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Abstract

An approach for integrating life-cycle assessment (LCA) into the eco-design of lighting products was developed, and LCAs
of five lighting products that are currently on the market were then carried out using this approach. Based on the results of
these LCAs, the sustainability requests for lighting products were derived and embedded into the product design specifica-
tion (PDS), thus ensuring that any product developed according to the PDS would have the desired eco-design features. A
new sustainable lighting product was then designed according to the PDS and manufactured, after which the new product
underwent LCA. Upon comparing the results of the LCA of the new product with the LCA results for the existing lighting
products, the newly designed product was found to provide better environmental performance than the existing products (a

27-58% reduction in environmental impact).
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Introduction

Reducing ecological footprints through responsible produc-
tion and the efficient management of resources and waste
are targets that are specified in the United Nations Sustain-
able Development Goals (SDGs) and were highlighted at
the United Nations Climate Change Conference COP21
(Climate Action 2015). Thus, environmentally sustainable
products and services are becoming increasingly important
in global markets. Green Public Procurement (GPP) encour-
ages the use of sustainable products and services (Pacheco-
Blanco and Bastante-Ceca 2016; LeBlanc 2018). An increas-
ing number of companies now consider sustainability to be
an important aspect of new product development, reputation
building and overall corporate strategy (McKinsey 2010;
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Murto et al. 2014). In addition, many surveys and studies
have shown that a growing number of consumers—espe-
cially millennials—are willing to pay extra for sustainable
products and services, and expect companies to prioritise
sustainability (Consumer Council 2016; Nielsen 2015).
Furthermore, from the perspective of cost-effectiveness,
companies have realised that sustainable production with a
circular business model is economically beneficial, which is
another key reason to adopt a sustainable programme (Coun-
tryProfiler 2018).

It is known that most of the potential negative environ-
mental impacts associated with the manufacture and use
phases of a product are prebuilt into the product. Envi-
ronmental sustainability can be achieved for products and
services by developing and optimising products that are
more sustainable than the status quo (Boks and McAloone
2009; Seuring and Miiller 2008). Eighty percent of the
impact of a product is determined at the product design
stage (Charter and Tischner 2001), so it is more effective
for companies to address sustainability issues at the prod-
uct development stage. However, companies are not taking
a proactive approach to managing sustainability (McKin-
sey 2010). There may be several reasons for this. First, a
lack of technical know-how within companies can prevent
them from adopting sustainable measures. Assessment tools
are required during sustainable product development or
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decision-making processes, but a large number of designers
lack the skills needed to apply eco-design and related assess-
ment tools. These barriers between designers/engineers and
the relevant assessment tools have impeded the implementa-
tion of life-cycle thinking and sustainable product innovation
(Millet et al. 2007). Second, a clear evidence-based design
guide or approach for the specific product may not be avail-
able (Petersen 2017; Alblas et al. 2014). Third, the company
may lack a comprehensive strategy (Brockhaus et al. 2016).

CIRCA4Life (2018) is a large-scale collaborative project
that aims to promote a novel circular economy approach
to the life cycles of products and services and is supported
by the European Commission’s H2020 Circular Economy
programme. Three new circular economy business mod-
els—the co-creation of products and services, sustainable
consumption, and collaborative recycling and reuse—will
be developed in the project. This approach will be demon-
strated for four industrial sectors: industrial and domestic
lighting, the meat supply chain, vegetable farming, and
the recycling/reuse of computer tablets. Ona Product SL
(“Ona”) is a Spanish SME manufacturer of lighting prod-
ucts that specialises in domestic and contract lighting for
hotels, leisure-related premises, offices, and public places
(https://ona.es/). As part of the CIRC4Life project, Ona
will demonstrate eco-design, sustainable production and
eco-shopping for domestic LED lighting products using the
methods developed by the project.

A number of studies have addressed environmental
issues relating to LED lighting products. Most of the rel-
evant literature are comparison studies of LED products
and demonstrations of the energy efficiencies and environ-
mental sustainabilities of different technologies or LED
lighting products. Tahkdmo et al. (2012) highlighted that
modern light sources (CFLs and LEDs) are more environ-
mentally friendly than conventional sources. Principi and
Fioretti (2014) conducted a comparative life-cycle assess-
ment of luminaires for office lighting and found that the
environmental impact of a LED luminaire in the office
was significantly lower than that of a compact fluorescent
luminaire, mainly due to higher energy efficiency during
the use stage. However, those studies were conducted by

LCA experts, and they were not performed to guide sus-
tainable LED lighting product design. In one compara-
tive LCA study (Casamayor et al. 2018) regarding design
perspectives for LED lighting, the environmental impacts
of a newly designed eco-LED product and a commercial-
ised LED-based product were assessed and compared. The
newly designed product was found to have a 60% lower
environmental impact than the existing lighting product
in all scenarios, and recommendations for the eco-design
of LED lighting products were proposed.

The present study aimed to guide new eco-lighting
product design by integrating life-cycle assessment (LCA)
into the design process. By evaluating the environmental
profiles of current products and then setting new product
design specifications, issues and opportunities associated
with the integration of LCA into domestic LED lighting
eco-design were identified.

Research method

This study attempted to integrate the LCA methodology
into eco-design methods and processes, as illustrated in
Fig. 1. LCAs of existing products were initially conducted
to evaluate their environmental profiles. In this case, the
existing products were five domestic LED luminaires from
Ona with model names of Embolic, Panau, Marble, Ele
and Cobalt. All life-cycle stages were included in the LCA
study to identify issues with and opportunities to improve
environmental performance. Based on the results and
interpretation, design reflections were generated with a
view to conceiving an environmentally sustainable domes-
tic LED luminaire design for Ona. Subsequently, the eco-
design of a domestic LED luminaire was carried out by
integrating the reflections in accordance with the prod-
uct design method. Finally, the validity of the design was
confirmed by comparing the environmental performance
of the new product with those of previous products using
comparative LCA.

Fig. 1 Research method

Existing products LCA

(ONA product: Cobalt, Marble,
Embolic, Ele and Panau)
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Environmental impact analysis

Life-cycle assessment (LCA) is an effective tool that allows
the environmental impact of a product during its life cycle
to be evaluated. It plays a significant role in environmen-
tally responsible product innovation. In this study, five cur-
rent domestic LED luminaires from Ona were assessed via
screening LCA techniques in order to identify issues and
opportunities associated with the integration of LCA into
domestic LED lighting eco-design.

Goal

The goals of this work were to evaluate the overall envi-
ronmental impacts of Ona’s current products during their
product life cycles and to identify key processes and key
affecting factors behind the results.

Functional unit

The analysis focused on one unit of each of the five domestic
LED luminaires: Embolic, Panau, Marble, Ele and Cobalt.
Descriptions of these products are shown in Table 1.

System boundary

All life-cycle stages were taken into consideration in the
assessment, including raw material extraction, the produc-
tion of basic materials, the production of the components,
assembly, the distribution (transportation) use stage, and
end-of-life (EoL) treatment.

Inventory data

The lighting products were manufactured and assembled at
Ona’s plant in Spain. Data on the materials used, pre-product
information, and energy consumption data were acquired
through the data collection form and during interviews with
the company engineers and managers. Background data on,
for example, the extraction of raw materials and the produc-
tion of basic materials were derived from the Ecoinvent 3.1
database. Inventory data are listed in Table 2. It was assumed
that the luminaire would be used until the end of its useful
life (i.e., for 40,000 h).

Life-cycle assessment

The Online LCA Platform (https://h2020.circ4life.net/) was
utilized to develop the assessment models for the products.
This platform complies with ISO 14040 (ISO 2006) through
the incorporation of the Ecoinvent 3.1 database (Ecoinvent

2007). The assessment models were developed by select-
ing the corresponding process data in the database and with
adaptation of case-specific data (Goedkoop et al. 2009). This
endpoint method scores a product based on 17 midpoint
environmental categories, and then translates those scores
into scores for three endpoint impacts—ecosystem, human
health, and resources—via weighting and normalisation.
To facilitate comparisons, the scores for the three endpoint
impact categories for the product were summed to obtain
a single score that represented the overall environmental
impact of the product.

Results

Table 3 shows the single score results for the luminaires,
along with data on the weight of each product and the num-
ber of materials used in it. The results show that Ele has
the most negative score (39 Pt) amongst the five variants,
followed by Panau and Marble (37.7 Pt and 37.6 Pt, respec-
tively). Cobalt and Embolic (scores: 22.5 Pt and 27.4 Pt,
respectively) have less of an environmental impact than the
other three products. The scores appear to be correlated with
weight and the number of materials used (see the “Results”
section for more on this).

For each product, the total environmental impact was
dominated by the impact of the product during its use stage,
which was in turn due to the impacts of the production and
consumption of electricity during the use stage. Figure 2
shows the Sankey diagram of total environmental impact
for each product. In each diagram, the widest strip in each
subfigure corresponds to the contribution of electricity pro-
duction to the total impact of the product. This contribution
is 97%, 95%, 88%, 94%, and 97% of the total impact for
Cobalt, Marble, Embolic, Ele, and Panau, respectively.

This allocation of impact among the life-cycle stages is
considered reasonable for LED lighting products, and the
use stage has been shown to be the key stage with respect to
environmental impact in studies focusing on LEDs (Principi
and Fioretti 2014; Casamayor et al. 2018). Moreover, in a
LCA, electricity consumption is calculated by multiplying
the service time by the power, so the longer that the product
is used, the more electricity it consumes during its service
life, and vice versa. One of the aims of the present study
was to identify opportunities to improve product sustain-
ability via product design. Therefore, it is important to set
preferences to identify key processes that occur outside the
use stage.

Table 4 lists the processes that are the main contribu-
tors to the total environmental impact of LED products
aside from electricity usage. For Ele, the key processes are
aluminium production, including the manufacture of the
base parts (80.9% of the total impact aside from electricity
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Table 1 Information on the products assessed

Name product Figure Description Specification

Cobalt Cobalt is a Pendant luminaire in < Light body
which wood and ceramics are height: 20cm.
combined. With the floral drawing e« Diameter:
in blue of the ceramic is inspired by  23cm.
the Valencian ceramics.

Marble Table luminaire of large - Total height:
dimensions  joined with a S54cm.
cylindrical foot of black marble < Diameter base
veined in white and a large glass of marble:
tulip, both elements make this 13.5cm.
piece sculpture with great strength * Diameter
and personality. glass diffuser:

21lcm.

Panau Pendant luminaire made with < Height: 50cm.
natural fibres. With an original < Finish:
design, it is suitable for any corner natural.
of a house, providing a great e System: E27.
personality to the room and
pleasant light.

Embolic Good craftsmanship with offering a
warm and magical product that < Height of the

skims the sculptural object. The led spotlight:
point of light illuminates the tangle 8cm.
creating unique environments ¢ Diameter of
among its shadows. The tangle is the wooden
solved by randomly interlaced tangle: 40-
wooden slats suspended from a 45cm.
steel wire illuminated from the
ceiling.

Ele The aesthetics of this table < Height: 43cm

luminaire is characterized by its
simplicity. Designed with straight
lines and with a shape that reminds
us of the consonant L, it makes it a
great looking luminaire in an
apartment where it is placed.

* Width: 40cm.
* Screen height:
22cm.

* Finishing
structure: matt
metal.

* Finishing
screen: white
parchment.

stage and end-of-life (EoL) treatment.
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Table 2 Inventory data for the luminaires studied in this work

Marble Embolic Panau Cobalt Ele
Marble base 2.13 kg Wood 1.136 kg Wood 0.475 kg Wood piece  0.025 kg Aluminium  3.755 kg
Glasstulip 2.2kg Cable 0.7 kg Cable 0.7 kg Cable 0.058 kg Cable 0.094 kg
Cables 0.15 kg Road trans-  674.5 kg km Plastic 0.025 kg Ceramic 0.542 kg Plastic 0.316 kg
portation part
Metal parts  0.155 kg Electricity, 280 kWh Metal piece  0.05 kg Wood part  0.291 kg Lamp frame 0.028 kg
(steel) low volt-
age
Road trans- 1547.8 kgkm Endoflife  1.836 kg Road trans-  674.5 kg km Lamp 0.013 kg Steel parts ~ 0.014 kg
portation (multiple portation holder
waste
treatment)
Electricity, 400 kWh Electricity, 400 kWh Road trans- 1355 kg km Electricity, 400 kW h
low volt- low volt- portation low volt-
age age age
End of life  4.36 kg End of life  1.836 kg Electricity, 400kWh  Road trans- 1493.5 kg km
(multiple (multiple low volt- portation
waste waste age
treatment) treatment)
End of life  0.95 kg End of life  4.307 kg
(multiple
waste
treatment)

Table 3 Endpoint single-score results for the five luminaires

Product name Single score Product mass  Number of
result (Pt) (kg) materials
used
Cobalt 22.5 0.95 4
Marble 37.6 4.36 4
Panau 37.7 1.25 4
Embolic 27.4 1.84 2
Ele 39 4.39 4

usage), the cable (11.61%), and other components, including
the plug and the lamp frame (1.49%).

For Panau, the production process for the communica-
tion cable is a major contributor to the overall impact (it
contributes 90.27% of the total impact if electricity usage is
ignored), while disposal of the lighting product is another
important contributor (4.15%). Because relatively small
amounts of plastic, steel and wood are used in Panau, the
impact of those materials is minor (2.18% in total).

The tangled wooden part (57.49% of the total impact
ignoring electricity usage) and cable production (40.35%)
are the key contributors to the impact of Embolic. Aside
from the cable, which accounts for 49.72% of the total
impact of Cobalt (electricity usage aside), the production of
the ceramic and wooden parts as well as the transportation
and disposal of the product after it has been used contribute
more than half of the total impact of Cobalt (50.28%).

Similarly, the production of the glass lampshade (30.22%
of the total impact if electricity usage is ignored), the end-of-
life treatment of the product (25.71%), and cable production
(31.45%) are key processes in terms of their contributions
to the overall environmental impact of Marble. Transporta-
tion of the product is another notable process (10.28% of
the overall impact aside from electricity usage) in this con-
text due to the weight of the product and the way that it is
packaged.

Interpretation and reflection

The LCA results indicate the issues and potential risks asso-
ciated with Ona’s current product range:

e Complex to manufacture. According to the assessment
results, Marble and Panau have almost the same total
impact (37.6 and 37.7, respectively), and both consist of
four kinds of materials. However, due to the complex-
ity of its production process, Panau has a slightly higher
impact than Marble even though Marble is nearly four
times heavier than Panau (4.36 kg and 1.1 kg, respec-
tively). The energy consumed during the production
of Panau is the main reason for its high environmental
impact.

e Product weight. Total product weight is another vari-
able that affects the total environmental performance of
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Fig.2 Sankey diagrams of total environmental impact for the five luminaires

&

a product. The results show that Marble and Ele have
relatively high impacts (39 and 37.6, respectively) as they
are heavy in comparison with the other products studied
here. In contrast, Cobalt boasts the best environmental
performance (22.5) amongst the five products, as it is
lightweight.

Hard to assemble or disassemble. According to Ona,
all the products are preassembled and then transported.
This approach can increase the production complexity
and impede recycling/reuse. For instance, the product
cannot be recycled/reused if parts cannot be detached,
even if the materials used in the product are recyclable/
reusable. Furthermore, a product that is hard to assemble/
disassemble is also unlikely to be repairable if there is a
fault with the product. This may lead to a shorter service
life. Preassembly may also decrease the transportation
efficiency, increasing transportation costs.

Springer

o Lack of consideration of the end-of-life phase. End-of-life
(EoL) options for the product must be considered when
choosing the construction materials, jointing method and
the finish of the product. Currently, each lamp product
(i.e. the housing materials used in the product) is dis-
posed of at the end-user side when it reaches the end of
its service life. Better EoL solutions that increase the
possibility that the housing materials will be recycled/
reused can be planned at the design stage.

In addition, the selection of low environmental impact
materials and the utilisation of a low number of construction
materials have a positive influence on the environmental per-
formance. Embolic has a relatively low impact as it is made
from low environmental impact materials (wood), has a low
mass, and is constructed in a relatively simple manner. How-
ever, as seen in Table 3, the impact of Panau is 27% higher
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Table 4 Key processes (aside from electricity usage) in terms of their
contributions to the overall environmental impact of each LED prod-
uct

Product (luminaire) Process Contribution %
Ele Aluminium alloy 66.46
Base (aluminium) 20.44
Cable (including socket) 11.61
Plug 1.11
Lamp frame 0.38
Panau Cable 90.27
Municipal solid waste 4.15
Transport, road 2.4
Plastic lamp holder 1.36
Steel, unalloyed 1.24
Embolic Tangled wooden part 57.49
Cable 40.35
Municipal solid waste 1.31
Transport 0.85
Cobalt Cable 49.72
Ceramic part 26.53
Transport, road 15.73
Municipal solid waste 6.25
Wooden part 1.65
Marble Cable 31.45
Glass lampshade 30.22
Multiple waste treatment ~ 25.71
Transport 10.28
Metal parts 2.15

than that of Embolic, even though both products are mainly
made from wood and Panau is not as heavy as Embolic.
The reason for this may be the diversity of materials used
in Panau. This product is constructed from four main mate-
rials, whereas Embolic is constructed from two materials,
meaning that more manufacturing processes and resources
are needed to construct Panau, which in turn increases its
environmental impact. There are other potential sustain-
ability issues with the use of a relatively large number of
construction materials too. For example, the utilisation of a
considerable number of materials may influence the selec-
tion of the method used to join together different assembly
parts, may make the product more complicated to manufac-
ture, and may impede assembly and disassembly. It is also
apparent that, except for Embolic, all of the luminaires that
are currently produced by Ona are constructed from four
kinds of main materials. Although the use of a wide range of
materials in the design can help to achieve the aesthetic goal
of the product, our results suggest that low environmental
impact materials should be employed in the new luminaire
design where possible, and that the number of materials used
in the new design should be minimised.

Fig.3 Eco-design of a new LED lighting product

Eco-design of a new LED lighting product

Taking the assessment results and reflections into account,
product design specifications (PDS) for a new LED light-
ing product were devised in accordance with standard PDS
requirements (Pugh 1991). To ensure that this paper is not an
excessive length, we list only the key characteristics defined
in the PDS below:

e Low energy consumption during the manufacturing stage
(easy to manufacture)

¢ Prolong the lifespan by enabling repairability—the prod-
uct is expected to have a 10-year lifespan

e Modular design

¢ Easy to assemble/disassemble (the consumer can assem-
ble the product by themselves)

e Made from low-impact materials; postconsumer/recycled
materials are preferred

e Refine the dimensions of the product to reduce weight
Fully recyclable at end of life

e Flat packaging.

Based on the PDS, the new table lamp shown in Fig. 3
was developed. The proposed eco-design principle was
embodied in the new product through the use of a modu-
lar housing made entirely of extruded postconsumer recy-
cled materials. The electrics (including the LEDs and the
driver) used in the new lamp are designed to be compliant
with RoHS. Two correlated colour temperatures (CCTs),
3000 K (warm light) and 5000 K (cold light), are applied
alternately. A dimmable feature with driver circuit control
is also included. The sustainability of the lamp is addressed
through the following characteristics:

e High-availability material. The default material used in
the design is postconsumer plastic. There are three addi-
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tional material options to meet wider customer needs:
wood, metal, and glass. The chosen materials are all
standard materials that are readily available and easy to
recycle.

e  Modular structure. The goal of eco-design is to achieve a
simple structure that uses relatively few materials but is
still visually appealing to consumers. The external struc-
ture of the lamp is constructed from multiple pieces of
the same shape and size. These pieces are joined to two
internal rings. The outer pieces are curved at the ends
for safety and aesthetic reasons. The modular structure
of the lamp also makes it easy to assemble/disassemble
the lamp (the consumer can assemble the lamp by them-
selves) and to access the inner parts of the lamp when
repairs are needed or for maintenance purposes.

e Easy to manufacture. The main pieces used in the lamp
are all made from postconsumer recycled materials that
are processed using extrusion. No joint members are
required, reducing the complexity of the lamp as well as
the energy consumption during manufacture. A special
adhesive is used to join the pieces together. One novel
aspect of the design is that chemicals can be used to dis-
solve the adhesive, thus circumventing a potential hin-
drance to disassembly and recycling.

e High recyclability/reusability. The whole lamp is made
from just one material without no additional joint mem-
bers (although there are three material options). There-
fore, the lamp can be recycled as a whole—it does not
need to be disassembled before passing through the
WEEE procedure during its EoL stage.

Comparison of LCA results

One unit of the new eco-designed LED lighting product
constructed from the default material (plastic) was assessed
using the same life-cycle impact assessment (LCIA) method
as applied to the other lighting products. During the assess-
ment, it was assumed that the new product would be trans-
ported the same distance and have the same service life
(40,000 h) as the current products, and that the whole lamp
housing would be recycled at the end of the new product’s
service life.

Table 5 shows the endpoint results from the online LCA
platform. The total impact of the eco-design lamp is 16.4
(Pt). Human health is the most affected impact category
(10.9 Pt), followed by resources (4.98 Pt). The impact on
the ecosystem is minimal (0.528 Pt).

Figure 4 compares the five products considered in this
work in terms of environmental impact score from endpoint
assessment, product weight, and number of construction
materials used. The newly designed lamp presents the lowest
impact score, 16.4 Pt, which is 27% less than that of Cobalt

@ Springer

Table 5 Endpoint single-score results for the newly designed lamp
product

Characterization Explanation Value (Pt)
sTotal Total 16.4

sHH Human health 10.9

sES Ecosystems 0.528
sRS Resources 4.98

and 58% less than that of Ele. It is also the lightest of the
five products (0.8 kg) and is made from the fewest types of
materials (just one).

However, LCA is a quantitative method of evaluating
numerical process data. Some qualitative eco-features can-
not be assigned numerical values, so they cannot be included
in a LCA. For instance, the eco-designed lamp product is
easy to transport, easy to disassemble and repair, takes up a
relatively small volume during delivery, and requires rela-
tively little packaging material. These eco-features greatly
enhance the eco-performance of the proposed product by
saving energy or improving product usability, but they were
not taken into account during the assessment due to the
quantitative nature of LCA.

Conclusion

In this study, an approach for integrating LCA into the
eco-design of lighting products was developed. To test this
approach, LCAs of five lighting products that are currently
on the market were performed. Issues with the environmen-
tal performance of the products were identified, along with
opportunities to improve that performance. Evidence-based
reflections were generated and integrated into the eco-design
of domestic LED lighting products. The new lamp design
that was produced using this approach was found to have a
better environmental performance than the other products,
as well as other (more qualitative) eco-features.

The environmental assessment results showed that Ele
has the most negative impact score (39 Pt) among the five
domestic LED luminaires, followed by Panau and Mar-
ble (37.7 Pt and 37.6 Pt, respectively), while Cobalt (22.5
Pt) and Embolic (27.4 Pt) have relatively low impacts.
The consumption of electricity during the use stage was
the main contributor to the environmental impact of each
product: it accounted for more than 90% of the total impact
of each product on average. Analyses were also conducted
to identify the key variables behind the impacts of the cur-
rent products. It was found that (1) the complexity of the
product manufacturing process, (2) the product weight,
(3) the difficulty involved in assembling or disassembling
the product, (4) the variety of construction materials used
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Fig.4 Comparison of the five 45 5
lighting products considered in
this work in terms of environ- 40 4.5
mental impact score, product
weight, and number of construc- 35 4
tion materials used
3.5
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PY) Cobalt Lamp

= Environmental impact (Endpoint single score)

and (5) a lack of consideration of the product’s end-of-life
phase are the main issues that affect the environmental
profile of a lighting product. Therefore, these were the
main issues addressed during eco-design innovation.

A LED lamp product was eco-designed by integrating
the design reflections into the PDS. Several eco-features
were incorporated into the lamp, especially the reduced
use of materials. A comparison of the LCA results for
the new and current lighting products indicated that the
eco-designed lamp yielded the best environmental perfor-
mance—it had the lowest impact score, 16.4 Pt, which was
27% less than that of Cobalt and 58% less than that of Ele.
Additionally, the new lamp is the least heavy (0.8 kg) of
the products and is constructed from the fewest materials
(just one).

It can be concluded that the integration of LCA in the
product design process for PDS development and decision-
making is an effective means in developing environment-
friendly LED lighting product.
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