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Abstract
The work presented in this paper is part of the
Repro-light (“Re-usable and re-configurable parts
for sustainable LED-based lighting systems”)
European research project, which aims to
successfully initiate a transformation in the
European LED lighting industry by the year 2020.
The project harnesses innovative production
technologies (Industry 4.0) and materials to
produce a modular luminaire architecture with a
smart production scheme that is designed
considering the aspects of a circular economy.
The Repro-Light LED luminaire is reconfigurable,
dimmable and customizable, and aspires to be the
‘Luminaire of the Future’.
In order to make a positive impact in the
European lighting industry, the Repro-Light LED
luminaire design aims to make improvements to
the environmental impact of LED luminaires, as
well as to reveal the possible economic and social
benefits of designing for circularity. In terms of the
environmental impact, it is important to remark
that great efforts have been done in the past to
reduce the energy consumption of lighting during
its use phase. However, LED luminaires have a
specific material composition, consisting of
electronic boards and LED spots, of which also
need to be carefully assessed. The circular
economy approach seems to be more adequate
to provide a complete view of the environmental
burdens caused by electric and electronic devices
starting with identifying and improving the
materials used for manufacturing these products
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and determining their potential replaceability to
elongate their useful life.
For this purpose, this paper presents an
assessment of conventional LED linear luminaires
using Life Cycle Assessment (LCA) methodology,
paying particular attention to both Climate Change
and Resource Depletion impact categories. The
focus of this LCA is to determine the most suitable
configurations for LED luminaires to meet
industrial lighting regulations with a reduced
environmental impact in order to inform design
scenarios for Repro-Light. It further assesses the
impact of the production of a specific linear LED
luminaire in order to identify the components that
contribute the most to the selected environmental
impacts and that have the potential to be
improved through modularity. Results have shown
that the electronic components contribute the
most to all the selected impact categories. These
results are further used to discuss how the
circular economy principles can be incorporated
in the lighting industry with the objective of
reducing the overall environmental impact of LED
luminaires across all life cycle stages. Future work
will then compare these results to an extensive
LCA of the innovative Repro-Light LED luminaire.
This project has received funding from the
European Union’s Horizon 2020 research and
innovation programme under grant agreement No
768780. More information is available at
www.repro-light.eu.
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Introduction
Many efforts have been made by the lighting
industry to reduce the energy consumption of
lighting during the use phase. With the phase out
of the incandescent light bulb and the deployment
of the Light Emitting Diode (LED), better efficacies
have been achieved bringing even further energy
savings [1]. Therefore, from an energy efficiency
perspective, the potential of LED luminaires is
very promising, and the technology has not yet
reached its full capability [1]. However, due to the
specific material composition of LED luminaires,
which consist of electronic boards and LEDs, the
environmental benefit of the technology needs to
be carefully assessed [2]–[4].
Electronic boards and LEDs consist of elements,
such as gallium, aluminium, antimony, gold and
copper, to name a few [4]. It is the unsustainable
use of these non-renewable elements that could
result in adverse environmental and health
impacts, including exposure to toxic chemicals.
These elements are key components of
electronics. In fact, disposal of electronics is a
global issue, with only 20% of consumer
electronics reported to have been properly
disposed of and recycled under appropriate
conditions [5]. Directives have been released in
order to improve the collection of electronic waste,
such as the Waste Electrical and Electronic
Equipment (WEEE) Directive, whereby electronic
equipment must be collected, sorted and treated
separately with the aim of recovering the
maximum amount of valuable materials [6]. This
includes lighting products, where a recycling rate
target of 80% has been set [6].
Although the implementation of policies and
directives have led to more lighting products being
collected and disposed of properly, the recovery
of elements from WEEE in general has been
reported to be low dependent on the element to
be recovered. For example, gallium which is used
in the semiconductor chip in LEDs was recovered
at a rate of less than 1% in 2011 [7]. Recycling
methods are always improving; however, the
recovery process must also be feasible from an
economic perspective. By designing products for
ease of recycling, as well as improving recycling
techniques to obtain higher yields and better
quality recovered materials, the economic case for
recovery of more elements from electronics may
become viable [5]. This, however, may also
involve a transformation from the current linear
economy to a circular economy.
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A circular economy means decoupling prosperity
from resource consumption [8]. In a circular
economy, economic activity is built for long-term
sustainability by not only generating business and
economic opportunities, but also providing
environmental and social benefits [5], [9]. This
economy distinguishes between biological and
technical cycles, the technical cycle focusing on
reuse, repair, remanufacture, and lastly recycling
of products, components and materials [5]. It is
this cycle for which improvements in the circularity
of electronics and lighting can be made by
following the three principles of a circular
economy, which are:
1. designing out waste and pollution,
2. keeping products and materials in use, and
3. regenerating natural systems.
This circular approach is also useful in providing a
complete picture of the environmental burdens
caused by electric and electronic devices, starting
with identifying and improving the materials used
for the manufacturing of these products.
For the lighting industry, the circular economy
approach has the potential to lead to benefits for
the environment, as well as for the consumer and
the economy. By meeting recycling targets and
improving the material efficiency and serviceability
of lighting products, benefits including a reduction
in waste, greater energy savings, longer technical
lifetimes, improved luminaire performance due to
upgrades, and the creation of jobs and business
models all have the potential to be achieved [9].
The work presented in this paper is part of the
Repro-Light European project that aims to
transform the European lighting industry, making
a shift towards circularity. The results of an
environmental Life Cycle Assessment (LCA)
conducted on conventional LED linear luminaires
are presented in this paper with the aim to inform
where improvements to the design can be made
to reduce the environmental impact across all life
cycle stages. LCA is a holistic approach that
considers all inputs and outputs throughout all life
cycle stages of a product from raw material
extraction through to final disposal. The results of
the LCA are used to discuss the benefits that can
be provided from the modular, customizable,
innovative luminaire designed as part of the
Repro-Light project and in line with circular
economy principles. An extensive LCA will be
conducted on the Repro-Light design and
compared to the conventional LED luminaire
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presented in this paper in future work as the
project progresses.

Environmental Life Cycle
Assessment of Conventional
LED Luminaires
This section presents the Life Cycle Assessment
(LCA) methodology used for the environmental
assessment of the conventional LED luminaires.
LCA is divided into four stages including, Goal
and Scope definition, Life Cycle Inventory (LCI),
Life Cycle Impact Assessment (LCIA) and
Interpretation. The Goal and Scope define the
overall goal of the study, the system boundary, the
functional unit, and all other methodological
choices required to meet the goal. The functional
unit describes the function of the product system
being assessed and is the unit for which the data
is collected. The LCI is the data collection step,
and the LCIA categorizes the LCI data into impact
categories defined in the scope, applies the
associated characterization model and quantifies
the overall environmental impact for each
category assessed. The interpretation stage
checks that the LCI and LCIA have met the
requirements defined in the goal and scope. LCA
can be used in comparative studies that assess
various design options in an aim to inform where
design choices can be used to reduce the overall
environmental impact.
For this study, an environmental attributional LCA
was conducted to compare the impacts of the
production, use and disposal of two lighting
systems composed of two different conventional
LED luminaires. The LCA is conducted in
accordance to the international standards for
LCAs, ISO 14040:2006 [10] and 14044:2006 [11].
The two conventional LED luminaires differ in
power, and thus material composition and
luminous flux. The lighting systems were
modelled using Dialux software in order to
determine the positioning and the quantity of
luminaires required to meet the desired
illuminance for the same room dimensions. The
scenario chosen for the lighting systems was an
industrial hall of 120 ⇥ 60 m that requires an
illuminance of 300 lux according to the Technical
Rules for Workplaces for Germany [12]. The goal
of this study is to determine which of the lighting
systems is better from an environmental
perspective, one which consists of less luminaires
of higher power or one that consists of more
LpS 2019
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luminaires of lower power. This therefore
considers the quantity of materials used to
produce the luminaires for each lighting system
and not only the quantity of energy consumed
during the use phase. The study also aims to
highlight the components that can be designed for
modularity in order to improve the overall impact
of lighting systems, thus focusing on reduction in
waste generated and materials consumed in new
production.
The functional unit of the LCA is defined as an
illuminance of 300 lux for a lifespan of
70,000 hours. This is already an improvement of
the lifespan of 50,000 hours that has been used in
LCA studies for lighting. Other studies have also
conducted scenarios for this ranging from 15,000
to 50,000 hours [13]. The lifespan specified for
this study was chosen based on the L80
specification for the luminaires, indicating the
lifetime at which the LED light output reaches
80% of its initial output. The system boundary
defined is shown in Figure 1. It should be noted
that transportation is only included for transport to
installation site and transport to final disposal.
The transport to installation is assumed as 30 km
and that to the final disposal as 60 km to the
waste sorting facility and 80 km from the sorting
facility to the treatment facility.

Energy Inputs

Raw
Material
Extraction

Production
LED Module

Assembly
of
Luminaires

LED Control
Mechanics
Optics
Wires

Emissions and
Waste Outputs

Disposal

Transport
to Disposal

Transport
to
Installation

Use in
Industrial
Setting

Figure 1: System Boundary for the LCA.

The LCA was modeled using GaBi Professional
software, a tool designed for LCA studies
assessing a variety of impact categories. Both
GaBi 8 Professional and EcoInvent 3.5 datasets
were used in the study for the background data.
The electricity mix shown in Figure 2 is used for
this study and corresponds to the EU-28 grid mix.
Data for the material composition has come from
manufactures of the luminaires, who have also
assisted in the selection of the appropriate
datasets to use for the background data.
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Photovoltaic
3.2%
Wind
9%

Waste
1.4%

Hydro
12%

Biogas
2.1%
Biomass
2.8%

Natural gas
16%

Heavy fuel oil
1.9%

Nuclear
27%

Lignite
10%
Hard coal
14%

Coal gases
1%

Figure 2: Electricity mix used for the LCA (EU-28
mix). Source: Adapted from GaBi Professional
Database.

A key limitation for this study is the quality of the
datasets available to model the production of the
electronic components, such as the LEDs, circuit
boards and circuit board components. The
datasets are based on average data from average
production technologies. Scaling from the
functional unit of the dataset to the quantity
required per luminaire was done based on linear
relationships. For the LEDs, as suggested in the
dataset, the scaling was done by mass and
volume for one LED. For the other electronic
components, such as the components of the
circuit board consisting of capacitors, varistor,
driver, coils, conductors and transformers, the
scaling was done by the only parameter available,
the mass per component. The circuit boards were
scaled based on the dimensions or mass,
according to the functional unit of the dataset
used. Improvements in accounting for the
limitation in data quality for the electronic
components will be assessed in future work.
Another limitation of this study is the assumption
that the luminaire operates at its full power during
its lifetime, however this same assumption has
been used for all luminaires compared in the
study. Furthermore, the degradation of LEDs has
not been considered in the use phase model or
the use of functions such as constant light output
or daylight control. These are aspects that will be
included in future work, along with the dimmability
of LEDs during daylight hours in order to reduce
the electricity consumed during the use phase. It
should also be noted that the energy for
assembling the luminaires is based on an
estimation from [13], but is to be updated with
measured data from the production lines provided
by the manufacturer in future work. The results
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are thus preliminary; however, they are used to
inform the design aspects for the Repro-Light
luminaire that aims to demonstrate the potential
benefits of a modular, serviceable, customizable
luminaire design that has the potential to move
away from the linear approach of produce, use
and dispose.

Inventory Data for Production of
Luminaires
The luminaire was dismantled, and the
components were identified and weighted. The
components were then categorized into LED
Module, LED Control, Mechanics, Optics and
Wires, as shown in Table 1. Two conventional
luminaires were used in this study that differed in
power, being a luminaire of 105 W (Luminaire A)
and a luminaire of 53 W (Luminaire B). The
material composition of both luminaires is the
same, except for the material used in the gear
tray, being aluminum for Luminaire A and sheet
steel for Luminaire B. The energy for
manufacturing each component is estimated with
that in the background dataset used, and the
assembly energy is assumed to be the same for
both luminaires, which as stated previously was
estimated using data in [13].
Table 1: Categorization of Luminaire Components

Category

Components

LED Module
(LEDM)

Circuit Board
LEDs

LED Control
(LEDC)

Circuit Board (CB)
CB components1

Mechanics

Gear Tray
Trunking
Metal parts
Plastic parts

Optics

Optical element
End pieces

Wires

Copper Wires

1

capacitors, varistor, transformers, driver, etc.

Inventory Data for Use and
Disposal of Lighting Systems
In comparing the two luminaires, a lighting system
was created for an industry hall of 120 ⇥ 60 m
using Dialux software. For each lighting system,
© 2019 Luger Research e.U.
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the illuminance provided was slightly different,
therefore it was scaled to the 300 lux requirement
for industrial settings [12] in order to allow the
results from both lighting systems to be
compared. To scale the illuminance to 300 lux, a
linear relationship between power and illuminance
was assumed, as per discussions with lighting
experts. This power was then used to quantify the
lifetime energy consumption for the luminaires.
Table 2: Inventory data for use phase for lighting
systems

Specification

Lighting System
A
B

Rated Power
Illuminance1
Quantity Luminaires1
Scaled Power
Scaled Illuminance

105 W
327 lux
246
96.3 W
300 lux

1

53 W
352 lux
369
45.2 W
300 lux

Quantified using Dialux software

Data for the disposal of the luminaires was based
on the scenario that all luminaires are disposed of
properly by being brought to a suitable collection
point. Plastic components composed of
Acrylonitrile butadiene styrene (ABS) and
Polymethyl methacrylate (PMMA) were disposed
of by incineration, as well as the electronic
components, such as the circuit boards. The
recyclable plastics and metals were modelled with
open loop recycling without credit. The transport
of these products from the collection point to the
sorting facility and further to the final recycling
facility was included. This model will be updated
and improved as better quality data becomes
available. Furthermore, scenario analysis for
multiple disposal scenarios will be conducted in
future work on this model.

Environmental Impact Categories
Assessed
Impact categories are used to quantify the
potential for specific environmental burdens. For
Life Cycle Assessment studies, there are multiple
impact categories that can be assessed, as well
as multiple models used to quantify the impacts.
The impact categories assessed in this study,
along with the characterization factors applied and
a description of the environmental importance is
provided in Table 3.
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Life Cycle Impact
Assessment Results and
Interpretation
The Life Cycle Impact Assessment results are
presented and discussed in this section. Figure 3
shows the total impact from production, use and
disposal of one luminaire for all impact categories
assessed (as described in Table 3). Two
luminaires that differ in power and thus luminous
flux are shown in the figure to demonstrate the
contribution of the production, use and disposal
stages to the overall impact for different
luminaires. It should be noted, however, that a
direct comparison of the two luminaires cannot be
made in this figure, as they provide a different
quality of light output and thus do not have the
same function. The figure shows the use phase
energy consumption for both luminaires is
responsible for the majority of the total impact for
all impact categories, except for ADP Elements.
This is in agreement with other LCA studies that
found the contribution of the use phase to be
greater than 95% for GWP when using the
European electricity mix [13], [15]. For ADP
elements, the impact due to production of the
luminaires is very similar for both luminaires.
Therefore, it can be concluded from this figure
that in terms of resource depletion of elements
due to production of the luminaires, both yield
similar impacts. Furthermore, even though
Luminaire B emits less energy (has a lower light
output) than Luminaire A, the contribution of the
use phase is still greater than 95% for both
luminaires for all impact categories assessed,
except ADP Elements.
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Table 3: Description of Impact Categories Assessed

Impact Category

Characterization Factor1

Description

Resource Depletion

Abiotic Depletion Potential
Elements (ADP Elements)

The depletion of reserves due to the
unsustainable extraction of non-renewable
minerals/elements
The depletion of reserves due to the
unsustainable extraction of fossil fuels,
including crude oil and natural gas
The emission of substances that lead to the
change in soil acidity and ecosystem
damage
The release of nutrients that lead to growth
of algae and cyanobacteria and a relative
loss in species diversity
The emission of greenhouse gases that lead
to increased radiative forcing and raise in
mean global temperature
The consumption of both renewable and
non-renewable primary energy sources
measured prior to processing (net calorific
value)

Abiotic Depletion Potential
Fossil (ADP Fossil)
Acidification

Acidification Potential (AP)

Eutrophication

Eutrophication Potential
(EP)

Climate Change

Global Warming Potential
(GWP)

Energy Demand

Primary Energy Demand
(PED)

1

ADP Elements

4000

2000
1000
0

ADP Fossil
30000

60000

22500

MJ

80000

40000

15000

20000

7500

0

0.4
0.2

Lum. A (105W)
Lum. B (53W)
Production
Use
Disposal

8.0

0.8

kg PO4-eq.

1.0

6.0
4.0
2.0

EP

2.0x107
2.0E+7

4.0x106
4.0E+6

0.0E+0
0.0
Light System A
Light System B
Production
Use
Disposal

Lum. A (105W)
Lum. B (53W)
Production
Use
Disposal

Figure 3: Contribution of Production, Use and
Disposal life cycle stages to the overall impact for
two single luminaires providing different luminous
flux.

In order to compare the use of one luminaire to
the other, lighting systems composed of each
luminaire were assessed. This comparison
ensures the same function is being considered
and allows for differences in the environmental
impact due to energy consumption and quantity of
luminaires to be demonstrated. Figure 4 shows

2,500

ADP Fossil

2.0E+6
2.0x106

0.0E+0
0.0

0.4

8.0E+6
8.0x106
6.0E+6
6.0x106

5.0E+6
5.0x106

0.0
Lum. A (105W)
Lum. B (53W)
Production
Use
Disposal

PED

1.0E+7
1.0x107

0.6

Light System A
Light System B
Production
Use
Disposal

1.5E+7
1.5x107

0.2

0.0

4.0E+5
4.0x105

0.0E+0
0.0

MJ

AP
10.0

6.0E+5
6.0x105

Light System A
Light System B
Production
Use
Disposal

0
Lum. A (105W)
Lum. B (53W)
Production
Use
Disposal

GWP

2.0E+5
2.0x105

0

Light System A
Light System B
Production
Use
Disposal

AP

2,000

kg SO2-eq.

MJ

37500

8.0E+5 5
8.0x10

0.6

kg Sb-eq.

PED
100000

kg SO2-eq.

ADP Elements

Lum. A (105W)
Lum. B (53W)
Production
Use
Disposal

Lum. A (105W)
Lum. B (53W)
Production
Use
Disposal

kg CO2-eq.

0

MJ

0.001

the comparison for the lighting scenarios, as were
described in Table 2, that provide an illuminance
of 300 lux to the same industry room.

200

kg PO4-eq.

0.002

GWP

3000

kg CO2-eq.

kg Sb-eq.

0.003

Characterization Model = CML 2001- Jan. 2016 [14]

1,500
1,000
500
0

EP

150
100
50
0

Light System A
Light System B
Production
Use
Disposal

Light System A
Light System B
Production
Use
Disposal

Figure 4: Comparison of two lighting systems
configured with luminaires from Figure 3 that
provide the same illuminance in an industrial
setting. The contribution from Production, Use and
Disposal is also shown.

In Figure 4, it can be seen that even with more
luminaires required for Lighting System B to meet
© 2019 Luger Research e.U.
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Although the electricity mix used is a significant
factor for the results generated, the trends in the
variation of ADP elements and GWP with the
hours of use for the Lighting Systems were
explored further. These trends are shown in
Figures 5 and 6. In both figures, the intercept is
the impact due to production and disposal of the
luminaires in the lighting systems. The slope of
the line is thus the impact per hour use that comes
from the impact for production of electricity per
kWh, steeper slopes indicating a higher electricity
consumption per hour. Figure 5 shows that with
longer lifetimes, the impacts become more similar
for both lighting systems using the EU-28 grid mix.
However, the opposite trend is seen for GWP, and
will be seen across all other impact categories
where the use phase is contributing to the
majority of the impact. These two figures illustrate
further the importance considering multiple impact
categories when conducting environmental
assessments, as improvement in one impact
category can lead to reverse impacts in another.

0.70
0.60

kg Sb-equivalent

the defined illuminance, the impact for all
categories, except ADP Elements, are lower
compared to Lighting System A. For ADP
elements, however, the impact due to producing
the luminaires is greater for Lighting System B
than Lighting System A due to the scenario
requiring 123 more luminaires. Yet, the luminaires
consume less electricity overall in Lighting System
B resulting in a total impact for ADP elements that
is very similar to Lighting System A, being 0.48 kg
Sb-equivalents for Lighting System A and 0.54 kg
Sb-equivalents for Lighting System B. Thus, the
savings in materials in one scenario has not
significantly outperformed the savings in energy
consumption in the other scenario in terms of
extraction of elements. However, it is important to
note here that this is the situation for the electricity
mix that was used in the study. As the gird mix
changes, differences in the results will occur as
has also been indicated in [13], [15].

0.50
0.40
0.30
0.20

Lighting System A

0.10

Lighting System B

0.00

0

20000

40000

60000

80000

100000

Hours used

Figure 5: Variation of total ADP elements with
hours of use for Lighting System A versus Lighting
System B.
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1.2E+66

1.0x10
1.0E+66

kg CO2-equivalent

40

8.0E+55
8.0x10
6.0E+55
6.0x10

4.0x10
4.0E+55
Lighting System A
2.0E+55
2.0x10

Lighting System B

0.0E+0
0.0
0

20000

40000

60000

80000

100000

Hours used

Figure 6: Variation of total GWP with hours of use
for Lighting System A versus Lighting System B.

With the integration of more renewables on the
grid as well as with further improvements in the
energy efficiency of LED luminaires, the materials
may become even more significant in their
contribution to the overall environmental impact.
Because of this, the contribution of the
components to the production phase for the
luminaires in the lighting systems was further
investigated. Figure 7 shows the contribution of
each component to the total result due to
production. The breakdown of the material
categories is given in Table 1.
Light System A

Light System B

0.026

0.039

LEDM

0.0041

0.0038

LEDC
0.043

0.064

0.255
kg Sb-eq.

Mechanics

0.382
kg Sb-eq.

Optics
Wires

Assembly
0.183

0.275

Disposal

Figure 7: Contribution of components of the
luminaires to the overall impact for production of
Lighting System A and Lighting System B

From Figure 7, the LEDM and LEDC contribute
LpS 2019
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significantly to the overall ADP Elements for
production. These components consist of
electronic components that were assumed to be
the same for both Luminaire A and Luminaire B.
However, as previously stated the quality of the
data for these electronic components needs
further assessment. At the time of the study, the
data used was considered to be the best
available.

life, being once the light output has reduced to
80% of the initial value. These LEDs can be
repurposed to other applications, such as
emergency lighting, and thus keep the materials
in use for longer. Recycling technologies are also
improving to extract the elements from electronics
products at the end of its useful life, which can
help to further reduce the impact from resource
depletion of non-renewable elements.

It can further be noted from these results that in
terms of luminaire design, the reduction of
electronic components will lead to a reduction in
the environmental impact. For example,
reductions can be made for the size of the circuit
boards in the LEDM and LEDC, as well as in the
number of components on the circuit board. Both
aspects are being considered in the Repro-Light
luminaire, to ensure a more efficient use of
materials. The LEDC and LEDM are also
potential components for modularity, allowing for
replacement of the parts as opposed to disposal
of the entire luminaire and leading to reductions in
waste generation as well as material use by
keeping parts of the luminaire in use for longer.
These components are being designed for
modularity within the Repro-Light project.

The Repro-Light project aims to initiate a change
the European lighting industry, seeking for better
design aspects not only for the consumer but also
for the environment and the economy. Further
work will be conducted to compare the
Repro-Light design to the conventional in order to
carefully assess the product innovations. An LCA
of the use of the Repro-Light luminaires in the
same industrial setting will be conducted,
considering the degradation of the LEDs, the
reduced power consumption due to dimming the
lighting when combined with natural light,
variation in the dimensions of the LEDC and
LEDM circuit boards, and the addition of other
electric components, such as sensors, that will
enable the functionality of the luminaire. The LED
has yet to reach its full potential in achieving even
more energy savings in the use phase and is thus
a promising technology for leading the way to
incorporating circularity of products in the
European lighting industry.

Concluding Remarks
The European lighting industry can move towards
a more sustainable future by incorporating the
circular economy principles in the design of
lighting. To do this, luminaires should be modular
and serviceable, which in turn will allow for the
creation of business models and new job
opportunities. Furthermore, reductions in waste
generation and material consumption are
obtainable with the ability to replace parts.
Therefore, benefits will not only be made from an
environmental perspective, but also economic and
social.
As was seen in the results from the LCA, the
components of the LED luminaires that contribute
the most to the environmental impact from
production are the electronic components.
Therefore, the design of modular LEDM and
LEDC components with better material efficiency,
such as optimizing the size of circuit boards and
the quantity of circuit board components and
LEDs can lead to reductions in the environmental
impact from these components. Furthermore, the
industry can look at second life options for old
LEDs once they have reached the end of their first
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science and technology. The research requires a
long-term vision to identify future energy
challenges. However, the Institute also develops
technology that enables companies to implement
immediate innovative solutions.
The project is closely linked to the Catalan,
Spanish and international economic system.
Therefore, its institutional and business sponsors
have joined forces to a singular and significant
extent to attain a common objective: the creation
of value by boosting scientific knowledge and
technology development in the energy sector; a
sector that has global consequences. As a result,
IREC works in an international arena and has
become a leading institute in several areas.
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Abstract
The European lighting industry is moving towards
a more sustainable and competitive future.
Luminaire manufactures are harnessing
innovative technologies and new materials to
design new lighting solutions, trying to improve
human’s everyday life and wellbeing. However,
one of the key aspects of this process is to
integrate a user-centred design approach.
Including the user perspective into the design
process will ensure that innovative lighting
designs fulfil specific needs of end-users.
As part of the European Commission’s Horizon
2020 work programme, the REPRO-LIGHT
project (“Re-usable and re-configurable parts for
sustainable LED based lighting systems”;
www.repro-light.eu) aspires to implement this
process in a leading European luminaire
manufacturer and thus demonstrate a possible
way to transform the European LED lighting
industry by creating the ‘Luminaire of the Future’.
Thus, in this European project a specific
user-centred design process is followed during
the whole development process.
The lecture presents how the REPRO-LIGHT
project is taking into account the user needs and
requirements to set the future of luminaire. On the
one hand, it is described how the users has
actively participated in the process early stage of
the project, by means of focus groups with
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different stakeholders and a questionnaire with
1096 participants across 4 European countries.
On the other hand, the paper describes how has
been set a list of technical requirements, based
on insights obtained from previously mentioned
activities using the Quality Function Deployment
(QFD) technique.
To conclude we are convinced that based on our
results from the user-centred design approach
people are ready for the next large steps in
transforming workplace lighting, i.e. personalized
workplace lighting. Furthermore, technology and
production processes are ready as well to start
this transformation process.

User Centric Lighting – Studies & Surveys

1 Introduction

2 Methods

Lighting industry is facing a transformation, where
the future of the industry seems to be even more
competitive. Companies are trying to improve
human’s everyday life and wellbeing, developing
more innovative concepts, where sustainability
has become an important aspect. However, one
of the key aspects into this new context is to
integrate the User Centred Design (UCD)
approach into the design processes. The UCD
concept is a broad term to describe design
processes in which stakeholders take part and
influence on the final solution of the design. There
are different tools and techniques to do so, such
us, surveys, focus groups or user testing.
Including the user perspective into the design
process will ensure that innovative lighting
designs fulfil the real needs of users.

2.1 Focus groups

Personalization is currently a topic of importance
in the Information and Communication Technology
(ICT) sector. Due to the increasing integration of
ICT in lighting, personalization has also become
an important topic in the lighting industry.
However, due to the novelty of this technology for
light experts and the lack of expertise, current
developments are still in an exploratory phase and
associated requirements have not yet been
defined.
The lecture presents how the REPRO-LIGHT
project is following a user-centered design
approach by applying different sort of tools and
design techniques. On the one hand, how the
project has implemented a co-creation strategy is
shown, based on five different focus groups with
different stakeholders. On the other hand, results
from a large web-based workplace lighting
questionnaire is presented. 1096 people across
Europe rated their current workplace and what
changes in lighting they would like to see that
could improve their productivity, mood, and
performance. Finally, the paper describes how the
Quality Function Deployment (QFD) [1] technique
has been used to find the correlation between
previously collected requirements and design
attributes of the luminaire. The technique is based
on a correlation matrix and also called the House
of Quality (HoQ).
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The definition of a Focus Group according
Cambridge dictionary is the following: “a group of
people who have been brought together to
discuss a particular subject in order to solve a
problem or suggest ideas” [2]. The activity is
commonly used as a market research method to
provide feedback regarding a product, service,
concept, or marketing campaign.
As a method, it has become well established in
the early stages of product / service
development [3][4]. Within REPRO-LIGHT, five
focus groups in different countries were performed
to support the luminaire development process:
• 1 Focus Group in Spain with 19 end-users
• 1 Focus Group in Germany with 9 Lighting
Experts (Light designers, Installers, Facility
Managers)
• 3 Focus Groups in Austria with (i) 9 Light
designers, (ii) 11 Lighting Researchers and
Luminaire Developers and (iii) 4 people
from the Management Board of a lighting
design company.
The goal was to derive technical specifications for
the REPRO-LIGHT luminaire which are based on
a comprehensive evaluation of core liminations of
current workplace lighting systems and the
systematic collection of expectations with regards
to a personalized workplace illumination for the
near future. In order to reach this objective
opinions, needs, motivations and expectations of
future luminaire were collected from stakeholders,
co-designing innovative ideas that will add value
to current solutions or could be developed in the
future.
The moderators of the focus groups were
members of the REPRO-LIGHT consortium. Their
role was to be responsible for a structured
process, not the content.
Generally speaking, the key questions for
end-users with regards to personalizable
(end-user creates a lighting solution based on
pre-defined features) and customizable (luminaire
adaptable by professional or end-users) lighting
were the following:
• Are you interested in using a customizable
lighting system?
• Do you think you will feel at easy using
© 2019 Luger Research e.U.
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digital devices to control personalizable
lighting systems?
• What features would you like to
personalize?
Furthermore, lighting designers and developers
were asked the following two questions:
• What features would you like to
personalize?
• Are you interested in customization?
As a main structure, all focus groups were divided
into three main phases: Introduction, Central
phase or Creative phase, and Closing. Based on
this, each focus group has adapted its content
and tools according to the profile and number of
participants [7]. Referring to just one of the focus
group carried out with end-users the central
phase of the session was subdivided in four main
activities; user scenarios creation, billboard
design, brainstorming session and idea dissection
activity, providing 20–30 minutes to each activity
(Figure 1).

Figure 1: End-user’s focus groups planning.

User scenario activity was the first technique
proposed for the session, and participants had 30
minutes to develop this activity. The objective of
this tool is to get descriptions about how users
imagine the future luminaire systems through the
contextualization of different scenarios: Office,
Industry, Retail and Care. For a correct activity
development and focus attendees efforts, four
templates (office, industry, retail and care user
scenarios visual aids) were provided to each
group.
The second exercise, “Build a billboard”, focuses
on summarizing and simplifying all those clues
and ideas collected from the characteristics that
users have generated in the previous dynamic
(user scenario creation). Participants had 20
minutes to develop the activity. Users have to use
billboard templates to visually summarize and
simplify the most important insights or data
gathered about each scenario as well as
prioritizing the ones that they consider more
LpS 2019
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relevant (office, industry, retail and care). The
steps to fulfil the activity are the following:
1. Select four most important insights gathered
in each previous scenario for each
characteristic.
2. Prioritize the most relevant insights and add
in the billboard
3. Shift the templates between different teams
to perform the next brainstorming activity.
The focus group continued with a Brainstorming,
for that, participants had 30 minutes. The activity
is about generating as many ideas as possible
related with those ideas listed in the billboard,
always without any kind of restriction and in an
effective way. In this specific focus group the aim
was to generate ideas about personalizable
lighting systems. To achieve these solutions,
workshop participants had to think of new
opportunities to improve the current lighting sector
along with their needs.
To finish the central phase of focus group, an Idea
Dissection activity was performed. This tool
allows converging the ideas gathered during the
Brainstorming and helps to select the best one. At
the focus group, participants had 20 minutes to
identify core attributes and create a future
scenario based on them after completing the
activity.
During the closing stage, before ending the
session moderators kept an open-discussion with
all attenders and collected some new insights and
conclusions from each group.
After the whole session, all the insights were
collected and analysed. First, the ideas collected
were compared to avoid repeating similar
concepts. After that, results extracted from user
scenarios and billboards were analysed, grouping
ideas taking into account the context of use and
the requirements for personalization. On the other
hand, the needs collected in the brainstorming
and selected in the activities of ideas dissection,
were analysed, grouping also by context and
characteristics typology. The results have been
used as a requirement for the REPRO-LIGHT
QFD.

User Centric Lighting – Studies & Surveys

2.2 End-user questionnaire
A web-based survey, delivered by the online
Limesurvey platform [5], was compiled to quantify
end-users’ acceptance levels of their current
workplace lighting (9 questions) and to further
derive requirements for customizable and
personalizable lighting systems (13 questions).
The full questionnaire is available on
http://bit.ly/ReproSurvey.
The survey was translated into four languages,
i.e. English, German, Spanish and Italian, to enrol
subjects from all European states of the
REPRO-LIGHT consortium. In total 1278
end-users answered the questionnaire. Only
questionnaires filled out by end-users in the
application fields “Office” (87%) and “Industry”
(13%) were included (1096 in total) in the
analyses.

2.3 House of quality
For development of a new product, it is essential
to know what the customer really want to have or especially for innovations - what is proposed to
generate customer benefits. Standard Quality
Function Deployment (QFD) often generates the
list of requirements by directly asking customers
or users of the product to develop. Unfortunately,
this method will only deliver requirements the
customer already has in mind. Requirements for
breakthrough inventions will not be found by just
asking customers or end-users. Therefore, the
REPRO-LIGHT consortium decided to use a
slightly different approach, collecting information
from all stakeholders.
The following steps were taken to develop the
REPRO-LIGHT House of Quality:
•
•
•
•
•

Recording of requirements.
Standardisation of requirements.
Prioritizing the requirements.
Definition of design attributes.
Evaluation of design attributes.

After recording the requirements, as a first step
we translated the original and raw requirements to
a standardized level (same degree of technical
and application abstraction for all requirements;
initially some requirements have been formulated
with technical details, others described application
needs very unspecific) and tried to make the
requirement explicit and precise. In the same step
we divided between System Requirements (to be
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fulfilled by system software or system layout) and
luminaire requirements.
Sharpening the requirements in this way and
focussing on luminaire requirements reduced the
number of requirements from 80 to 37. For
prioritising them, we decided to rank them using a
scale from 1 to 9, where 1 means very low
importance and 9 means very high importance.
When deriving the design attributes, it should be
taken into account that the description of the
characteristics is abstract enough that it will not
restrict the function or the technical design to a
great degree. Thus, REPRO-LIGHT determined a
list of design attributes by way of brainstorming
the requirements. These specific design attributes
were internally discussed and amended in a
workshop by partners. Using this method, a total
of 72 design attributes for the REPRO-LIGHT
luminaire were determined together with the
target value for each one.
Based on these 37 requirements and 72 design
attributes, 2664 influencing factors were defined.
Each factor has been evaluated by answering the
question: “If design attribute X is realized in the
REPRO-LIGHT luminaire, how much does it
contribute to fulfill requirement Y”, and giving a
value using a scale 0-1-3-9 (from not influence to
high influence).
For the evaluation of the HoQ, design atributes
were grouped according to luminaire
subassemblies the attribute is connected with
(design attributes connected with LED, driver,
connectivity, firmware, mechanics, optics,
sensors, modularity) and the evaluation itself was
done column by column. Finally, the rating for
each design attribute was calculated (1):

Ri =

nr
X
j=1

Ri
Pj
Ii,j
nr

Pj · Ii,j

(1)

Rating for design attribute i
Priority of requirement j
Influence factor of design attribute i to fulfill
requirementj
Number of requirements

The higher the rating of a design attribute is, the
more it will contribute to requirement fulfilment,
and thus the most important requirements are
obtained and listed for the following design
phases.

© 2019 Luger Research e.U.
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3 Results
REPRO-LIGHT has implemented a user-centred
approach to understanding user needs and
developing a new luminaire concept based on the
requests. In the first phase of the project, this
activity focused mainly on the focus groups, the
questionnaire and resulting QFD.
Regarding the focus groups, the presence of
different professional groups from the lighting
sector has led to diverse replies concerning
modular luminaires. As a general observation, it
was found in all focus groups that the topic of
sustainability and circular economy receives little
attention in the daily business. However,
exchangeable modules for longer lifetime have
been rated useful, especially for the installers and
customers (facility managers). In combination
with analysis and monitoring opportunities based
on sensors and communication modules, this
enables simple maintenance services. Different
focus groups mentioned benefits for personalized
lighting, when data collection and data protection
are in accordance with privacy policy and light
intervention algorithms are derived from research
results (biological effects of light, non-visual and
visual effects of light). In all focus groups, it was
mentioned that there is a risk of missing design
and aesthetic aspects when developing modular
luminaires (one size fits all). This can be avoided
by giving the customers and end-users the ability
to create individual luminaire housings.
The findings from the questionnaire reveal that
current lighting in the workplace is not satisfying
end-users and their needs, while at the same time
it has a big impact on productivity and human
wellbeing. Should be highlighted that 55% of end
users said they would like a better workplace
lighting. The survey showed, that the individual
requirements for the lighting differ, showing that
personalizable lighting is needed to satisfy all the
users. It is not only the need to improve light, over
50% of participants said that the physical
luminaire aesthetics where important to them,
especially for workers that are under 30 years old.
Moreover, 80% of the participants would like to
have workplace lighting, which automatically
adapts to personal needs, and more than the 75%
would like their work light to change colour when it
gets dark outside (Figure 2). All of these factors
play a role in the greater impact of lighting on the
workforce of Europe, and more than 90% of
participants stated that they believe their work
lighting can affect their mood [6].
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Figure 2: Survey results infographic.

The full report can be downloaded from
REPRO-LIGHT website
https://www.repro-light.eu/downloads.
In the following, the main requirements based on
the REPRO-LIGHT user-centered approach
(end-user survey and focus groups) are
summarized:
Requirement 1: Provide easy-to-use interfaces
for the end-user to adjust light settings
(especially for adult workforce)
Requirement 2: Respect past experiences of
end-users with adaptable lights and
consider their familiarity with user-interfaces
(“Step-by-Step”)
Requirement 3: End-users want to adapt
brightness, light colour and light intensity
distribution of lights and do this solely via
software
Requirement 4: End-user want to adapt the
spatial position of the luminaire manually
Requirement 5: End-user interaction with the
lighting system should be minimized
(provide automatic lighting and allow users
to interact with the control system)
Requirement 6: Different visual demands require
personalized light settings
Requirement 7: “Owned” workplaces deserve
personalized lighting
Requirement 8: Aged eyes need personalized
light settings
Requirement 9: Provide zonal lighting to
illuminate restricted areas with personalized
light settings (relevant for shared
workspaces)

User Centric Lighting – Studies & Surveys

Requirement 10: End-users like daylight; thus,
integrate daylight in personalized lighting
designs (e.g. sensors)
In addition, the following four core design
attributes for a REPRO-LIGHT luminaire were
derived from QFD and the HoQ process [8]:
Connected lighting is very important to realize a
REPRO-LIGHT system. Both wired
connectivity and wireless connectivity got
the highest ratings as design attributes.
Dynamic lighting for changing light in all three
dimensions (intensity, colour, and direction)
is also very important. Dynamic lighting
forms the basis for Human Centric Lighting,
personalized lighting and adaptable lighting
due to changes in environment.
Exchangeable and upgradable components
and firmware. This requirement provides
the platform for a circular economy of future
luminaires and covers drivers, LED modules
and optical modules. Furthermore, this
design attribute will make it easier to adopt
luminaires to a personalized usage of light
and to adopt luminaires to changing
environments and steady improving lighting
technologies.
Efficiency is not the most important
design attribute but it has still a medium
high rating.

4 Conclusions
A UCD approach has been applied into the early
stage of REPRO-LIGHT project. In this regard,
and as part of the first phase of this project, both
the focus groups and the questionnaire, set out to
investigate the wishes and needs of end users’
future workplace lighting systems.
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communication modules, this enables simple
maintenance services. The ideas collected during
the focus groups are relevant and valuable,
collecting insights from end users, customers and
other stakeholders for presented contexts from
different lighting applications.
The result obtained from the questionnaire,
demonstrated that a change is required in the
working environments, both in industrial
workplaces and in offices, and that people are
already prepared for the next large steps in
lighting transformation. They demand
personalisation, automation and adjustability to
match their requirement and, most importantly, to
increase productivity and overall wellbeing.
Finally, the QFD technique enable to prioritize the
requirements and set the design attributes that
REPRO-LIGHT solutions should integrate.
Interpretation of the rating for the design attributes
showed that Connected Lighting, Dynamic
Lighting, exchangeable and upgradable
components and firmware and Efficiency should
be taken into account in order to meet customer
satisfaction with the future luminaire.
Based on these results, REPRO-LIGHT will keep
maintaining this human-centred luminaire
approach during the whole project, in order to
make sure that user needs and personalization
preferences are well addressed. To do so, the
project intends to perform evaluation tests and
asses among other things, the acceptance level of
the provided solution throughout the development
of the project.
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Regarding the focus groups, the presence of
different stakeholders has led to diverse replies
concerning modular luminaires. In all focus
groups with different stakeholders it was found
that the sustainability issue and the circular
economy receives little attention in the daily
business. However, exchangeable modules for a
longer lifetime have been considered useful,
especially for installers and customers (facility
managers). In combination with analysis and
monitoring opportunities based on sensors and
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Abstract
The digital light source LED allows the efficient
generation of dynamic light spectra and luminous
intensity distributions and the implementation of
new lighting designs for special visual, biological
and emotional needs. The integration of additional
sensor-technologies and the implementation of
complex control algorithms will support the
transformation of current lighting systems into
smart and adaptive lighting solutions that will
instantaneously react to environmental alterations
and individual desires (personalized lighting).
Bartenbach is designing and realizing HCL
installations for different applications in his daily
business, thus gaining a lot of practical
experience. But Bartenbach is also involved in
research projects where the psychophysiological
and health effects of such illuminations are
investigated with scientific methods. An
interdisciplinary team in the fields of medicine,
perceptional psychology, physics and techniques
is dealing with the basics of HCL (e.g. melatonin
suppression, etc.) and is evaluating the scientific
resilience.
On the basis of these many years of experience, a
critical opinion on the current development status
of HCL lighting solutions will be presented,
covering scientific, photometric and lighting
design aspects.
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Answers to the following questions will be
presented:
• Who needs HCL lighting solutions?
• Which non-visual effects are scientifically
proven today?
• How well can non-visual effects be
predicted?
• Which lighting designs represent HCL
lighting solutions today?
• What recommendations can we make today
for an evidence-based HCL lighting
solution?

Human Centric Lighting I–III

Introduction
The digital light source LED allows the efficient
generation of dynamic light spectra and luminous
intensity distributions and the implementation of
new lighting designs for special visual, biological
and emotional needs. At the same time, the
‘discovery’ of the so-called ‘third receptor’, which
controls the release of melatonin in the brain and
modulates the circadian rhythm of humans, raised
great expectations in the lighting industry as far as
the importance of light for human health is
concerned. The integration of additional
sensor-technologies and the implementation of
complex control algorithms will support the
transformation of current lighting systems into
smart and adaptive lighting solutions that will
instantaneously react to environmental alterations
and individual needs (personalized lighting).
Nowadays, Human Centric Lighting (HCL)
primarily consists of a tunable white (variable
CCT) artificial lighting installation which is
expected to have a positive impact on well-being,
performance and health of humans (additional to
its visual functionality). However, this HCL design
concept should be expanded and include
daylighting design, the integration of sensor
technology and in some areas even
personalizable lighting. Bartenbach is designing
and realizing such HCL installations for different
applications (e.g., clinics, schools, offices), thus
gaining a lot of practical experience. But
Bartenbach is also involved in research projects
where the psychophysiological and health effects
of such illuminations are investigated with
scientific methods. An interdisciplinary team in the
fields of medicine, psychology of visual
perception, physics is dealing with the basics of
HCL (e.g. melatonin suppression, etc.) and is
evaluating the scientific resilience.
HCL is apparently in a blind alley, and due to the
inflationary use in marketing losing its value and
market proposition
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Who needs HCL lighting
solutions
Today we live alienated from the natural daylight
situation with high intensities during the day, going
down in the evening and getting almost to zero in
the night. We spend most of the day indoors, and
the lighting standards only define minimum
lighting levels for vision. On the other hand, bright
room lighting with daylight-like spectrum,
computer and mobile displays for private use, and
outdoor lighting applications (advertising displays,
streetlighting) are more common than ever before
in human history, so that many people get too
much light in the natural dark phase (in the
evening and in the night). Summarizing, we have
strongly reduced light exposure during the day,
and too much light during the night. This has a
destabilizing effect on our circadian system and
thus, in the long term, a negative effect on our
health. HCL lighting solutions should help to avoid
this disruption and support our circadian system
Additionally to this general effect on public health
by stabilizing our circadian rhythm, HCL also
intends to increase well-being, alertness and
health by application and task-related dynamic
control of light colours (CCT), intensities and
romm light distributions. Maybe in the near future,
even personalized lighting which is able to adapt
to acute personal needs of the user could be
possible (taking into account e.g. the light history
and the mental state of a person). And in most
daytime applications this has to be done in strong
adjustment with daylighting, which should be used
to generate increased light exposure at eye level
as far as possible.

Which non-visual effects are
scientifically proven today?
Benefivcial effects of lighting on visual
performance are undisputed today (visual effects).
Acute and longer-term non-visual light effects in
the evening (2–3 hours before the individual start
of sleep), at night (during normal sleep times) and
in the morning (up to 2 hours after waking up) are
scientifically proven today.
The knowledge of acute non-visual light effects
during the day (affected period: 2‘hours after
sleep until 2 hours before sleep) is currently
fragmented. Recently published systematic
reviews [1]–[5] show that especially bright light
during the day acutely increases subjectively
© 2019 Luger Research e.U.
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perceived alertness. However, objective
measures of alertness (e.g., EEG measurements,
psychomotor vigilance test) often do not confirm
this subjective alertness effect of bright light. Also,
evidence of acute light effects on cognitive
parameters (e.g., attention, working memory and
higher executive functions) and mood parameters
during the day is currently poorly documented.
Furthermore, we have some indications that a
high dose of light during the day can have a
positive effect on the subsequent nocturnal sleep.
[6][7]

How well can non-visual effects
be predicted?
It is important to know that most of these study
results are of limited value. For example, in many
studies only very small and well-selected samples
participated in the laboratory under strictly
controlled conditions (reducing the generalizability
of the study results), these studies implemented
very heterogeneous study protocols (making it
difficult to compare the study results) and many
studies characterized the studied light intervention
insufficiently from a photometric point of view (a
derivation of planning recommendations is very
difficult). After all, only those light effects studies
were published which were able to measure
specific (positive) effects (publication bias) and all
those studies that were not successful in this
respect were not mentioned. This gives us a
strongly distorted picture of the evidence of light
effects.
Regarding the current models for non-visual light
effects (metrics) we should keep in mind that we
are dealing with reactions the whole human body
and not only with a simple physiological process.
However, lighting engineers tried to apply the
same approach (simple physiological modelling)
to determine non-visual, health related effects of
light as had been successfully done with the
photometrical model for brightness and colour
perception. They simply defined response
functions to weighten the spectral power
distribution (similar to V( )).

Figure 1: Measured values from Brainard et al.
(2001) – squares – and Thapan et al. (2001) –
circles, with the interpolated response curve by
Gall et al. (2004).

For instance with this response function a
so-called melanopic action factor amel,v was
defined as

This melanopic action factor amel,v was suggested
as a parameter for non-visual lighting design.
By doing these calculations we forget that these
non-visual effects are completely different from
the visual effects: visual perception is based on
imaging processes, is immediately (no or very
short effect latency), and to some extent
independent from other body functions, whereas
non-visual (non-imaging) effects have a much
longer latency and a much higher
interdependency on other body and brain
functions. This latency and interdependency
makes it impossible to create a causal link
between the light stimulus and the health effect.
Building engineering needs precise defined
measures with which we can characterize and
quantify key design features, therefore lighting
engineers defined the photometrical values. In
physics we are used to the superposition
principle, i.e. that there are cause – effect –
relations (basic nature laws, e.g. gravity), which
can be added to a complex behavior. In medicine
and biology this is replaced by so called
risk-factors (statistics).
To conclude, the approach to establish a
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mathematical model to quantify health impacts
(health metrics) of lighting is a keen endeavor.
Ian Ashdown (Senior Scientist, Sun Tracker
Technologies Ltd.) shows in his critical statement
from the perspective of lighting engineers how
difficult it is to follow the recommendations of
WELL Building Standard Feature 54. According to
him the guideline is suffering from a lack of
understanding how architectural lighting design is
performed in practice. He doesn’t believe in codify
the knowledge of circadian lighting in building
design practices – there are simply too many
variables. “Instead we should simply educate
designers on the principles of circadian lighting
and trust their judgement. [17]
The research department of Bartenbach conducts
non-visual light impact research with medical
partners since 2005. In the last two years six
studies have been published in peer-reviewed
journals that investigated specific non-visual light
effects for hospital patients [8][9], shift workers
[10] and office workers [11]. Also new application
fields of light therapy for severe burnout [12] and
acute light effects on mood and cognition in
healthy persons [13] were explored. Our own
study experiences confirm the picture of
international research: non-visual light effects
during the day are difficult to measure. Only the
precise knowledge of the lighting needs of end
users and a perfectly coordinated lighting
intervention increases the probability of finding
non-visual lighting effects.

Which lighting designs represent
HCL lighting solutions today?
HCL lighting designs today fulfill the following
three requirements:
1. the intensity and color temperature of
artificial lighting vary over 24 hours,
especially at night, the color temperature is
lowered to about 3000 K and less (tunable
white),
2. the use of diffus emitting light panels or
indirect lighting generate an increased
vertical illuminance with the least possible
glare, and
3. the non-visual effective light comes
primarily from the upper hemisphere(note:
the scientific evidence for this claim does
not appear to be sure. The authors
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recommend the use of summative retinal
photo stimulation as a parameter).

Figure 2: Typical HCL lighting design | ©
Bartenbach

Today, these requirements are generally met on
the market by (diffused) radiant panels with
controllable light intensity and light color, which
are mounted or suspended on the ceiling over a
large area (Figure 2).
In general, this design does not allow zonal
variation of lighting and thus adaptation to
individual non-visual lighting needs is not
possible, reduces the visual comfort because of
very high luminance of the light emitting surfaces
(> 5000 cd/m2 ) and requires an enormous
amount of electrical energy to generate an
effective illuminance at eye level. Subsequently, it
seems necessary to think about alternative
lighting design and luminnaire concepts for HCL
lighting solutions, which avoid these
disadvantages.
Furthermore, lighting control of HCL lighting is an
essential part of their effectiveness. Two main
control strategies are differentiated today:
1. To achieve long-term, health-oriented light
effects, the light intensity and color
temperature (CCT) are varied according to
the daytime (Figure 3). Mostly variation of
the colour temperature is coupled with
daylight, but with questionable reasons (i.e.
the highest CCTs occur in the blue hours in
the early morning before sunrise and in late
evening after sunset but not during noon).
And due to technical reasons very often
some simple lighting control curve is
implemented for all days of the year,
independently from season (year time).
2. To achieve short-term non-visual effects,
light pulses (with relatively short-term
changes in light intensity and light color, e.g.
so-called ‘light showers’) are implemented
© 2019 Luger Research e.U.
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(Figure 4). These light pulses are either
started automatically on a daily basis (for
example in the morning and in the
afternoon) or individually and manually by
the user.

solar facades for ventilation, heating, cooling, air
conditioning and lighting Task 56 [b]).
Furthermore, three nationally funded projects
(‘MOSCOW’ [c], ‘BODYBUILD’ [d] and
‘LessIsMore’ [e]) and the INTERREG project
‘FaceCamp’ emphasize the importance of an
integrated artificial and daylight HCL lighting
design for Bartenbach [14]

Do we know enough to define
general and mandatory
recommendations and
standards?
Figure 3: Typical HCL lighting design | ©
Bartenbach

Figure 4: Typical HCL lighting design | ©
Bartenbach

The integration of daylight in HCL concepts today
is very limited. Thus, daylight is currently not used
as an active design element to achieve higher
vertical illuminances during the day (e.g., via a
specific daylight system control), but is only
passively detected (e.g., via sensors integrated in
the luminaires) and artificial light is added when
daylight levels are insufficient.
The potential of integrating daylight in HCL
lighting solutions is enormous, as daylight
increases the acceptance level for higher light
intensities for the user, daylight is rated higher in
its light quality than any artificial light source, and
daylight is the most efficient light source for
generating enhanced vertical brightness. That’s
why the integration of daylight in HCL concepts is
a focus in Bartenbach’s lighting design and
research projects.
For example, two international research projects
are currently underway with the International
Energy Agency IEA (Solar Heating and Cooling
Technology Task 5.5.3 [a] and building-integrated
LpS 2019
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Two decades of research into the effects of
non-visual light leave many questions open,
anyway it has been argued that we know enough
to translate this knowledge into practice with
standards and recommended practices for
architectural lighting design.
HCL planning recommendations were first
published in 2013 in the technical rule DIN SPEC
67600 (‘Biologically effective lighting – planning
recommendations’). OSH organizations [15],
however, criticized these recommendations
(based on insufficiency of evidence) and rejected
them as the basis for HCL lighting design. Today,
there is a desire to anchor non-visual lighting
effects as an important criterion of sustainable
building. Although there are no explicit planning
and evaluation criteria in BREEAM (Building
Research Establishment Environmental
Assessment Method) and LEED (Leadership in
Energy and Environmental Design), the
International Well Building Institute is already
formulating specific guidelines for evaluating the
building regarding its non-visual effectiveness
(Circadian Lighting Design Feature 54) [16]. As
with the technical rule DIN SPEC 67600, this
guideline states that there is no scientific
justification for the requirements so far.
The International Lighting Commission CIE has
recently published an internationally valid
standard (CIE S 026 / E: 2018; [24]). However,
this standard does not make quantitative
predictions about specific non-visual light effects,
but merely describes the potentiality of the light
stimulus to produce a variety of non-visual lighting
effects.
Mark Rea, professor of architecture and cognitive
sciences at the Lighting Research Center (LRC)
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at Rensselaer Polytechnic Institute in New York,
and colleagues is revealing a specific recipe that
the industry could use to begin installing HCL
lighting. Rea is specifying that occupants receive
254 lux vertical illumination at eye for at least two
hours, ideally in the morning. He described this
recommendation as “putting a stake in the
ground”.[18].
Remark: Mark Rea chairs a task force organized
in collaboration with testing-services specialist UL
focused on developing recommended practices
for circadian lighting. A draft version of UL RP
24480 Recommended Practice and Design
Guideline for Promoting Circadian Entrainment
with Light for Day-Active People was released on
April 10, 2019 by Underwriters Laboratories (UL)
for public comment. [19]
First critical comments by Douglas Steel (Ph.D.,
NeuroSense) try to evaluate from a biological
point of view the establishment of a Circadian
Lighting standard by UL. This critique also applies
to the utilization of the Circadian Stimulus (CS)
calculator developed by the LRC. They have
proposed a metric called the circadian stimulus
(CS) which should assist designers in the
practical application of circadian light in the built
environment. “A fundamental concern is that the
proposed UL guideline and associated utilization
of the CS and WELL calculations are
misrepresenting a scientific “Model” as a theory or
tool that can be practically applied in the field.”
“. . . the proposed UL criteria for circadian
entrainment are inadequate, inaccurate,
misguided, based on a lack of understanding of
fundamental neuroscience, and utilize an
untested and questionable “CS Calculator”. It is
important to establish standards in a given field,
but we first need a better understanding of the
mechanism‘s underlying phenomena. According
to Douglas Steel the proposed standard and
methods of calculation do not follow accepted
standard methods of scientific investigation and
documentation of physiological phenomena. [20]
In this regard the Society of Light and Lighting has
made the following statement in April 2019: “It is
essential for lighting industry to recognise the
current limitations in our knowledge of the
implications of introducing circadian lighting.
Under no circumstances should commercial sales
be prioritised, when there is a lack of factual or
proven evidence for the claims being made”. [21]
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maintains the position that any Recommended
Practice related to light and health should be a
consensus document developed through an
accredited American National Standards Institute
process. “Without the full rigor of an ANSI
approved Standard, non-consensus-based
information cannot be deemed to have been fully
vetted and lacks the authority to provide public
guidance regarding means or methods that affect
public health”. In this connection the IES urges
the lighting industry to exercise caution when
considering a non-consensus document for
design and application recommendations. [22]
Both the examination of the current state of
science on non-visual lighting effects and the
derived lighting design recommendations as well
as the status of previously implemented HCL
lighting concepts is a sobering picture. Scientific
proof of effectiveness is insufficient for a
generalization and thus currently not translatable
into planning specifications for effective HCL
concepts. Technological implementations are
limited to artificial light interventions with rigid
color temperature and intensity changes and
forget the use of daylight. And, as already stated
[17], maybe we should try to build up a
comprehensive and well-founded knowledge
basis on healthy lighting instead of codifying it.
It has also been found that the topic of HCL is so
complex that future progress can only be achieved
through the intensive collaboration of scientific
groups. In this respect, a reorientation of the
lighting industry towards longer-term goals would
be desirable. Thus, it should be jointly defined
with scientific institutions which general questions
must be answered by means of research in order
to develop the estimated value-added
potential[23] of human-centric-lighting.
Irrespective of this, the latest findings from
research and visionary technological possibilities
can already be implemented in the form of
collaborative lighthouse projects in real life and
work environments, thus serving scientists, end
users and lighting industry as a source of
inspiration for a successful further development of
the topic HCL.

The IES (The Illuminating Engineering Society)
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What is left? What
recommendations can we still
make today for an evidence
based HCL solution?
Non-visual effects of artificial lighting can be
reached in applications where people stay longer,
where daylight is missing, and where subjects
have an increased need for lighting. For this a
tailored lighting design is needed. At least three
general recommendations for achieving
non-visual lighting effects can be derived today:
1. use as much daylight for the interior lighting
as possible during the day (considering
visual and thermal comfort)
2. missing daylight during the day should be
supplemented with cool white artificial light
and high vertical illuminance levels
3. Reduce the illumination levels in the
evening (at least 2 hours before the onset of
sleep) and at night, especially the vertical
illuminance at eye level (i.e., avoid bright
surfaces and direct light, focus on the visual
task to minimize retinal light exposure) and
the short-wavelength radiation components
(use warm white light).
Beside these general rules, the end user and his
current needs should not be forgotten in the
concept of human centric lighting. HCL solutions,
where a manual intervention option has been
implemented, receive higher acceptance [25].
The fact that people would like to have a lighting
system that satisfies their current individual
lighting needs was clearly demonstrated in the EU
project Repro-light [g], lead by Bartenbach, via a
large-scale survey in 4 EU countries. For
example, 80% of respondents wanted workplace
lighting that automatically adapts to their personal
lighting needs [26].
Manual or automatic adaptation to current
individual lighting needs, however, offers the
possibility that immediate user needs may be in
conflict with the longer-term health effects of a
HCL lighting system. Limiting the possibility of
user intervention in the lighting system (for
example, by specifying the range of brightness
and color temperature variability daily) is a
frequently discussed option. However, this
restriction requires a thorough education of the
users in order to prevent acceptance problems.
How in the future this contradiction between
short-term satisfaction of needs and long-term
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health effects of a HCL lighting system can be
solved remains an exciting topic for future
research project.
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Abstract
Without the most original form of light, sunlight,
there would be no life on this earth as we know it.
The human body has synchronized its functions
with sunlight for thousands of years and used its
energy; light became a livelihood. Through our
skin as well as via the retina, light acts on our
body. Light provides visual information and
contributes the synthesis of essential vitamins and
messengers that control and influence numerous
organic systems.

industry meets the growing awareness and
knowledge of non-visual lighting effects and
meets the requirements of a health-promoting
room lighting.

Our metabolism and our skeletal system are
dependent on sufficient sun exposure. Our
neuropsychological abilities such as attention,
concentration, and alertness adapt to current light
exposure. Duration, intensity and spectral
composition of our ambient light control our
sleep-wake cycle, mood, and other body
functions.

The appropriate lighting scheme depends on the
time of day and year as well as the social and
individual needs of the individual or subgroup.
Lighting solutions are increasingly being adapted
individually and tailored to subgroups (e.g. shift
workers). This paper aims to provide a deeper
insight into the current state of knowledge of
various non-visual lighting effects as well as the
conclusions derived therefrom for lighting
concepts.

Light has already conquered several therapeutic
domains. For example, people with skin diseases,
newborns with icterus neonatorum as well as
people with seasonal affective disorder (SAD) are
now benefiting from special light therapies. So, by
developing and installing room and ambient
lighting, attention must not be paid exclusively to
visual needs. Because of its biological
effectiveness, light systems can have both
beneficial and deleterious effects on human
health. With Human Centric Lighting (HCL), the
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In which form can this knowledge of non-visual
light effects be incorporated into the lighting
industry? Which general recommendations can
be made and which subgroups can be classified
that benefit particularly from HCL?

Human Centric Lighting I–III

1.Introduction
The World Health Organisation (WHO) defines
‘health’ as a ‘state of complete physical, mental
and social well-being and not merely the absence
of disease or infirmity’. The following scientific
evidence will show how light and proper lighting
can improve our well-being regarding all three
aspects of health: the physical, the mental and
the social dimension.

1.1 Definitions
Thinking about how light affects human health, we
first need to define what we are talking about.
What exactly do we mean by terms like ‘health’ or
‘non-visual light effects’?
The World Health Organisation (WHO) defines
“health” as a “state of complete physical, mental
and social well-being and not merely the absence
of disease or infirmity”. The following scientific
evidence will show how light and proper lighting
can improve our well-being regarding all three
aspects of health: the physical, the mental and
the social dimension.
Since human-beings are diurnal creatures, they
have always been dependent on the presence of
natural daylight and have developed complex
interacting physiological signalling pathways for
adapting their body functions to their living
environment, especially the time of day.
Light entering our eyes does not only provide
visual information, but also delivers important
non-visual information regulating the activity of
several body systems. We are therefore
differentiating the physiological effects of light in
visual effects, also called image-forming effects of
light, and non-visual effects of light, also called
non-image forming effects of light.
Non-visual effects of light are affecting numerous
body systems. Besides an immediate regulation
of physiological reactions such as the pupillary
reflex, light modulates the autonomous nervous
system and the secretion of several hormones
including melatonin (the so-called sleep
hormone), via several complex neurological
pathways (see Figure 1). We are now gaining
increasing knowledge about how light can
regulate alertness, mood and circadian rhythm
including sleep and wakefulness.
Although some neuroanatomical pathways are not
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yet understood in detail, more and more hidden
corridors are opening up to us. While the
processing of visual information takes place in the
rimary visual cortex (part of the Neocortex), a
relatively new region of the brain talking from an
evolutionary point of view, the majority of
non-visual information is proceeded in far older
regions of our brains. The Suprachiasmatic
Nucleus, which is calibrating our ‘inner clock’, is
located in the hypothalamus and part of the limbic
system, which is hypothesized to be an early
evolutionary brain region involved in motivation,
emotion, learning, and memory. The Edinger
Westphal Nucleus (addressing the parasympathic
functions), the locus coeruleus (addressing
sympathic body functions) and the Raphe nuclei
(regulating serotonin, which is a neurotransmitter
lacking in depression) are all direct and indirect
targets from light-induced activation and part of
the brain stem, the evolutionary oldest part of our
brain. This location leaves us a hunch about how
old-established and influential non-visual effects
of light are for our body functions.

1.2 Modulating factors
It was in 2000, when Provencio and colleagues
had a break-through by discovering a new kind of
photoreceptor-type in our retina, the later named
intrinsic photosensitive ganglia cells – short
ipRGC.[19] Up to now, we know that there are at
least five subtypes of RGCs, which contain a
photopigment called Melanopsin and take large
responsibility in triggering non-visual light effects.
Melanopsin was found to have an absorption
maximum at 479 nm.
While visual perception is induced by rods and
cones only, non-visual effects of light are
supposed to be transmitted by rods, cones and
the ipRGCs. The character and amount of
physiological reaction caused by light via
non-visual pathways depends on several
influencing factors, either concerning lighting
conditions or the individuum itself (see Figure 2).
Regarding lighting conditions, different intensities
and spectral power distributions respectively
colour temperatures can evoke different
physiological reactions. Regarding individual
conditions, homeostatic sleep pressure and other
zeitgebers (social interaction, eating. . . ) are
important as well as individual chronotype,
genetic profile, age and the overall health
condition.
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Figure 1: Processing nuclei of visual and non-visual effects of light. VLPO= ventrolateral preoptic nuclei; H=
Hypothalamus; SCN= Suprachiasmatic nuclei, EW= Edinger-Westphal nucleus; RN= Raphe nuclei; LC=
Locus Coeruleus; PG= Pineal Gland

As a combination concerning both, light and
personal circumstances, light history (previous
light exposure) plays an important role in
modifying non-visual light effects as well as time
and duration of light exposition, especially
regarding the individual circadian phase.

Figure 2: influencing factors for non-visual light
effects.

1.3 Measuring and quantifying
non-visual effects of light
Having highlighted the physiological differences
between visual and non-visual effects of light, we
LpS 2019
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have learned that non-visual effects on health are
resulting from interaction of numerous neuronal
pathways and nuclei, influencing several organic
systems.
In contrast, visual perception is an immediate
reaction on absorbing photons, after only one
thalamic interconnection projecting into the
primary visual cortex, where conscious perception
takes place. As a classical sensory perception,
visual input is supposed to provide immediate
information about environmental conditions and is
not underlying any regulation or influence from
other body functions. For there is virtual no
effect-latency it is easy to measure and no
confounding factors are imitating results.
Non-visual light effects are far more complex.
They are underlying up- and downregulations
from many other body systems. Predominantly,
non-visual effects take some time and last forth
even after end of light exposition. Melatonin and
cortisol (the so-called stress-hormone, with rising
serum-levels in the morning boosting alertness)
are circadian hormones and their information
circulates much longer within the body system
(e.g. blood) than visual impression. During that
time, many additional external stimuli and
circumstances are influencing our health. So, how
can non-visual light effects even be measured or
quantified?
Barely 20 years ago, nocturnal melatonin
suppression as a function of spectral radiance has
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been measured in experimental study designs by
Brainard and colleagues in 2001. 1 Out of these
measurement results an action spectrum for acute
nighttime melatonin suppression was derived,
showing a maximum potential for light to suppress
melatonin secretion in the short wavelength
range, that is around 460 nm[1] (see Figure 2).
It is important to keep in mind, that despite of the
existence of some melatonin-suppression action
spectrum, there is no clear mathematical
correlation because of the multifactored and
complex nature of non-visual light effects.
Compared to the human light sensitivity curve
V(lambda) (see Figure 3), which enables to
mathematically evaluate visual perception based
on integrated receptor sensitivity, melatonin
suppression is highly individual, dependent on
internal (health) and external (environmental)
conditions and has no linear additive effects.
After the discovery of the ipRGCs, the absorption
spectrum of their photopigment melanopsin was
examined in vitro and showed its maximum at
479 nm. So, assuming ipRGCs are the
sought-after photoreceptors triggering melatonin
suppression, how can this shift from 460 nm to
479 nm be explained?
Thus, currently all visual metrology as well as of
non-visual effects, is based on human receptor
sensitivity. Still, such complex and multifactorial
body functions (which is what non-visual light
effects are representing), cannot be explained or
predicted by simple mathematical models. Neither
does light‘s influence on superordinate body
functions like wakefulness, alertness or mood go
exactly in-line with the currently known spectral
weighting curve. Although state of the art
photometry is quite helpful in predicting and
measuring light effects on the visual system, state
of the art modelling approaches in non-visual light
effects are in their infancy.
Furthermore, what conclusions can we draw from
that concerning our health? We have learned
about absorption behaviour of certain
photopigments, measured nocturnal melatonin
suppression dependent on irradiance and spectral
power distribution of light and examined sleep
quality and phase shift dependent on different
lighting conditions.
There is incontrovertible evidence for nocturnal
light to suppress melatonin secretion and to
phase shift circadian physiological parameters.
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But still, no predictive potential concerning
spectral distribution and phase shift could be
proven. Not even do we know how melatonin
suppression impacts our health.
Although short wavelengths have greatest
potential to suppress melatonin secretion, this
characteristic was not observed for phase shifting,
where green light has shown equal potential to
shift phase.[2][16]
The nature of non-visual light effects should best
be regarded the same way like nutrition. There
too, the impact on our health is clear as well as
trends and a basic knowledge about beneficial
and harmful diet is well accepted and even
proven. But also, long-term effects of a certain
diet can hardly be quantified and predicted, due to
the number of contributing factors (lifestyle,
genetics, environment) and the latency till the
appearance of consequences. Threshold values
can hardly be given and weighting curves can only
help us heading into some right direction, instead
of calculating individual doses for staying healthy.
Nevertheless, we should use research findings for
creating beneficial lighting systems coordinating
with our needs, that contribute to a sustainable,
good health.

2. Current State of Science
2.1 Acute daytime effects of
ambient light on alertness and
mood
Non-visual light effects, as well as every effect on
human health, can be classified into acute light
effects, which occur immediately during or after
light exposition and last only minutes to hours
after light exposition ended, and chronic light
effects, which may occur either with longer
latencies (days or longer) or after repeated
expositions. This separation can be better
illustrated with dermatological effects of light,
where the sunburn is an acute result of ultraviolet
radiation, whereas skin cancer is a chronical
consequence of repeated exposition to ultraviolet
radiation. Evidence today is much stronger for
acute non-visual light effects, as these effects can
be measured with more certainty and lower effort.
First, current evidence for acute non-visual light
effects during daytime will be summarized. In the
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Figure 3: absorption spectra of the human cones and rods; additionally the action spectra of acute nighttime
melatonin suppression and the photopigment melanopsin and the human light sensitivity curve (V(lamda))
are shown; source: DIN 5031-100 (2009)

following chapters, daytime indicates non-sleeping
time during the astronomical day, which is from
sun-rise to sun-set.

Though, evidence for objectively measured
alertness still is small and inconsistent with some
refuting studies.

Lighting conditions in non-visual impact research
so far have been predominantly specified by
either correlated colour temperature (CCT) under
constant illuminance, or different light intensities
under constant CCT. About how missing
description of measuring points affects quality of
results, see in chapter ‘limitations’.

Although current evidence for enhancing mood
through higher CCTs is weak[2][3][6], studies with
vulnerable groups (older, institutionalized people)
could demonstrate anxiolytic effects of light when
living rooms with extended stay duration are lit
with higher CCT.[10]
Non-visual effects of light intensity

Non-visual effects of CCT
There is strong evidence, that switching towards
higher CCTs, has a positive impact on subjective
alertness, measured with questionnaires like the
Karolinska Sleepiness Scale or the Columbia Jet
Lag Scale. In office lighting, utilizing a colour
temperature of 17 000 kelvin (e.g. 18 W
fluorescent tubes) improved subjective alertness
significantly compared to light with 2900 kelvin or
4000 kelvin. [2][3]
There are some studies indicating beneficial
effects from higher CCTs on objective parameters
such as performance tasks and physiological
measurements including electroencephalography
(EEG) or autonomic activity measures.[4][5][6]
Furthermore, it is reported that blue light
(470–480 nm) enhances brain activity in frontal
and parietal cortices implicated in working
memory more than green light detected via
functional MRI.[8]

LpS 2019

© 2019 Luger Research e.U.

Current evidence also strongly supports beneficial
effects of higher light intensities on subjective
alertness.[4][5][6] Greatest effects were shown in
dim-light control conditions around 50 lux at desk
level, when bright-light conditions exceeded
500 lux or more.[4] Increasing horizontal
illuminance levels from 200 lux up to 1000 lux for
at least 2 hours during the day improved alertness
and wakefulness significantly.[7] Having dim-light
conditions higher than 500 lux, significant benefits
are fundamentally shrinking.[4]
It is reported that a 10 minutes bright white light
exposure (6000 lux–7000 lux) was effective in
reducing subjective sleepiness during the 3 hours
post-illumination period under standard room light
conditions when completing normal work
activities.[7][9] Thus, the alerting effect of light is
likely to be sustained beyond the period of light
intervention, though its impact will be highly
dependent on other (non-light related) factors
(e.g. work content, individual factors).
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A horizontal illuminance of 1000 lux compared to
100 lux furthermore improved objective
performance and enhanced mood.[6]
According to the Visual Analogue Scale (VAS),
significantly lower ratings for mood were achieved
under dim-light conditions (5 lux) compared to
bright-light conditions (1000 lux).[11]
Unfortunately, clinical data about comparing
long-term effects of light intensities is missing.
Moreover, illuminance levels have been measured
heterogeneously: mostly at desk level, sometimes
at eye level and, regrettably, often the place of
measurement is not mentioned. It would be
crucial to define corneal illuminance, for the actual
retinal irradiance depends strongly on head
posture and line of vision, including physiological
shadowing and pupil reflexes. In fact, the crucial
parameter for receptor sensitivity is luminance
instead of illuminance.
The most valid specification for comparable light
intensity levels would be the retinal spectral
irradiance. Data of light distribution would be
included and the value could be calculated
including transmission factors of usual eye
tissues. Some human and photometric factors
which need to be considered when calculating
illuminance levels will be shown in our workshop
on LpS 2019.

2.2 Effects of daytime ambient
lighting on sleep
From a medical point of view, there is something
filling the gap between acute and chronic effects,
called sub-acute effects. Such effects don’t occur
immediately, but before long after exposition. This
definition fits best for middle-term effects of light
such as the effects of daytime lighting on
nocturnal sleep.
There is strong evidence, that higher CCTs during
daytime improves wakefulness and reduces
self-rated sleepiness.[2][3] Caution though is
needed, concerning vulnerable population groups
such as old and institutionalized people. Here,
higher CCTs (17 000 kelvin vs. 4000 kelvin) can
lead to increased nocturnal actigraphic activity
and reduced sleep efficiency and sleep
quality.[10]
Regarding light intensity, there is strong evidence
that bright light exposure during the day improves
nocturnal sleep. For instance, horizontal
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illumination levels of 3000 lux for at least 3 hours
during the day led to significantly higher nocturnal
melatonin levels and advanced dim-light
melatonin onset (DLMO).[12] Daily exposure to
illuminance levels of 500 lux and above at eye
level are sufficient to reduce sleep-onset latency,
nocturnal awakenings and insomnia.[13]
Inversely, illuminance levels of 550 lux and lower
at desk height boost the risk for insomnia and
other sleep disorders compared to illuminance
levels of 700 lux and higher.[14] Also, low
cumulative light exposure levels during the day
lead to longer sleep-onset latency and reduced
subjective sleep quality.[13]

2.3 Effects of ambient lighting on
the circadian system
Undisputable, artificial light has the potential to
shift the circadian phase and modify circadian
physiological parameters including sleep- and
wake-time, sleepiness and wakefulness, body
temperature as well as secretion of melatonin and
cortisol. This effect is controlled by light intensity,
spectral power distribution, time and duration of
light exposure, light history and the earlier
mentioned, non-light related factors (e.g.
individual factors like homeostatic sleep pressure,
health status, social rhythm and activity profile).
So did exposition to bright light (> 1000 lux at eye
level) in the morning lead to a preponing of the
circadian phase, a so-called phase advance,
including a shorter sleep-onset latency and earlier
awakening.[13]
In contrast, exposure to bright light (> 1000 lux at
eye level) in the evening (after 6pm or 2–3 hors
before typical sleep onset) will lead to postponing
of the circadian phase, a so-called phase delay,
with longer sleep-onset latency and later morning
awakening.[13] This adjusting of our inner clock
seems to be instantly beneficial to synchronize
our body functions with our changing social
rhythm. It can lead to better day sleep in
night-shift workers, support fast adaptation to
special temporal requirements and reduces social
jet lag as well as jet lag caused by transmeridian
flights.
Unfortunately, there is also rising evidence for
circadian disruption induced by light to be a
long-term detrimental health effect, by rising risks
for several diseases such as metabolic syndrome
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including obesity and diabetes, mental disorders
or even cancer.[16]
‘Certain lighting conditions – i.e., excessive
LAN (light at night) exposure combined with
insufficient daylight exposure – that cause
circadian disruption are reasonably
anticipated to be a human carcinogen.’
(The National Toxicology Program Carcinogen
Report August 2018)
The National Toxicology Program of the US
defined shift work as a certain and light at night as
a reasonably anticipated human carcinogen.[17]
‘There is stronger evidence for shift work
involving circadian disruption as a factor for
developing breast cancer than for chemicals.’
(World Health Organization’s (WHO) International
Agency for Research on Cancer (IARC) 2013)
This conclusion is based on 650 scientific studies
investigating the effect of shift work including
circadian disruption on several forms of cancer,
especially breast and prostate cancer, but also
other cancers like gastrointestinal or skin
cancers.[17] They show a significantly increased
cancer risk for shift workers, particularly for breast
cancer.
In long-term shift work, the conflict arises between
long-term health and immediate requirements
(alertness and wakefulness during work). But
even here, conditions of artificial lighting can
make important differences concerning our health
and compromises do not necessarily cause
deficits on either side.
There is evidence that polychromatic white light
with reduced short wavelengths, fulfilling current
lighting standards for indoor illumination, may
have a positive impact on cardiac physiology of
night-shift workers without detrimental
consequences for cognitive performance and
alertness.[24]

2.4. Myopie and the role of light
Though not counting as typical non-visual light
effect, it is justified to mention another upcoming
topic concerning light effects and human health:
Myopia, an epidemic burden of modern society.
There is increasing evidence for deficiency of
daylight combined with prolonged indoor near
work to be a major risk factor for developing
myopia, especially in childhood and
adolescence.[18]
Rising extracellular retinal Dopamine levels seem
to block longitudinal growth of the eye ball (which
causes the most common type of myopia) via
Dopamine Receptor 1 in mice (DR1). [20][21]
As ipRGCs are assumed to trigger a major part of
retinal dopamine secretion, the hypothesis
derived, that short wavelength light (action
spectrum of melanopsin) is a major contributor in
preventing this disease. This theory is consistent
with the well accepted fact, that daylight (having
high illuminance levels and large amounts of short
wavelength light), obtained during time spent
outdoors, is one major prevention factor.

3. Recommendations based
on current literature and
Bartenbach Research
Speaking of installing the optimal artificial lighting
for individual human health, we need to have in
mind the many individual circumstances,
conditions and requirements determining best
lighting conditions for every situation. It would be
essential to know one’s individual health status,
light history, genotype, ocular condition, social
rhythm and desire for being able to recommend a
best fitting lighting condition.
We are therefore proposing for future lighting
technology to offer individual, personalized
lighting solutions rather than homogenous
one-fits-all solutions. This approach is meeting the
requests of the majority (80%) of end-users, as an
international survey of Bartenbach in the context
of the leaded EU-project Repro-light showed.[22]
Still, regarding current literature, there are some
general statements which can be given for
every-day ambient lighting for the average,
healthy office worker:

LpS 2019

© 2019 Luger Research e.U.

Human Centric Lighting I–III

Concerning circadian phase shift, we
recommend using artificial lighting applications to
keep the circadian rhythm stable and abstaining
from phase shifting due to light intervention.
Daytime and nighttime lighting should further
be designed to cause as less circadian disruption
as possible. It is recommended to use
• low corneal intensities and warm,
blue-depleted light in the evening (2–3 hours
before typical sleep onset) and ascending
intensities with high CCT in the morning.
• high intensities during day/working hours,
preferentially using daylight for indoor
lighting purposes. (levels of 1000 lux seem
to have sufficient effects; also,
measurement studies from Bartenbach
showed decreased visual comfort under
illuminance levels above 1000 lux). Bright
light will not only enhance alertness and
wakefulness, but also provide a better
sleeping quality at night and reduce risk for
insomnia.
• higher CCTs (current studies show
significant outcomes starting at 5000 K at
light source level and above) during
daytime/at office are recommended
We recommend to define vulnerable population
groups who are at risk for or sensitive to light
deficiency and therefore benefit strongly from
optimized circadian lighting:
• older or immobile people[23]
• institutionalized or hospitalized people[23]
• people suffering from insomnia and other
sleep disorders
• people suffering from saisonal affective
disorder (SAD) or depression
• children and adolescents (school,
preschool) for counteracting the rising
incidence of myopia[18]
Regarding the use of displays (e.g. tablets,
television, computers, e-books, smartphones),
measurements of Bartenbach showed that
average illuminance levels are not strong enough
to cause actual melatonin suppression. However,
if possible, brightness should be turned down
as low as possible in the evening and blue light
filtering applications should be used, for we
know about the circadian disruptive potential of
short wavelengths. Furthermore, displays
represent a special form of occupancy: Although
illuminance levels are much lower than those of
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ambient lighting, relative amounts of light reaching
the retina are higher because of
• absence of avoidance behaviour: we are
staring directly into the light source
• the light of the image falls onto the center of
our retina, reaching points with highest
receptor density
• because of lower ambient light levels, the
pupil is dilated, allowing more light to enter
• tasks which demand concentration (e.g.
reading) reduce rates of blinking
Of course, it is difficult to separate arousing
effects of processing visual information from
psychological effects like concentration, emotional
strain and social networking.

4. Limitations of current
studies
As mentioned earlier, current research provides
clear trends and many hints on how light affects
our health. Though, underlying studies show clear
limitations, which are summarized in the following:
• Studies frequently are lacking exact
descriptions and characterisation of light
stimuli (horizontal or corneal illuminance,
spectral distribution, CCT, architecture). If
the illuminance level is available, it is mostly
measured at desk level which is not always
directly correlating with illuminance at eye
level. Thus, at least corneal illuminance
would be crucial to be described.
Determining the effective retinal spectral
irradiance remains an option for
personalized lighting, for there are many
influencing factors (e.g. ocular conditions)
which need to be considered.
• Reliable knowledge about other
confounding factors is also missing, like lack
of characterisation of individual genotype,
circadian phase, homeostatic sleep
pressure and light history.
• Most studies include small populations and
therefore have small power
• The dominating self-rating measuring
methods are susceptible for bias and more
objective measurement studies are needed
• There is an absence of high quality
controlled studies comparing different light
intensities with known spectral distribution.
• There are predominantly short time effects
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measured and no controlled prospective
study designs for long term health effects
Due to the great amount of lacking detail
information about lighting design, future studies
cannot integrate evaluated lighting conditions.
Furthermore, the amount of missing information
reduces comparability and meta-analyses cannot
be run.
Concerning overall and long-term health, single
environmental components such as lighting
should be, under ordinary living conditions, seen
as a risk-factor respectively immunity factor and
therefore are hard to be significantly proven by
any studies. Nevertheless, this has been the case
for most medical studies and achievements over
the last decades, and their findings have not been
any less meaningful for modern health care,
especially preventative interventions.

5. Conclusion
Indisputable, artificial lighting can be beneficial or
harmful, regarding all three ranges of our current
definition of ‘Health’. Physically, we need to keep
a stable circadian rhythm for being able to recover
during sleep and reduce the probability of
suffering from chronic diseases. By modulating
some of our main signalling hormones like
Melatonin and Cortisol, artificial lighting
establishes the ties between physical and mental
health, influencing mood, sleepiness and
alertness.
Thirdly, of course, for being able to work, interact
and communicate appropriately, which is essential
for social welfare, we need artificial lighting to suit
our non-visual needs as well as our visual
requirements.
So, light industry and light architecture is therefore
challenged to meet all the above-mentioned
needs of human health and productivity, which
sometimes probably means making compromises
between visual comfort and best long-term health
effect.
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Abstract
Harmful effects of LED lighting are broadly
discussed today. Emotional reporting of single
study results and statements of health authorities
contribute to this discussion. The purpose of the
presentation is to give a comprehensive overview
about four core risks of LED lighting (i.e., glare,
flicker, circadian disruption, and blue-light hazard),
thoroughly discuss established hazard models
and give recommendations for a significant risk
reduction of LED lighting.
We know today that all light sources, which
generate high retinal light exposure, may have
negative effects on human eyes. In addition, the
spectral composition of the light source, the light
distribution in the visual field, the exposure
duration and the rapid temporal variation in the
light output are further decisive photometric
causes for adverse effects. Finally, it is well known
that nighttime light exposure may trigger
detrimental non-visual light effects.
To estimate the risk potential of lighting, hazard
models are used today. All hazard models have in
common that they predict short-term effects within
controlled lab conditions. Long-term adverse
effects have so far been studied insufficiently and
are thus largely unknown. Further, risk estimation
is based on the assumption, that a natural
avoidance behaviour (e.g., blinking, gaze, wearing
sunglasses) contributes to risk reduction and thus
lighting do not show their full risk potential in
every-day environments. However, we know that
specific groups are at increased risk (e.g., people
with a lack of avoidance behaviour, with increased
LpS 2019
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photosensitivity or with damaged or immature
ocular medium) and therefore need special
protection. Furthermore, lighting in special
applications (e.g. night-shift work, industrial
workplaces with rotating machines) should be
designed with tighter restrictions to decrease the
risk of harmful side effects of LED lighting.
To conclude, there is a strong need for more
applied, long-term research to steadily improve
current risk modelling. Furthermore, by
information campaigns conducted by renowned
multidisciplinary expert groups, end-users should
be educated about the true risks and the proper
usage of LED lighting. These measures could
help to get hysteria, feelings of insecurity and
confusion about LED lighting under control and let
people enjoy the full benefits of LED lighting
again.

Human Centric Lighting I–III

1 Introduction
In 2019, the global lighting market will consist of
more than 50% of LED light sources (Statista,
2019). Thus, LED lighting is dominant today. This
number indicates a huge success story of
semiconductor technology in lighting.
There are several key features which differentiate
LEDs from conventional light sources. LEDs are
highly energy-efficient and even allow an energy
supply with batteries (thus causing a steady
increase in the availability of portable luminaries).
Other striking features of LEDs are their increased
lifetime, the huge variety of available emission
spectra, the high brightness level coming from a
tiny light emitting surface (which allows integration
of LED lighting in many every-day objects such as
furniture or even clothes), and finally their perfect
controllability. As a consequence, more objects
are lit or illuminated today and many every-day
objects have integrated LED lights (e.g., toys). As
a result, more people are exposed to light over 24
hours and thus exposed to potentially detrimental
light conditions (with a short distance between
eyes and LED light sources which increases the
amount of light entering the eyes).
The risk potential of LED lighting was
continuously discussed the last century.
Statements of international (medical) associations
(e.g., International Agency for Research on
Cancer (IARC) as part of the WHO, American
Medical Association (AMA), The French Agency
for Food, Environmental and Occupational Health
and Safety (ANES)) warned against the risks of
indoor and outdoor LED lighting. These warnings
got magnified by science journalism reporting
single study results and emotional media
coverage, as happened recently (May 2019) when
ANES reconfirmed their statements about
potential risks of LED lighting. In contrast,
international lighting communities (e.g.,
Commission Internationale de l’Éclairage (CIE),
Lighting Europe, Scientific Committee on Health,
Environmental and Emerging Risks (SCHEER))
try to modify these statements by stating that LED
lighting is not worse in its risk profile than
conventional artificial light sources.
Today we can no longer imagine living without the
benefits of LED lighting. It is thus even more
important to know the benefits as well as risks of
LEDs and carefully evaluate them for each
application and vulnerable population groups. For
instance, we know that increasing light levels
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support the visibility of objects but exceeding light
levels may as well generate visual discomfort,
reduce visual performance and may cause retinal
damage. Dynamic lighting (often called
human-centric lighting these days) is installed to
generate non-visual effects on human beings
(e.g., improve sleep, productivity, and mood) but
misapplied or misused may trigger harmful
long-term health effects (e.g. impair sleep).
Indeed, bright lighting for 24h allows the delivery
of a host of services around the clock and let us
live in a 24/7 society, sometimes leading to sleep
deprived, chronodisrupted people, running into
danger to suffer from chronic diseases and
shorten years of healthy living.
Due to its great market success, a variety of LED
products are available today. Many of them differ
in quality parameters such as flicker, lifetime
performance, spectral quality or efficiency to
name a few. However, the quality of LED products
in general has improved constantly in recent
years. Critical statements of recognized
international associations even translated into the
development of “protective” products (e.g., blue
light filtered light sources, blue light filtering
glasses or software) and reactions from naive
end-users ranged from ignorance, confusion
(caused by the missing consensus among
experts), anxiety and feelings of insecurity to
avoidance behavior (eschewed LED light).
Consequently, many people today share the need
for more in-depth knowledge about the true risk
profile of LED lighting.

2 Identification of four risks
of LED lighting
In accordance with statements from international
associations, we identify four major risks of
general lighting (not limited to LED lighting) in
ascending order due to the expected detrimental
consequences and in descending order due to the
probability of their occurrence: glare (excessive
light levels to which the human eye cannot adapt),
temporally modulated light output (unsteady
illumination or illuminated objects),
chronodisruption (wrong lighting at the wrong
subjective time of day) and photo-chemical retinal
damage (exposure to excessive short-wavelength
visible radiation).
All mentioned risks may impair vision and even
human health by either causing accidents,
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contributing to chronic diseases or even provoke
blindness. Today, we have models at hand to
estimate short-term negative effects measured
under controlled lab conditions with selected
study participants (e.g., healthy young subjects or
rhesus monkeys).

parameters (disability glare). Moreover, effects of
sub-threshold stimulation (UGR < 19) for several
hours on vulnerable subgroups (e.g., people with
impaired vision or an increased bright light
sensitivity) are unknown.

In the following, the four identified risks are
discussed comprehensively in terms of their
outcome measures, the current modelling
approaches and their limitations and the
requirements currently part of lighting standards.

2.2 Temporally modulated light
output

2.1 Glare sensation
Glare is measured today by means of self-rated,
short-term glare impression, named discomfort
glare. Subjects thereby estimate perceived visual
disturbances induced by excessively bright light
sources. Typically, subjects rate the perceived
magnitude of glare on an uni-dimensional scale,
comprising, for instance, the following five glare
categories: ‚intolerable‘, ‚uncomfortable‘,
‚acceptable‘, ‚perceptible‘ and ‚imperceptible‘.
Glare sensation is then derived by clustering the
answers and defining a borderline between a
comfortable and uncomfortable lit scene.
Basically, if it is possible to directly view LED light
sources in a luminaire or unfamiliar light colours
are used for lighting (e.g. road lighting with
6500 kelvin instead of warm-white lighting with
sodium-vapor lamps), glare sensation is
increased.
Today, we measure discomfort glare with the
unified glare rating model (UGR). Input
parameters of this model include the luminances,
spatial positions, areas of the light sources and
the visual adaptation level. The typical range of
UGR values spans from 10 to 30. Current lighting
standards require a UGR value smaller or equal
than 19 for many applications, which generally
results in 65% of subjects having no disturbing
glare sensation.
One limitation of the UGR model is the not well
defined effective light emitting surface of a
luminaire (relevant for luminaires that consist of
many LED light points that can be perceived
separately). Experts are elaborating this topic
today and an international recommendation is
expected soon. Furthermore, and more
importantly, glare models today do not allow an
estimation of glare effects on visual perception
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Compared to traditional light source technologies
LEDs have very fast response times and are
controllable in fundamentally new ways. Light
output via pulse width modulation (PWM) is
temporally modulated and varies in the range of
milliseconds and is hardly perceivable
consciously. Today, the short-term 50% detection
probability (50% of subjects perceive a
modulation and the other 50% cannot perceive it)
of an unsteady illumination (flicker) or unsteady
illuminated moving object (stroboscopic effect)
forms the basis for the risk model. Researcher so
far used the staircase forced-choice method (i.e. a
predefined pattern of decisions about the visibility
of unsteady illumination) to determine the 50%
detection threshold.
Generally, most control gears of LED light sources
available on the market today support frequencies
of at least 250 hertz and thus unsteady
illumination (flicker) cannot be perceived by an
observer with a fixed gaze in an environment with
non-moving objects. However, this scenario is
unlikely to occur in everyday life. In addition, it is
known that specifying the flicker frequency of
control gears is insufficient to describe the
occurrence of temporal light artifacts.
Consequently, a working group of the Institute of
Electrical and Electronics Engineers (IEEE PAR
1789) recommended combined thresholds for the
flicker frequency and the modulation depth of the
light output up to about 1250 hertz. Light emission
with higher frequencies are evaluated as not
problematic in terms of their temporal modulation.
Recently, the International Electrotechnical
Commission (IEC) proposed (IEC TR 63158) an
updated model to measure the stroboscopic effect
of lighting in the frequency range between
80–2000 hertz. This stroboscopic visibility
measure (SVM) comprises the summation of the
standardized frequency components, derived from
a Fourier decomposition of the light output.
Studies have shown that SVM = 1 corresponds to
the above mentioned 50% visibility threshold.
However, leading authorities disagree on this SVM
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limit. For instance, the association of electrical
equipment and medical imaging manufacturers
(NEMA 77: 2017) and the industry association
representing the European lighting industry
(LightingEurope) recommend SVM  1.6. In
contrast, the draft EU ecodesign requirements for
lighting requests SVM  0.40 at full load (except
for HID and for light sources intended for use in
outdoor applications, industrial applications or
applications where lighting standards allow a
CRI < 80). Consequently, luminaire
manufacturers today promote their products either
by outdated metrics or inconsistent international
standards to estimate temporal light artifacts.
Current models disregard harmful effects of
invisible (not consciously perceivable) temporal
modulation of light output, especially during
long-term exposure (several hours), and
additionally do not take into account the needs of
vulnerable populations (e.g., migraineurs). Finally,
studies translating results from controlled lab
investigations into natural environments are still
missing.

2.3. Light exposure at the wrong
time (circadian disruption)
Nighttime light levels, indoors as well as outdoors,
have increased significantly and are an
expression of the socioeconomic status of the
region where the lights are installed (Dai et al,
2017).
Research unequivocally has shown that nighttime
lighting or bright evening lighting exerts a strong
alerting effect, disturbs sleep parameters (e.g.,
sleep onset) and acutely alters physiological
parameters with circadian rhythmicity (e.g.
nighttime melatonin secretion and the cortisol
awakening response in the early morning).
We know today, that the amount and spectral
composition of light entering the eyes are the main
photic parameters to trigger detrimental effects.
Rea and colleagues (2005) have developed a
model, the so-called circadian stimulus (CS)
model (freely available here:

https://www.lrc.rpi.edu/cscalculator/) to
determine the percentage of acute nighttime
melatonin suppression after one hour light
exposure. The input parameter of the model is the
corneal spectral irradiance measured at the level
of the eyes. Commissioned by Underwriters
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Laboratories Inc. (UL), Rea et al. (2019) have
recently published recommendations (UL 24480
Ed.1) for nighttime as well as daytime lighting to
promote the circadian system and thus human
health.
Although dim light melatonin onset is a
recognized biological marker for the human
circadian phase, it is not yet clear if acute
nighttime suppression of melatonin secretion is a
good proxy for detrimental long-term effects of
nighttime light exposure with respect to human
health. Furthermore, the CS model was derived
from data collected from young healthy subjects
with fixed gaze and dilated pupils, at peak
melatonin excretion time with a 30–90 minutes
exposure to narrow-bandwidth photic stimuli
questioning the representativeness of the
empirical database for the model. Additionally,
other important influencing parameters (e.g.,
duration of light exposure, timing of exposure and
individual parameters such as age, light history,
homeostatic sleep pressure, circadian phase and
chronotype) are not integrated in the model.
In contrast to the CS-model, the International
Commission on Illumination (CIE) recommends
the evaluation of the light stimulus by means of all
five photoreceptors (CIE S 026/E:2018) and thus
abstain from estimating a specific non-visual light
effect (i.e., acute nighttime melatonin
suppression).

2.4 Photo-chemical retinal
damage (blue-light hazard)
It is well-known, that exposure to visible as well as
invisible radiation with wavelengths ranging
between 280 nm and 3000 nm may have harmful
effects on human eyes and skin. Basically,
damage is either caused by thermal, mechanical
or chemical mechanisms. Due to the fact that
radiation levels are limited and restricted to the
visible spectrum for indoor illumination, we focus
here on photo-chemical effects.
This effect was first observed in the 1970s by
Ham et al. (1976), who used short-wavelength
monochromatic lasers in a study with rhesus
monkeys. Since then the so-called blue light
hazard describes the harmful effect of exposure to
short-wavelength radiation (peak sensitivity at
around 440 nm) with high irradiance levels for
short time periods which typically cause
dose-dependent lesions in the retinal pigment
© 2019 Luger Research e.U.
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epithelium (RPE) 24h to 48h after light exposure.
Injured RPE tissue consequently nourishes
photoreceptors insufficiently and causes the
death of these receptors in the long-term which
either impairs vision or provokes a loss of sight.
Current models (published in IEC 62471 and
IEC-TR 62778) estimate the risk of blue-light
hazard on the above-mentioned animal models
(i.e., rhesus monkeys and rabbits) and use
exposure duration and spectral irradiance in a
defined field of view to derive a critical light-dose.
In this hazard model, effects of worst-case light
exposures (e.g., dilated pupils, fixed gaze) are
described, which typically do not occur under
natural conditions. In addition, the limit for the
critical light dose was exacerbated by applying a
protection factor (ICNIRP, 2013), thereby further
reducing the photo-chemical risk potential. To our
knowledge so far no luminaire fulfilling this
standard has generated verifiable photo-chemical
damage to human eyes.
Like every model, this blue-light hazard model is
subject to certain limitations, for instance, a
predefined physiological eye model (consisting of
a specific focal length, lens transmittance, and
pupil diameter of the eye) and an assumption
about the area of the effective field of view. Up to
now, this model does not consider stricter
requirements for special population groups with
different eye physiology (e.g., newborns, people
with ocular diseases) or a reduced or insufficient
avoidance behavior when gazing at bright light
sources for extended periods of time (e.g.,
newborns, people with dementia or mentally
disabled people).

3 Discussion
All man-made technologies (e.g., fire, weapons,
steam engines, cars, smartphones) have their
risks. Special measures need to be established to
benefit from the features of man-made
technologies and lower their risks. The same
applies to the lighting technology LED.
Because of the efficiency and durability of LED
lighting technology, resistance to this technology
during the market entering period (around the
year 2000) was rather small. After 20 years of
successful market penetration, discussions about
the risk profile of LEDs are still ongoing. What are
the driving forces of these risk debates?
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Screaming headlines about potentially harmful
effects of LED light exposure derived from single
studies utilizing animal models (which results are
transferable to humans with caution),
contradictory statements of research groups from
different disciplines, critical statements of health
authorities (AMA, WHO, ANES) and the
appeasement of light societies contributed
significantly to the ongoing risk discussion.
Derived from the current state of knowledge, the
emission spectra of LEDs are not the problem.
However we identify today’s omnipresence of LED
light sources in our working and living
environments, the implementation of new lighting
features (e.g. tunable white lighting), new lighting
applications (e.g., human-centric lighting) and the
continued distribution of strongly diversified LEDs
products as the true drivers for the current risk
assessment of LED lighting from a lighting
engineering perspective. Consequently, light
exposure periods are extended today (which
significantly reduces the natural ‚lights-off‘ phase
during the night) and eyes are more often
exposed to light from reduced distances (which
causes a higher retinal illumination). Finally,
replacing conventional light sources with LEDs but
keeping the lighting and luminaire design identical
(retrofitting) does not exploit the full potential of
the new light source but increases the risk of
generating harmful effects with LED lighting.
In addition, it should not be forgotten that the
steady improvement of product qualities of LEDs
available on the market raises awareness about
differences in product qualities and generates the
need to establish updated as well as new quality
metrics to differentiate varying product qualities.
As a result, established metrics for good lighting
are questioned (eg., color rendition, and flicker)
because they were derived from
technology-specific features and may be outdated
when a new lighting technology enters the market.
Furthermore, new applications in lighting (e.g.,
human-centric lighting) need new measures to
guide lighting design but these new measures are
often missing. Finally, statements of international
initiatives are based on updated reviews of the
current state of science and thus often reflect
technological progression in a more appropriate
way and set tighter product quality requirements,
e.g. the drafted European eco-design guidelines
for energy-related products request stricter
technical requirements for the temporally
modulated light output of LEDs.
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A first often discussed quick step to cut the risk
profile of LEDs is to tighten the established
thresholds. However, the reflexive responses of
international lighting associations contain urgent
warnings about drastic market consequences.
Besides the phase-out of some LED products, it is
feared that the global switch to LED lighting and
thus the energy savings potential for lighting in
general will be slowed down. Furthermore, this
initiative could cause the redesign of luminaries
(e.g., the integration of an extra capacitor to
reduce stroboscopic effects needs physical space
which is not available today), limit the availability
of products for retrofit lighting and thus causes
additional costs for end-users to install new
luminaries as well as produce more waste to
dispose outdated but functional lighting
components.
Here we want to explicitly highlight the fact that
current risk models for lighting have their
limitations (i.e., utilize only short-term effects
under strictly controlled lab conditions and include
selected subjects or animal, which restricts the
transferability of the study results) and more
research is needed to further develop a better
understanding of the true risk potential of LEDs.
There is an urgent need to investigate long-term
(accumulated, sub-threshold), not consciously
perceivable effects of LED lighting, to investigate
ocular risks for susceptible groups with immature
or impaired eye media, special occupational
groups and for people with inappropriate usage of
luminaires and to install a global platform to give
all stakeholders an opportunity to express the
occurrence of potentially hazardous events and
thus identify all potential risks of LED lighting in
natural environments.

4 Recommendations
Due to the fact that we have inconclusive
knowledge about the true risk profile of LED
lighting and we additionally have well-established
risk measures for conventional lighting technology
at hand we recommend to apply these measures
rigorously. This procedure doesn’t guarantee a
100% risk protection but improves the situation
until we know more about the true hazards.
To reduce glare we recommend to avoid light
pollution (unfocused lighting) as far as possible
and request to illuminate only those areas that
should be illuminated. Furthermore, light sources
in LED luminaries should not be perceivable
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directly but shielded (by applying light transmitting
diffusors or utilizing reflector technology). In
addition, restricting luminance levels for specific
beam angles (i.e., < 20 000 cd/m2 at alpha = 45°,
< 5000 cd/m2 at alpha = 60°and < 1500 cd/m2
at alpha > 65°) represents a further effective
countermeasure against glare.
To reduce flicker effects we recommend to use
constant current controllers or PWM controllers
with a flicker frequency of at least 1250 Hz. If not
available, we support the suggestion of IEEE
working group 1789 for the complete dimming
range of PWM controllers.
To reduce circadian disruption we recommend to
reduce the nighttime corneal illuminance levels as
far as possible by introducing a nighttime
modeling factor (ratio between cylindrical and
horizontal illuminance) smaller than 0.30 and by
implementing tunable white light solutions to
provide warm-white light (CCT < 3000 K) during
the evening and night.
Finally, to reduce blue-light hazard, we suggest
tightened thresholds for susceptible groups (e.g.,
by reducing the threshold by a factor of 10), ban
luminaries for general lighting which should be
labelled (necessary for a risk group 2 evaluation)
and rigorously request labelling of all portable
luminaries starting from risk group 1.
We further suggest to start a global information
campaign by renowned multidisciplinary expert
groups as an accompanying measure. This
initiative should counterbalance biased and
emotional media coverage. Furthermore, this
measure should educate end-user globally in the
proper usage of LED lighting systems and finally
reduce their confusion and feelings of insecurity
about LED lighting.
Finally, it is also necessary to update current
knowledge about potential risks of LED lighting by
compiling a comprehensive research agenda and
conducting convincing high-quality studies. Due to
the high level of interdisciplinarity of the topic,
experts from different research areas (e.g., from
light engineering, photobiology, ophthalmology,
chronobiology, neurology and sleep medicine)
should be invited to contribute to this research
initiative. It is only the common, multidisciplinary
discussion and works on this topic that we believe
allows a significant increase in knowledge.
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Abstract
Today’s lighting systems offer the opportunity to
gather large amounts of data on their usage,
operating conditions and readings from multiple
sensors. In systems with advanced features like
daylight control, presence control and circadian
lighting, the observed data is complex enough to
pose interesting research subjects. Analysis of
these datasets yields insights that are valuable for
future developments of luminaires and lighting
systems. This talk will start off with an exploratory
analysis of real-life data collected from an
installation in Arnsberg, Germany. After touching
some of the most intriguing findings and
correlations, we will concentrate on the analysis of
energy savings offered by systems that include
daylight control. A simple model for the energy
savings over the days of a year and over the times
of a day is presented, which is in good agreement
with the measurement data and can easily be
generalised to different geographic locations.
Moreover, it is shown that daylight control systems
significantly elongate the lifecycle of LED
components and thus generate an additional
benefit regarding the environmental impact of
lighting systems. The research presented here is
part of an in-depth Life Cycle Analysis of lighting
systems conducted within the European research
project Repro-light. This project aims to support
the European lighting industry in moving towards
a more sustainable and competitive future. It has
received funding from the European Union’s
Horizon 2020 research and innovation program.
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Introduction

Visualisation of the time series

Here we are, facing the digitalisation of lighting,
attempting to fulfil the prophecies issued by the
so-called “IoT evangelists” and visionary
consultants of our times. We created lighting
components and systems that our marketing
experts called “smart”, developed smartphone
apps that could eventually replace a light switch,
connected everything to the cloud to gather data,
. . . but now what? Who cares about the data at
all? Who benefits from it? What kind of services
can we sell on its basis?

Our entire analysis is based on the time series of
the power consumption of the luminaires. A good
start for the exploration of the data is to find a
meaningful visualisation of the raw data. Instead
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The following research is not intended to dream
about the future of connected lighting systems,
but rather goes through the fascinating exploration
and analysis of a dataset obtained from a
real-world lighting system. Using sophisticated
methods from mathematics, statistics and physics,
we will generate insights instead of visions.
Already in 2016, TRILUX decided to implement a
cloud connection in their light management
system LiveLink. As a light management system,
it offers two functions for saving energy: It can
turn on and off the lights based on data from a
presence sensor (presence control), and it can
dim them according to data from a light sensor
(daylight control). The latter function tries to keep
the illuminance on the working plane constant,
taking into account the natural light entering
through the windows. Using an internet
connection, the light management system
regularly saves the on/off state and dimming level
of the luminaires to the cloud.

Data exploration
Here we analyse one of such data sets. It was
collected between September 2016 and July
2018, with some major interruptions since it stems
from a prototype system. The system is installed
in a building on the companies’ site in Arnsberg,
Germany. The room has fairly large windows
oriented to the north, and is highly frequented
during working times.

Figure 1: Visualisation of the temporal course of
the power consumption of a luminaire in a lighting
system with presence control and daylight control.

of plotting the 261.591 data points as one very
long time series, we first split it into separate days.
Each day is identified by the number
d 2 {1, ... , 365} denoting its position in the year.
For each day, we have a time series for the
electrical power consumption Pel (t) with
t 2 [0, 24 h). For the evaluation of the daylight
control it is most natural to measure the time t
according to the central European time zone
(CET), ignoring the time shift to central European
summer timer (CEST). For the analysis of the
occupancy of the room, however, it is more
appropriate to include this time shift and measure
© 2019 Luger Research e.U.
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t in the time zone that is valid on each day, so in
CET during the winter months and CEST during
the summer months.
Stacking the time series of all days in a row, we
obtain the three-dimensional plot of Pel (d, t)
shown in fig. 1 on the top. Each point corresponds
to one reading submitted to the cloud. We can
see that the luminaire is usually switched on
during the day, and that it is operating at a
maximum power of 36 W in the mornings. During
the course of the day, the power consumption is
lower due to the daylight control.
This is better seen in the middle plot of fig. 1,
which shows the same data points projected to
the t-Pel -plane. For easier understanding, the
time series of one specific day is shown as darker,
thicker points. This series shows a clear dip of the
power consumption during the day hours.
The last plot of fig. 1 shows the projection of the
data points to the d-Pel -plane. We can see that
the dip of the power consumption per day has
different depths over the year. In winter, there is
only little daylight available, so that the daylight
control dims the luminaire to around 26 W during
noon. During summer, in contrast, the luminaire is
sometimes dimmed to only around 10 W during
noon.

Analysis and theoretical
modelling
Now as we have a basic understanding of the
data set, we can start with some simple analyses
to gain insights into the performance of the light
management system.

0

5

10

15

total on-time [h]
Sat-Sun
Fri
Mon-Thu
0

5

10

15

total on-time [h]

Figure 2: Distribution of the total on-time per day.
Each point corresponds to one day. For better
visualisation, the points are offset in y-direction by
a random number proportional to the local density
of the points along the x-axis.

Analysis of the on/off statistics
Let us keep it simple for the start and have a look
at the time intervals during which the luminaire is
on or off. For this, we first generate for each day d
a list of time-intervals Ioff during which the
luminaire is switched off (i.e. power consumption
equal to zero) and a list of time-intervals Ion during
which it is on,
Ioff (d) = {[t1 , t2 ), [t3 , t4 ), [t5 , t6 ), ... }

Ion (d) = {[t2 , t3 ), [t4 , t5 ), [t6 , t7 ), ... }.

(1)
(2)

For each day, the union of all intervals in Ion and
Ioff should be equal to [0, 24 h). From the lists of
on-intervals, we can compute the total on-time per
day,
Ton (d) =

X

max(I)

min(I).

(3)

I 2Ion (d)

The result for our dataset is shown in fig. 2. In the
upper plot, all days with their individual on-times
are plotted. We can see three major clusters,
which can be explained by different “types” of
days, see lower plot of fig. 2: There are “long”
working days (Mon–Thu), “short” working days
(Fri) and weekends (Sat–Sun). For the working
days, there are some exceptional days that have
very short on-times and look more like free days
than working days. A clustering algorithm can
identify them, and they are shown as grey points
in the lower plot of fig. 2. This leads to a grouping
of the dataset as follows:
LpS 2019
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Figure 3: Analysis of the times when the system is on. Left: On-intervals are shown in dark for all days; days
are grouped according to table 1. Right: Calculated ON-probability for regular Fridays (yellow) and regular
Mondays to Thursdays (blue).
Table 1: Grouping of the days and colour code

type of day

colour in plots

regular Mondays to Thursdays
regular Fridays
irregular working days
weekend days

blue
yellow
grey
green

This grouping and colour code is also used in fig.
3, on the left, to visualise all the on-intervals of our
dataset. For the regular working days, a very strict
pattern is observed.
We can quantify this pattern by estimating the
probability to find the luminaire being in the
ON-state at time t. To this end, we divide the
range t 2 [0, 24 h) into intervals of 5 minutes
length, measure each interval’s overlap with the
on-intervals Ion (d) per day, and form the average
over the days within one group. The results for the
groups of regular Mondays to Thursdays and
regular Fridays are shown in fig. 3 on the right.
The resulting function pon (t) resembles for both
groups of days a step function that jumps from
quasi 0 to quasi 1 shortly before 6 o’clock in the
morning and back to quasi 0 in the afternoon.
During the working day, we can see short dips
that probably mark the breakfast and lunch breaks
(on Fridays, no lunch break is present). The times
where the ON-probability crosses the value of 0.5
can be taken as the typical start and end of the
operating times, which are 0540 to 1450 for regular

Mondays to Thursdays, and 0540 to 1250 for
regular Fridays.
The calculated function pon (t) can be analysed
further to determine the energy saving potential
due to presence control in this installation. It is
difficult to find a precise baseline to compare with
– how can we tell what times the system would
have been ON if no automatic presence control
was in action? For a conservative estimation of
the energy saving potential, we simply calculate
the expectation value of the duration the luminaire
is OFF between 0600 and 1300 ,

hToff i =

Z

13.00 h

(1
6.00 h

pon (t)) dt = 21 min,

(4)

which corresponds to a relative off-time of 5% (for
regular Mondays to Thursdays). Thus, in a highly
frequented room like this, there is only little
energy saving potential by presence control. For
other applications, the results will be different.

Fit of the power consumption
Next we focus on the data points where the
luminaire is ON, but potentially in a dimmed level
due to the daylight control. The data visualisation
in fig. 1 shows that the dimming levels are lowest
around noon, when the sun is at its highest
elevation angle above the horizon, and that the
temporal course is symmetric with respect to
noon. This is a consequence of the windows
being oriented to the north. In winter, the sun
stands lower than in summer, which is reflected in
© 2019 Luger Research e.U.
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Figure 4: Fit of the power consumption with a mathematical model based on the solar elevation above the
horizon. Left: 3-dimensional plot of the data points and the model function (grey surface). Right: Data points
and model function for two specific days.

the data by the varying “depth” of the dimming
curve. This leads us to the simple conjecture that
the energy saving (amount of dimming) could be
proportional to the solar elevation angle.
An algorithm to calculate the solar elevation angle
↵(d, t) as a function of the day of the year
d 2 {1, ... , 365} and time of the day t 2 [0, 24 h)
for arbitrary locations on earth is given in the
literature [1]. Using this function, we can model
the power consumption of the luminaire by
Prel (d, t) = b

m · ↵(d, t).

(5)

Before performing a least-squares fit of the model
function to the data, we prepare the data by
calculating the relative power consumption
Prel = Pel /Pmax with a maximum power of
Pmax = 36 W. We also have to ensure that the
t-coordinate of the data points is measured in
CET, ignoring the daylight saving time. For each
data point, we calculate the solar elevation angle
↵(d, t), and set negative results for ↵ to zero
because no daylight control can be expected
when the sun is below the horizon. Finally, we fit
eq. (5) to the prepared data to obtain the best-fit
parameters b = 0.95 and m = 0.00817/1°.
A plot of the model function Prel (d, t) is shown in
fig. 4. Note that ↵ is clipped to positive values, so
that Prel (d, t) has a plateau when the sun is below
the horizon. The model function matches all the
characteristics of the data very well; however, the
data exhibits very strong fluctuations due to
varying weather conditions, which cannot be
modelled in our simple approach.
Figure 4, on the right-hand side, also shows the
comparison of the model function and data points
for two specific days, which have been selected
LpS 2019
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because the first one shows the smallest root
mean square deviation between data and model
(19th of March 2018, orange line and points) and
the second one the largest deviation (7th of June
2018, blue line and points). The close match of
model and data on the 19th of March suggest that
the weather on that day in Arnsberg has been
quite stable and “typical”. A quick check of the
news for the 7th of June, however, reveals that it
was a very hot day with thunderstorms after noon.
The mismatch of the blue points and the blue line
can thus be explained as follows: In the morning,
the sun was shining bright and delivered a lot of
daylight. Due to the hot temperature, the windows
were probably wide open so that there was
extraordinarily much daylight entering the room.
After noon, we can see the thunderstorm coming
up, leading to very little daylight and thus higher
power consumption of the luminaire.

Analysis of the energy saving
potential by daylight control
The model function (5) provides a good basis for
the analysis of the energy saving potential by
daylight control, because it smoothes out the
weather fluctuations and can be interpreted as the
long-term expectation value. If we assume that
the lighting system will be on between
tstart = 0540 h and tstop = 1450 h, as determined
above for our installation, the expected energy
saving per day can be calculated as
Erel (d) = 1

1
tstop

tstart

·

Z

tstop
tstart

Prel (d, t) dt. (6)

The result is shown in fig. 5, on the left. In winter,
energy savings of only around 10% can be
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Figure 5: Energy saving potential by daylight control. Left: Comaprison of the expectation value (blue line)
determined from the fitted model and the actual data collected in the installation. The colour of the data
points expresses the relative sunshine hours observed that day, see legend. Right: Expected energy
savings over the year for three different locations.

expected, whereas in summer we obtain
potentials of 35%. There are two small
discontinuities in the blue curve of fig. 5, on the
left, which are due to the time shift between CET
and CEST: The shift to summer time slightly
increases the energy consumption. The average
for the energy saving over the whole year is 24%
for this installation and the assumed operating
times of the system. For other operating times,
different energy saving potentials are obtained,
see table 2.
Table 2: Energy saving by daylight control,
averaged over the whole year, for different
operating times.

Application

operating time

energy saving

Office
Industry
Ind. 2-shift
Ind. 3-shift

7–18 h
6–14 h
6–22 h
0–24 h

26%
24%
21%
15%

Figure 5 also shows the actual energy savings
measured from the dataset per day in the plot on
the left. Due to varying weather conditions, the
points scatter a lot around the expected curve.
The colour of each data point represents the
relative sunshine hours of that day, i.e. the
sunshine hours divided by the time span between
sunrise and sunset. The data on the sunshine
hours for Arnsberg was obtained from the Climate
Data Center of Germany’s National
Meteorological Service, the DWD [2]. It is obvious
from the plot that days with relatively long
sunshine (reddish points) provide generally higher
energy savings than those with little or no
sunshine (blueish points).

highly on the building’s architecture that limits the
daylight available in the interior, and on the
orientation of the windows. Since our dataset is
limited to only one room, we cannot derive a more
general model that could be applied to different
architectures.
However, we can analyse the influence of the
geographic position on the energy saving
potentials. In our theoretical model, eq. (5), the
geographic position affects the calculation of the
solar elevation angle ↵. Figure 5, on the right,
compares the energy saving potentials for
locations in Germany, Sweden and Spain. A daily
operating time from 6–22 h is assumed for the
calculation. As Spain is the southernmost
location, it shows the highest energy saving
potentials throughout the year. Especially in
winter, Spain has the advantage of higher solar
elevations and longer days compared to locations
in northern Europe. In summer, the differences
are a little smaller, since the northern locations
have longer days (but Spain still has higher solar
elevations).

Elongation of LED lifetime by
daylight control
The useful life of LED luminaires is limited by the
degradation of the LEDs [4]. Over time, their
luminous flux output decreases. The degradation
rate of the LED depends on its temperature – the
hotter the LED, the faster the degradation. Thus,
we can expect that the reduced electrical power
consumption of dimmed luminaires in systems
with daylight control leads to reduced LED
temperatures, which then leads to reduced

Of course, the energy saving potential depends
© 2019 Luger Research e.U.
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degradation rates and eventually to longer
lifetimes of the LED.
The mathematical modelling of this reasoning
starts with the electrical power consumption Pel of
the luminaire, which is time-dependent according
to our model (5) in a daylight controlled system.
Using a simple thermal model, we can derive the
solder-point temperature of the LED that depends
on Pel :
Ts = Ta + Ptherm · Rth,s
= Ta + Pel,LED · (1

(7)

a

⌘ ) · Rth,s

1 ⌘
= Ta + Pel ·
· Rth,s
nLED

)

|

Ts (Pel ) = Ta + Pel · R̃th

{z

=R̃th

a

}

)
(8)

↵LED (Ts ) = A · exp

◆

,

(9)

where A and Ea are LED-specific model
parameters and kB is Boltzmann’s constant. For
the midpower LEDs used in the industry
luminaires in our installation, values of
A = 574.1 h 1 and Ea /kB = 6539.1 K are
obtained.
The industry luminaire is designed to have a
lifetime of L80 = 50.000 h at an ambient
temperature of Ta = 35 C = 308 K, which means
that the luminous flux output will decrease to 80%
of its initial value within 50.000 h of operation. For
the theoretical investigation that follows, we
assume that this lifetime is precisely met for
constant operating conditions at 100% dimm-level
and Ta as specified. From that we can derive the
values for Ts = 350 K and R̃th = 1.168 K/W. With
these values, we can calculate the degradation
rate ↵LED at any time of the day and day of the
year for the luminaire in a daylight-controlled
system using our model (5).
LpS 2019
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↵LED (t) · D(t)

(10)

with initial condition D(0) = 1. It can be solved
using separation of variables [5] or simply by
staring at it,
ln D(t) =

The degradation rate ↵LED of the LED depends on
its solder-point temperature by Arrhenius’ law [3],
Ea
k B Ts

d
D(t) =
dt

a

Here, Ts is the solder-point temperature of the
LED and Ta is the ambient temperature of the
luminaire; Ptherm is the thermal power of one LED
that needs to be transported over the path with
thermal resistance Rth,s a from its solder-point to
the ambient thermal reservoir; Pel,LED is the
electrical power consumption of one LED and ⌘ its
power conversion efficiency; nLED ist the number
of LEDs in one luminaire; and R̃th is an effective
thermal resistance as defined in the equation
above.

✓

This leads to a time-dependent degradation rate
↵LED (t). The differential equation governing the
time evolution of the LED degradation
D(t) = (t)/ 0 , where is the luminous flux
output and 0 its inital value, reads

Z

t
0

D(t) = exp

↵LED (t 0 ) dt 0

✓ Z

t
0

(11)
0

↵LED (t ) dt

0

◆

(12)

for any given function ↵LED (t). The end of the
lifetime L80 is reached when D(t) = 0.8, or,
equivalently, when ln D(t) = ln(0.8).
When ↵LED (t) is assumed to be constant over
time and corresponds to the maximum ambient
temperature and maximum power consumption
specified for the luminaire, this calculation
reproduces the value of 50.000 h for the lifetime
L80 . However, if we assume the temporal course
of ↵LED (t) that can be derived from the daylight
control model function (5) with daily operating
times 6–14 h, numerical integration gives the
result L080 = 87.000 h. This is a significant
elongation of the useful LED lifetime which can be
attributed to the daylight control. Assuming 220
working days per year, this corresponds to 49
years of usage in this scenario.
For other daily operating times (corresponding to
2- and 3-shift industry applications), smaller
lifetime elongations are obtained, see table 3.
This is because the LED is operated at higher
average dimming levels in these scenarios. In the
3-shift scenario for example, it will be operated at
100% during all the nights.
Table 3: LED lifetime elongation by daylight control

Industry

operating time

L080

lifetime

1-shift
2-shift
3-shift

6–14 h
6–22 h
0–24 h

87.000 h
76.000 h
68.000 h

49 yr
22 yr
13 yr
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Discussion and conclusions
In this paper, we analysed a dataset of a lighting
system with presence control and daylight control.
The dataset stems from a demonstration
installation at the TRILUX headquarters in
Arnsberg, Germany, and provides operating data
of about one year.
In the analysis of the on/off statistics of the
luminaire, we saw quite strict patterns if the days
are clustered into regular working days, weekends
and irregular days. The typical times of working,
including breaks, could be derived from the data.
Furthermore, we calculated the energy savings
generated by the presence control, which were
quite limited (around 5%) for this installation.
The daylight control function of the lighting system
leads to a dimming curve over the day, that varies
over the year. We developed a theoretical model
function that was fitted to the data, and analysed it
to obtain the expected energy savings over the
year (roughly around 20% in this installation). The
model function is only valid for rooms with
windows oriented to the north, otherwise a model
based on solar elevation and azimuth angle would
be needed. Such a generalised model could be
derived in the future from further datasets from
different installations.
Moreover, we have shown that the daylight control
function leads to elongated LED lifetimes.
Reduced electrical power (due to the daylight
control) leads to lower LED temperatures and
thus to lower LED degradation rates. We
estimated that the elongated lifetime of a
luminaire designed to L80 = 50.000 h could be as
high as 87.000 h in a daylight-controlled system.
This investigation was limited to the LED
degradation; other failure modes of LED
luminaires were not taken into account (like
failures of the electronic control gear).
All saving potentials presented here will be
different in other installations and applications, but
the values will be of the same order of magnitude
for similar buildings. Noteworthy, the saving
potentials do not depend on the cloud connection
of the lighting system, the cloud was just used to
monitor the data.
In view of the large energy saving potentials
offered by light management, it is quite
astonishing that the majority of lighting systems
being installed and used are still lacking these
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functions. A very simple payback calculation can
easily quantify the benefits based on the data
above – not only from the economic point of view
for the investor, but also from a sustainability point
of view for the environment. For an in-depth
analysis of the sustainability of lighting systems,
the findings presented here will be used within the
European funded research project Repro-light.
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Repro-Light
Repro-light is a European research project that
aims to support the European lighting industry in
moving towards a more sustainable and
competitive future.
The Repro-light project will harness innovative
technologies and materials to design a modular
luminaire architecture with a smart production
scheme as part of the circular economy, a
reconfigurable customised LED luminaire, the
‘Luminaire of the Future’.

Figure 6: This project has received funding from
the European Union’s Horizon 2020 research and
innovation programme under grant agreement No
768780.
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Abstract
Workshop Description
The knowledge about light impacts on human and
about human needs has increased significantly
over the last two decades, but recommendations
and guidelines for lighting design are missing. In
this workshop practical recommendations for
planners and the most important features
regarding visual perception and non-visual effects
which have to be respected for LED applications
are demonstrated. Answers to the questions
“which lighting designs represent HCL lighting
solutions today” should be given. In a 1:1
demo-booth different lighting scenarios with
diffuse panels, accent light, direct (task) light and
wallwashers can be shown. The retinal
illumination (one of the parameters for non-visual
light effects) can be measured and compared
(e.g. the difference between vertical illumination
at eye level and retinal illumination can be
demonstrated).
Other photometric parameters and their influence
on humans are also considered:
• Glare, discomfort, light pressure
• Spectral quality (color rendering, fidelity,
and preference; whiteness, color mixing
white – white and black body line, etc.)
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• Light directness and shadowness (radiation
field)
• Flicker and stroboscopic effects
Recommendations will be given to quantify these
effects.

Lessons Learned
Awareness for the critical features of LED
applications will be increased, and (some new)
quality criteria (measures) with value ranges will
be given. Proposals for solutions will be made.

Visual Perception and Health Demonstration
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