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Abstract
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’.
The project specific objectives of the Repro-light project are:
1.

2.
3.
4.
5.

Development of a customised, intelligent LED luminaire to exactly meet project-specific
requirements, allow re-configuration by the customers and enhance health and well-being
of workers & the elderly
Conceptualization of a smart production scheme for the European lighting industry by
developing a modular luminaire architecture
Optimization of lighting solutions’ sustainability by developing and integrating new
technologies, materials and life cycle management
Assessment and demonstration of the usability, technology acceptance and impact (social
and environmental) of the modular LED luminaire
Exploitation and communication of the new sustainable strategy for the European lighting
industry
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Acronyms
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3 dimensions
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Abiotic Depletion Potential fossil
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Bartenbach
Bisphenol A
End of life
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Eutrophication Potential
Global Warming Potential
Grado Zero
High density Polyethylene
Life Cycle Assessment
Low densitiy Polyehtylene
Light Emitting Diode
Light Emitting Diode module
Light Emitting Diode control
Ozone Depletion Potential
Polyamide
Polycarbonate
Polyethylene terephtalate
Polyethylene terephtalate glycol
Polylactic acid
Polymethyl methacrylate
Photochemical ozone creation Potential
Polypropylene
Polyestyrene
Polyvinyl chloride
Waste Electrical and Electronic Equipment Directive
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Introduction
This document describes preliminary environmental assessment carried out for the linear LED lightings
that will be developed and prototyped within the project. Moreover, the document provides information
regarding the state of the art of current directives related to eco-design of lighting products and proposes
suggestions to improve the design of the lightings in order to decrease the waste generation.
The objective of this document is two-fold. On one side, the document set the basis on which the life
cycle assessment of the lighting systems developed within this project will be carried out. That includes
the definition of the scope, the object and the life cycle stages of the lighting, as well as defining the
environmental indicators that will be evaluated. In addition, a preliminary assessment of the components
and main materials that are present in the linear lightings is included. This assessment is completed by
the addition of the analysis of potential plastic alternative materials for the optical component, choosing
those ones that are 3D printable and present an overall lower environmental impact and improvement
scenarios will be included.
On the other side, this document presents the current status of the trends and guidelines for design
lightings considering the environment (eco-design) and propose those aspects that need to be improved
for including lighting products and its manufacture into a circular economy system.

Life Cycle Assessment methodology
Life Cycle Assessment (LCA) is an analysis of the environmental impact of a product, process, or activity
over the course of its lifetime by identifying and quantifying the energy and materials used and wastes
released to the environment. There are two standards for LCA created by the International Organisation
for Standardisation (ISO): ISO 14040 (Environmental management - Life cycle assessment - Principles
and framework) and ISO 14044 (Environmental management - Life cycle assessment - Requirements
and guidelines) [(ISO 14040:2006, 2006; ISO 14044:2006, 2006)]. LCAs have four distinct steps, shown
in Figure 1.

Figure 1. The framework of the LCA is shown, comprising of the four main steps
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Goal and Scope Definition
In the definition of the goal the intended application, purpose, and intended audience should be clearly
laid out as well as if the LCA results are meant to be used for comparative reasons. The scope definition
involves characterization of the system, definitions of all assumptions made, and explanation of the
methodology used to set up the system. The scope is also where the functional unit is defined, the 3
system boundaries are set, any data requirements are explained, limitations are stated, and many more
definitions are laid out (Gabi, 2012)
Functional Unit
In any LCA, a functional unit is needed especially when it comes to comparison studies. The functional
unit is the quantified definition of the function of the product. When comparing two systems or products,
their functional unit must be the same for the comparison to be valid
System Boundaries
The system boundaries of the LCA define which processes are included in the system, such as the
production, use, and End of Life (EOL) processes. There are four options when defining the system
boundaries: cradle to grave, cradle to gate, gate to grave, and gate to gate. Cradle to grave is the most
encompassing of the options, including the raw material extraction through the production,
transportation, use, and EOL of the product. Cradle to gate includes the raw material extraction process
and production process only.
This is used to determine the environmental impact of the production of the product. Gate to grave
entails only the use and EOL processes and is used to determine the environmental impact of the
product once it is out of the factory. Finally, gate to gate is purely the production process (not including
raw material extraction) and might be used to analyze a single production process’s impacts.

Inventory Analysis
In this step of the LCA, the inputs and outputs for the system throughout its entire life cycle are compiled
and quantified. It involves data collection and compiling the data in a Life Cycle Inventory (LCI) table.
Before the LCI can be produced, three steps should be completed:
1. Data Validation: mass or energy balances can be used to validate the collected data as well
as comparing to similar data.
2. Relating Data to Unit Processes.
3. Relating Data to Functional Unit.
The life cycle inventory of the overall product system is the sum of all life cycle inventories of all of the
involved processes.

Impact Assessment
The Life Cycle Impact Assessment (LCIA) identifies and evaluates the amount and significance of
potential environmental impacts arising from the life cycle inventory [1]. The various environmental
impacts include global warming potential (GWP), acidification potential (AP), eutrophication potential
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(EP), ozone layer depletion potential (ODP), abiotic depletion potential (elements) (ADP elements) and
abiotic depletion potential (fossil) (ADP fossil).
-

Acidification Potential (AP) [kg SO2 eq]: Acidification is caused by release of protons in the
terrestrial or aquatic ecosystems. In the terrestrial ecosystem the effects are seen in softwood
forests (e.g. spruce) as inefficient growth and as a final consequence dieback of the forest. The
substances contributing to acidification can be transported across boundaries via air. Sulfur
oxides, nitrogen oxides, inorganic acids (hydrochloric acid, nitric acid, sulphuric acid, phosphoric
acid, hydrofluoric acid, hydrogen sulfide), and ammonia are substances contributing to
acidification

-

Eutrophication Potential (EP) [kg Phosphate eq]: Eutrophication can be defined as:
enrichment of aquatic ecosystems with nutrients leading to increased production of plankton,
algae and higher aquatic plants leading to a deterioration of the water quality and a reduction in
the value of the utilisation of the aquatic ecosystem. Nitrogen and phosphorous compounds are
mentioned as the main origin of nutrient enrichment.

-

Global Warming Potential (GWP) [kg CO2-eq.]: Global warming - or the “greenhouse effect”
- is the effect of increasing temperature in the lower atmosphere. The lower atmosphere is
normally heated by incoming radiation from the outer atmosphere (from the sun). A part of the
radiation is normally reflected by the soil surface but the content of carbon dioxide (CO2) and
other “greenhouse” gasses (e.g. methane (CH4), nitrogen dioxide (NO2), chlorofluorocarbons
etc.) in the atmosphere absorb the IR-radiation. This results in the greenhouse effect e.g. an
increase of temperature in the lower atmosphere to a level above normal.

-

Ozone Depletion Potential (ODP) [kg CFC-11 eq]: Decomposition of the stratospheric ozone
layer is causing increased incoming UV-radiation that leads to impacts on humans, natural
organisms and ecosystems. Contributors to this decomposition are halocarbons (CFCs,
HCFCs, halons, etc.)

-

Photochemical Ozone formation Potential (POCP) [kg ethane eq]: Photochemical ozone
formation is caused by degradation of volatile organic compounds (VOC) in the presence of
light and nitrogen oxide (NOx) (“smog” as a local impact and “tropospheric ozone” as a regional
impact). The biological effects of photochemical ozone can be attributed to biochemical effects
of reactive ozone compounds.

-

Abiotic Resource Depletion Potential, non-fossil (ADP) [kg Sb eq]: assessment of the
scarcity of a given material resource, using a scarcity index.

-

Abiotic Resource Depletion Potential (ADP-fossil) [MJ] assessment of the scarcity of a given
energetic resource, using a scarcity index.
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Interpretation
After the LCIA is performed, the results are evaluated to assure that they are consistent with the goal
and scope definition and to ensure that the study has been completed. This interpretation phase
encompasses two parts: identification of significant issues and evaluation
Identification of Significant Issues
Since an extensive amount of data has been collected, it is not feasible to assess all of the data
elements, so only those that contribute significantly to the outcome of the results are selected. Some
types of significant issues are:




Inventory elements (e.g. energy consumption, major material flows, wastes, and
emissions).
Impact category indicators of special interest or concern.
Essential contributions of life cycle stages to the LCI or LCIA results (e.g. individual
unit processes or groups of processes such as transportation or energy production).

The results are then presented in any convenient form (e.g. data list, table, bar diagram) and organized
according to life cycle phase, different process (energy supply, transportation, raw material extraction,
etc.), type of environmental impact, or other criteria

Evaluation
To increase the reliability of the study, an evaluation consisting of three different methods is performed.
First, a completeness check is done to ensure no information is missing or incomplete to satisfy the goal
and scope of the study. Then, a sensitivity check is performed by evaluating how the results are affected
by uncertainties in the data, calculation procedures, assumptions, etc. This check is crucial when the
study involves the comparison of different alternatives to assure that significant differences or lack
thereof are reliable. Finally, the consistency is checked, particularly of the used methods and the goal
and scope of the study. The issues checked here include the data quality, system boundaries, impact
assessment, and others

GaBi Professional Software
GaBi Professional software is used to perform the LCA of the PV modules. The GaBi software is a LCA
modelling software created by the German company Thinkstep, originally PE International (Thinkstep,
n.d.). The name GaBi comes from the German Ganzheitliche Bilanzierung which means holistic
balancing .The software currently has over 9000 profiles of accurate data coming from such databases
as the complete European Life Cycle Database (ELCD) database, U.S. LCI database from NREL, data
from trade associations and over 550 Environmental Product Declarations (EPDs). The GaBi
Professional software supports LCA, LCC, Life Cycle Reporting (LCR) and Life Cycle Working
Environment (LCWE). The GaBi software supports the collection and organisation of data as well as the
presentation of results. It automatically tracks the material, energy, and emission flows in addition to
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monetary values (for LCC), working time, and social issues to provide immediate performance
accounting in several environmental impact categories.

Circular economy approach
Overview
Circular economy aims to redefine growth, focusing on positive society-wide benefits. It entails gradually
decoupling economic activity from the consumption of finite resources, and designing waste out of the
system. Underpinned by a transition to renewable energy sources, the circular model builds economic,
natural, and social capital. The circular economy approach is based on three principles:
1. Design out waste and pollution
2. Keep products and materials in use
3. Regenerate natural systems
One of the main promoters of the Circular Economy concept is the Ellen McCarthur Foundation. In a
circular economy, economic activity builds and rebuilds overall system health. The concept recognizes
the importance of the economy needing to work effectively at all scales – for large and small businesses,
for organizations and individuals, globally and locally.
Transitioning to a circular economy does not only amount to adjustments aimed at reducing the negative
impacts of the linear economy. Rather, it represents a systemic shift that builds long-term resilience,
generates business and economic opportunities, and provides environmental and societal benefits.
The model distinguishes between technical and biological cycles. Consumption happens only in
biological cycles, where food and biologically-based materials (such as cotton or wood) are designed to
feed back into the system through processes like composting and anaerobic digestion. These cycles
regenerate living systems, such as soil, which provide renewable resources for the economy. Technical
cycles recover and restore products, components, and materials through strategies like reuse, repair,
remanufacture or (in the last resort) recycling.
There's a world of opportunity to rethink and redesign the way we make stuff. 'Re-Thinking Progress'
explores how through a change in perspective we can re-design the way our economy works - designing
products that can be 'made to be made again' and powering the system with renewable energy. (“The
Ellen Macarthur Foundation,” n.d.)
In the Repro-light project, linear lighting is intended to be designed taking into account Circular economy
principles. That will be achieved if linear lighting is designed in a way that:
-

-

Components are easily removable and re-usable
Materials have a low environmental impact and can be easily recyclable
Minimize the generation of waste that is considered hazardous and deserves a special
treatment. This minimization should occur both in the production phase and at the end of life of
the lighting
Minimize the generation of electronic waste
In the phase use, the lighting energy consumption is reduced.
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Objectives and scope of the environmental assessment
The main objective of the environmental assessment is to provide information regarding the
environmental performance of the linear lightings considering the following aspects:
-

-

Environmental assessment of the current design of the linear lighting, focusing on the evaluation
of the components. For this purpose, materials and simplified manufacturing of the components
is taken into account, considering the burdens due to the production of that material, the burdens
do to the manufacturing of pieces (using conventional or additive manufacturing processes) and
their behaviour at their end of life
Modularity and replaceability: linear lightings developed are intended to be modular and
components to be customized and replaceable in order to elongate their lifespan. This will
enable a reduction in the waste generated and therefore a reduction in the environmental
burdens.

To fulfil the first objective, Life Cycle Assessment (LCA) methodology will be applied. For the second
objective, qualitative analysis of the components considering the intended design and recyclability and
reusability options will be considered

Scope of the linear lighting assessment
The linear lighting environmental assessment includes a simplified LCA analysis of the components of
this lighting, their materials and the manufacturing of this components. At this stage, it has been
excluded the impacts due to the assembly of the components and other life cycle stages such as use
phase, transport or installation.
Additionally, it has been included a specific materials assessment for the optical element (plastic) as
this component has been thought to be suitable, among other, to centre the manufacturing innovations
that Repro-light project presents (Additive manufacturing – 3D printing, smart production). Metrics for
the assessment of alternative plastic components are:

-

Carbon footprint (expressed in kg CO2 equivalent). This indicator covers both the emissions
occurred due to the production of the material and the emissions due to the energy consumption
during the manufacturing of the component. At this stage of the project, conventional
manufacturing technology for plastic components (injection) has been analysed. The energy
consumption due to this technology will be compared in Task 5.2 with 3D manufacturing.

-

Recyclability options. This qualitative metrics evaluates whether the plastic material employed
for the lighting components is recyclable using available techniques and available collection and
sorting options.

-

3D printing options. This qualitative metrics evaluates the possibility of using this material in 3D
printers

The assessment of these 3 metrics will be helpful to, firstly, identify the environmental burdens due to
the use of certain materials and, secondly, identify alternative plastic materials that theoretically present
a lower environmental impact.
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Scope of the modularity assessment
The modularity assessment aims at defining which elements of the linear lighting are subject to be
considered as elements that can be upgraded or removed from the lighting easily and therefore, to be
re-used in other configurations.
In order to assess the modularity, it is important to have clear view on the linear lighting architecture
and the functions of each component.

Linear LED lightings architecture
A modular system architecture is a structure of defined modules and interfaces. Two examples are
shown in Figure 2. The architecture on the left includes a programmable LED light engine (pLLE) that
consists of a programmable electronic control gear (LEDC) and one or more LED modules (LEDM)
connected to the LEDC. The light emitted by the LEDs is guided through the optical system. All
components have an interface to the mechanics of the luminaire (which is basically the luminaire
housing). For more detailed discussions, components like the LEDC or the mechanics can be resolved
into sub-components, which is however not necessary at this point.

Figure 2 iLLE and pLLE (linear lighting) main architectures

It is important to note that modularity is not equivalent to exchangeability. The interfaces between the
components may be detachable, but must not. Which components shall be exchangeable is still to be
determined in the exact definition of the system architecture in WP 3. Even if the components are not
exchangeable, a modular system architecture is a useful concept to derive highly variable and
configurable luminaires.
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The inclusion of 3D-printed parts in several places of the architecture will even extend this variability.
Such highly variable and customized luminaires necessitate adequate production processes and
organizational structures in order to offer such luminaires to customers. The Repro-light project thus
also includes process innovations as discussed below.
The interfaces of the architecture may impose interdependencies between the modules, so that an
exchange of one module also necessitates the exchange of another one. For example, the exchange
of the LEDMs to a new generation of LEDs can necessitate also the exchange of the optical system in
order to maintain the desired light distribution. In such cases, an integrated solution (LEDM and optics
in one unit) can be a good option if it offers cost advantages and does not negatively affect the
recycling process.
Detachable interfaces generally require more development effort and can lead to higher material
consumption and costs. Thus, it is a priori unclear which choices lead to the most ecological or
economical architectures.

Feedback from focus groups
The future reconfigurable customised LED luminaire should be developed considering the whole life
cycle of its existence. That is, the process that is managed from the conception of the product, the
design, manufacturing, launch and elimination, recycle or re-use. In order to help in the understanding
of the proposed template and get contributions from all kind of experts, the lifecycle has been clustered
into three different main stages: Production, Utilization and Retirement (Manufacturing et al., 2018)
To develop innovative lighting solutions, would be very helpful to know users workplace lighting
characteristics and their light preferences. In order to have this information, a questionnaire has been
created, which is divided into three sections; general data (user data, working environment, visual needs
and lighting characteristics of the space), questions about technological acceptance and preferences
on the artificial luminaire in working spaces (related to luminaire characteristics and personalization.
In course of the Repro-light project 5 focus groups were performed. A focus group is a research method
in which specially selected persons/participants are instructed to develop ideas. In a focus group the
target is to define requirements for a product/service and to generate new concepts for new
developments in an open brainstorming. As a method, focus groups are often performed at an early
stage in the development of a product or service, and a specially selected collective of participants is
invited to contribute to a discussion. In contrast to individual interviews, the participants are given the
opportunity to interact and stimulate each other while discussing and considering ideas and perspectives
on a specific topic. From a methodological point of view, qualitative data is generated when performing
focus groups. Before carrying out a focus group, however, it must be made clear which results are to be
expected and which evaluation strategies will be used. As a method, however, it has become well
established in the early stages of product / service development.
The topic sustainability was dealt within two focus groups. Members of the TRILUX focus group
mentioned, that customer requires long-term compatibility (> 10 years) and in long term view, repairable
luminaires maybe not necessary today. Luminaire will appear “old”, yellowed/discoloured and the
housing get outdated. For the management board focus group at BART, sustainability is not a priority,
especially when it comes to architecture-integrated luminaires. Nowadays planner can only contribute
by choosing the longest lasting luminaire, and the customer has to ensure waste separation when
dismounting luminaires. It is expected to be an extremely large effort when a manufacturer is obliged to
take back their luminaires to exploit them.
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Generally, sustainability is always ranked lower for all stakeholder groups than usability and
configuration. For experts, the sustainability part of the modularity aspect is dependent substantially on
the lifetimes of the single components, i.e. also which components of the luminaire should be
exchanged. As lifetimes get longer, it is doubted that modularity and exchangeability increase the
sustainability of the product.
In two focus groups it was explicitly asked which components of a luminaire should be exchangeable
(Focus Group Light Planners and Research & Development Team at BART). The following table shows
their answers. The numbers in the table indicate how many times focus group members named a
specific combination (minus-signs indicate that the combination was rejected – the Table 1 only shows
the most frequent answers).

-

-

1
-

3
6
5
4
-

1
1
1
-

1 ++++
1 ++++
1
1 +++
2 ++++
1

Developers

1 3
2
1
2
1 3
- 2
-

5
4
1
5
3
-

1 2
2
2
1 3
2 1
1 1

sum

components (category)
Design (luminaire housing)
Intensity/lumen (via software)
LCD (via software)
controls/control devices
luminaire position
optics/reflectors
LED module
Lightengine

WHO should change

everybody
electrician
end-user
manufacturer
facitlity manager/spez. expert

sum

facitlity manager/spez. expert

2
1

manufacturer

1

end-user

electrician

components (category)
Design (luminaire housing)
Intensity/lumen (via software)
LCD (via software)
controls/control devices
luminaire position
optics/reflectors

WHO should change

everybody

Which component should be changable?

Planner

++++
++++
++
+++
++++

Table 1: Answers of focus group member for question 2 (see text above)

In the Planner Focus Group upgrading photometric properties of a luminaire (intensity, lumen, LDC) via
software would be appealing. Changing optics, LED-boards etc. is not preferred. Developers declared
that the changeability of the housing of the luminaire is most important. The components that should be
changeable in general by the end-user are the luminaire housing, controls, and the position of the
luminaire. The luminaire itself should not be opened for changing components. This is true for both
groups. It must be emphasized that a component replacement after initial installation probably is not
necessary and changing of components should only be done by manufacturer or qualified specialists.
End-users and the other stakeholder welcome the thought of sustainability when it comes to sustainable
materials or after-life management, however, they would not be willing to pay more for the luminaire.
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Eco-design for lighting
State of the Art
Lighting products are one of the largest electricity consumers worldwide and are subject to minimum
energy efficiency and labelling requirements around the globe. In 2015, electricity consumption from
lighting products was around 335 TWh in the EU. Updating the ecodesign regulations would improve
the efficiency of the legislation and further reduce greenhouse gas emissions; verifiable exemptions and
allowances are needed, and more ambitious efficiency targets are possible. (Of et al., 2017)
Lighting accounts for 19% of the worldwide electricity consumption and 14% of all electricity
consumption in the European Union (EU).(Commission, n.d.)
Increasing energy efficiency is an important objective of EU policy (Commission et al., 2018) . A crucial
policy instrument for achieving the 2020 and 2030 EU climate and energy targets is the setting of
minimum efficiency requirements for products – through ecodesign, in combination with informing
customers about their energy performance – through energy labelling. Ecodesign and Energy Labelling
legislations are recognised as key contributors in product policy supporting the Energy Union objectives
and the transition to a Circular Economy.(Of et al., 2017)
The circular economy aims to decouple economic growth from the use of resources by using them more
effectively. Products are designed and built as part of a value network where they will be used as long
as feasible, then, depending on their characteristics, they can be reused, refurbished, upgraded or
recycled. In a circular economy, the more effective use of products, components and materials is
expected to lead to more value capture, both through cost savings and by developing new markets or
growing existing ones. At the same time, significant environmental benefits are expected to be gained
by reducing the use of resources, including energy, and minimizing waste and landfill.
In December 2015, the European Commission set in place a policy and regulatory framework,
supporting “circular” products, services and business models. The EU Circular Economy Package
includes an action plan to kick start legislation in many policy areas. This could potentially have a big
impact on the lighting industry and, if managed well through market-enhancing policies, it could offer
growth opportunities to the sector.(Lighting Europe, 2017)

Introduction to modularity and circular economy for electronics
The electronic waste problem is colossal, and it’s growing. In 2016 alone, 44.7 million tons of e-waste
were generated globally, of which 435 thousand tons were mobile phones, representing more than the
mass of the Empire State Building. Just 20% of e-waste is documented to be collected and recycled
under appropriate conditions, while the remaining 80% is either thrown into the residual waste stream
or dumped, traded or treated in substandard conditions. The consequences of this linear electronics
system pose environmental and health impacts both at the production and disposal ends. Vast amounts
of energy and hazardous substances are required in the mining and manufacturing of products, and the
demand for resources has been linked to dangerous working conditions. Disposal and recycling of
electronics can expose people and the environment to toxic chemicals when used products are not
treated in formal recycling centres. (The Ellen MacArthur Foundation, 2018)
Different strategies can be taken to move the electronics industry away from the take, make and dispose
model. Many of these strategies can be clustered according to the different ‘loops’ of a circular economy
(Figure 3), and some are more widespread and sophisticated than others.
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In a circular economy, more value is created in the ‘inner loops’, as the value and utility in the products
and components is preserved. Although the level of component reuse across the industry today is largely
unexplored, there are concrete examples of companies doing this, opening the door for value to be
cascaded, as electronic items are reused in multiple different applications. Recycling is still part of the
picture, and it is vital that constituent materials can be separated and processed when products and
components are no longer used. There is increasing momentum in technologies that enable higher
yields and quality of material recovery in these ‘outer loops’.

Figure 3 Circular Economy scheme (The Ellen MacArthur Foundation, 2018)

The European Parliament issued in 2012 the WEEE directive that specifies which products are
subjected to being considered electronic equipment and therefore, origin of electronic equipment waste.
From this Directive it is notice that ‘waste electrical and electronic equipment’ or ‘WEEE’ means electrical
or electronic equipment which is waste within the meaning of Article 3(1) of Directive 2008/98/EC,
including all components, sub-assemblies and consumables which are part of the product at the time of
discarding (European Parliament, 2012). Products to be considered as electronic equipment are Straight
fluorescent lamps, Compact fluorescent lamps, Fluorescent lamps, High intensity discharge lamps including pressure sodium lamps and metal halide lamps, Low pressure sodium lamps and finally LED.
According to this directive, this equipment should be collected, sorted and treated separately with the
aim of recovering the maximum amount of valuable materials. The directive also sets recycling rates
objectives for lighting products as follows:
Up to 31st August 2018
— 80 % shall be recovered, and
— 70 % shall be prepared for re-use and recycled;
From 31 august 2018
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-

80 % shall be recycled.

A part of providing recycling targets and achievement, a reduction on the environmental impact of WEEE
can be obtained by reducing the amount of waste material generated by improving the serviceability of
lighting products brings numerous benefits to the customers, the environment and the economy:
-

-

-

-

Luminaires can be repaired and have a longer technical lifetime thereby improving the
material efficiency of the sector and reducing waste.
Luminaires can be upgraded to improve their performance resulting in greater energy
savings. E.g.: a more efficient LED module is installed or a presence sensor is added
to the luminaire.
Luminaires can be “future-proofed” and enjoy a longer economic lifetime. Thanks to
regular upgrades, luminaires remain a state-of-the-art infrastructure and respond to the
evolving needs of customers. E.g.: a connectivity plug enables transforming existing
fixtures into a connected lighting system and avoids the full replacement of obsolete
luminaires.
Serviceable luminaires enable new business models and create new jobs. E.g.: new
opportunities arise for professionals offering monitoring, maintenance, data analytics
etc.
Serviceable luminaires increase the proximity of manufacturers to their customers and
allow them to offer products and services addressing different needs.

Recycling technologies are continuously developing. They promise to increase yields and lower the
environmental impacts of recycling methods.
Examples of these are electrochemical processes, hydrometallurgy, and more traditional
pyrometallurgy, which apply to metals in electronics. In terms of plastics, it is now possible to create
recycled polymers that are of similar quality to new, providing a number of considerations are taken into
account. The design of products and components must allow for the identification and separation of
materials, which is frustrated if different materials are fused together, for example. Strict collection
standards must be kept to ensure different material streams are kept separate. Ensuring that plastics
are not contaminated by banned or toxic substances can enable materials to be kept in use for longer.
Fortunately, technologies that allow the removal of contaminants are now being developed and
implemented. Increasing yields and quality of materials, when combined with deliberate design for
recycling, strengthen the economic case for the recovery of consumer electronics after use.(The Ellen
MacArthur Foundation, 2018)
The circular economy is typically described in terms of four concentric loops, as seen in Figure 4.
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Figure 4. Circular economomy loops (Lighting Europe, 2017)

Inner circles describe high value activities and processes and moving towards the outer circles
residual value is extracted until a product is recycled.
The four loops presented here are:
-

1. Services - activities aiming at extending the technical and economic lifetime of products.
2. Refurbish – remanufacture products at end of life to sell them again.
3. Parts harvesting – recover valuable parts in products to sell/use them in other products.
4. Recycling – Recycle materials to bring them back into the economy.

When dealing with Refurbishment and parts harvesting, the following aspects shall be considered. The
technical possibilities offered by LEDs have given rise to a variety of new lighting designs which can
be matched better than ever to the needs of individual users and the respective application.
Depending on the design, LED luminaires come with replaceable or non-replaceable light sources.
The following cases are distinguished between:
-

Replaced by end user (without tools)
Replaced by professional (on site)
Replaced by manufacturer (at factory)
No replacement

LEDs have given rise to new luminaire designs. While traditional lamps have to be replaced more
frequently, the service life of LED lamps and LED modules can, in some applications, exceed the
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expected useful life of the luminaires. The following cases are distinguished between when replacing
light sources:
o

o

Replacement by user: (no tools needed, performed on-site). The end user replaces the
existing lamp e.g. by a retrofit LED lamp, without tools and without any electrical changes
to the luminaire.
Replacement by professionals (performed on-site)
LED modules can be replaced if this is intended by the luminaire manufacturer. The work
is carried out by professionals, to:
 ensure the safety of the persons involved (protection from electric
shock) • protect the modules from improper handling and damage
(e.g. ESD)
 restore the mechanical and thermal coupling between the
luminaire and the module.
 The operating characteristics of the luminaire and the photometric
characteristics are preserved by being replaced professionally.

o

Replacement by manufacturer (at factory) If the service is offered by the manufacturer,
LED modules can be replaced in the factory. This ensures that all operational, safety and
technical properties are preserved.

o

No replacement No replacement is planned for LED modules which are integrated into
luminaires; this is not mechanically possible. The service life of the luminaire corresponds
to that of the LED module. This type of construction with non-replaceable modules is often
chosen in professional lighting – and also makes sense in view of the rapid development
of LED technology in many applications ((Paper and Electrical, 2017);

Linear lighting environmental assessment
Linear lighting description and initial bill of materials
Within the first project phase, the consortium has collaboratively decided that main focus will be a linear
lighting system for the Repro-light demonstrator, which should be usable in various applications. In order
to ensure a wide applicability, additional point-like luminaires that can be integrated into the system are
helpful. This approach also facilitates the integration of 3D printed parts due to size limitations. Figure 5
shows schematically the linear lighting that is object of this assessment.

D5.1 Environmental assessment report  31/07/2018

19 of 34

REPRO-LIGHT

Figure 5. Linear lighting under assessment

The linear lighting main characteristics are summarized in the following Table 2

Property

Value(s)

dimensions
of
luminaire (gear
tray)

width

60
height  90 mm

useful lifetime

L80 = 70.000 h @ 50°C
ambient temperature

ingress
protection class

IP 20

mm

length > 2 m

IP 54

Table 2 Linear lighting main characteristics

The linear lighting is composed by the elements listed in the Table 3 below and a view of the main
elements is provided in figures Figure 7
Item

Quantity/
luminaire

Description

main materials
composition

Weight

WIRING
COMPONENTS

3

Wire holder

ABS Sicoflex S454

0,001kg

3

Wire holder

ABS Cycolac MG47U

0,001kg

3

Wire holder

ABS

0,001kg

(copper+plastic)

0,023kg

2,95m
LEDC

1

LEDM

5

OPTICAL
ELEMENTS

5

Wire H05V2-U
0,5 ws
LEDC BAG
LCS115-39FX30/220-240
LEDM BAG
LMC-AS/E-150830-LP82/L28W6
LED Gear Tray
PMMA
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HOUSING
ELEMENTS/SPR
ING

TRACK

fastening
materials, holder

spring steel

2

'Suspension
clamp

steel

2

endcaps

plastic

0,100 kg

1

Universal
trunking for ELine T5N/LED
single
luminaires.

Steel

1,6 Kg

S-PLAN
Connection
Diagramm);
Karton, Signs

Paper

0,400 Kg

OTHER
ELEMENTS
10

screws
4.8 vz
Table 3 Linear lighting bill of materials

0,100 Kg

0,020 Kg

Figure 6 LEDM

Figure 7. from left to right, LEDM track, endcaps and wirings

Linear Lighting components assessment
For the assessment of the components of the reference linear lighting, materials extraction/production
and conventional manufacturing techniques have been considered. Figure 9 shows the LCA model that
has been built using GaBi 8 software, using GaBi Professional and Ecoinvent 3.4 database (Ecoinvent
Centre, n.d.) as source of background data.
For the manufacturing process, Germany electricity grid mix has been used as the source of energy
consumption. The composition of this grid mix is shown in Figure 8 using GaBi 8 Professional Database
(Thinkstep, n.d.)
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Figure 8 Germany electricity grid mix

Figure 9. GaBi model of the linear lighting

The assessment includes the evaluation of the following impact categories: Abiotic Depletion Potential
(elements), Acidification Potential, Eutrophication Potential, Ozone Layer Depletion Potential,
Photochemical Ozone Creation Potential and Global Warming Potential.

D5.1 Environmental assessment report  31/07/2018

22 of 34

REPRO-LIGHT

Results of the components assessment
Results of the environmental assessment are reported in Table 4. Different colours have been used,
from green (low) to orange (high) to illustrate the relative severity of each component for each impact
assessment.

ADP elements
[kg Sb eq]
ADP fossil [MJ]
AP [kg SO2eq]
EU [kg PO34eq]
GWP
[kg CO2 eq]
ODP [kg CF11
eq]
POCP
[kg ethane eq]

End
Caps
9,72E-08

LED
Module
4,19E-04

Optical
element
4,20E-07

Wireholders

Spring

Track

LED
holder
3,26E-07

Wires

LEDM

1,39E-08

1,58E-08

3,77E-07

1,35E-07

1,81E-03

1,35E+01

9,76E+01

3,12E+01

7,50E-01

1,96E+00

1,46E+01

5,06E-03

5,66E-04

1,69E+0
1
3,85E-03

3,33E-03

3,36E-06

7,10E+0
1
4,34E-02

7,24E-04

4,11E-02

3,32E-03

8,04E-05

9,37E-05

4,34E-03

3,44E-04

1,08E-05

5,23E-05

3,98E-04

3,44E-04

1,28E-07

6,41E-02

5,64E-01

9,87E+00

1,65E+00

3,85E-02

2,29E-01

1,46E+00

3,72E-04

3,55E-12

4,96E-13

2,39E-12

1,25E-13

1,69E+0
0
1,36E-12

1,17E-12

1,14E-16

6,30E+0
0
6,10E-07

2,28E-13
1,07E-04

3,31E-03

2,86E-04

8,38E-06

7,50E-05

6,18E-04

5,35E-04

1,71E-07

3,60E-03

Table 4 Results of the environmental assessment for the linear lighting

Figure 10 and Figure 11 report the results for all the impact categories and the contribution of each
component to the total value.

Figure 10. Contribution of each component to the impact categories
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Figure 11 GWP and ADP fossil contribution of each component

As it can be depicted from Figure 10 and Figure 11, LED module and LEDC are the components that
contributes the most to all the assessed environmental categories. Regarding the ADP element category
this is due to the consumption of materials such as copper, gold, gallium and lead that are present in
these components. Seemingly, for the GWP this is due to the emissions of carbon dioxide in the
production process of electronic boards that support the LED and the LEDC.

Steel components follow the LED module and LEDC in their contribution to the environmental impacts.
Regarding the Optical module, its contribution to GWP is around 7%. Though this value is relatively low
compared to the contribution of LED module, this component is a suitable candidate to be redesigned
and manufactured with alternative polymers to PMMA and additive manufacturing that will reduce its
footprint. In order to analyse this opportunity, the materials assessment analysis focuses on studying
which other polymers can be used to replace PMMA.
Due to the relevance of LED module and the LEDC to the overall environmental footprint of the linear
lighting, it is suggested to work to define linear lighting configurations that can lead to use less amount
of this components. This analysis, which is explained in ¡Error! No se encuentra el origen de la
referencia., will be executed in Task 5.2 further in the project.

Materials environmental assessment
This section aims at analysing different alternative materials to PMMA for the optical component. These
alternative materials should have a lower environmental impact (in this case, GWP indicator has been
selected only), they must be 3D printable and recyclable.

3D printing preferred materials assessment
Table 1present a list of potential alterative materials that can be 3D printed, together with a qualitative
assessment of their technical characteristics and their price.
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MATERIAL

Super Power

Best Suited
For

Printing
Temp

Strength

Durability

Flexibility

(1-5)

(1-5)

(1-5)

Easy of
Printing

Price
(approx.)

PMMA

All-natural and
Biodegradable

Prototypes
and
products

245255°C

3

2

1

5

43 €/kg

ABS

Strong and
durable

End-use
parts and
casings

230250°C

3

3

1

3

37 €/kg

PLA

All-natural and
Biodegradable

Prototypes
and
products

180210°C

3

2

1

5

37 €/kg

PETG

Extremely
durable and
flexible

High impact
or high
stress parts

220245°C

4

4

3

4

45-5 €/kg

PC

Stiff, tough and
shatter resistant

Rigid
components,
strong
alternative to
glass

300°C

4.5

3

2

3

43 €/kg

Table 5. Main properties of 3D printable polymers

Regarding the potential part for which an application of digital generative manufacturing technologies
can be used, the preliminary evaluation was focused on the selection of materials usable for the optical
parts.
The assessment has regarded transparent plastics, as the clearest 3D printing materials available, that
means materials combining clarity with high precision and smooth surface finish. Optical parts
can be divided in primary optics and secondary optics. Also the reflectors, on the other hands, can be
realized using 3D printing or Additive Manufacturing, but the materials for those components have been
not yet screened.
This material category - that of the transparent plastics - is ideal for form and fit testing of see-through
parts, fine-detail model building, enabling to prototype clear and tinted products from eyewear and
lighting parts and covers, to medical devices.
Two important aspects are essential to making 3D printed parts working as optics: (a) post-processing
(e.g., polishing, grinding, colouring); (b) optical properties achieved. Scattering (haze values) and
surface roughness values need to be extremely low in order to make printed optics work. Below you will
find a small benchmark of clear/transparent plastics (Figure 12, ranging from the ‘optically clear’
Luximprint resin to ‘hardly transparent’ polyjetted filaments.
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Figure 12 Transparency grades of different 3D printed polymers

Poly(methyl methacrylate); main properties: clear, thermoplastic acrylic, strong, rigid, lightweight,
impact resistant.







PMMA has a specific gravity of 1.20 g/cm³.
PMMA has a Rockwell hardness of R 105.
PMMA has a maximum tensile strength of 12,100 psi (83.42 MPa).
PMMA has a maximum compression strength of 17,000 psi (117.21 MPa).
Acetone soluble.
PMMA filament temperature prints from 245°C to 255°C.

PMMA is a hard, scratch resistant, lightweight thermoplastic. Commonly known as acrylic, it’s well
known for clarity and shatter resistance. Not as strong as Polycarbonate, but significantly better impact
resistance than glass, PMMA filament is ideal when you require something easy to print yet with
excellent translucency and scratch resistance. Think headlight lenses, aquariums and ice-rink
protective glass as common uses for PMMA. In addition, PMMA can also be acetone smoothed, similar
to ABS. It’s also used for lost-wax casting, as it cleanly burns away when using as a form for a cast
mould.
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Figure 13. PMMA 3D printed samples

Polycarbonate can withstand temperatures well above 110°C, and it can be easily post-processed. A
beautiful smooth surface on the parts can be easily reached with a sanding treatment or spraying the
parts with a clear coat of lacquer to obtain a glass-like transparency.
PC shows much improved mechanical strength compared to ABS and PLA under almost all testing
conditions.






Glass Transition Temp: 112°C (234°F).
Density: 1.19 - 1.20 g/cm³.
Diameters of filament: 1.75 mm or 3 mm.
Tolerance: ± 0.05 mm - 50 Microns (Typical ~0.02 mm).
Temperature Range: 240 - 280°C.

Figure 14 Polycarbonate 3D printed samples

Polycarbonate is a very tough, hard plastic - with a good impact resistance. To put that in context, this
is the material used to layer with toughened glass to make bullet proof glass. Not all 3D printers can
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handle it though, because your hot-end needs to run at around 260-300°C for it to print nicely. One of
the benefits of such a high printing temperature though is its thermo-stability - Polycarbonate filament
takes a bit of heat to soften it up. But that’s not to say it’s brittle when cold, far from it. This thermoplastic
is also durable and takes quite a force to break it.

Figure 15 PETG 3D printed sample

PET (Polyethylene Terephthalate) is an extremely strong filament. Think plastic bottles and other food
containers. Our version is Glycol modified for even better durability. It is effectively almost unbreakable
- layer adhesion is excellent, and it will just keep bending, rather than snapping like more brittle plastics
might. Other benefits include hardly any warp and virtually no smells when printing. It also bridges well.
When printed optimally for transparency, PET is one of the clearest. PETG has a density of 1270kg/m³.
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Figure 16. PET 3D printed sample

Environment preferred materials assessment
From an environmental point of view, Table 6shows a list of potential alternative materials to PMMA and
their carbon footprint associated to the manufacturing of the optical component. In order to calculate this
value, it has been assumed that the optical element is manufactured using plastic injection technology,
with an average electricity consumption of 6.64 MJ/kg (Thinkstep, n.d.)

Component

Material

kg
CO2/unit

Recyclable

3D
printable

optical element

PMMA

6,60E-02

1,16E-03

5,69E+01

5,27E-01

NA

YES

PA

6,49E-02

1,14E-03

5,69E+01

8,22E-01

no

PP

4,90E-02

8,61E-04

5,69E+01

2,86E-01

yes

HDPE

5,41E-02

9,50E-04

5,69E+01

3,08E-01

yes

LDPE

5,24E-02

9,20E-04

5,69E+01

3,14E-01

yes

PET

7,59E-02

1,33E-03

5,69E+01

5,38E-01

yes

YES PETG

PVC

7,90E-02

1,39E-03

5,69E+01

4,93E-01

yes

YES

ABS

5,98E-02

1,05E-03

5,69E+01

4,47E-01

no

PC

6,87E-02

1,21E-03

5,69E+01

5,70E-01

no

PLA

7,12E-02

1,25E-03

5,69E+01

3,61E-01

yes

YES

5,69E+01

0,00E+0
0
4,48E-01

NA

YES

NA

YES

PETG
BPA

Weight (kg)

NA
6,83E-02

Density
(kg/cm3)

NA
1,20E-03

Volume
(cm3)

5,69E+01

Table 6. Selected polymers environmental assessment

Putting together Table 5 and Table 6, the following materials have been shortlisted (in green and yellow)
as the most suitable candidates to replace PMMA for the optical element in further redesigns of the
linear lighting: PLA and PETG.
Though these materials seem to be preferable from an environmental point of view for the optical
component of the linear lighting, they shall ensure that thermal, visual and mechanical requirements are
fulfilled. In order to verify their suitability, both GZE and ITZ/TX will perform 3D printing tests and
thermal/mechanical tests to check whether PLA or PETG can replace PMMA.

Recyclability and modularity considerations
When speaking about exchangeability and modularity, it is important to identify the authorized subject
that will be allowed to perform modifications on the luminaire and change the components. Below are
reported the main groups that could work as components repairers:
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-

Manufacturer
Authorised dealer
Professional
End user

Choosing the group is a decision that both the manufacturer and the end user take. When choosing
manufacturer, this one shall provide the circuit and the instructions to the user and be capable to
supply the replacement parts. If the user is authorized to replace components, the manufacturer shall
ensure that the lighting design allows this action through the following:
-

Instructions for repairing/customizing the lighting are available
Tools to work on the lighting are available on the market
Replacement parts are available on the market
Warranties allow end-user work on the lighting

At this stage of the project, the focus will be given on identifying those components that could be
suitable candidates for replacement, without entering in policy or lighting company strategies.
Figure 17 shows, from the manufacturer point of view, suggestion of destination of the components of
the linear lighting after their use without considering components replacement.

Figure 17 End of life management initial options for the linear lighting

As it can be noticed, LEDC, that that is one of the components that from the initial environmental
assessment present a major contribution to all the impact categories, is not intended to be re-used in a
second life. Therefore, effort should be put on investigating how LEDC can be further re-used in other
applications with the aim of elongated its operational life and postpone the generation of electronic
waste.
Additionally, the following components have been discussed to be suitable candidates to be
exchangeable/re-used and therefore be capable to launch in the market linear lightings whose main
components can be replaced/exchange or even re-sized (modularity).
-

LED modules
Optical
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Regarding modularity, this is intended to provide a lighting that can be further modify by adding or
removing items and change the lighting functionality. This includes:
-

Shorten/elongated: use riels that enable adding or removing modules
Provide a LEDC that supports different lighting performances

The possibility of having exchangeability and modularity for the linear lighting will be explored in WP3
of this project and the environmental analysis will be carried out in task 5.2 where and exhaustive LCA
will be carried out.

Proposed scope for the exhaustive LCA
Task 5.2 further in the project includes a full LCA of the lighting luminaire that is developed within Reprolight, considering all their life cycles. This LCA will precede by the assessment of the reference lighting
that will be used as a benchamark and the results will be used to provide suggestions to improve the
design
For the full LCA assessment the following assumptions need to be considered:
-

-

Definition of the room where the lighting will be placed (office and industry).
Definition of the lighting requirements: lux/sqm
Assumption on the expected time the same luminaire will be installed (for instance, 15-20
years?). Hours /day the light will be on (lighting requirements depending on the place)
Definition of the number of lightings, modules per lighting to satisfy the lighting needs
considering initial characteristics of the LEDM
Lighting durability per given voltage (both for LEDM and LEDC). Standard LEDM lifetime is
50000 hours, same for the LEDC. However, this time can be shorter if the LEDM and LEDC
operate at higher voltages or power, and, seemly, it can have a longer life if power and voltage
decreases.
Failure rates. That will define how many replacements are expected for a given time

The LCA will analyze the following life cycle stages of the lighting to find out the overall environmental
impact:
-

-

-

-

Raw materials: use of plastics, metals, scarce materials for LED. Sensitivity analysis:
alternative materials, as long as they fulfill the technical requirements (mechanics, thermal,
transparency) and they can be 3D printed and recycled. To this purpose, GZE and TX will test
different materials and see if they can be suitable alternatives to current PMMA used for the
optical element
Components manufacturing: conventional manufacturing vs 3D printing. Sensitivity analysis:
varying the number of components (ex: LEDmodules) by increasing the power of them. Are
sensors required? If power is reduced, longer lifespan is expected, but more modules to fulfill
the light requirements might be necessary. Could this be beneficial?
Assembling: energy for assembling.
Installation: The riels allow LED modules replacement and they are standard
Use phase: energy consumption: power vs components replacement. We should be able to
evaluate what is preferable: decrease the power and therefore adding more lightings in the
same room, but elongate the lifetime of the system, or having less modules (less impact due
to materials and less impact due to waste production), but they have a shorter life, and
therefore more replacements in the given time.
End of life: following the principle of the less material we can have, the better. The more
materials we can reuse, the better, the more material we can recycle, the better.

D5.1 Environmental assessment report  31/07/2018

31 of 34

REPRO-LIGHT

Proposed sensitivity scenarios
The LCA will include different sensitivity scenarios configurations/alternatives considering the following
options with the aim of assessing the benefits of modular systems (¡Error! No se encuentra el origen
de la referencia.):

Component

Potential
environmental
critical points

Sensitivity
analysis

What we want to
measure

Possible
drawbacks

Optical element

Plastic material

Alternative 3D and
recyclable plastics

Reduce the impact
of the component

Fragility and it
needs to be
replaced
more
frequently

LEDC

-Electronic material,
hazardous waste

Smaller
LEDC
(lower voltages)

Reduce the waste
and increase the
durability

We
need
more
LEDmodules

LED modules

Use of rare/scarce
materials

Linear lightings

Materials

Decrease
the
amount of these
materials
by
reducing
the
number of LEDMs
For a given room
and
light
requirements, try
different
alternatives: less
modules, but more
performing vs more
lightings but less
performing

LEDMs can
have
a
shorter life

Possible
environmental
advantages trying
to optimize the
number of LEDMs
that are required for
each scenario

Table 7. Scenarios for sensitivity analysis

The assessment of these sensitivity scenarios will determine which design is best from an environmental
point of view.

Conclusions and recommendations
This document has presented the main European and Global initiatives to tackle the electronics waste
management issue and improve the energy efficiency of lightings. At the moment, these initiatives are
pretty much focused on reducing the energy consumption in electric and electronic devices, and
specifically, lightings, but they do not analyse issues concerning the use of materials and their scarcity.
When dealing with lightings, is important to remark that great efforts have been done to reduce the
energy consumption, and therefore, it explains the current deployment of LED. However, due to the fact
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that LED lightings present a specifically materials composition, with electronic boards and LED spots,
their environmental benefit should be carefully considered ((Benveniste et al., 2018).
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 for identifying and improving
the materials used for the manufacturing of these products.
For this purpose this report has included a preliminary assessment of the components using LCA
methodology. Results have shown how the electronic components, LEDC and LEDM contribute the
most to all the selected impact categories.
This preliminary analysis will be followed by an exhaustive LCA that will be carried out further in the
project. This LCA will be executed with the aim of determining the most suitable configurations in order
to provide the required lighting and reduce the environmental impact associated. The LCA will then
explore different scenarios combining number of linear lightings, number of LEDmodules, durability,
power, etc..
Additionally, this report has included a review of potential polymers that can be 3D printed and may
replace PMMA for the optical element in the linear lighting. This change is expected to bring
environmental benefits in the overall environmental profile of the lighting.
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