particularly, the overrides.
8 8 @ ["CxTechnical
a3

Check that the operation of the lighting system mee ts the requirement defined in the book of specifica tions.

Post post-
acceptance step

Cx Organizational

Check that the performance of lighting equipments i s yearly evaluated.

Check that the sensors are yearly cleaned up (every six months for outside sensors).

Cx Technical

Check that the re-calibration of the sensors is don e if the environment of the building has changed (c onstruction of the new
building, for example)

In the case of modification of the zone destination , check that scheduling defined in the building ene rgy management system still
corresponds to the zone.

Figure 9-3. Tasks of the Commissioning plan for lighting system
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10 Case studies

10.1Introduction and main results

Case studies of different types of lighting systeweye conducted. The studies were conducted for a
variety of buildings (most of them being office dings and schools) in different locations around
Europe. The main results of the case studies arensarised briefly in the following, Appendix 1
shows the data list for the case studies.

In office buildings, different case studies showtbdt it is possible to obtain both good visual gtal
and low installed power for lighting. It is possélto reach the normalized power density of 2
W/m?.100 Ix (even 1.5 W/rh100 Ix in some cases) with the current technolo@ke studies also
indicated that the best performance is reachetiéndffice environment when the luminaries are stlare
between at least two persons. Development of LEfhmelogy is growing and the case studies show
that the technology is already well suited in thsk lighting applications.

Application of lighting control devices is anothenportant aspect of improving the energy efficiency
of the lighting system. It was found that the uddighting control system to switch the lights omé
off based on occupancy sensors can reduce theirdigheénergy intensity of office buildings.
Additionally the use of dimming and control senséus the integration of daylight and artificial Iig
can yield further energy savings. However, the gesf the lighting system has to be made carefully,
so that the user can control and choose the vienalronment of his/her choice. Allowing individual
control of lighting enables the technology to beagted by the users, as the lighting needs of peopl
are different. Uniformity and Glare have effect anceptability of the lighting system. Uniformity of
0.6 is found to be acceptable in several case studDccupants also give importance on controllimg t
luminances of the light sources in the field of wief the workers.

The case studies in factories indicated that gdrmgtating can be reduced by employing task ligigin
and individual control of the task lighting combphewith automatic control of general lighting
according to the working hours. This can yield hxieases in productivity (due to better lightingida
to decreases in the lighting energy consumptionislilso possible to use dimming according to
daylight in the factories. In one factory case thimmming according to daylight could save about 50%
of the energy used for lighting. The study showhkdttthe normalized power density of 2.78 W/&00

Ix can be reached.

The case studies in schools indicate that it issae to reach the normalized power density of 2
W/m?.100 Ix with the application of current technologincluding the recommended black-board
lighting. Refurbishment of the old installationsttvinew technology is an attractive option to impeov
the energy efficiency in schools. One of the majooblems related to the use of daylight in schasels
the sunlight coming through the windows and falliog the work planes, blackboards etc. Design of
daylight utilisation system must guarantee a tqiedtection against glare from the sun. Otherwise
people can move their desks or shade all the datligth the blinds.
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10.2Case study 1: Optimizing of daylighting and artificial lighting in offices
Place: Switzerland (Lausanne)

Building type: Office building

Contact: F. Linhart (LESO, Ecole Polytechnique Féd de Lausanne)

Place description

zenithal
IR collector

anidolic
element

ceiling

window

Figure 10-1.Southern fagade of the building and a cross sectiom the fagade’s system

A mirror redirects daylight from the sky to the flise room ceiling, which reflects the light intoeth
room. Daylight is guided towards the ceiling by arrar, in order to be forwarded to the parts funthe
away from the window. The system increases theidhykntering to the rear of the room and helps to
reduce glare near the window section. Moreover wirelows are built with outside blinds.

Figure 10-2.0Office plan with luminaries position

The office room is used by two people. Work plareadit is 0.8m.
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Luminaries description

Figure 10-3.Characteristics of the luminaires

Luminaires: Ceiling mounted luminaire LIP from REBT, reflector with prismatic diffusion upon
the longitudinal axis, and specular batwing upoe transverse axis (luminaire Light

Output Ratio 69%).
Lamp: Sylvania T8 36W lamp (R> 80, CCT = 3000K, luminous flux = 3350 Im).
Ballast: Philips HFR 136 TLD 220-240 dimmable 0VM,Gannounced power factor = 0.95

Price of the luminaire in catalogue = 250€
The control has been placed at the entrance obthee; people can operate it according to theieds.
The lighting power density is 4.5W/mz2.

Measurements
llluminance measurements (artificial lighting only the work plane at maximum power for lighting:

Eaverage =2351x
Emax =308 Ix

Uniformity =0.79

Occupant’s satisfaction
Six people have been working in this office overotwears. All workers expressed that they were
satisfied with their lighting conditions.
Views of the six office-workers:
— The light in my office is generally comfortable: 83agree
- Artificial lighting in my office is able to provideenough light: 83% agree
— The facilities which are in my office (windows, blils, artificial and day-light systems) make
me able to get every time a right lighting situatjoso | can work in good conditions: 83%
agree.
— With only artificial light, no remarks were mentied about a too cold or too hot feeling.
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10.3Case Study 2: Offices of a Finnish research unit

Place: Finland (Helsinki)
Building type: Office building
Contact: Eino Tetri (Helsinki University of Techragy, Lighting Unit)

Place description

250

G435

G441

G440

G437

Figure 10-4.Photos of the office rooms
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Figure 10-5.0Office Plan with the luminaries position.

The average installed lighting power density is88W/m?2. The ceiling height varies between 2.26 m
and 2.94 m. The installation height of the lumirgsins 2.26 m and height of the work plane is 0.72 m
Each office room has daylight availability. The me are used between 7 am and 5:30 pm except
weekends. Cleaning of the rooms is made at noon.
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Luminaries description

FUTURO 672TPH 3xTL5-28W 830 HFP M2
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a) Photometry of the luminaire b) Geometry of the luminaire

a) Luminaire ON b) Luminaire OFF
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‘a) Photomelry of the luminaire b) Geometry of the luminaire
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Figure 10-6.Luminaries characteristics (photometry, geometigtyres)
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Measurements

The average illuminances on work planes at full pow

Inside the offices rooms:

Table 10-1.llluminances on work planes in the office roams

G435 | G436 G437 G438 G439 G440 G441
E average (IX) 588 671 610 728 723 716 806
Uniformity 0.71 0.78 0.64 0.71 0.80 0.69 0.65

In the Hall:
Eaverage= 293 IX, Uniformity = 0.40

In the kitchen:
Eaverage= 177 IX, Uniformity = 0.92

In the toilet room:
Eaverage= 337 IX, Uniformity = 0.82

[lluminances on the work planes of the three roolowered (use of dimming control) by their
occupants

Room G436:
Eaverage= 545 Ix (80%), Uniformity = 0.7

Room G437
Eaverage= 448 IX (73%), Uniformity = 0.57

Room G440:
Eaverage= 586 Ix (80%), Uniformity = 0.77
Measured luminances:

Luminances in the field of vision for the differepbsitions in the office rooms reached 20000 cd/m2.
The UGR, depending on the positions, varied betwe&rand 19.2

In the hall, the maximum luminance in the fieldwgion was 50 000 cd/m2.

Ratios of the average luminances of work planes]lsyaceilings and, floor to desktop screen
luminances are given in Table 10.2.
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Table 10-2.Ratio of the average luminances to desktop screaridances

Room |Position |Work planes Walls | Ceiling | Floor
G436 |1 0.4 0.9 15 0.35
G436 |2 1.3 1.84 |33 0.77
G437 |1 0.54 0.65 |1.52 0.36
G437 |2 1.1 1.6 3 0.72

Example of power consumption in the offices duiimg day

In Figure 10-10, room G435 is user controlled andm G437 is controlled by occupancy and daylight
Sensors.

10.11.2004

G435

= |
,L q_.L
T 1

2 R

&

B P
|—G43H&439 — G4 08441 G442 (34328434 — G430 — G436 —Gqﬂ?l

Figure 10-10Sample of power consumption in the offices durimgday

Total electric power consumption for 7 days in VWatts
3000
2500 +—— : : G
2000 - -
1500 f-HH- b
1000 I l] \I -
500
I I T O A T T 'l ul’
R R TR T T T R
A5 e oy O 0 o
K @_‘5’@‘?‘,‘ ﬂ#@‘” -:-cg!':{'1,9‘%:&.;5\:-('j .\%%‘1}‘94@&&&‘” O° T m@@‘? R ,{u‘?@‘.ﬂ

Figure 10-11.Profile of the total power consumption of the loeslduring 7 days

Relationship between illuminance and consumed panvere offices
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For all the rooms, the average annual energy compsiom was 28kWh/m2year , whereas the average in
Finnish buildings is 31kWh/mz2year.

lluminance vs. power
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Figure 10-12.Relationship between illuminance and consumed padmvire offices
Interviews

The occupants of the office rooms were interviewedexamine their preferences for the installed
lighting system. The occupants were all right-hadgeople with 56% of them having glasses. About
75% of the occupant’s work time was spent workimgoammputer screens. The result of the interview is
listed below:

* 19% of the people say they suffer from headachth@end of the workday

6% of the occupants are not satisfied with theirkspace.

All appreciate the colour of the artificial ligh8Q00K).

Nobody is unhappy with the artificial lighting emeinment.

56% of the occupants never change the settingb@tighting control system whereas 25% of
them change it weekly.

Room 435-- LON system with dimmer:
» 25% of user asked for improvements in lighting fbe reading-writing tasks
* No negative opinions about computer work or otlaeskis
* Some occupants were not fully satisfied with trghling control system

Rooms 438-441 -- DIGIDIM System (presence sSensors):
* No negative opinion for the reading-writing tasks.
* No negative opinion for computer working or othasks.
» 14% of the occupants were not fully satisfied wiltke lighting control system.
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Rooms 436-437-- MIMO-LON system (presence sensndsdaylight):
» Great comfort for the reading-writing tasks
* No negative opinion for the screen working or otkesks
* 40% of the occupants were not fully satisfied wille lighting control system
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10.4 Case Study 3: Renovation of a German bank
Place: Germany (Berlin)

Building type: Office building

Contact: W. Pohl (BartenBach, Innsbruck, Austria)

Place description

Office building of KfW (Kreditanstalt fur Wiederabfu) (2001):

Figure 10-13. View from outside to the

south facade Figure 10-14. Position /orientation

of the building.

The height of the room is 3.4 m and the working klé=eight is 0.75 m. LON-controlled daylight
system was used with high specular movable lamétiadaylight utilisation and sun shading.

Figure 1C-15. Viewsfrom inside (south facade)
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Description of the lighting systems

Lighting system for general illumination with illurmance of 100 Ix
— Compact fluorescent Dulux L 55W 840, electroniclasi, not dimmable
- CCT=4000K, R=80
- Total power consumption including ballast = 62 W
— LON/individual-controlled

— C0/C180 =--e CHO/CZ70
cd /1000 Im

eta=6019%

Figure 1C-16. Luminaires installation
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Lighting system for task lighting with working plailuminance of 500 Ix
— HIT 70 W /942 (Projector-Mirror-system: metal hddi lamps & ceiling mirrors)
- electronic ballast, not dimmable
- CCT=4000K, R=90
— Total power consumption including ballast= 82 W
— LON/individual-controlled

150° 180° 180°
1207 120°
Q0® =Inky
nl
Qoo
B0* 2000 B0~
s000
30 a= 30
— 0O C180
cd /1000 Im

eta = 50 % (including ceiling mirrors)

Figure 10-17. Luminaires installation

1® )
2 Projektor HIT

/S

\

T5 flourescent
[3 I

Figure 10-18.Luminaire position
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Calculations

Room with area 20f
— 2 projector HID 70 W lamps and 1 CFL 55 W fluoresdt lamp
— total installed power (2*82+62) W=226 W
— lighting power density = 11.3 W/m?

Room with area 40f
— 3 projector HID 70 W lamps / 2 CFL 55 W fluorescdamps
— Total installed power (3*82+2*62) W=370 W
- lighting power density = 9.2 W/m?

Luminaire efficacy of lighting system:

- Projector-mirror-system 82 W, 6000 Im * 50% = 36m6/W
- CFL Fluorescent system 62 W, 4800 Im * 60% = 50\h/

Measurements
100000
1'{\\\ f/ ‘\ " g
~ //*'\\ .’I Yr o~ *“\\
10000 ',/ V \-.v,/ \\._\
/ \
i i
i \
= eyl \
| 111 1
[ i | {
/ |, nv,:\ i \
ol /J :J e u\'. /\ ?'n""'\ { \
/ ' e ——
n\u)'.
10 T ’
18.8.04 0:00 12.8.04 £:00

12.8.04 12:00 12.8.04 18:00 13.2.04 0:00

Figure 10-19.llluminance during a sunny day on working plane estside horizontal illuminance

Red curve: outside horizontal illuminance (on toef)
violet curve: illuminances on the workplane nexthe desk
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Illuminance distribution:

Emear 552 Ix \

Emin: 373 Ix

Emax 725 IX

gl: Emin/ Emean:0.68 550\\

02= Enin / Emax.0.51
UGR: 17

Figure 10-20.1lluminance distribution on working plane (only #itial light).

Interviews:

Questionnaires (60 subjects)
Principal results:

- the automatic control of the daylight-lamella-systeés deactivated in most cases, almost
everyone prefers an individual (and constant) situa

- most employees are very satisfied with the lightdahermal) conditions of their working
places

- artificial light (both CFL and HID) is switched oby the employees only when the illuminance
gets lower than 100 Ix.
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10.5Case study 4: High lighting quality targets with minimum electric power
density

Place : France (Lyon)
Building type: Office
Contact : Marc Fontoynont (Ecole Nationale des B Publics de I'Etat)

Introduction

A campaign has been conducted so as to test @ffidighting installations during six months in the
area of Lyon, France. 26 work places were testagheof them with a specific lighting scheme. The
goal was to identify directions in preferred lighgy schemes requiring less electrical power. Users
could adjust their lighting conditions using diféert control systems: dimmer, daylight and occupancy
sensors, ambient/task luminaires. The preferretitingg schemes were carefully recorded through
measurements of illuminance distribution, luminancdues in the field of view, electric power
required by the lighting installation for the seled lighting scheme.

Selected electric power densities and lighting dugdarameters were compared. No correlation was
found between perceived lighting quality parametansg electric power densities, but some solutions
were found, with the best assessment in quality goer densities below 10W/m

Figure 10-21.0ne of the luminaires in the case study.
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Figure 10-22.Example of computer generated images of varioustiigy schemes for cubicles tested to identify meriees
among observers

Conditions of the experimentation

The spaces belong to an existing offigg
building in Lyon, France (Mat
Electrique). Ceiling height was 2.64
window frame are 1.25 m in widthf
Each work station offers a specific floo
area 15-27 m2 in individual, 9-13 m? i

shared and 9 m? in open space. Surfe
of desks were around 1.6 m x 0.8 nj
and each work station offered storag

furniture. Figure 10-23.Office building, Lyon, France.
Third floor offered open and individual spaces fhe tests

Organization of the campaign

Various lighting installations were tested duringoariod of four months in real work places in the
building. The test involves twenty-six workplac@sost of them being in an open space area and some
of them in individual or shared offices. All the wi@laces are equipped with a computer and a visual
display terminal.

First of all, diagnosis was made for each workpldmeinterviews and measurements (natural and
artificial lighting: illuminances, luminances, shaas, blinds, control habits, optical characteristaf
the worker).

Then, 26 lighting schemes were proposed, distridbute the following families: recessed ceiling
luminaries, direct / indirect suspended, stand eJafesk mounted. Most of them were equipped with a
dimming system (so that the occupants could adftestly the power to the system) or automatic
sensors (occupancy + daylight), or separated anbéesk switch.

Occupants were interviewed at various occasions w&ete asked to evaluate the quality of their
luminous environment with respect to the light distition in their work area, the visual comfort
(evaluation of glare), the light distribution onrsounding surfaces (walls, ceiling).

Luminances were measured from the typical locatbthe eye and illuminance was measured on the
surfaces. The electric power consumption of liggtwas measured. The aim was to identify two major

266



10CASE STUDIES

general parameters:
— the electric power density used by the occupantf\bver the entire work area)
— general perceived lighting quality index

To calculate the general perceived lighting qualitgex, comments of the occupants were reviewed
and analysed in order to include them in a gensiragle scale of satisfaction.

The proposed rating obtained through interviewst, gatisfactory (4 points), lack of uniformity, ¢&
of brightness, poor aesthetics (3 points), unplegsad (2 points), glary, aggressive, tiring (lirghp

Lighting quality was measured through the paransetelimming capability, illuminance levels,
uniformity on work plane, value of UGR, maximum peptible luminance (overhead glare), and
maximum luminance of scene without luminance of inaire.

Results

There was a clear rejection for any directly vigifluorescent lamp (T5 or T8, CFL). It is found
however that when fluorescent lamps were partlyrded, the luminance of the lamps was acceptable.
It seems that the threshold value is 7 000 cdffimorescent lamps above head with luminances welo
7 000 cd/m seem to be acceptable. There was also a cleaeqgmde for systems hiding totally the
visibility of the fluorescent lamps, and indireggtting systems.

There was a clear preference for powerful tasktiig contributing also to the ambient light, which
able to supply up to 500 Ix on the desk, with a damiformity (0.6 to 0.8). The uniformity on the
desk is the ratio of the minimum illuminance (239350 Ix) to the average illuminance (around 400
X).

There was a great satisfaction in having dimmingtegns with individual controls. Although occupants
did not use them often, they offer a guaranty ttety could adjust the illuminance level according t
their needs and physical state (fatigue, stress).et

There was a large variation in the energy efficigraf the lighting solutions. The lowest power
densities were obtained with suspended direct-@adituminaries shared by two occupants (6 \RJ/m
Low power densities were also found for task/amblighting solutions (below 8 W/R).

Individual task lamps could be designed with a powt&25-40 W, able to provide good illuminance

uniformity on the work plane. In these conditiogmwer densities of about 6 Wnare achievable,
with good visual conditions.
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16 W/m2 max. power density RT 2000 (French standard)
12,5 W/m2 max. power density RT 2005 (French standard)
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Figure 10-24.Perceived visual quality as a function of the etecpower density for lighting for 26 lighting schees

Most efficient schemes

[
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Figure 10-25.Direct-indirect stand alone luminaire

Characteristics of direct-indirect stand alone loaire:
Independence with the ceiling allows locating theninaire very precisely near the work
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space

The users appreciated the dimming option assoctatélte daylighting-occupancy sensor
It can be shared with another occupant

Typically 100W per work space required, less th&/B? in open plan office

Typical light sources 2 x CFL 55W per occupant,thadimmed
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320 [ 460 | 370

260 430 230

260

320 460 370

d

Figure 10-26.Direct-indirect suspended luminaire

Characteristics of direct-indirect suspended luritgia

— Allow usage of 1.20 or 1.50 m fluorescent tube hwmbrk place cannot move if
luminaire position is fixed

— Leads to the lowest power density: 6 W/ open plan office
— Could use 2x54 W fluorescent lamps for two people

541 D 492

484
583 {:”595 595

Figure 10-27.Indirect luminaire integrated in the furniture.

Characteristics of indirect luminaire integratedtie furniture:
— Judged as very comfortable
— The ceiling luminances are moderate
— The general feeling tends to have a work plane iogklarker that the rest of the room
— Requires on average of 2x35 W fluorescent lampsyaek place

Conclusions

In summary, the possible specifications of lightingtallations in offices perceived as high quakine:

— Hide light sources so that the maximum luminanceh& luminaire in all directions is below
7000 cd/m
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- Reduce uniformity on work plane to a value betw@ef and 0.8 to provide a feeling of contrast
while avoiding shadows

— Allow individual control (dimming)

— Select equipment with good optical performance

— Prefer single fluorescent lamp to CFL to lower powensity

— Share luminaries between work places: best perfaneaare obtained with one luminaire
providing light for two workplaces
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10.6 Case Study 5: Renovation of a cultural centre

Place : Sweden (Stockholm)
Building type: Service sector, library
Contact : Lars Bylund (Bergen School of Architear

=

T

Figure 10-28.0utside Photography

Technology: LED Philips K2 of 3 W in luminaries Dial.ux

Reading places:
Replacement of compact fluorescent lamps (18 W lhfgD of 3 W each
Benefits of llluminance on the work plane: +40%

Shelves for books consultation:
Replacement of fluorescent lamps (28 W) by 6 LECBAV each
Benefits of Illuminance, down the racks: +100%

Hall of the stairs
Replacement of each low-voltage lamps (20 W) lyED of 3 W

All the descriptive and the informative posters Arsvith the LED technology.

Figure 10-29.Pictures of the installation
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10.7 Case study 6: Sture Library in Stockholm fully lit by LED lighting

Place: Sweden, Stockholm
Building type: library
Contact : Lars Bylund

The lighting in library was fully realised with LEDighting. Total power was 1134 W with LEDs.
— lighting power density 5.5 W/Mm
— luminaries: Fortimo 45 W Dim 830 and REBEL 3 W
- CCT=4000K
— vertical illuminance on the book shelves 250 to 500
— horizontal illuminance between 200 to 700 Ix

Figure 10-30. Vertical illuminances are between Figure 10-31.Lighting with Fortimo luminaire.
250 and 500 Ix.

Figure 10-32. The linear luminaire realised with 10 x 3 W
Rebel LEDs.
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10.8Case study 7: Town hall in Stockholm

Place: Sweden, Stockholm
Building type: administrative
Contact : Lars Bylund

Figure 10-33.Town hall of Stockholm. Figure 10-34. 26 W CFL replaced with 18 W Fortin
LED.

{ iy, e

l

Figure 10-35. 20 W tungsten halogen lamps above Figure 1C-36. 2 x 35 W tungsten halogen lamps repla
doors replaced by 2 x 3 W Rebel LEDs. by 2 x 3 W Rebel LEDs giving light up and down.
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10.9Case study 8: Turning Torso

Place: Malmd, Stockholm
Building type: residential
Contact : Lars Bylund

Figure 10-37.Turning Torso, an apartment building in Malmd, Swed

Turning Torso is a 54-storey-high apartment buitdiAll the corridors connecting the apartments are
without windows. The lighting in the corridors i®mpletely based on LEDs. By choosing LEDs as the
light source, the power was reduced from the itigiplanned fluorescent lamp lighting at 43 W/m of
corridor length to 10 W/m. This gives 75% reductiam total installed power. Additionally, the
maintenance costs were reduced as a result ofahgelr lifetime of LEDs, which are guaranteed for
50000 hours.

The average illumination level in the corridorslig0 Ix, slightly higher than the planned 150 Ix tiie

fluorescent lighting. The installation was compkkti@ 2004 and consisted of 18 240 LEDs (1,2 W
each) from Osram with a correlated colour temperatf 5400 K.
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10.10Case study 9: Comparison of LED and fluorescent ligting in a meeting room

Place: Finland (Espoo)
Building type: Office building
Contact: J. Viitanen (Aalto University School ofi8nce and technology)

Place description

Meeting room 271 is located in Otakaari 7 and isrtpaf Aalto
University's Lighting unit. Size of the meetingom is 7 m x 4,7 m X
2,7m.

Room contains 6 fluorescent luminaires and 2 LEMilaires. Both of
these are recessed ceiling luminaires. It is alessfble to utilize
daylight in the room, but for this case study dayili capabilities were
removed.

Figure 10-38Meeting room 271

Luminaires:

" &

Figure 10-4Q Philips Indolight TBS300
Figure 10-39 Greenlux GLP 6060- 9 P g

Table 10-3 Luminaire installation specifications

Philips Greenlux Greenlux

Indolight GLP 6060-30 GLP 6060-30
Luminaire TBS300 (max) (dim preset 4)
Number luminaires in the room 6 2 2

336x0.2W

Source of light 2 X 28W TL5 LED 336 x0.2W LED
Dimming [%0] (O=full
power) 0 0 55.5
Electrical power of luminaire
[W] 64 62.3 27.7
Total electrical power of
luminaires [W] 384 124.6 55.4
Color temperature [K] 3000 3000 3000
Luminous flux [Im] 5200 3460 1700
Color rendering index Ra 80 56 56
Luminous efficacy of luminaire
[Im/W] 81.25 55.5 61.4
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Electrical power density

[W/m2] 11.43 3.71 1.65
Average luminous power in the

working area [W/100 Ix] 50.68 43.48 38.08

The most notable thing about the luminaire speatiiens is that LED luminaire’s luminous efficacy
increased with dimming. Fluorescent luminaire Heedter luminous efficacy than LEDs.

Measurements

llluminance, luminance and UGR values of the liglgtinstallations were measured.

Philips Indolight FL luminaires were measured usmgy full power but Greenlux LED luminaires
were measured in addition using preset dimmingllédien = 55.5%).

fluorescent and LED measurements cases were difebecause fluorescent luminaires covered the
whole meeting room but LEDs only the working ar&aerefore the results are not fully comparable.

Table 10-4.Measured illuminance levels

Em Emin Emax

[IX] [IX] [IX] Emin/Em Emin/Emax
WORKING SPACE
Philips Indolight 849 740 972 0.87 0.76
Greenlux LED (max) 314 205 398 0.65 0.52
Greenlux LED (dim = 55%) 159 105 201 0.66 0.52
RECOMMENDATION
(SFS-EN 12464-1) 500 >0.7
ADJACENT AREA
Philips Indolight 542 277 714 0.51 0.39
Greenlux LED (max) 147 87 220 0.59 0.40
Greenlux LED (dim = 55%) 80 47 113 0.58 0.42
RECOMMENDATION
(SFS-EN 12464-1) 300 >0.5
WHOLE AREA
Philips Indolight 649 277 972 0.43 0.28
Greenlux LED (max) 205 87 398 0.42 0.22
Greenlux LED (dim = 55%) 108 47 201 0.44 0.23

Fluorescent luminaires gave much more light tharDkBbut this is mainly because of the larger
amount of luminaires used in the fluorescent idatadn. LED luminaires used less W/100 Ix as can be
seen in Table 10-3.
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Figure 10-41. Luminance distributions of the measured room
Table10-5.Measured luminance levels
Philips Greenlux
Indolight Greenlux | LED (dim =
TBS300 (max) 55%)
Surface luminances of the luminaires
average [cd/m2] 9152 3988 1709
max [cd/m2] 15400 5170 2230
min [cd/m2] 998 2782 1269
Luminances of the installation
from the door
average [cd/m2] 146 35 18
max [cd/m2] 26309 5270 2728
min [cd/m2] 1.7 1.5 1.5
UGR (recommendation = 19) 15.8 19.5 16.7
from the end of the table
average [cd/m2] 149 57 31
max [cd/m2] 29249 4936 2840
min [cd/m2] 1.6 15 15
UGR (recommendation = 19) 19.6 18.1 15.1
Ceiling luminance (above the working
area)
average [cd/m2] 49 20.1 10.1
max [cd/m2] 55 32.1 16.2
min [cd/m2] 25.7 10.9 5.6
Surface luminance of the table
average [cd/m2] 100.8 40.6 23.8
max [cd/m2] 115.9 48.3 28.4
min [cd/m2] 90.4 30.1 17.7

Luminance levels of the meeting room were lowerhaMitED lighting than with fluorescent lighting.
This was mainly due to smaller amount of LED lumines and also much less power was used for the
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LED lighting. Electrical power density was 11.43/W for fluorescent luminaires and 3.71 Wim
1.65 Winf for the LEDs, depending on the dimming level. UGRIues of both installations were at
about the same level.

Conclusions
Case study showed that LED luminaires can achiewvelar glare results than fluorescent luminaires,

although measured LED luminaires had lower luminaificacy than the measured fluorescent
luminaire.
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10.11Case study 10: Factory in Netherlands
Place: Netherlands

Building type: Industry, assembly area

Contact: Henri Juslén (Philips)

Place description

The study area was an assembly area of the lungdaatory located in the Netherlands.
Figure 10-42 shows the area.

Figure 10-42.0ne of the assembly tables of the study
Participants and work description

A total of 42 persons were working in the test afagerage age 42 years), 69% of them being female.
The products assembled were different for the déffe workstations, but the tasks that had to be
performed were quite similar for all assembly wdegons. The subjects assembled luminaire
components, such as the frame, the gear, and ojpiécts. Connecting the wires was visually the most
demanding part of the work. The smallest diametembite wire was 2mm and the diameter of
unisoleted copper end 0.8 mm. White wires were emted to white connector blocks and lamp
holders by screws or just pushing the wire into bide. Participants had lot of freedom to perforine t
tasks in the way and order they felt to be mostatie for them. The viewing distance to the maiskia
was below one meter. The reference area was lodatdte hall next to the test hall. Assembly area,
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work and workers training and expertise were corapbe to similar ones in the test hall. The referenc
hall could not be seen from the test hall. Distudpreflections might have been produced in bothshal
Light coming from luminaires might have reflectebi reflective aluminium material handled every
now and then.

Lighting conditions

Originally the factory hall was equipped with lighgy installation that provided uniform general
lighting to the area (2*58 W, 4000 K). Only limitedaylight via windows was available. However,
daylight did not contribute to the general illummze. The lighting was switched off at the end oé th
working day. The new lighting installation consisiEthe old reduced general lighting installation a
ceiling level in combination with suspended locatidighting (low-glare luminaries, 2*54 W, 4000 K)
above the main task areas. The general lightinggvasped in such a way that time switches switched
it on in those areas only where work was actuakynlg carried out. Two or three persons were working
at one workplace, and they were able to switchtb# localised lighting from the assembly line when
they no longer needed it. The task area illuminancethe factory before and after the change are
shown in Table 10-6.

Table 10-6.Horizontal and vertical illuminances (Eh and Ev)the assembly tables and in the surrounding area

Type of General lighting Assembly tables
installation Eh (Ix) Ev (1) Eh (Ix) Ev (Ix)
Old installation 400 — 650 100 — 300 450 — 600 100 - 300
New installation 300 — 380 100-170 800 -1300 250 -500

Procedure

Lighting was changed once and the lighting energg,productivity and absenteeism were monitored
before and after the change. Participants wererméal that new lighting would be installed and they
knew that their productivity would be measuredthl time as always.

Dependent variables

Energy use, productivity and absenteeism were noosit before and after the lighting change. Results
have not been statistically tested because onlpreefind-after results were observed, many other
variables might have had their effect, and sigrifice testing would not make results any stronger.

Results

Although the installed lighting electricity poweras reduced by only 7% (from 45 kW to 42 k\Whe
energy consumption reduced by 39%, from 207 to IM@Wh/year. This reduction in energy
consumption is mainly due to the fact that the lliszd lighting was switched on only when and where
it was needed, and the reduced general lighting gvasped per larger working area, and was switched
off automatically outside working hours.

The grouping of luminaires before the change waisfally in accordance with the working areas — the
lighting in the area might have been on becauseatfacent working area was occupied.
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The productivity measurement system in the factoas changed in 2003. For this reason, the values
for 2003 are not comparable with the later valued aere thus not used. Table 10-7 shows changes in
both productivity and absenteeism. The productiuity2004, prior to the lighting change, has beeh se
as a reference value, and changes after the intitall of the new lighting are shown as percentages.
Values from the reference hall have been shownhe $ame way, although there was no lighting
change there. The productivity change in the test together with the lighting change was a 5.5%
increase compared to a 1% decrease in the refeteaiteAbsenteeism was reduced by 2.5% in the test
hall and increased by 0.4% in the reference hall.

Table 10-7.Changes in the productivity and absenteeism ratedth the test hall and the reference hall (NA me&lot

Available)
Time period Productivity Absenteeism
Test hall Reference hall Test hall Reference hall
Week 26-52 (2003) NA NA Reference Reference
Week 01-20 (2004) Reference Reference -5.80% -0.60%
Week 26-52 (2004) +5.50% -1% -8.30% -0.20%

The main results of this study are (no statistiesits used):
— Productivity increased in test hall after the ligig change at the same time that the productivity
of the reference (no lighting change) groups deseesslightly
— Absenteeism decreased in test hall after the Iighthange and in reference hall (no lighting
change) absenteeism slightly increased

Discussion

The study showed that general lighting can be redulsy employing task lighting and an improved
lighting control system. This can yield an increaseproductivity and decrease in lighting energy
consumption.

Improving the lighting in industry does not autoncally mean using more energy. A strong

conclusion regarding productivity changes in thypd of before-and-after study should have been
avoided. This is because keeping all variables et is practically impossible.
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10.12Case study 11: Factory in Italy

Place: Italy (Piemonte Region)
Building type: Industry, mechanic workshop
Contact: Simonetta Fumagali (ENEA Ispra)

This is an example extracted from a number of samiprojects in Italy. In each project, energy
consumptions are measured and related energy saang directly calculated. In about already
completed 500 analogous installations, averageggnesvings have been around 51%. Projects have
been and are used within the Italian White Ceréfes Scheme.

Place description

The example consists of lighting installations im&chanic workshop in Piemonte Region, which was
in testing phase in March 2008. The project requieat was to have the same illuminance as before
the retrofit, but with the possibility to increagkiminance values. For this reason, the instalpeaver
has been increased (36 W lamps replaced with 58 W).

6m

24.1m

143.6 m

Figure 10-43.Dimensions of the building.

Luminaries description

The lighting installation consisted of regular griaf 360 luminaries divided in 6 rows and 60 colusan
Each luminaire consisted of two linear fluoresclmps. Luminaries with electronic dimmable ballasts
have been installed with the energy saving modube €ontinuous monitoring of the energy
consumption.

Lamps
— T8 linear fluorescent lamps
— power:58 W
— luminous flux : 5200 Im
- CCT: 4000 K
- CRI: 85
Ballast — electronic, dimmable (6-100%)
Lighting control — photosensor
Type of reflector —  diffuser: polycarbonate, complex parabola reflect®R > 75
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Figure 10-44.The luminaire.

Figure 10-45.Inside the luminaire.

Photometry of the luminaire
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Average Maximum Minimum

Uniformity

Emed 318.15 Ix Emax 363.90 Ix Emin 183.91 Ix

Enfinded= 0.58
Emin/Emax= 0.51
Emax/Emin= 1.98

Figure 10-48.1lluminance on work plane, with the luminance all fuower (isolux diagram).

Lighting power density=8.84 W/Mm
Normalized power density = W/m2 /100 Ix= 2.78 WA 00 Ix

lHuminamenti & Poternza
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— peierea
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Figure 10-49. Example of dimming: depending on an external ligbhtribution
(simulating daylight), power and illuminance frorhet luminaire are shown.
Total illuminance (external source and luminairg)also shown.
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10.13Case study 12: School - lighting refurbishment

Place: The Netherlands (Zwijndrecht)

Building type: Secondary school

Contact: Truus de Bruin-Hordijk (Faculty of Archdeire, Technical University Delft, The
Netherlands)

Place description

Measurements were done in two classrooms 2.23 a2&d. Zlassroom 2.23, which is facing North-
West, is experienced as dark by teachers. Anotlesscoom 2.20, which is facing South-East, is
experienced bright by teachers. The judgement efitthting expert is negative for classroom 2.28lan
is neutral for classroom 2.20. Both classrooms hgrey walls and much furniture in it (Figure 10-50)
Dimensions of the classrooms are: 7.2 x 7.2 x3 Tihese are normal standard dimensions for primary
and secondary classrooms in The Netherlands.

Figure 10-50.Classroom 2.20, window side and corridor side

Luminaries description

Both classrooms have six high-efficient surface-med luminaires with mirror reflector (Philips
TCS298), each luminaire with one Philips TL5 HO ¥@830 lamp (Figure 10-51) with electronic
ballast. The illuminance on the work plane is 3%0alt full power. The school has replaced the old
lamps and luminaires some years ago. The lamps placed in two rows of three luminaires parallel
to the window facade. The lamps were dimmable aadehdaylight sensors. There were also presence
detectors in these classrooms (Figure 10-52). Tivaalso asymmetric board lighting.

Figure 10-51.Philips TL5 lamp. Figure 10-52. New lighting
installation.

285



Access to daylight

10CASE STUDIES

The daylight factors were measured on 23 Septer2BB by a (not complete) overcast sky (Figure

10-53).

Table 10-8 and 10-9 show the daylight situatiortlué classrooms with daylight factors measured on a
regular grid on table height (0.75 m). Table 10-dlows the daylight factors in the middle on the

blackboard and the outer left and right part of thackboard. Classroom 2.23 has a green chalk hoard
whereas classroom 2.20 has a white board.

Table 10-8.The daylight factors on student table height ingdroom 2.23

daylight factor (%)

window zone

Table 10-9.The daylight factors on student table height ingdroom 2.20

daylight factor (%)

window zone

Figure 10-53.The sky at the day of the measurements

black board
chair teacher 2.2 0.56 0.30
8.9 2.5 0.66 0.29
11.6 2.9 0.74 0.29
12.3 2.3 0.63 0.31

corridor zone

corridor zone

white board
chair teacher 2.2 0.77 0.42
8.3 2.4 0.88 0.4
8.5 2.7 0.86 0.46
8.8 2.3 0.72 0.34

The daylight factor is decreased below 0.5% ondbeidor side of the classroom.

Table 10-10.The daylight factors (%) on the blackboards in the classrooms

Board type left middle right
green chalk board 2.23 3 1 0.4
white board 2.20 2.4 0.82 0.38
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Figures below show luminance pictures, taken wilhiminance camera with a fish-eye lens, from the
back-side of the classrooms. It shows the situafmr a sitting student with eye level on 1.2 m.&h
figures show the daylight situation with and withalectrical lighting.
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Figure 10-54. Classroom 2.23 without electrical Figure 10-55. Classroom 2.23 with electrical lightin
lighting, seen from student position. seen from student position.
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Figure 10-56. Classroom 2.20 without electrical

lighting, seen from student position. Figure 10-57. Classroom 2.20 with electrical lightin

seen from student position.
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Luminance images taken in the view of teacher stag¢h front of the class:
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Figure 10-58. Classroom 2.23 without Figure 10-58. Classroom 2.23 with
electrical lighting, seen from teacher ' electrical lighting, seen from teacher r
position. position.
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Figure 10-60. Classroom 2.20 without ~ Jt Figure 10-61. Classroom 2.20 with
electrical lighting, seen from teacher ar electrical lighting, seen from teacher er
position. position.

The luminance values in the windows of the classnod.23 are higher than in the windows of
classroom 2.20, because of the presence of treesdeuthe classroom 2.20. That can explain the
difference in the measured daylight factors, andrswe energy savings are expected due to daylight
Sensors.

The luminance images illustrate how the automainrding of the electric lighting can compensate an

asymmetrical day-light distribution on the work pka (windows zone/corridor zone), and on the
blackboard.
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10.14Case study 13: School - bright classroom

Place: The Netherlands (Zwijndrecht)

Building type: Secondary school, new building

Contact: Truus de Bruin-Hordijk (Faculty of Archdeire, Technical University Delft, The
Netherlands)

Place description

The school building of the case study 12 (Chapt@érld) has a new part, where the classrooms are
situated at the North-East side of the school. $haly was done in the classroom 2.07. Teachers and
lighting expert both experienced this classroonbaght. The lighting expert experienced the ambmanc
as a restful place for busy pupils because theaunifty of lighting and the shadowing is soft, asu#

of thne§ reflections from all the white walls and Beg. The dimensions of the classroom are 7.2XX.

2.8 nt.

Luminaries description
The classroom is new with a white ceiling with endided luminaires (Figure 10-62). Six luminaires,

two rows with three luminares, were placed paraltethe window facade. Each luminaire contains two
Osram T8 36 W/830 lamps.

Figure 10-62.Photos of classroom

The illuminance on the work plane is 350 Ix at fglbwer. The energy-efficient system of the case
study 12 (Chapter 10.13) was not placed in the ndassrooms, because there was no longer
governmental subsidy. There was no blackboard ilnghbecause at the time of lighting installatioreth
argument for not having blackboard lighting wasttidite-boards are used nowadays. The argument
is valid, as we see in the differences between Fe@gu.0-56 and 10-57 of the case study 12, whiteadhoa
has higher luminances. However, there was a greéatkdoard in the classroom 2.07.

The lamps were dimmable and the system is equippiéld daylight sensors, but the daylight sensors

were only in the luminaire row of the window zon&he classrooms were also equipped with
occupancy detection.
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Tables 10-11 and 10-12 show the daylight factorswamk plane height and on the blackboard. The
differences with the last case study are clear; ¢bgidor zone has higher daylight factors, because
there is more reflected light in classroom 2.07.

Table 10-11.The daylight factors on student table height insdroom 2.07.

black board
daylightfactor (%) |chair teacher 2.6 1.1 0.90
12.7 3.4 1.5 1.0
window zone 14.7 4.2 1.6 1.1 corridor zone
11.4 3.6 1.6 0.77

Table 10-12.The daylight factors on the blackboard.

Board type left middle right
blackboard 2.07 3,4 17 1

Figures below show the luminance contrasts as feem student and teacher’s point of view, one case
with only daylight and another with electric lighy switched on. The difference between the two
situations of Figure 10-65 and 10-66 is low. Theattical lighting has a low impact because the leve
of daylight is high enough. There are no dayligetsors in the corridor zone, otherwise the sensors
would have probably switched off all the electriéighting.

The judgement of the lighting expert is that clagsn has a good design. It is comfortable for teache
and student, and it is a bright and restful platiee school has done much for energy reduction ley th
placement of daylight sensors and occupancy deteetnd a good choice of materials for walls, ceglin
and furniture. Further energy reduction might balised by daylight sensors in the corridor zon@. to
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Figure 10-63. Classroom 2.07 without
electrical lighting, seen from the student
position.

Figure 10-64. Classroom 2.07 with
electrical lighting switched on, seen from
the student position.

Figure 10-63 and 10-64 show the luminances of thenr 2.07 without and with electrical lighting
switched on, seen from the student position. Omaihaire in the middle of the window zone is
switched off by the daylight sensor.
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Figure 10-65. Classroom 2.07 without electrical Figure 10-66. Classroom 2.07 with electrical
lighting, seen from the teacher position. lighting switched on, seen from the teacher
position.

Figures 10-65 and 10-66 show the luminances ofrthmm 2.07 without and with electrical lighting
switched on, seen from the teacher position. Thdidhat sensor has switched off all the luminaries i
the window zone.
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10.15Case study 14: Primary school - bright classroom

Place: The Netherlands (Leidschenveen)
Building type: Primary school

Contact: Truus de Bruin-Hordijk (Faculty of Archdiire, Technical University Delft, The
Netherlands)

Place description

Measurements were done in two classrooms: onedac
north, and the other facing south. Both classrotase
lower windows for view and upper windows fa
daylight access (Figure 10-67).

Figure 10-67.Photos of the building and classrooms.

Luminaries description

There are six surface-mounted luminaires (Fig
10-68), the same as in case study 13 (Chapter 30
but here the luminaires are perpendicular to t
window facade. Only the two luminaires nearest t
window facade have daylight sensors. There is
blackboard lighting. Figure 10-68.Luminaire
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Measurements

Table 10-13 shows the daylight situation in the tloclassroom on 24 December 2003. It was a
cloudy, rainy day. The daylight factors at a regujad at the task field of the classroom and &.8 m
edge around the task field are shown in the table.

Table 10-13. The daylight factors at work plane height.

a b C d e f
2.58 3.10 2.62 1.97 2.82 1.70

397 | 380 3.8 325 339 | 2.22
189 193 176 1.73

OO WN -

As the fagcade is composed by lower windows and wvppmdows, the daylight factors are quite

uniform on the task field, with a minimum of aboQt7 (bright walls and ceiling). Figures 10-69 and
10-70 show the luminance measurements, done wipad luminance meter, in a North and a South
classroom.

Sun shine reaching the blackboard and resultindy ldgntrasts and shadows can be noticed in the
Figure 10-70. As the luminaires are perpendicutatite facade, the fluorescent lamps are less hidden
by the louvers for a pupils looking at the blackbda

Figure 10-68. Luminance measurements in nC  Figyre 10-70. Luminance measurements in south
classroom. classroom.

Interviews

The electric lighting is switched on the whole dmywinter and about 3-4 hours a day in summer.
Teachers experienced the north classroom as darkiakh
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10.16Case study 15: Primary school Beveren-Leie - lightig refurbishment

Place: Belgium (Waregem)
Building type: School
Contact: A. Deneyer (Belgian Building Research iltose)

Place description

There are 300 pupils in this primary school. Theal
of the refurbishment was to improve th-
performance of the lighting installation. At firs St Sted. ke Bas
test room has been refurbished, and then six o s
classes followed the same way.

Before refurbishment, classrooms were equipp
with linear fluorescent opalescent luminaires wi
poor CRI, that were driven with electromagnet
ballasts. There was no special lighting fixture foe =
black board. =

Figure 10-72.Photo of the test room after refurbishment.
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Daylight enters from one side of the classroom whis shaded with “californian screens”. The eight
old luminaires were replaced by six new luminari@s.extra three new luminaires were added so as to
lit the blackboard.

Luminaire description

— aluminium high efficiency louvers
— T5 fluorescent lamps of 54 W
— electronic ballast & CRI >80

Blackboard luminaire:
— asymmetrical optic
— T5 fluorescent lamps of 35 W
- estimated power density: 10 W/m?

Figure 10-73.Luminaire.

Measurements

Old installations

- average illuminance on the work plane: 230 Ix

— normalized lighting power density: 6.6 W00 Ix
New installations

- average illuminance on the work plane at full pows02 Ix
- normalized lighting power density: 2 W/m2.100 Ix

Increase in illuminance levels on the work plan@0%
Total reduction in lighting energy consumption: 33%

For the seven classrooms:
- total investment: 10001.25 €
— estimated benefits from energy consumption: 56€4&ar
- estimated benefits from maintenance: 174.71 €/year
— time to retrofit: 13.4 years

Occupant satisfaction

Teachers were amazed that they could use the dwendifice of the blackboard, as it is lit properly.
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10.17Case study 16: High school of St Eligius - lightingefurbishment

Place: Belgium (Anverse)
Building type: School
Contact: A. Deneyer (Belgian Building Research iltose)

Place description

In the high school of Saint Eligius, students candy until
they are 18 years old.

The school had 25 years old lighting fixtures. Tiodd
lighting system had T12 fluorescent tubes (38mm}hwi
electromagnetic ballasts and opalescent optic sifu

In order to reduce the lighting energy consumptemmd to
improve the colour rendering of the lighting it wdscided to
change the luminaires in 2007.

)

Figure 10-74. Photo of classroom before Figure 10-75. Photo of classroom after
refurbishment. refurbishment.

The height of the classroom was 3.5 m. The numleérsiminaires were kept the same and the new
luminaries were installed in the same place asiodtiallations. Hence, there was no need to chahge t
wiring. Refurbishment was done in 17 classrooms oorridor and the stairs of the building.
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Luminaire description

T5 fluorescent lamp of 28 W power per luminaire
electronic ballast & CRI >80

high efficiency aluminium louvers

estimated lighting power density: 8 W/m?2

Measurements

Old installations

average illuminance on the work plane: 330 Ix
normalized lighting power density: 7.7 W#00Ix

New installations

average illuminance on the work plane at full pow&b4 Ix
normalized lighting power density: 2 W/m2.100Ix

Increase in illuminance levels on the work plan292
Total reduction in lighting energy consumption: 74%

For the 17 classrooms
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total investment: 32308 €

estimated benefits / energy consumption: 2041.§8&/
estimated benefits / maintenance: 242.62 €/year
time Retrofit: 14.1 years

e

Figure 10-76.Luminaire.
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10.18Case study 17: Primary School in Roma (1)

Place: Italy (Roma)
Building type: school (Primary School)
Contact: Fabio Bisegna (Universita di Roma "La Sagza”)

Place description

The school is situated in Rome, in the South-Easpart of the city. Measurements have been done in
only one classroom that is facing South-East. Tlassroom has a particular shape (it is more or &ss
square but without a corner). The dimensions ofrtten sides are 7.05 m x 7.33 m, the ceiling height
is 3.25 m and the work plane height is 0.72 m. Tdh@ssroom has a white ceiling and light cream-
coloured walls. Furniture was present when the measents were carried out.

Figure 10-77.Classroom: window side.

D]

Luminaries description

- lamp type: fluorescent lamp

- CRI: between 80 and 90

- CCT: 4000K

- lighting control: manual on/off

- reflector-diffuser: translucent
acrylic opal glass

- total luminous efficacy
(including ballast and luminaire) *
at full power: 75 Im/W

— brand: Durlum
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Figure 10-79.Photometry of the luminaire
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Measurements

There are four surface-mounted luminaries in eam. Each luminaire is composed by two T8 36W
fluorescent lamps and a translucent acrylic opakgl Lamps are not dimmable. Luminaires are placed
in two rows of two luminaires parallel to the windofacade. There are not additional lamps to
illuminate the blackboard zone. Estimated installigthiting power density is 7.6 W/fn llluminance
measurements were done for a grid of points traicethe classroom. The average illuminance with
artificial lighting at full power was measured te 1284.6 Ix with uniformity 0.7.

| Ny

Lo I 205 1230 210 + 53 ‘49 - 42
_,\\/
%‘.
+ 351 + 300 + 325 ~ 304 59 ¢ 57 i 52 45
300 | 374 330 | 357 333 £ 54 - 68 +71 + 66 - 59
S0 + 104
202 338 330 309 95 11 109 93
+300 | +343 ] +340 1 +-320 “124 - 151 “161 +150 124
s —Eead T i R =201 - 281 + 343 +275 - 206
252 289 251 I 284 269 424 590 - 862 583 430
I—1 I ' [ =] — e ==
Figure 1C-8C. llluminances on the work plane due Figure 10-81. llluminance values on the wo
daylight: measured on 21th December at 12 plane at full power (artificial light).
under overcast sky conditions (external illumina

5000 Ix).

Study on occupant satisfaction

Number of users20 pupils and 1 teacher

Length of the test period (season concerneditter

Real scheduledrom 8:15 am to 4:15 pm

type of work:reading on blackboard, paying attention to theckesa, writing, reading, drawing, looking
to the paper (student tasks), writing on blackbedadking to students, paying attention to working
students, preparing lessons (teacher tasks)

Study results

Positive or negative judgement by users concermiggy working area:pupils were complaining about
sun during the mid hours of the day

Global positive or negative judgement by users @ning the artificial lighting:positive
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Control quality of both artificial and daylightartificial lighting system in the classroom didtutes
light uniformly, doesnot cause glare and respebts regulations values, windows provide sufficient
natural lighting and daylight factor value is resged as well.

Visual comfort, light and space, warm/coplupils were complaining about the sun in the malirs of
the day, complains about overheating in summerughdight in the classroom
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10.19Case study 18: Primary School in Roma (2)

Place: Italy (Roma)
Building type: school (Primary School)
Contact: Fabio Bisegna (Universita di Roma "La Saza”)

Place description

The school is located in Rome, in the South-Easteart of the city. One classroom, facing South-
West, has been measured. The classroom has a edilteg and light yellow walls. The measurements
were taken with furniture inside the classroom. Tdi@ssroom has more or less a square shape with
dimensions of 6.10 m x 6.60 m and ceiling height=m.

Figure 10-82. Classroom: corridor side. Figure 10-83. Classroom: window side.
Luminaries description i i =
— lamp type: fluorescent lamp e
— CRI: between 80 and 90 il
~ CCT: 4000 K 2 e oo
- lighting control: manual on/off allol Bid i)
- reflector-diffuser: aluminium il el e s
parabolic louvre o | |5 |
- brand: Regiolux | ]
e i El i
ol e |9 s
= ?3\:1.!’1;30Imu

—cojci80 e <90/ C2F0
cod /1000 Im

Figure 10-84.Photometry of the luminaire.
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Measurements

Figure 10-85.Luminaires.
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There are four surface-mounted luminaries. Eachiaine is composed by two T8 36 W fluorescent
lamps. Light distribution of the luminaire is dired by aluminium parabolic louvers and its matt
anodizing is for representative illumination rearrents. Lamps have only manual on/off lighting
control system. Luminaires were placed in two rosfstwo luminaires each, parallel to the window

facade. The average illuminance on the work plaa&50 Ix at full power. There is no additional

blackboard lighting. The installed lighting poweensity is 8.54 W/ Points of measurement were

arranged cross-shaped with each row placed in thiglle of the classroom. The average illuminance
with artificial lighting at full power was measured be 350 Ix with uniformity 0.8.

+ 173504 41500 + 38000 + 730

+ 560 +405

i
=l

Figure 1C-8€.

llluminance on the wol

plane due to daylight: measured on 1

November at 12 am under sunny

conditions (external illuminance 48000 Ix).

+ 282+ 363+ 369 + 340

/
~N

+ 375 1-440

Figure 10-87. llluminance values on tt
work plane at full power (artificial light).
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Study on occupant satisfaction

Number of users23 pupils and 1 teacher

Length of the test period (season concerneditter

Real scheduledrom 8:15 am to 4:15 pm

Type of work:reading on blackboard, paying attention to thectes, writing, reading, drawing,
looking to the paper (student tasks), writing ormdKboard, talking to students, paying attention to
working students, preparing lessons (teacher tasks)

Study results and discussion

Positive or negative judgment by users concernimgirtworking area:kids were complaining about
sun in the central hours of the day and had to mine# desks

Global positive or negative judgment by a user canming the artificial lighting:positive

Visual comfort, light and space, warm/co&ids complaining about the sun in the central fwoaf the
day, overheating in summer, sufficient light in ttlassroom

Artificial lighting system distributes light unifonly, does not cause glare and respects the regukati
values. However, much more for energy reductionlddae done by providing the artificial system
with daylight sensors and presence detection. Th¢erals and colors of walls and ceiling and their
reflectance coefficients are ideal to reduce eleityr consumption by providing a good distributiarf
light and a greater amount of reflective light. Wlmws provide sufficient natural lighting and daylig
value is respected as well. A further improvementld be reached by the placement of daylight
systems but could solve some problems such as eaéirig in summer and glare in the mid hours of
the day.
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10.20Case Study 19: Energy saving potential in the Uniwvesity

Place: Poland
Building type: Service Sector, school
Contact: Zbigniew Mantorski (WASKO S.A., GliwiceoRnd)

Place description

The site of the study is a five storey building tie Faculty of Electrical Engineering, Silesian
University of Technology. The building was built #963.

i,

Figure 10-88. South eastern Figure 10-89.Auditorium. Figure 10-90.Classroom.
facade.

Luminaires description
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Figure 10.91Luminaires placement (half of the 3rd floor).
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Table 10-14.Installed lamps

Types of sources Number Installed Power [W]
Fluorescent lamps 1029 39470
Compact Fluorescents 54 1193
Incandescent lamps ( GLS) 126 19800
Halogen lamps 32 2630
Incandescent lamps with reflectors 3 130
Discharge lamps (Mercury, Sodium) 8 1910

Total installed power: 65193 W
Minimum lighting power density: 2.38V/mz2in corridors
Maximum power density: 22 W/frin some rooms with incandescent lamps

L
1
%
1}
L=
)
L
‘1
i

Figure 10-92.Pictures of luminaires.

Measurements:

The building is used between 8:30 am. and 6 pm8tpm., except in the weekends. Some of the
lighting in the corridors remains switched on akiet time for security reasons. The total energy
consumption of the building is 99.4 MWh per yeaf which lighting represents 37%.

Table 10-15.Energy consumption.

Type of source Energy consumption % of the total
[MWhl/year] consumption
Fluorescent Lamps 22.66 60.5
Sodium and Mercury Lamps 7.28 19.44
Incandescent Lamps (GLS) 7.51 20.05

The results of the photometric measurements intaudim:
— Emean= 350 Ix
- Uniformity= 0.58

The illuminance in the pedagogic rooms was fountiédower than the standard levels. The uniformity
ratio in most rooms was between 0.5 and 0.7.
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Figure 10-93.Sample of illuminance measurements (Auditorium).

Table 10-16.Potential decreases in lighting energy consumptiatt different actions.

Actions Potential Benefits
Replacement of incandescent lamps by 6.44 MWh/year
compact fluorescent lamps
Replacement of old T 12 fluorescent lamps 1.44 MWhl/year
by new T8 lamps
Replacement of outdoor Sodium and 3.93 MWhlyear
Mercury lamps by new more efficient ones

The potential decrease in lighting energy consuompijwithout occupancy and dimming control) is
11.81 MWh per year (31.5% of the current electnersgy consumption for lighting).
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10.21Case Study 20: Renovation of an auditorium

Place: Finland (Helsinki)
Building type: Auditorium, academic
Contact: Eino Tetri (University of Technology, Heiki, Lighting Unit)

Description of the initial condition

Figure 10-94.Picture before the retrofit.

Luminaries:
— A 40 years old installation with 87 luminaries
— Each luminaire with 2 T12 lamps of 40 W each (CR3}6
— Possibility of dimming.

Description of the new configuration

Luminaries:
— The old luminaries changed by 69 new ones
— Each luminaire with 2 T5 lamps of 49 W each (CR86)
- Ballast: DALI

— In each luminaire: one lamp with CCT = 4200 K, the
other with CCT = 17000 K

Figure 10-95.Picture after the retrofit.
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Measurements
Table 10-17.Measurement results.
Average Average UGR Total LOR CCT CRI
llluminance | Luminance power
(Ix) (cd/m?) (W) (K)
Before 428 45 14 10571 0.39 4000 63
After 974 103 21 7383 0.74 4200 >80
17000

Luminaires were replaced with new T5-lamp luminaingith electronic ballasts. The old luminaries
were very inefficient (LOR 39%) compared to the nkuninaries (LOR 74%). T5 lamps operate with
electronic ballasts, thus decreasing the powerdess ballast and also improving the efficiencytbé

gas discharge.

The installed power is reduced significantly whilee average illuminance is doubled. The energy
savings were 27% when compared to old system éatplalver. Lamps are dimmed most of the time
with pre-set scenes. For instance there are pseseies for lecture, lecture with video, exam, €oe
week measurement indicated 55% energy savingsomparing the measurement values with the
energy consumption of the old system at full power.
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10.22Case Study 21: Replacement of metal halide lamp byduction lamp
Place: Korea

Building type: Gymnasium
Contact: Yming Chen (Shanghai Hongyuan Lighting&dfiee Equipment Co. Ltd)

Place description

Surface area: 800

Figure 10-97. Picture of the room before
and after the replacement.
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Luminaires description

Figure 10-98.Luminaires description.
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Table 10-18.Comparison between the two sources (Metal Halidim&uction Lamp).

yi
XA
X

S

Lamp | Voltage | Power | Luminous | Efficacy | Tc CRI | Lifetime
V) W) | flux(im) | (ImW) | (K) (h)

MH 220 400 34 000 85 4300 | 65 12 000

IL 220 200 19 600 98 4100 | 80 60 000

MH= Metal Halide

IL= Induction Lamp
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Measurements

Table 10-19.Comparison between the two facilities.

ltems Old system | New system
Light source & power MHL 400 W |LVD 200 W
Lamp efficacy 85 Im/W 98 Im/W
CRI 67 83

Unit fixture power 440 W 210.7W
Fixture number 68 66

Average ground illuminance 420 Ix 580 Ix

Life time 12 000 h 60 000 h
Total power consumption 29.92 KW 13.9 kW

For Metal Halide Lamp:

— lighting power density = 37.4 W/fm

— normalized lighting power density = 8.9 W00 Ix
For Induction Lamp:

— lighting power density = 17.37 W/m

- normalized lighting power density = 3 WA1.00 Ix

In addition to the improvement in luminous efficaoy lamp, we can notice the large improvement
brought by the optic efficiency.
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10-23 Appendix 1. Data list for case studies.

Minimum required

More if possible

Conception

- Place description

Site: country, city, building type

Characterization of the access to daylight

Map, ceiling & work plane height

Possible troubles caused by daylight

Luminaires positions

Schedules of users (including cleaners)

Photography

W/mz installed

- Luminaires description

Lamp type, RCI, CT

Photometry of the luminaire

Ballast

Geometry of the luminaire

Lighting control

Photography of the luminaire ON and OFF

Type of reflector-diffuser

Catalog price

Global efficiency of one luminaire at full
power (Im/W) announced

Brand

Results

- Measures

llluminances on the work plane full power

Watt at full power (with a wattmeter), cos ¢

Average, Maximum, Minimum, Uniformity

If dimmable: graph Ix vs Watt

llluminances and statistics on the work plane
if not at full power

Ratio between surfaces (horizontal & vertical)
of luminances or illuminances

Glare indicator (max luminance, UGR...)

Materials photometry, kWh/(m2.year)

- Interviews

Global positive or negative judgment by a
user concerning is working area

Number of users, length of the test period,
seasons concerned

Global positive or negative judgment by a
user concerning the artificial lighting

Real schedules, glasses, known
difficulties, type of work (screen ?...)

eyes

Type of the precedent lighting design

Control quali ty of both artificial and day light

Visual comfort, light and space, warm / cool

Design of the luminaire

Point of view of the maintenance
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11 TECHNICAL POTENTIAL FOR ENERGY EFFICIENT LIGHTING AND SAVINGS

Chapter 11: Technical potential for energy efficier lighting and
savings
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11 TECHNICAL POTENTIAL FOR ENERGY EFFICIENT LIGHTING AND SAVINGS

11 Technical potential for energy efficient lighting and savings

11.1 Light consumption in 2005

The estimated global electric light consumptioncadculated as quantity of light Q, which is the
luminous flux integrated over duration of time. Taeit of quantity of light is lumen-hour, Imh. The
luminous flux is produced by different lamp typeSince light cannot be stored, the light
consumption and production are always equal; tlghtliproduced by lamps is immediately
consumed by the users.

The average share of electric light consumption penrson can be expressed as the ratio between
light consumption and total population in a partenuyear.

Q
Q=P (11-1)

where
Q, Light consumption per person Mimh/person,a
Q Light consumption, PImh/a
P,  Population of the world, billion

The electric energy consumption for lighting can dgressed as the ratio between the average
consumption of light per person and luminous efticaf a particular lamp.

Q
Ee= ) (11-2)

where
Ep  Electric energy consumption per person, MWh/peraon
Qp Light consumption per person, Mimh/person,a
n Lamp luminous efficacy, Im/W

The electric energy consumption per person can la¢sexpressed in kWh/person,a (in that case the
resultant amount must be multiplied by 1000). Table1l shows electric energy consumption for
residential lighting calculated for different lantgpes. The calculation is based on estimated light
consumptions. The population of the world was Gillidm in 2005. (IEA 2006)

Table11-1.Estimated electric light consumption for differdamp types for residential lighting and calculatéght
and energy consumptions per pers{iiA 2006)

Lamp type Luminous Light Light consumption per| Energy consumption
efficacy consumption person per person
n [Im/W] Q [PImh] Qp [MImh/person,a] Er [KWh/person,a]
Incandescent 12 8.5 1.3 105.7
Tungsten halogen 20 13 0.2 9.7
CFL 45 1.9 0.3 6.3
LFL 66 8.2 1.2 18.5
Total 19.9 3.0 140.3

In the residential sector, the amount of light pnodd by incandescent lamps is approximately equal
to that by fluorescent lamps. However, the annuektic energy consumption per person of
incandescent lamps is approximately six times mbn that of fluorescent lamps. In 2005, the
shares of halogen and CFL lamps in both the ligbhsumption and energy consumption were
relatively low. The total annual light consumption residential sector was approximately 3.0
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MImh/person,a and the electric energy consumptias W40 kWh/person,a.

High intensity discharge lamps are dominant in thetdoor lighting sector. The total light
consumption in outdoor lighting in 2005 was estietto be 2.3 Mimh/person,a and the electric
energy consumption was correspondingly 46.6 kWispea (Table 11-2).

Table 11-2.Estimated electric energy consumption for outdaghting. (IEA 2006)

Lamp type Luminous Light Light consumption per| Energy consumption
efficacy consumption person per person
n [Im/W] Q [PImh] Qr [MImh/person,a] Er [kWh/person,a]
HID 50 15.6 2.3 46.6
Total 15.6 2.3 46.6

In the industrial sector, fluorescent lamps and HHps were dominant and resulted in total
estimated light consumption of 5.7 MImh/person,a an electric energy consumption of 96.9

kWh/person,a (Table 11-3).

Table 11-3.Estimated electric energy consumption for indudtiighting. (IEA 2006)

Lamp type Luminous Light Light consumption per| Energy consumption
efficacy consumption person per person
n [Im/W] Q [PImh] Qp [MImh/person,a] Er [kWh/person,a]
LFL 66 23.7 35 53.6
HID 50 14.5 2.2 43.3
Total 38.2 5.7 96.9

In the commercial sector, fluorescent lamps repmesthe largest share of electric light
consumption, and also electric energy consumptiblowever, although incandescent lamps
represent a small share of light consumption, tle&ctric energy consumption was almost 50% of

that of the fluorescent lamps.

Table 11-4.Estimated electric energy consumption for comnaigjhting. (IEA 2006)

Lamp type Luminous Light Light consumption per| Energy consumption
efficacy consumption person per person
n [Im/W] Q [PImh] Qr [MImh/person,a] Ep [kWh/person,a]
Incandescent 12 3.9 0.6 48.5
Tungsten halogen 20 1.3 0.2 9.7
CFL 45 3.9 0.6 12.9
LFL 66 44.1 6.6 99.7
HID 50 6.2 0.9 18.5
Total 59.4 8.9 189.4

Compared to the other sectors, the commercial sextoounted for the highest share of both light

consumption and electric energy consumption, Tallé.
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Table 11-5.Estimated total electric energy consumpti@iEA 2006)

Lighting Light Light consumption per| Energy consumption
sector consumption person per person
Q [PImh] Qp [MImh/person,a] Epr [kWh/person,a]

Residential 19.9 3.0 140.3
Outdoor 15.6 2.3 46.6
Industrial 38.2 5.7 96.9
Commercial 59.4 8.9 189.4
Total 133.1 19.9 473.1

In Figure 11-1, with reference to the tables preedrabove, the share of light consumption in each
sector for the different lamp types is represented.

10

9 4

8 -

7 4
] oOGLS
c 6 -
g O Tungsten halogen
8 5- 0O CFL
E 4 - 0 LFL
= O HID

3 4

2 -

1 4

0 T T

Residential Outdoor Industrial Commercial

Figure 11-1.Total worldwide light consumption in different $ers by lamp type in 20Q05IEA 2006)

In Figure 11-2, with reference to the tables prdednbefore, the proportion of electric energy
consumption of the different lamp types for eacletee is represented. The high share of energy
consumption of the incandescent lamps, due to fbeifuminous efficacy, is very distinctive.
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Residential Outdoor Industrial Commercial
Figure 11-2. Estimated electric energy consumption in differesttors by lamp type in 2005. (IEA 2006)

In Figure 11-3, the share of electric light consump in 2005 through different lamp types,
irrespective of sector, is summarized and represent

12.0 11.3
10.0 -
<
§ 8.0 -
8 6.0- 54
=
£ 40
= 1.9
207 ‘ ‘ 0.4 09 0.0
0.0
GLS Tungsten CFL LFL HID LED
halogen

Figure 11-3. Electric light consumption through different lantypes in 2005. (IEA 2006)

The largest share of light consumption, 11.3 MIndr4on,a, is produced by linear fluorescent
lamps (LFL) followed by HID lamps with 5.4 Mimh/pson,a. Incandescent lamps have a
comparably lower share of the light consumption.

11.2 Estimated electric light consumption in 2015/2030

The prognosis in the following is based on the warikthe IEA ECBCS Annex 45. Figure 11-4
represents an estimation of the development ofglobal electric light consumption in 2015 and
2030 compared to the situation in 2005. Generatycomparison to 2005, an increase in the light
consumption of approximately 25% is to be expedigd?015. It is estimated, however, that due to
improved facility utilization factor (light outputatio multiplied by room utilance, LOR x U) of
20% and decreased mean operating time (factor &f @ue to improved daylight utilization and
control systems), this will be compensated, Table6l The increase in utilization factor will
decrease the need for light production since lightvasted less in the luminaire and light is also
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directed more efficiently to the task area. Desypite increased light demand (increased by 25% in
2015 compared to 2005), the total light producedld&yps is reduced. This is due to increased
efficiency of luminaires and room and lighting dgsj and also due to increased use of daylight and
lighting control systems.

Table 11-6. Comparison of different factors in 2015 and 2030nared to 2005.

2015 2030
Increase in total light consumption 25% 55%
Facility utilization improvement 20% 25%
Operating time factor 0.80 0.70
Resulting total light consumption 0.80 0.81

The total light consumption, for instance in 201%$,100% x 1.25 x 0.8 x 0.8 = 80% compared to
2005. At the same time, it is expected that theri lve a clear reduction in the use of incandescent
lamps due to legislation (step by step abolitionimfandescent lamps), an increase in the use of
CFLs and LED lamps, and a replacement of T12 andah@s by T5 lamps. It is estimated that by
2030, incandescent lamps will account only for aywemall share of the lamps in use. LEDs will
represent a large share of the market and theireshall increase substantially, as shown also in

Figure 11-4.

Compared to 2005, it is estimated that there wdldn additional light demand (light consumption
by end user) of 55% in 2030. Due to improved fagilitilization factor of 25% and decreased mean
operating time (factor of 0.7, due to improved dght utilization and control), the overall electric

light consumption will therefore be approximatelyetsame as in 2015. Part of the electric light

consumption is replaced by daylight.
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S 80 ]
o L
®
=3 6.0
E
= 4.0
2.0 }
I I _
GLS Tungsten CFL LFL HID LED
halogen
012005 1.9 0.4 0.9 11.3 5.4 0.0
02015 0.4 0.4 2.1 8.5 4.0 0.3
01 2030 0.1 0.4 2.1 7.2 3.0 3.0

Figure 11 -4. Estimated electric light consumption through diffat lamp types in 2005, 2015 and 2030.

Figure 11-5 shows a summarized representation eethctric light consumption through different
lamp types in 2005 together with the expected deprient for 2015 and 2030. Part of the increase
in light consumption is covered by the increases okdaylight and lighting control systems. Other
part of the increase in light consumption is cowkby the improved facility utilization factor. Due
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to this the light production of the lamps can bedEase and at the same time the end-user will get
the same amount of light on the task area.

35.0
30.0 +
25.0
T
c
? 20.0 -
()
£
= 15.0
S
10.0 -
5.0
0.0
2005 2015 2030
0O Facility utilization 4.1 5.3
0 Daylight + control 5.0 9.2
O LED 0.0 0.3 3.0
O HD 54 4.0 3.0
O LFL 11.3 8.5 7.2
O CFL 0.9 2.1 2.1
0O Tungsten halogen 0.4 0.4 0.4
0O GLS 1.9 0.4 0.1

Figure 11-5. Development of electric light consumption througtfietent lamp types [MImh/person,a] from
2005 to 2030. Théacility utilization and daylight + control indicate the shares of light consumption covebgd
improved facility utilization and through the usédaylight and control systems.

11.3 Estimated electric energy consumption for lightingin 2005/2015/2030

If we use the following plausible assumptions (Teffl-7) of the lamp luminous efficacies (Im/W),
we can calculate the electric energy consumptioWVlikperson,a) from the electric light
consumption (MImh/person,a). The luminous efficacage average values of all the lamps on the
market. The case LED2 forecasts fast developmeth@fuminous efficacy of LEDs and also their
quick breakthrough on the market. Since the avetagenous efficacy of LED2 is 160 Im/W, the
maximum should be much higher. According to Navigé&®09) the white LED package luminous
efficacy targets in 2015 are 200 Im/W in laboratoand 188 Im/W commercially. The practical
achievable maximum package luminous efficacies aveut 220 Im/W depending on the CCT.
(Navigant 2009)
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Table 11-7. Expected lamp luminous efficacies in year 2005,284d 2030.
LED?2 estimates a fast development of the lumindiisaey of LEDs and quick breakthrough on the marke

Luminous | Incandescent | Tungsten | CFL LFL HID LED | LED2
efficacy halogen
[Im/W]
2005 12 20 45 66 50 60 60
2015 12 25 50 86 65 80 100
2030 12 30 55 90 80 120 160

In Figure 11-6, with reference to Figure 11-4 andble 11-7, the proportion of electric energy
consumption of the different lamp types in 2005,180and 2030, irrespective of sector, is

summarized.

A significant reduction in electric energy consumopt by incandescent lamps in 2015 is to be
expected due to legislative actions. Also, the ggeronsumption of fluorescent lamps reduces, as
the luminous efficacy of lamps in use will increadee to replacement of obsolete technology. As
the share of halogen lamps remains relatively unged, but their luminous efficacy slightly
increases, their energy consumption will slightBcdease. This is similar with the HID lamps. The
share of CFLs in light consumption will increasedaat the same time their luminous efficacy will
increase, resulting in overall lower total energgnhsumption.

Furthermore, in 2030, there will be a further retlon in the use of incandescent lamps due to the
almost complete replacement by halogen lamps andsCFhe use of fluorescent lamps and HID
lamps will reduce due to replacement of obsoletthitmlogy. LEDs will penetrate further into the
market and will have a corresponding share of ttarkmat.

200
& 150 |
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halogen
02005, 154 19 19 172 108
112015, 33 16 42 99 62
02030, 8 13 38 80 38 25

Figure 11-6. Status of electric energy consumption of lightihgough different lamp types in 2005/2015/2030.

Figure 11-7 shows the reduction of electric eneogynsumption in 2015 and 2030 compared to
2005. The reduction is based on the replacemenneificient lamps and also on the increased
luminous efficacy of all lamp types (Table 11-7)ad total annual light consumption is taken from

Figure 11-5.
The scenarios for 2015B and 2030B are based orafisemption of LEDs taking over the lamp
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market faster than in scenarios 2015 and 2030. Goetpto scenario 2015, scenario 2015B is based
on the assumptions: incandescent lamps 25%, CFEs &3d LFLs 75% of the light consumption
of scenario 2015. The light consumption remains slaene and the gap is filled by LEDs. The
luminous efficacy of LEDs in scenario 2015B is 10Q/\W.

In scenario 2030B incandescent and halogen lampgi@ctically vanished from the market, CFLs
produce only one quarter and LFL and HID lamps lddlthe light consumption shown on Figure
11-5. Instead, a major part of the light consumptis produced by LEDs. Incandescent and
tungsten halogen lamps and certain CFLs (screwlaayp base) can be replaced by LED-lamps at
short time, but LFL and HID lamps are used in dediéxl luminaires and the annual renovation rate
of old installations is only 3 to 5%. Compared toesario 2030, the light consumption remains the
same in scenario 2030B, but the electric energysoamption reduces since the average luminous
efficacy of the LEDs in use in 2030 would be 160\ (Table 11-7).

500 O LED
400 - O HID
©
c
8 300 - 0 LFL
@
= 200 CFL
< T O
=
=~
100 +— || |O Tungsten
halogen
0
0O GLS
2005 2015 2015B 2030 2030B

Figure 11-7.Scenarios of electric energy consumption for liggtin 2005, 2015 and 2030 by different lamp
types. The scenarios 2015B and 2030B are basedcireased use of LEDs.

11.4 Conclusions

The forecast of the electric energy consumptionlifgitting is based on the assumptions

— increasing light consumption of 25% (2015) and 582630) by end user

— increasing efficiencies of the installations of 2@2015), and 25% (2030) (light output ratio
of luminaires and room utilance)

— reduced operating time factors of 0,80 (2015), &0 (2030) by daylight utilisation and
controls

— phasing out incandescent (mostly until 2015), T2Q15) and T8 (2030) lamps, replaced by
CFL, LFL T5 and LED lamps.

— in scenarios 2015B and 2030B LEDs will take ovee ttamp market quickly and their
luminous efficacy is developing fast.

Based on these assumptions we can expect a dedreaksztrical energy consumption for lighting
down to less than a half or even to one third of tonsumption in 2005 (see Figure 11-7). These
assumptions and also the forecast of lamp effica€ieable 11-7) are rather conservative for the
industrialised countries (scenarios 2015 and 2088 remaining unknown is the development in
China, India and Africa, that will define if the pdicted energy savings become reality.
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12 Proposals to upgrade lighting standards and recommadations

12.1 A difficult trade-off between energy conservation and satisfaction of human needs

The growing concern of energy performance in bunigs leads to the search for a “reasonable”
optimum in installed lighting power. Because ofdlgathering of robust evidence of fundamental
minimum requirements in lighting is needed. On drend, visual requirements related to visual
acuity lead to rather high illuminance levels (5B80to read), and even higher if we consider the
population above 60 years of age. On the other hgederal ambient lighting is more related to
balance of luminances, absence of glare, an minimiluminances for displacement or filing
documents (minimum illuminance around 100-200 Ix).

12.2 The origins of lighting standards and recommendatiois

The evolution of standards has, at large, follovileel development of lighting technologies, cost of
lighting and the increased scientific understandafigyision. The lighting recommendations have
dealt with the optimum visual performance, appraf®ilight distribution, glare reduction, color
rendering, in relation to the available technolo@wrgets for the above mentioned values were
defined at performance levels, achievable at realslencosts of equipment and energy. In the
second half of the 20century, the availability of powerful and inexpévss light sources such as
tubular triphosphor fluorescent lamps led to anrgase in the recommended illuminance levels.
Later, the development of VDU workstations led tacieased demands for glare control and
avoidance of light reflection from the screens.

At the end of the 28 century, several research results suggested a ghobal approach for interior
lighting design. For example:

— More concern was given to the satisfaction of oamnis over long term,
and their general rating of the indoor environment.

— Relation of humans to light was addressed in thgsp#iogical side, with
the discovery of a novel light receptor in the eyeated to the non-visual
effects of light, and managing our circadian rhythm

— Several studies identified the potential for eneapnservation through
higher use of daylight, and development of enerdficient lighting
design and control strategies.

— The contribution of electric lighting to the overahergy use of buildings
was identified, along with its impact on requirention air conditioning,
cooling and heating.

— New technologies were proposed, leading to a pakiicrease in the
performance of light sources, luminaires and systerd great leap
forward was taken by the lighting industry in lagirthe foundation for
developments of new light sources like high presssodium lamps,
metal halide lamps, improved phosphorus for fluocesg lamps, etc.

— A better understanding of the environmental impads lighting
components led to the progressive development diufamt reduction
and increased activities for recycling.

— The development in the solid-state lighting tectogyl has brought new
light sources (LEDS) in the market at break neckesh By today, LEDs
are a viable option also for general lighting ames it will be completing
in energy-efficiency with the traditional light sotes.
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12.3 Challenges for new lighting standards and recommenations

The difference between the lighting standards awbmmendations in different countries has been
attributed to the economical context and the gepli@al zone of the country. The differences are
related to the living standard, technological amdmomical capacity and also to the influence of
specific research or institutional organizations. Wajor future development of lighting
recommendations is that they should address mahgrdbpics beyond the visual specifications
associated to the satisfaction of specific actestiRecent research results suggest that the fiolgpw
considerations are to be included in future indbgiting recommendations:

— Minimum illuminance on work plane in office lightq A value of 500 Ix

is proposed by CEN Norm EN 12464-1 (item 3.2 and)3The current
recommendations concern mainly the level of illuamiees on the desk
area, but it should be remembered that what peqmeceive are
luminances, i.e. light reflected from the surfac€&bus, it should be kept
in mind that the required minimum illuminance issalrelated to the
values of the luminances in the visual field. THere, discussions about
the 500 Ix minimum value should integrate a morenimance based
approach. Also, the individual and age-relatededtdnces in the required
light levels should be considered, for example agaikers may need
more light than 20-year old workers.

Since reading and writing is performed on a smalitpf the desk, and
since a computer screen is now the standard of akmlace, it is
suggested that the recommended illuminance of 500should be
achieved only on the reading and writing area @& tiesk (see Figure 12-
1). This is being discussed within CEN TC 169 WG2.

For reading and writing

Luminous flux 400 Im

Figure 12-1. Possible distribution of illuminances on work plafoe optimal visual performance and energy effiaign
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— The rest of the work plane would then require a éwlluminance.

Recommendations suggest not to go to a value lems about two third
of the values on the task (EN 12464-1 proposes IRG0r work places).
Discussions about minimum illuminance values foe tlest of the room
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for (not reading) would be useful.

— Uniformity of illuminance. According to CEN Norm ENL2464-1
minimum threshold of 0.7 is required on the taskdaO.5 for the
immediate surroundings. Not much is said for thst i&f the room. Tests
performed on observers demonstrate that they rebsguositively to
various kind ofmodulationof the illuminance distribution. Variations of
illuminances in spaces, in ratio of 1 to 2 or 13@ppear appropriate, as
long as they are correctly managed. Discussionsthan evolution of
recommendations require evidence of the acceptabits on this aspect.

— Indoor lighting design is based largely on proviglimore or less uniform
levels of illuminances in the room, while the peptien of the luminous
environment is related mainly to light reflectedofn surfaces i.e.
luminancesThus innovative lighting design methods could beoduced
which give a high priority to the quality of the hinous environment as
our eyes perceive iThe possible obstacles and constraints that arbyset
the current regulations for horizontal illuminatiolevels should be
identified, and ways for designing and implementimgpre innovative
lighting solutions should be sought. Figure 12-2g®nts three different
lighting installations. Configuration 1 is withoutask lighting and
configurations 2 and 3 with task lighting. The dgyit contribution is
different in different cases. Table 12-1 presehis installations in detail.
Both the electrical lighting design (general/tagihting) and the use of
daylight have a major impact on lighting qualitycaenergy-efficiency.

Pwall = 0-5  Pgeskc =03 Peailing = 0-7

>100

d

500 Ix

Configuration 1 Configuration 2 Configuration 3

Figure 12-2. Three different possible configurations for lighgimithvertical the same illuminance on task (50pbxt
various illuminances in the room (200, 300 and 380 Minimum illuminance is 100Ix in all cases.

— Glare control. Recommendations include specificagion glare control,
but not on overhead glare. Luminaires with high lnance light sources
such as CFL, T5 or spot lamps (halogen, LEDs) hagen found to be
uncomfortable if the sources are visible, evenhiéy are located above
the head of the observers (Figure 12-3) recommendisitneed to be
updated to propose more restrictions of luminarened higher angles of
observation.
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Figure 12-3.0Overhead glare issues: discomfort glare occurs ewben the luminaire is just above the occupantibr,
luminaire luminance is high (above 14 000 cdynSuch can be the case with unshaded CFLs, LEBsdens and T5
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fluorescent lamps.

Reduction of the size of light sources (compact Héinps, LEDs) may
lead to increased risk of glare. Standards andmenendations should be
adapted accordingly.

Luminance distribution. Balance of luminances ire theld of view is
expressed in the recommendations in order to redatigue and eye
stress. Recent findings suggest that luminancesdical surfaces facing
the occupants also play a role in visual stimulatand alertness (see CIE
Div 3 TC work: Luminance Based Lighting Design).

The quality of light spectra is required with a nmmum Color Rendering
Index CRI of 80. The light sources typically usedoffice lighting have
good CRI.The CIE general CRI has its limitations. The shortings of
the CRI may become evident when applied to LED fighurces due to
their peaked spectra. The CIE (CIE 2007) recommehdsdevelopment
of a new color rendering index (or a set of newaralendering indices),
which should be applicable to all types of lightusoes including white
LEDs

Daylighting is suggested, but lighting recommendasi do not specify
recommended values of daylight factors or otherapeaters. This is a
field where practical metrics could be developeadamentioned in
recommendations.

Glare from windows is not addressed, and there doulle
recommendations for sunshading systems to prevarg.g



12PROPOSALS TO UPGRADE STANDARDS AND RECOMMENDATIONS

Table 12-1.Comparison of the energy performances of the thigdging configurations in Figure 12-2.

Feature Configuration 1 |Configuration 2 |Configuration 3
Power density of ceiling luminaire 11 W/m~* 4.4 \W/m* 6.6 W/m*
Power density of task focused lighting 1.7 W/m~* 1.7 W/m*®
Room area 12 m* 12 m*® 12 m*®
Annual burning hours of ceiling luminaire 2000 h 2000 h 2000 h
Annual burning hours of task focused lighting 1600 h 1600 h
Energy consumption without daylight 264 kWh/a 138 kWh/a 191 kWh/a
Energy consumption with daylight (30%)

185 kWh/a
Energy consumption with daylight (70%) 41 kWh/a
Energy consumption with daylight (50%) 95 kWh/a
Energy density without daylight 22kWh/m”a | 11.5kwh/m”.a | 15.9kwWh/m”.a
Energy density with daylight 15.4 kWh/m®a | 3.41kwh/m“a | 7.91 kwh/m®.a
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13 Summary and conclusions

Lighting is a large and rapidly growing source ofiezgy demand and greenhouse gas
emissions. At the same time the savings potentidighting energy is high even with the
current technology, and there are new energy @fitlighting technologies coming on the
market.

Currently, more than 33 billion lamps operate wavide, consuming more than 2 650 TWh
of energy annually, which is 19% of global electtyocconsumptionThe total lighting-related
carbon dioxide (C@ emissions were estimated to be 1900 million ton2005, which was
about 7% of the total global CQemissions from the consumption and flaring of fbfsels.
The global electricity consumption for lighting distributed approximately 28% to the
residential sector, 48% to the service sector, 16%he industrial sector, and 8% to street
and other lighting. In the industrialized countriesational electricity consumption for
lighting ranges from 5% to 15%, on the other hamdgdeveloping countries the value can be
even higher than 80% of the total electricity usage

More than one quarter of the world’s populationstdl without access to electric networks
and uses fuel-based lighting to fulfil its lightingeeds. The fuel-based light sources include
candles, oil lamps, kerosene lamps, biogas lampspgne lamps, and resin-soaked twigs.
While electrification is increasing in the develagicountries, it is more and more important
to adopt energy efficient light sources and ligigtisystems both in the developing and
industrialised countries. Solid-state lighting camdd with renewable energy sources has
already reached some remote villages in develogiogntries, where it brings affordable,
safe, healthy, and energy efficient lighting to fheople.

The amount of consumption of light in the world hamnstantly been increasing. The amount
of global consumption of light in 2005 was 134.7tglemen hours (PImh). The average
annual per capita light consumption of people wébcess to electricity is 27.6 Mimh,
whereas the people without access to electricigyardy 50 kimh.

Any attempt to develop an energy efficient lightistrategy should, as the first priority,
guarantee that the quality of the luminous envir@miis as high as possible. The results
presented in this Guidebook demonstrate that thigahievable, even with high savings in
electricity consumption. Through professional ligigt design energy efficient and high
quality lighting can be reached. Better lightingadjty does not necessarily mean higher
consumption of energy. While it is important to prde adequate light levels for ensuring
optimized visual performance, there are alwaystlighiels above which a further increase in
the light level does not improve performance.

The increased possibilities to control both theemgity and spectrum of light sources should
allow the creation of more appropriate and comfolealuminous environments. Also, the

use of lighting control systems, based on preseatetection and the integration of electrical

light with daylight, can lead to substantial energpvings. New technologies such as LEDs
offer high flexibility in the control of light speca and intensities, which enhance their
attractiveness besides their growing luminous affic

It is important to search for technological lighgirsolutions which meet human needs with
the lowest impact on the environment during thé® tycle. The environmental impacts of
lighting include production, operation and disposalamps and related materials. The total
lighting energy used depends, in addition to thedufighting equipment (lamps, ballasts,
drivers, luminaires, control devices), also on ligating design and the room characteristics.
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There are several characteristics that need todmsidered when choosing the lamp. These
include e.g. luminous efficacy (Im/W), lamp life)hspectrum and other color characteristics
(CRI, CCT), dimming characteristics and the effestsambient circumstances on the lamp
performance. Concerning all lamp types, the beastgaif coupled with poor or incompatible
luminaire, ballast or driver, loses most of its advages.

It is foreseen that LEDs will revolutionize the hgng practices and market in the near
future. The benefits of LEDs are their long life@ncolor-mixing possibilities, spectrum,

design flexibility and small size, easy control,dadimming. For LEDs huge technological
development is expected to continue. According t8 DOE, the maximum luminous

efficacy of phosphor converted cool-white LEDs dgpected be around 200 Im/W by 2015,
while the luminous efficacy of warm white LEDs ixgected to be above 140 Im/W. The
given values are for high-power LEDs with 1 rrchip size at a 350 mA drive current at
25°C ambient temperature without driver losses. Bpecial features of LEDs provide

luminaire manufacturers to develop new type of Inaires and designers to adopt totally
new lighting practices. The key success factortf broad penetration of general lighting
market by LEDs is a light source with high systeiffiGacy and high quality at moderate

prices. One barrier to the broad penetration ofrtireeket by LED applications is the lack of

industrial standards.

Currently, there is a global trend to phase outffiognt light sources from the market
through legislation and voluntary measures. Two Egdulations for lighting equipment
entered into force in April 2009 and they will rdsun gradual phasing out of e.g.
incandescent, mercury and certain inefficient feswent and HID lamps from the EU
market. Similar legislative actions are carried w@ard the world: Australia has banned the
importation of incandescent lamps from February 208nd USA has enacted the Energy
Independence and Security Act of 2007 that phasgsrnzandescent lamps in 2012-2014.
Also other countries and regions have banned, artheir way to ban, or are considering to
ban inefficient light sources.

Innovative and efficient lighting technology is elrdy available on the market; very often,
however, the current installations are dominateditgfficient technology that does not
utilize control systems, sensors, or efficient iglources. Today, 70% of the lighting energy
is consumed by inefficient lamps. Low retrofittimgtes in the building sector (and thus also
in lighting installations) are the main barrier tbhe market penetration of adequate and
modern lighting technologies. It is estimated tB&¢6 of all buildings are more than 20 years
old, and 70-80% are older than 30 years. In ordeincrease the knowledge and use of
energy efficient lighting, it is essential to inage dissemination and education, as well as to
get new standards and legislation.

Energy efficient lighting also includes considecais of the control of light and the use of
daylight. A sustainable lighting solution includas intelligent concept, hight quality and

energy efficient lighting equipment suitable forettapplication, and proper controls and
maintenance. Further energy savings can be achievthdsmart lighting control strategies.

Today, the most common form of control (the stamdwsall switch) is being replaced by

automatic components which are based on occupandagight harvesting. Examples of

this technology are occupancy sensors which tuenitihts off when the area is unoccupied,
time-based controls and the dimmer plus photocethbination. These can lead to energy
savings that vary from 10% with a simple clock tora than 60% with a total integrated

solution (occupancy plus daylight plus HVAC).

For economic evaluation of different lighting saluts, a life cycle cost analysis has to be
made. Usually, only the initial (investment) cosiee taken into account. People are not
aware of the variable costs, which include energgts, lamp replacement costs, cleaning
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and reparation costs. In commercial buildings veftgn the variable costs are paid by others
who rent the flat, and the initial (investment) t®sre usually paid by the investor who
makes the system decisions. The energy costs ighéing installation during the whole life
cycle are very often the largest part of the whidlle cycle costs. It is essential that in future
lighting design practice, maintenance schedulesliéadycle costs will become as natural as
e.g. illuminance calculations already are.

The aim of an optimum lighting design is to achiesertain appearances and, at the same
time, to fulfill the fundamental physiological amasychological visual requirements and to
ultimately put the whole thing into effect in an engy efficient manner. LEDs allow for
completely new designs and architectures for ligiptsolutions, thus opening a new and
wide field of creativity for all lighting professimals. At the same time, some old rules and
standards for a good lighting design are no morgliapble to LEDs (e.g. glare assessment,
color rendering, light distribution, etc.).

The expert survey conducted during 2006-2007 witthie Annex 45 work indicated that
among the lighting community there is a lack of kvledge of the characteristics and
performance of new lighting technologies. Anotheajar topic that was raised was the lack
of awareness of the total life-cycle costs. Theveyralso indicated resistance to the adoption
of new technology.

Commissioning is done for the number of differemasons: clarifying building system
performance requirements set by the owner, audiffgrent judgments and actions by the
commissioning related parties in order to realihe performance, writing necessary and
sufficient documentation, and verifying that thessgm enables proper operation and
maintenance through functional performance testi@gmmissioning should be applied
through the whole life cycle of the building. Theu@ebook presents an example of
commissioning process applied to a lighting consydtem.

Case studies of different types of lighting systemsre conducted within the Annex 45
work. The studies were conducted for twenty buiggn most of which were offices and
schools. In office buildings different case studs®wed that it is possible to obtain both
good visual quality and low installed power for liing. In offices and schools it is possible
to reach the normalized power density of 2 WW/h00 Ix (even 1.5 W/M100 Ix in some
office cases) with the current technology. It wasiiid that the use of lighting control system
to switch the lights on and off based on occupasewnsors can reduce the lighting energy
intensity of office buildings. Additionally, the esof dimming and control sensors for the
integration of daylight and artificial light can efd to further energy savings. The case
studies show examples of LEDs in task, general aodidor lighting. The LED lighting
requires a new approach to lighting design. Theecstsadies show that LEDs can be used in
the renovation of lighting in commercial buildings.

In 2005 the incandescent lamps dominate the lighénergy consumption in the residential
sector. The total annual light consumption in resitlal sector is only 3 MImh/person and
the electric energy consumption is as high as 1Whkperson. In the commercial sector the
annual light consumption is almost three times kig8.9 Mimh/person), while the energy
consumption is only 35% higher than in the residedrgector. This is due to the use of more
efficient lighting technology in the commercial $ec Compared to 2005, it is estimated that
there will be an additional light demand (light carmption by end user) of 25% by 2015,
and of 55% by 2030. This will, however, be compersiaby facility utilization factor
(improved luminaire light output ratio and roomlatice) and decreased mean operating time
(improved daylight utilization and control systems)
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It is expected that the share of different lightusces producing the total electrical light
output will change in the future. This is due toetkdevelopment of light source luminous
efficacies, legislative measures to phase out iceffit light sources in many countries, and
the penetration of the lighting market by LEDs. tine Annex 45 work forecasts for the
lighting energy consumption were made. On the badidhe most optimistic scenario,
according to which LEDs will take over the lamp rkats quickly and their luminous
efficacy is developing fast, the lighting energynsoimption in 2015 is reduced to half, and
in 2030 to one third, of the values in 2005. Thamaining unknown is the developments in
China, India and Africa, which will define whethd¢ne predicted energy savings become
reality.

The evolution of standards has, at large, folloviied development of lighting technologies,
cost of lighting and the increased scientific uretanding of vision. The recommended
values of illuminances have followed the developieinlight sources. For instance, in the
second half of the 2D century the evolution of fluorescent lamps leditzreases in the
recommended illuminance levels. The difference e the lighting standards and
recommendations in different countries has bearbatied to the economical context and the
geographical zone of the country. The current indbghting design is based largely on
providing more or less uniform levels of illuminagx in the room, while the perception of
the luminous environment is related mainly to ligkflected from surfaces i.e. luminances.
Thus innovative lighting design methods could b&aduced which give a high priority to
the quality of the luminous environment as our epesceive it. Both the electrical lighting
design and the use of daylight have a major immarctighting quality and energy efficiency.
The present lighting recommendations do not specdgommended values of daylight
factors or other daylight parameters. This is aldfievhere practical metrics could be
developed and mentioned in the recommendationsu&exh of the size of light sources
(compact HID lamps, LEDs) may lead to increasedk risf glare. Standards and
recommendations should be adapted accordingly. garameter to assess the quality of
lighting is the color rendering index CRI. The cent CRI is not suitable to LEDs due to
their peaked spectra. The CIE recommends the dpusot of a new color rendering index
(or a set of new color rendering indices), whiclosld be applicable to all types of light
sources including white LEDs. A major future devahoent of lighting recommendations is
that beyond the visual requirements they shouldesklalso the non-visual effects of light.

There is a significant potential to improve energfficiency of old and new lighting
installations already with the existing technologVhe energy efficiency of lighting
installations can be improved with the following asures:

— the choice of lamps. Incandescent lamps shouldelpéaced by CFLs, infrared coated
tungsten halogen lamps or LEDs, mercury lamps bghipressure sodium lamps,
metal halide lamps or LEDs, and ferromagnetic sfldy electronic ballasts;

— usage of controllable electronic ballasts with lmsses;

— the lighting design. Use of efficient luminairesdalocalized task lighting:

— the control of light with manual dimming, presensensors and dimming according to
daylight;

— the usage of daylight;

— the use of high-efficiency LED-based lighting syste

The Annex 45 suggests that clear internationalatiites (by the IEA, EU, CIE, IEC, CEN
and other legislative bodies) are taken to:

upgrade lightings standards and recommendations

integrate values of lighting energy density (kWH/m) into building energy codes;
monitor and regulate the quality of innovative liggources

pursue research into fundamental human requiremfenttighting (visual and non-
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visual effects of light)
— stimulate the renovation of inefficient old lightnnstallations by targeted measures

The introduction of more energy efficient lightingyoducts and procedures can, at the same

time provide better living and working environmenénd also contribute in a cost-effective
manner to the global reduction of energy consumpéiod greenhouse gas emissions.

337



13 SUMMARY AND CONCLUSIONS

338



14 PARTICIPANTS AND CORRESPONDING MEMBERS

14 Participants and corresponding members

Australia
Queensland University of Technology
* Steve Coyne

Austria

Bartenbach LichtLabor GmbH
* Wilfried Pohl

Zumtobel Lighting
* Peter Dehoff

Belgium

Belgian Building Research Institute
* Arnaud Deneyer

Université Catholique de Louvain
* Magali Bodart

Canada

University of British Columbia
* Lorne Whitehead
* Michele Mossman
* Alexander Rosemann

China
Fudan University
* Dahua Chen
* Edward Yuan
*Yuming Chen
Shanghai Hongyuan Lighting & Electric Equipment Co
* Aiqun Wang

Finland
Aalto University
* Liisa Halonen
* Eino Tetri
* Pramod Bhusal

France
Ecole Nationale des Travaux Publics de I'Etat (EEEJP

* Marc Fontoynont
CSTB

* Mireille Jandon

* Nicolas Couillaud

* Christophe Martinsons
Ingélux Consultants

* Laurent Escaffre
Lumen Art

* Susanne Harchaoui
ADEME

* Herve Lefebvre
Veolia Environnement

* Ahmad Husaunndee

Germany
Technische Universitat Berlin
* Heinrich Kaase

Italy

Universita di Roma “La Sapienza”
* Fabio Bisegna

ENEA Ispra
* Simonetta Fumagalli

Politechnico di Torino
* Anna Pellegrino
* Valentina Serra

Japan
National Institute for Land and Infrastructure
Management
* Yasuhiro Miki
Tokai University
* Toshie lwata

The Netherlands

Philips Lighting Controls

Delft University of Technology
* Truus de Bruin-Hordijk
* Regina Bokel
* M. van der Voorden

Norway

NTNU and SINTEF
* Barbara Matusiak
* Tore Kolas

BAS Bergen School of Architecture
* Lars Bylund

Poland
WASKO S.A.
* Zbigniew Mantorski

Russia
Russian Lighting Research Institute (Svetotehnika)
* Julian Aizenberg

Singapore
National University of Singapore
* Lee Siew Eang

Sweden

School of Engineering, Jonkdping
* Nils Svendenius

WSP Ljusdesign
* Peter Pertola

Switzerland
Solar Energy and Building Physics Lab, EPFL
* Jean-Louis Scartezzini
* Nicolas Morel
* David Lindelof
* Friedrich Linhart
University of Applied Sciences of Western Switzenda
* Gilles Courret

Turkey
Istanbul Technical University
* Dilek Enarum

United Kingdom
Helvar
* Trevor Forrest

USA
Lawrence Berkeley National Laboratory
* Stephen Selkowitz

339



14 PARTICIPANTS AND CORRESPONDING MEMBERS

340



15GLOSSARY

15 Glossary

adaptation: the process by which the state of the visual sysi® modified by previous and present
exposure to stimuli that may have various luminanapectral distributions and angular subtanses.

ballast: device connected between the supply and one orendischarge lamps which serves
mainly to limit the current of the lamp(s) to thequired value.

brightness: attribute of a visual sensation according to whaharea appears to emit more or less
light.

British thermal unit (Btu): unit of energy equivalent to 1055 joules.
bulb: transparent or translucent gas-tight envelope amgpthe luminous element (s).

colour rendering: effect of a light source on the colour appearanéebjects by conscious or
subconscious comparison with their colour appeaamzler a reference light source.

colour rendering index: measure of the degree to which the psychophysioddur of an object
illuminated by the test light source conforms tatlof the same object illuminated by the reference
light source, suitable allowance having been mateHe state of the chromatic adaptation.

colour temperature: temperature of a Planckian radiator whose radmtioas the same
chromaticity as that of a given stimulus; unit: K.

compact fluorescent lamp (CFL): a fluorescent lamp with bent tubes to reduce tlze ®f the
lamp.

contrast: assessment of the difference in appearance of e&wamore parts of a field seen
simultaneously or successively (hence: brightnesstrast, luminance contrast, colour contrast,
simultaneous contrast, successive contrast, etc.).

correlated colour temperature: the temperature of the Planckian radiator whosegiged colour
most closely resembles that of a given stimuluthatsame brightness and under specified viewing
conditions; unit: K.

daylight factor: ratio of the illuminance at a point on a given p&adue to the light received
directly or indirectly from a sky of assumed or kmo luminance distribution, to the illuminance on
a horizontal plane due to an unobstructed hemisploérthis sky, excluding the contribution of
direct sunlight to both illuminances.

direct lighting: lighting by means of luminaires having a distrilmrt of luminous intensity such
that the fraction of the emitted luminous flux ditey reaching the working plane, assumed to be
unbounded, is 90 % to 100 %.

disability glare: glare that impairs the vision of objects withowtaessarily causing discomfort.

discharge lamp: lamp in which the light is produced, directly ondirectly, by an electric
discharge through a gas, a metal vapour or a mextifiiseveral gases and vapours.

discomfort glare: glare that causes discomfort without necessaripairing the vision of the
objects.

ecological footprint: a measure of how much biologically productive laartd water an individual,
population or activity requires to produce all thesources it consumes and to absorb the waste it
generates using prevailing technology and resounemagement practices; measured in global
hectares.
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electroluminescenceiuminescence caused by the action of an electel fin a gas or in a solid
material.

emission:release of radiant energy.

flicker: impression of unsteadiness of visual sensationdged by a light stimulus whose luminance
or spectral distribution fluctuates with time.

fluorescence: photoluminescence in which the emitted optical iaidn results from direct
transitions from the photo-excited energy level adower level, these transitions taking place
generally within 10 nanoseconds after the excitatio

fluorescent lamp: a discharge lamp of the low pressure mercury typehich most of the light is
emitted by one or several layers of phosphors extiby the ultraviolet radiation from the
discharge.

general lighting: substantially uniform lighting of an area withoptovision for special local
requirements.

general lighting service (GLS) lamp:always used to refer to a standard incandescght-bulb.

glare: condition of vision in which there is discomfort a reduction in the ability to see details or
objects, caused by an unsuitable distribution ageaof luminance, or to extreme contrasts.

greenhouse gasegases in the atmosphere that contribute to thergreuse effect by absorbing
infrared radiation produced by solar warming of terth's surface.

high intensity discharge lamp: an electric discharge lamp in which the light-pusthg arc is
stabilized by wall temperature and the arc has b eall loading in excess of 3 watts per square
centimetre.

high pressure sodium lamp:a high intensity discharge lamp in which the lightproduced mainly
by radiation from sodium vapour operating as aipagressure of the order of 10 kilopascals.

illuminance: quotient of the luminous flux incident on an elemedf the surface containing the
point, by the area of that element; unit: IX.

incandescenceemission of optical radiation by the process ddrinal radiation.

incandescent lamp: lamp in which light is produced by means of an reent heated to
incandescence by the passage of an electric current

indirect lighting: lighting by means of luminaires having a distrilaut of luminous intensity such
that the fraction of the emitted luminous flux ditey reaching the working plane, assumed to be
unbounded, is 0 to 10%.

infrared radiation: optical radiation for which the wavelengths areder than those for visible
radiation.

lamp: source made in order to produce an optical radmgtusually visible.
LED driver: a device to power and control a light-emitting de

life cycle: consecutive and interlinked stages of a productesys from raw material acquisition or
generation of natural resources to final disposal.

light emitting diode (LED): solid state device embodying a p-n junction, emgtoptical radiation
when excited by an electric current.

light trespass: a situation that occurs when light from a soursemitted into areas where the light
is unwanted.
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lighting power density: a measurement of the amount of electric power meguto illuminate an
area. Light power density is equal to the electripawer used to produce light in a given area
divided by the floor area served by that light; reaeed in watts per square metre.

linear fluorescent lamp (LFL): a straight fluorescent lamp.

low pressure sodium lamp:a discharge lamp in which the light is produced tagiation from
sodium vapour operating at a partial pressure dft0.1.5 pascal.

lumen (Im): Sl unit of luminous flux; luminous flux emitted ianit solid angle by a uniform point
source having a luminous intensity of 1 candela.

luminaire: apparatus which distributes, filters or transforting light transmitted from one or more
lamps and which includes, except the lamps thenesghall the parts necessary for fixing and
protecting the lamps and, where necessary, cireuikiliaries together with the means for
connecting them to the electric supply.

light output ratio of a luminaire (LOR): ratio of the total flux of the luminaire, measuredder
specified practical conditions with its own lampadaequipment, to the sum of the individual
luminous fluxes of the same lamps when operatedidatthe luminaire with the same equipment,
under specified conditions.

luminance: the luminous flux emitted in a given direction died by the product of the projected
area of the source element perpendicular to thectivn and the solid angle containing that
direction; unit: cd.nf.

luminous efficacy of a source:quotient of the luminous flux emitted by the powssnsumed by
the source; unit: Im/W.

luminous environment: lighting considered in relation to its physiologicand psychological
effects.

luminous flux : quantity derived from radiant flux by evaluatinpet radiation according to its
action upon the CIE standard photometric obsemait; Im.

luminous intensity: the quotient of the luminous flux leaving the soerand propagated in the
element of solid angle containing the given direntby the solid angle; unit: cd.

lux (Ix): SI unit of illuminance ; illuminance produced onsarface of area 1 square meter by a
luminous flux of 1 lumen uniformly distributed ovénat surface.

megalumen-hour (Mimh): 1x 1 lumen-hours; a quantity of light.
mercury vapour lamp: a type of high-intensity discharge lamp that caméamercury vapour.

metal halide lamp: a high intensity discharge lamp in which the nragortion of the light is
produced from a mixture of a metallic vapour and giroducts of the dissociation of halides.

normalized power density of lighting installation: lighting power density divided by the mean
maintained illuminance on the reference plane;:uMt(m?2.100 Ix)

organic light emitting diode (OLED): a semiconductor device made from an organic comgou
and which emits light when a current is passed tigtoit.

overhead glare:a form of glare caused by excessive brightnesty@bove the user.
petalumen-hour (PImh): 1x 10" lumen-hours; a quantity of light.

Photobiology: branch of biology which deals with the effects optical irradiation on living
systems.

Planckian radiator: ideal thermal radiator that absorbs completelyiratident radiation, whatever
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the wavelength, the direction of incidence or tlagpization. This radiator has, for any wavelength
and any direction, the maximum spectral concerdratf radiance for a thermal radiator in thermal
equilibrium at a given temperature.

power factor: the ratio of total real power in watts to the apgat power (root-mean-square volt
amperes).

primary energy: the energy embodied in natural resources (eg @vatje oil, uranium, etc.) prior
to undergoing any human-made conversions or transdtons.

guantity of light: time integral of the luminous flux over a given @tion; unit: lumen-hour (Im.h).

radiation: emission or transfer of energy in the form of géfemagnetic waves with the associated
photons.

reflectance: ratio of the reflected radiant or luminous flux the incident flux in the given
conditions.

reflector. device used to alter the spatial distribution betluminous flux from a source and
depending essentially on the phenomenon of thecatn.

source-lumen:lumens emitted by a light source.
spectrum: display or specification of the monochromatic campnts of the radiation considered.

starter: a starting device, usually for fluorescent lampsdjich provides for the necessary pre-
heating of the electrodes and, in combination willle series impedance of the ballast, causes a
surge in the voltage applied to the lamp.

stroboscopic effect:apparent change of motion and/or appearance obgimg object when the
object is illuminated by a light of varying intengi

task lighting: lighting directed to a specific surface or areattiprovides illumination for visual
tasks.

tungsten halogen lamp:gas-filled lamp containing halogens or halogen poonds, the filament
being of tungsten.

ultraviolet radiation: optical radiation for which the wavelengths aredbr than those for visible
radiation.

utilance (U): ratio of the luminous flux received by the referensurface to the sum of the
individual total fluxes of the luminaries of thestallation.

veiling reflections: specular reflections that appear on the objecivei@ and that partially or
wholly obscure the details by reducing contrast.

visual comfort: subjective condition of visual well-being inducbsg the visual environment.

visual comfort probability (VCP): the rating of a lighting system expressed as a@eatage of
people who, when viewing from a specified locatenmd in a specified direction, will be expected to
find it acceptable in terms of discomfort glare.

visual performance: performance of the visual system as measuredrfstance by the speed and
accuracy with which a visual task is performed.

visual task: visual elements of the work being done.
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AADL

AC
ACGIH
ADC
AlinGaP
ANSI
ASHRAE

ASIC
BEMS
BLH
BMS
BTU
CCM
CCT
CELMA
CEN

CFL
CICS
CIE

CO;
CRI
DAC
DALI
DC
DCM
DHCS
DLP
EC
ECBCS
EEI
EEPROM
ELC
EMC
EMI
EPBD
EU
EuP
FTP
GaAsP
GLS
HfN

16 ABBREVIATIONS

Asociacion Argentina de Luminotecnia (ArgenéiLighting
Association)

alternating current

American Conference of Governmental Industilygienists
analogue-to-digital converter

aluminium gallium indium phosphide

American National Standards Institute

American Society of Heating, RefrigeratiomcbAir-Conditioning
Engineers

application-specific integrated circuit

building and energy management system

blue light hazard

building management system

British thermal unit

continuous-current mode

correlated colour temperature

Federation of National Manufacturers Assdmas for Luminaries and
Electrotechnical Components for Luminarieshe European Union
Comité Européen de Normalisation (European Conaaifor
Standardization)

compact fluorescent lamp

constant illuminance control strategy

Commission Internationale de I'Eclairage (migional Commission on
[llumination)

carbon dioxide

colour rendering index

digital-to-analogue converter
digital addressable lighting interface

direct current

discontinuous conduction mode

daylight harvesting control strategy

digital lighting processing

European Commission

Energy Conservation in Buildings and ComniyBlystems
energy efficiency index

electrically erasable programmable realy-oremory
European Lamp Companies Federation

electromagnetic compatibility

electromagnetic interference

Energy Performance of Buildings Directive (Bpean Union)
European Union

energy-using products

functional performance testing

gallium arsenic phosphide

general service lamp

hafnium-nitrite
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HID
HPS
HVAC
IAEEL
IC
ICNIRP
IEA
IEC
IECC
IEEE
IES
IESNA
IP
ipRGC
IR
ISO
LCA
LCC
LCCA
LCD
LEP
LED
LEED
LENI
LFL
LMS
LOR
LPD
LPS
MEEUP
MF
MHL
MImh
Mtoe
NIF
NPD
OECD
OLED
PCA
PCB
PF
PLC
Plmh
POCS
PWM
RAM
RFI
ROCS
RoOHS
ROM
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high-intensity discharge

high-pressure sodium

heating, ventilation and air-conditioning
International Association for Energy-Effiai¢ Lighting
integrated circuit

International Commission on Non-lonizing dRation Protection
International Energy Agency

International Electrotechnical Commission
International Energy Conservation Code

Institute of Electrical and Electronics Engars
llluminating Engineering Society

llluminating Engineering Society of North Aenica
internet protocol

intrinsically photoreceptive retinal ganglicells
infrared

International Organization for Standardization

Life Cycle Analysis

Life Cycle Cost

Life Cycle Cost Analysis

liquid crystal display

light emitting polymer

light emitting diode

Leadership in Energy and Environmental Dedignited States)
Lighting Energy Numeric Indicator

linear fluorescent lamp

lighting management system

luminaire output ratio

lighting power density

linear power supply

methodology study for ecodesign of the gyeusing products
maintenance factor
metal-halide lamp

megalumen-hours

million tonnes of oil equivalent

non-image forming

normalized power density

Organisation for Economic Co-operation and/€epment
organic light emitting diode

polycrystalline sintered alumina

printed circuit board

power factor

power line communication

petalumen-hours

predicted occupancy control strategy

pulse width modulation
random-access memory

radio frequency interference

real occupancy control strategy

restriction of hazardous substances

read-only memory



RUF
RVP
SCR
SEPIC
SMPC
SMPS
SPD
THD;
TLV
UGR
UK
us
USART
uv
VAV
VCP
VDSF
VDT

WEEE

room utilization factor

relative visual performance
silicon-controlled rectifiers

single-ended primary inductance converter
switched mode power converter

switched mode power supply

spectral power distribution

total harmonic distortion

threshold limit value

unified glare rating

United Kingdom

United States

universal serial asynchronous receiver4raitter
ultraviolet
variable air volume

visual comfort probability

ventilated double skin facades

visual display terminal

Waste Electrical and Electronic Equipment
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APPENDIXA

Appendix A: Summary of lighting recommendations

CHINA - GB 50034-2004 Standard for lighting designof buildings

NEEDS &
EXPECTATIONS PARAMETERS REQUIREMENTS
Human, societal,
environmental

A. INDIVIDUAL NEEDS Levell Level 2
llluminance (horizontal) 500 Ix 300 Ix
Task area
Drawing 500 Ix

VISUAL llluminance (horizontal), computer

PERFORMANCE Meeting room 300 Ix
Reception 300 Ix
Corridors 100 Ix | 50 Ix
Archives 200 Ix
llluminances of immediate 300 Ix 200 Ix

surroundings
llluminance (vert) on screens

Luminance ratio on task area 1:3 near work place
Ceiling luminance Minimum shielding angle:
10°— 1-20 ked/

15°— 20-50 kcd/ M

20°— 50-500 kcd/ m
30°— >500 ked/ i

Maximum luminances from Maximum required luminances
luminaries overhead 1000 cd/ m
Wall luminances Less than 10:3:1
Maximum luminance from window
VISUAL COMFORT Surface reflectance Peeiing 0.6-0.9 ,pyais 0.3-0.8
Pworking planes0-2-0.6 ,prigor 0.1-0.5
Flicker-Free
Uniformity task >0.7
Contrast rendering factor >0.5
Uniformity surroundings >0.5
Discomfort glare UGK: 19
Reflected glare To prevent and reduce glare and veiling
Veiling reflections reflections: Do not install luminaries in areas
which can appear interferences. Don’'t use matefial
which increase glare. Set maximum value for the
illuminance.
COLOUR Colour rendering of light (CRI) >80
APPEARANCE Colour temperature of light CCT 3300 K < CCT < 53KI0
Use of saturated colours
Colour Variations
Contact to the outside Use daylight as much asiptiss
Light modelling
Daylight consideration Use of daylight allows dimmgiand switching
on/off lamps.
WELL-BEING Considerations about daylight system.
Lighting design Choose the CCT of lamps accordimghie

characteristics of the place.

Aesthetics of space
Aesthetics of lighting equipment

NON VISUAL Spectral distribution
EFFECTS Daily doses
Frequency
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UV amount

IR amount

B. SOCIETY NEEDS

Cost, budget

Productivity
Reduction of complaints
More individual control

If it is possible, use automatic lighting control
system based on availibility of daylight.

Maintenance

All the repairs and safety checks &hbe
performed by professionals.
A system should be set up for cleaning the
luminaries and the lamps according to the stand
requirements. All the cleaning work should folloy
this system.
The used luminaries should be changed by new
ones when they meet their expected lifetime.
When replacing the old luminaries with new one
make sure that they have similar light output as
original design.
Periodic checkup and tests should be performed
for the luminaries.

ard

<

w

Lamp type

Fluorescent lamp
Should not use incandescent lamps except for
reasons described in this standard e.g. dimming
immediate open, often turn on/off, emergency

lamps. In this case, the power should be less than

100 W.
Considerations according to the environmental
particularity (humidity, high temperature...)

Security

It is better to use battery for emergency sign.

The battery should be located beside the place for

repair.

Feeling of safety

The illuminance of emergencynligg should not
be lower than 5% of normal lighting.
The illuminance of escape lighting > 0.5 Ix

Lighting Management

Occupancy sensors
In some buildings according to the requirement,
light should automatically control itself, e.qg.
elevator corridors should dim light automatically
during evening.

C. ENVIRONMENTAL N

EEDS

Use of daylight

Use daylight as much as possiBlefer to the
standard GB/T50033 about daylighting.

Efficiency for peak load

Efficient luminaries shidlbe chosen.
Efficiency for fluorescent ceiling luminaries: 609

Lighting control

If possible, automatic lightingatrol system
based on avalilibility of daylight.

Paragraph about lighting control in public
buildings, gymnasium, cinema, hotel and
residential areas.

Lighting for corridors, stairs and halls should be
controlled in one place and automatically.
Controls in groups according to daylight and the
usage of buildings.

Others considerations.

Mercury / Harmonics

Do not use mercury vapor lampaormal indoor
areas.

Lamp extinction

Use of fluorescent lamp, dayligbkectronics
ballasts.
Assessment for energy savings

Electrical Power density

Level 1:18 W/m
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Level 2: 11 W/ nf
Current value & target value for different offices
(Normal office : 11W/ riand 9 W/ nf)

Energy Consumption When the amount of used eleityris being
evaluated, “per user” should be used as the unit
e.g. 45 kW / user.

Some points in the Chinese lighting codes:

1. The requirements of electrical power density foliag lighting, commercial lighting, hotel lighting,
hospital lighting, school lighting and industry liting are mandatory, while other items are
recommended.

2. Inthe requirements of electrical power densitygréhare two values for each place, one is the
mandatory value at this moment, and the other viddke target value in the future. For examples th
mandatory value for office light level 1(500Ix) i88 W/n?, and the target value is 15 W/mThe
mandatory value for office light level 2(300Ix) isL W/n?, and the target value is 9 W/m

3. In office lighting with VDTSs, the luminance on treurface of luminaire at angles of > 65° to
perpendicular bisector is limited. For screen wjthod quality (class I, 1), the value should be lew
than 1000 cd/fh For screen with bad quality (class I11), the valshould be lower than 200 cdfm

4. The lighting codes have following proposed itemsdaylighting:

— The automatic lighting control system based on ¢hange of outdoor’s lighting condition, if
possible.

— Daylighting should be used in indoor lighting byrse light tube or reflected installation, if
possible.

— The solar energy should be used, if possible.
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JAPAN - The Japanese code JIES-008(1999)

NEEDS &

ceecTTons

environmental)

A. INDIVIDUAL NEEDS

llluminance (horizontal) 750 Ix < x< 1500 Ix

Task area
VISUAL llluminance vertical on task area > 150 Ix
PERFORMANCE - -
llluminance (horizontal), computer 500 Ix
drawing >750 Ix

Illuminances of immediate

. 200 Ix
surroundings

llluminance (vertical) on screens

Luminance ratio on task area 15

Ceiling luminance

Maximum luminances from luminaries
overhead

Maximum wall luminnances

Maximum luminance from window

Surface reflectance

Flicker-free

VISUAL COMEORT Uniformity task > 0.6

Uniformity surroundings

range of quality class of discomfort glare D2,

Discomfort glare D3

discomfort glare for VDT D1, D2

luminance limitation of V glare classification
luminaire V2 < 200 cd/m
V3 < 2000cd/m

Reflected glare
Veiling reflections

G2, V2 ( block horizontal line of sight to the

Luminaires N
lamp) limit glare
Colour rendering of light CRI 80<CRI<90
COLOUR Colour temperature of light CCT CCT > 3300 K
APPEARANCE Use of saturated colours

Colour variations

Contact to the outside

Light modelling

Directional lighting

WELL-BEING Biophilia hypothesis

Aesthetics of space

Aesthetics of lighting equipment

Daylight control blinds

NON VISUAL

EFFECTS Spectral distribution

Daylight factor 1.5% <x<2%

Daily doses

Frequency

UV amount

IR amount

B. SOCIETY NEEDS

Cost, budget

Productivity, Reduction of complaints
More individual control

Maintenance

Security

Feeling of safety
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C. ENVIRONMENTAL NEEDS

Efficiency for peak load

Luminous efficacy

Mercury / Harmonics

Reduction of resources

Lamp extinction

Electrical Power density

Energy Consumption
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European code EN 12464-1; offices

NEEDS &
EXPECTATIONS
(Human, societal,
environmental)

PARAMETERS

REQUIREMENTS

A. INDIVIDUAL NEEDS

llluminance (horizontal) task area > 500 Ix
Drawing > 750 Ix
omneree (e eoni). comouer__2 SO0k
PERFORMANCE . Ambient lighting > 300 Ix
surroundings
Archives 200 Ix
llluminance (vertical) on screens < 200 Ix
Luminance ratio on task area 1:3 near work place
1:10 for other surfaces
Shielding ther(_a are minimum shielding angles according
the light level
Ceiling luminance
Maximum luminances from luminaries Luminances of room surfaces, 40:1.
overhead Angles from luminaries and “high value”
Wall luminnances Less than 10:3:1
VISUAL COMEORT Maximum luminance from window
Surface reflectance Peeiing: 0.6-0.9 Pwans: 0.3-0.8
Pworking planes 0.2-0.6  pfioor: 0.1-0.5
Flicker-free avoid flicker & stroboscopic effects by lighting
system
Uniformity task >0.7
Uniformity surroundings > 0.5
Discomfort glare UGR<19
Re_ﬂ_ected glar_e must be prevented or reduced
Veiling reflections
Colour rendering of light CRI >80
COLOUR Colour temperature of light CCT 3000 K < CCT <5000 K
APPEARANCE Use of saturated colours
Colour variations
Contact to the outside Window next to work place, with good shading
Daylight factor
Daylight consideration use of available daylight
WELL-BEING Light r_nodell_ing_ not tpo directional, not too diffuse
Directional lighting on visual task
Biophilia hypothesis
Aesthetics of space
Aesthetics of lighting equipment
EI?IL\IE\éI'?g AL Spectral distribution
Daily doses
Frequency

UV amount / IR amount

B. SOCIETY NEEDS

Cost, budget

Productivity / Reduction of complaints

More individual control

Maintenance

Maintenance factor must be calculated,
a maintenance scheduled must be prepared

Security

Safety level (min 1 Ix emergency lighting), EN
1834

Feeling of safety

Lighting management
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C. ENVIRONMENTAL NEEDS

Lighting control

automatic or manual switching and/or dimming

Efficiency for peak load

Luminous efficacy

Mercury / Harmonics

Reduction of resources / Lamp
extinction

Electrical power density

Energy Consumption

no waste of energy, reduce energy to the max
with appropriate lighting technology

1) in the definitions it is said that lighting i® tensure:
- -visual comfort
- -visual performance
- -safety

2) In office lighting with VDTS, the luminance oté surface of luminaire at the angle of > 65° topgendicular
bisector is limited. For screen with good qualitlgss I, I1), the value should be lower than 10a0n?. For
screen with low quality (class 111}, the value shdie lower than 200 cd/m
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BRAZIL - CIE S 008/E-2001

NEEDS &
EXPECTATIONS
(Human, societal,
environmental)

PARAMETERS

REQUIREMENTS

A. INDIVIDUAL NEEDS

llluminance (horizontal)
Task area, conference room

500 Ix

llluminance (horizontal), computer

\Fi:ESF:J?OLRMANCE IIIumipances of immediate surroundings 300 Ix
Drawing 750 Ix
Archives 200 Ix
llluminance (vertical) on screens
Luminance ratio on task area
Ceiling luminance
Maximum luminances from luminaries < 1000 cd/r
overhead
Maximum wall luminnances
Maximum luminance from window
pceiling: 0.6-0.9
VISUAL COMFORT Surface reflectance Pwalls 0'3'0_'8
Pworking planes 0.3-0.6
Ptloor- 0.1-0.5
. use DC electrical supply or operating lamps
Flicker-free high frequency (30 kFIJ-|pz))/ P i
Uniformity task 0.7
Uniformity surroundings 0.5
Discomfort glare UGR< 19
Reflected glare / Veiling reflections must be prevented or reduced
Colour rendering of light CRI >80
COLOUR Colour temperature of light CCT
APPEARANCE Use of saturated colours
Colour variations
Daylight factor > 1% within 3m from the window
Contact to the outside yvin(_jow is required to provide part or all
lighting
Light modelling not too d!rectlonal
WELL-BEING . = not too diffuse
Directional lighting
Biophilia hypothesis
Aesthetics of space
Aesthetics of lighting equipment
EI?IL\IE\(Q'%J AL Spectral distribution
Daily doses
Frequency
UV amount
IR amount

B. SOCIETY NEEDS

Cost, budget

Productivity, Reduction of complaints
More individual control

Maintenance factor

<0.7

Security

Feeling of safety

Lighting Management

C. ENVIRONMENTAL NEEDS
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Efficiency for peak load

Luminous efficacy

Mercury / Harmonics

Reduction of resources

Lamp extinction

Electrical power density

Energy consumption

1) In the definitions it is said that lighting i®tensure:

— -visual comfort

— -visual performance

- -safety
2) In the office lighting with VDT, the luminanceothe surface of luminaire at the angle of > 65° to
perpendicular bisector is limited. For screen wgthod quality (class I, II), the value should be lemthan 1000
cd/nf. For screen with low quality (class I11), the vaishould be lower than 200 cdfm
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RUSSIA - SNiP 23-05-95 Da

light and Atrtificial Lighting

NEEDS &
EXPECTATIONS
(Human, societal,
environmental)

PARAMETERS

REQUIREMENTS

A. INDIVIDUAL NEEDS

llluminance (horizontal) task area

With general lighting 300 Ix
With supplemented lighting:
supplementary 400Ix & general 200Ix

Drawing

With general lighting 500 Ix
With supplemented lighting:
supplementary 600Ix & general 400 Ix

VISUAL PERFORMANCE

llluminance (horizontal), computer

With general lighting 400 Ix
With supplemented lighting:
supplementary 500Ix & general 300 Ix

Conference room

300 Ix

Reception, lounge, lobbies

150 Ix

Archives

With supplemented lighting 75 Ix

Corridors

main corridors 75 Ix
other corridors 50Ix

llluminance (vertical) on screens

200 Ix

Maximum luminances from
luminaries overhead

Maximum permissible luminance of the wo
plane are given according to area of work
surface< 500 cd/ i for area> 0,1 nf

Wall luminances

Luminaire distribution

Maximum luminance from window

Optimum size range for task detalil

Surface reflectance

Peeiling: 0.7-0.8

Pwals :0.4-0.5

Pworking planes: 0.25-0.4
Prurniture - 0.25-0.4
Pricor : 0.25-0.4

VISUAL COMFORT

In rooms where a stroboscopic effect can

Flicker-free occur, adjacent lamps must be connected {
three phases of the supply voltage or
supplied with electronic ballasts.

Uniformity task Uniformity ratio (maximum illuminance to
minimum)

Fluorescent lamg 1,3
Other light sources 1,5
Over task area 1,5 or 2

Contrast rendering factor

Discomfort glare

Reflected glare Supplementary lighting: luminaires with

Veiling reflections opaque reflectors, luminous element not in
the field of vision of workers.

COLOUR APPEARANCE | Color rendering of light CRI CRI = 55 (offices, work rooms, designing
and drafting rooms)
CRI = 85 (artistic offices, service offices)

Color temperature of light CCT 3500 K-5000 K

Use of saturated colors

Color variations

WELL-BEING Contact to the outside Rooms without daylight are permitted only

in specific ones (example: located in
basement floors of buildings).

Psychological effects
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Light modeling

Supplementary lighting is permitted to
achieve the optimum spatial planning
arrangements.

Daylight consideration

Daylight is divided into side, top and
combination (side & top) lighting.
Consideration about the calculation of the
daylight factor according to the visual task
categories and the type of room.

Daylight factor

Daylighting with side lighting:
DF(office)= 1%
DF(Design office)= 1.5%
DF(conference hall)=0.7%
DF(computer room)=1.2%

Combined daylight-artificial lighting with

side lighting: DF(office)= 0.6%
DF(Design office)= 0.9%
DF(conference hall)=0.4%
DF(computer room)=0.7%

NON VISUAL EFFECTS

Spectral distribution

Daily doses

Frequency

UV amount

IR amount

B. SOCIETY NEEDS

Cost, Budget

Productivity
Reduction of complaints
More individual control

Increase the recommended illuminance in
rooms where more than 50% of workers ar
older than 40 years.

Maintenance

Lamp type

Fluorescent lamp, white color, Metal halide
lamp
Discharge lamps & Incandescent lamps

Security

Emergency lighting consists of safety and
evacuation lighting,

Evacuation lighting shall provide
illumination on the floor of main passages
and on stair steps.

Luminaires for safety lighting may be used
for evacuation lighting.

Lighting device for emergency lighting may
be used with the normal lighting system or
normally off (switched on automatically)

emergency lighting

Feeling of safety

Minimum illuminance for evacuation
lighting :

rooms 0.5 Ix / Outdoors: 0.2 Ix

Uniformity of evacuation lightings 40:1
(ratio of maximum to minimum illuminance
on the centerline of evacuation passages)
Minimum illuminance for safety lighting :
0.5 Ix

At a level of 0.5m from the ground.

Lighting Management

C. ENVIRONMENTAL NEEDS

Use of daylight

Use of daylight: with top lighting, with side
lighting, with combined top-side lighting.
Use of combination of daylight-artificial
lighting.

Efficiency for peak load

Use of efficient discharge lamps.
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Lighting control

Supplementary lighting shall be equipped
with dimming.

Luminous efficacy

Luminance efficacy 55 Im/W
Fluorescent lamp: Ra80 — >65 Im/W
Ra> 60— > 75 Im/W

Metal halide lamp:

Ra> 80— >75 Im/W

Ra> 60— > 90 Im/W

Mercury / Harmonics

Reduction of resources

Lamp extinction

Electrical power density

Maximum allowed power density (W/h

according to the illuminance on work surfa¢

and room index (Kr)

Energy consumption
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AUSTRALIA — AS 1680.1-2006, AS 1680.2.2-1994, AS 86.2.0-1990

NEEDS &
EXPECTATIONS
(Human, societal,
environmental)

PARAMETERS

REQUIREMENTS

A. INDIVIDUAL NEEDS

VISUAL PERFORMANCE

llluminance (horizontal) task

320 Ix
area
Drawing 600 Ix
llluminance (horizontal), 320 Ix
computer
Conference room 240 Ix
Reception, lounge, lobbies 160 Ix

Visual task near threshold

llluminances of immediate
surroundings

Not less than the maintained illuminance
recommended for the task.

Not less than 240 Ix for combined system
(local&general lighting) or task illuminances>600

Corridors

40 Ix

Illuminance (vertical) on
screens

Good, simple: 240 Ix
Average detail: 320 Ix
Poor, fine detail: 600 Ix

Luminance ratio on task area

2:1 between task and background
<3:1

Visual comfort probability

Ceiling luminance

With luminous ceiling, average < 0.5 kcdFm
For indirect lighting systems:

Average luminance < 0.5 kcdfm

Max luminance <1.5 kcd/fm

Maximum luminances from
luminaries overhead

Upward light-output ratio at least 0, 3.
55°— 6 ked/ nf
65°— 3 kcd/ nf
75°- 2 ked/ nf
85°— 2 kcd/ nf

Wall luminances

llluminance for the background/environment:
office & computer room: 160Ix
drafting office: 240 Ix

Luminaire distribution

Maximum 3:1

Maximum luminance from

VISUAL COMFORT )
window
Peeiling> 0.8
Pwalls 0.3-0.7
Surface reflectance Pworking planes 0.2-0.5
Pturniture 0.2-0.5
Ptloor <0.4
To avoid flicker and stroboscopic effects by ligigi
Flicker-free system. For incandescent lamps, oscillations are
small; for discharge lamps, oscillations can be eng
marked. Depend on sensitivity, amplitude
Uniformity task > 07 (over the task area)
contrast rendering factor Definition. Further details in CIE 19.21.
Discomfort glare UGR<19
Reflected glare Luminaires adjustable in position and orientation
Veiling reflections Fixed or adjustable task lighting
Medium-height partition screens (1.5 mto 1.8 m
above floor)
COLOUR APPEARANCE | Color rendering of light CRI | 80< CRI <90
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Color temperature of light
CCT

Warm <3300 K
Intermediate 3300 K 5300 K

Use of saturated colors

For decorative effect

Color variations

Uniform color appearance
Compatible with the light sources

WELL-BEING

Contact to the outside

People prefer to work with daylight

Ergonomics ( modify work
environment to correspond to
human capabilities and
limitations)

Rearranging of the workstations in order to reduc
discomfort glare.

[

Psychological effects

Diffuse reflection from the screen, conspicuous
reflections in dark, high-gloss desk tops can give
rise to distraction and annoyance. Indirect liggtin
can result in an unstimulating environment for
work.

Light modeling

A combination of diffuse and directional light

Daylight consideration

Use available daylight. CIE models for lighting
design of daylighting systems.

Daylight factor

Directional lighting

Highly directional lighting provides uneven general
illumination, sharp deep shadows and harsh
modeling.

Luminous ceilings should not be installed in
interiors where screens-based task is used unless
space has a room index of 2 or less.

Biophilia hypothesis

Lighting design

Lighting design procedure: flowchart, descriptidn
lighting design stages. Establish design objective
(safety, identifying visual tasks, creating appeaea
and atmosphere) and design constraints (costs,

environmental consideration,...) to have a safe and
healthy environment., choice of surface finishesg u
of dayligt.

[2Ne)

Aesthetics of space

The sense of space and of form can be influenced
by appropriate lighting design.
No real considerations about aesthetics.

Aesthetics of lighting
equipment

Unity in lighting equipment: using of luminaires

having a related shape or by harmony of layout.
Special interior design considerations to integrate
the lighting equipment.

NON VISUAL EFFECTS

Spectral distribution

Daily doses

Frequency

UV amount

IR amount

B. SOCIETY NEEDS

Budget, cost

Economic analysis includes costs, depreciation,
taxation, inflation, operating costs, and capital.

Productivity
Reduction of complaints
More individual control

Local lighting for individual control.
Flexibility is the prime requirement.

Maintenance

Maintenance of electric and lighting system (tosav
costs and energy and prolong life of the system).

Lamp type

Emergency lighting

Security

Safety lighting system can be incorporated into apy
other lighting system. Emergency evacuation
lighting system is useful if the normal lighting
system is failing.

Color for identification and safety. Colored patch
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on the wall have to be at least 2m above the floor}

Emergency lighting

Feeling of safety

To facilitate the recognition of hazards in general
and in relation to specific physical tasks.
llluminating safety warning sign and safe pathwa
within space.

Vs

Lighting management

Manual methods, automatic control, computer-
based control.

C. ENVIRONMENTAL

Use of daylight

The electric lighting serves to supplement dayligh

—

Combined electric lighting and daylighting systems.

Efficiency for peak load

Energy savings from reduction in electrical load:
choice of lamps, control gear, luminaires,
arrangement of luminaires, high reflectance
finishes.

Lighting control

Automatic or manual switching and/or dimming
may be used.

(Manual switch, remote switches, time switches,
PIR motion sensor and photocells). Dimmers cary
controlled manually or automatically.

Electronic control gear will give superior
performance with discharge lamps.

Luminous efficacy

Mercury

Reduction of resources

Use of daylight, energy conservation, control of
internal and external heat gains or losses

Harmonics

Lamp extinction

Electrical power density

Energy Consumption

Windows and rooflights have a significant impact

on the net annual energy consumption. Design and

effective management of windows, increasing
window areas (find the optimum window area),
control of solar gain, new and more efficient
fenestration systems can reduce the energy
consumption.

be
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Nepal - J.B. Gupta, Electrical installation estimaion and costing, New Delhi, 1995, 7 edition

NEEDS &
EXPECTATIONS
(Human, societal,
environmental)

PARAMETERS

REQUIREMENTS

A. INDIVIDUAL NEEDS

VISUAL PERFORMANCE

llluminance (horizontal)
task area

General lighting oriented towards the working
surface

Drawing

Shadowless light

llluminance (horizontal),
computer

Conference room

Reception, lounge, lobbies

100 Ix

Visual task near threshold

llluminances of immediate
surroundings

300 Ix

Corridors

Archives

llluminance (vert) on screens

VISUAL COMFORT

Luminance ratio on task area

<31

Luminance reflected in the
screen

(for elevation angles of 65° or
more)

Visual comfort probability

Ceiling luminance

Maximum luminances from
luminaries overhead

Large floor area: luminaries mounted close to the
ceiling (direct light)

Wall luminnances

Luminaire distribution

Maximum luminance from
window

Optimum size range for task
detail

Surface reflectance

A-16



APPENDIXA

USA - ANSI/IESNA RP-1-04, American National Standard Pradice for Office Lighting

NEEDS &
EXPECTATIONS
(Human, societal,
environmental)

PARAMETERS

REQUIREMENTS

A. INDIVIDUAL NEEDS

VISUAL PERFORMANCE

llluminance (horizontal)
task area

High contrast and simple task 100 Ix

High contrast and large visual target size 300 Ix
Low contrast and large visual target size or high
contrast and small visual target size 500 Ix

Low contrast and small target size 1000 Ix

Drawing

Horizontal 1000 Ix
Vertical 500 Ix

Illuminance (horizontal),
computer

300 Ix
vertical 50 Ix

Conference room

Meeting: horizontal 300Ix, vertiballx
Video: horizontal 500 Ix, vertical 300 Ix

Reception, lounge, lobbies

Horizontal 100 Ix
Vertical 30 Ix

Visual task near threshold

3000 - 10000 Ix

llluminances of immediate
surroundings

Corridors

50 Ix

Archives

llluminance (vert) on screens

VISUAL COMFORT

Luminance ratio on task area

Between task and immediate surrounding 3:1
Between task and remote 1:10

Luminance reflected in the
screen (for elevation angles o
65° or more)

f

Visual comfort probability VCP >70 %
Open plan office VCP > 80
Ceiling luminance Without VDT screen:

L ceiling (ma><imum)<:|-O X Liask
With VDT screen:
Lceiling (maximum)< 850 Cd/rﬁ

Maximum luminances from
luminaries overhead

Respect angles and intensity limits to prevent fro
glare
55°: 300 cd, 65°: 220 cd, 75°: 135 cd, 85°: 45 cd

Wall luminances

Luminaire distribution

Ceiling luminance ratio:
maximum=8:1, Best= 2:1, good=4:1

Maximum luminance from
window

Optimum size range for task
detail

Reading at desk: 10-12 point

Surface reflectance

Pceiling 0.8

Pwalls 0.5-0.7
Prioor 0.2-0.4
Prurniture 0.25-0.45
ppartition50-4'0-7

surface specularity must be considered
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Appendix B: Questionnaire of lighting system contrd

This questionnaire has been established by the AIE annex 45 in order:

« To identify the needs of the Building user

* Toidentify the parameters of the lighting control schemes and systems.

This will help the manufacturer or designer to pred ict the strategies of lighting control.

Identification

Building coordinates

Building name

Address (street)

Number

City

ZIP

Country

State

Building type

Offices

Hospitals

Educational buildings
Manufacturing factory
Hotels, bars and restaurants
Wholesale and retail service
Sporting areas

Other

Contact person

Coordinates:

Name

Address (street)

Number

City

ZIP

Country

State

Telephone

Fax

E-mail

Function :

Building energy manager

Building designer (architect, engineering team...)
Building user

Maintenance team

Other

{0 B
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Lighting design control

The most important barrier to using lighting contro

There are no barriers

Uncertain functioning

Too expensive

No (or not enough) energy saved
Not economically justifiable
Other (please specify)

| systems is:

APPENDIXB

I O B 0 R

Lighting control is a way to:
(scale 1 to 5, 1 not important, 5 very important)

Save energy

Perform maintenance on luminaires

Adapt the lighting conditions to the task

Be informed on the status of the luminaires
Improve the image of the building

Improve the productivity of employees
Improve the well-being of the building users
Install (expensive) useless systems

Render the building and its environment dynamic

Other (please specify)

Lighting control has to be designed by :
(scale 1to 5, 1 not important, 5 very important)

The architect

The building manager
The building owner/user
The engineering team
The lighting manufacturer
Other (please describe)

Lighting control is expensive:

B-2

Yes

Yes, but with a justifiable payback time
No

No idea

It depends on the system
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Lighting control has to be function of:
(scale 1to 5, 1 not important, 5 very important)

Absence

Presence

Clock control

Colour control

Daylight

Occupant’s demand
Other (please describe)

N O

Lighting control is best a control
(scale 1to 5, 1 not important, 5 very important)

For the whole building O
By building wing/building orientation O
By floor O
By room [
By work zone 0
By work place O
Other (please describe) O

Lighting control shouldn’t be only on/off, it shoul d happen in a gradational way (i.e.
continuous dimming or dimming in one or more discre te steps)

Yes 0
No W
No idea [

Lighting control has to be flexible and modular :

Yes W
No 0
No idea 0

It is important to maintain the lighting system, in order to attain at every moment the
desired lighting level

Yes, maintenance should be performed at a regular b asis (following a fixed scheme)
Yes, maintenance is important but punctual interventions (lamp changing, ...) will do [
No, maintenance is not important 0
No idea a
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Background of the lighting control design questionn aire
Aims

The aim of this document is to describe the technic al background of the questionnaire.
Answers in the questionnaire may be very useful to help the lighting control designer to
understand the needs of the building user.

Explanations

The identification of the uses helps the designer t o understand the way he has to design the
installation : in a basic school, an On/Off system coupled with daylight dimming may satisfy
but in certain offices, it could be necessary to go one step further by integrating more
advanced techniques.

The identification of the person who answered the questionnaire may be very useful to
understand its needs. The building energy manager will be more interested by the energy
consumption and the energy savings.

Asking the perception of the people on the barriers of lighting control may give information
about the type and quality of lighting control system that can be applied (basic On/Off
switching system, advanced daylight dimming system, ...).

Identifying the best person for the designing of the lighting control system delivers
information on the perception of the building contr ol system.

Choosing an architect as lighting designer may indicate that the correspondent wants to
generate an added value to the building as e.g. a d ynamic object. Or that he wants the
building to have different possible aspects during day time and night time.

Asking about the type of control gives information on the techniques that will be used for the
installation of the sensors. i.e. the cabling of a central clock control will not be the same as
the one of a local daylight dimming system.

Asking for the size of the zone controlled by a sen sor or input device is very important.
Daylight dimming may be very interesting in case of local zoning but it may not be acceptable
in case of control by floor or by building wing. A clock control is best used in case of floor
control (including, of course, possibility of derog ation).

Identifying the way that the flux can be varied, gi ves information on the way the control by the
sensors has to happen : Switching or dimming (step by step or continuous)

The questions may be linked and structured accordin g to the figure below.
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Command
Automatic Manual
Centralized Not -centralized
I | 1
Variators Switches

A

Step by Step Continuous

Figure B-1. Commissioning process.

The question on flexibility and modularity of the lighting system may be considered as
information about the future affectations of the building. For some buildings (i.e. rented
offices) light structure walls are displaced and sp aces are reorganized regularly. A change of
the lighting control system than has to be possible and has to be as easy as possible.

The guestion on maintenance wants to identify wheth er the correspondent is aware of the
need of a regular maintenance scheme in order to as sure a desired light level or considers
punctual interventions (e.g. changing of broken lam ps) to be enough. In the latter case, he
should be informed on possible light comfort proble ms in the future.
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