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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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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
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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.
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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).

017 % 019 % 014% 020 %

04%
8% (AN 5%

o506 L lea% O5%

0125 % m 10 %
0O Offices O Warehouses 0O Education
O Retail O Hotels 0 Healthcare

0O Other

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).
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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
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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.
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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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