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A B S T R A C T

Solar energy will make a significant contribution to the global energy supply in the near future as well as in the 
long-term, which suggests the introduction of innovative technologies. Eco-design is encouraged to be applied at 
the early stage of technology development so that these innovative solar energy technologies could be developed 
with the largest energy and environmental benefits. The paper presents a conceptual framework, which in
tegrates general guidelines and life cycle assessment to advise the eco-design of solar energy technologies. The 
framework includes a list of 164 eco-design guidelines for solar photovoltaics and concentrating solar power 
technologies, being compiled from the existing literature, covering all life cycle stages, and sub-components 
constituting the technologies. Apart from the general guidelines, the framework proposes the integration of 
life cycle assessment to obtain specific eco-design measures for a particular solar energy technology. The ma
jority of guidelines/ measures are relevant to ‘R’ measures such as refuse, rethink, reduce, reuse, repair, refur
bish, remanufacturing, recycle and recover of materials, energy, components, products and technologies. This 
framework should be applied as a quick review tool for the eco-design solar energy technologies taking into 
account environmental aspects over their life cycle. For a specific technology, a life cycle assessment-based 
guideline is recommended to identify the most suitable and context-sensitive measures.

1. Introduction

Solar energy is expected to contribute 14 TW, accounting for 20% of 
global energy supply and 23% of the electricity and heat supply by 2050 
(IEA, 2021). This is a substantial increase within 30 years, from 700 GW 
of solar photovoltaics (PV) installed capacity in 2020 (IRENA, 2024). 
The increase of solar energy deployment means that there will be more 
innovative solar technology being studied and developed. These tech
nologies not only reduce the greenhouse gas (GHG) emissions of energy 
sectors to decarbonize the economy but also are expected to bring out 
other environmental impacts and/ or benefits.

It is estimated that 80% of the technologies’ environmental impacts 
is determined in the design phase (Pollini and Rognoli, 2021; Zhang 
et al., 2015). The choice of material is also crucial for the product 
ecological footprint because it interferes not only with the impacts of 
one main material itself but the combined effects of several materials 
over the product life cycle. Eco-design integrates the environmental 

aspects into the product development process by balancing ecological 
and economic requirements. It considers environmental aspects at all 
stages of the product development process, striving for products which 
make the lowest environmental impacts throughout the product life 
cycle, while maintaining the products’ quality level according to its 
ideal usage. Therefore, guidelines for ‘ecologically’ designing solar en
ergy technologies, considering their importance in decarbonizing the 
energy system, their impacts and benefits on material and natural 
resource depletion are essential to further development of solar energy 
technologies.

In the literature, there are several eco-design guidelines, which are 
applicable either for all kinds of product or for a specific sector, have 
been proposed, being summarized in Table 1. For example, Vilochani 
et al. reviewed the sustainable product development (SDP) practice and 
consolidated into 61 SDP practice (Vilochani et al., 2024). These SDP 
practices are classified according to three criteria: context of application 
(seven stages of product development process planning, conceptual 
design, detail design, testing and prototype, production and market 
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launch, product review and gate assessment and four support process 
strategic planning, programme management, portfolio management, 
technology development based on ISO/TR 14062:2002 describes con
cepts and current practices relating to the integration of environmental 
aspects into product design and development). The authors pointed out 
that most of the pre-consolidated practices predominantly address the 
environmental pillar while social and economic pillars are still lagging.

Pollini and Rognoli (Pollini and Rognoli, 2021) analysed the 
eco-design guidelines and material implication of Brexet and Van Hemel 
1997. These 29 guidelines considered six aspects of new concept 
development, material selection, optimization of production technique, 
optimization of distribution system, impact reduction during the use 
stage, and optimization of initial lifetime and the end of life. These 
guidelines only focused on two main areas of materials and energy 
consumption.

In specific sectors, there are several studies related to eco-design of 
product. Apel et al. (Apel et al., 2024) reviewed five approaches of Joint 
Research Centre of European Commission (EC), European Environment 
Agency, Organisation for Economic Co-operation and Development, 
Cefic and ChemSec for safe and sustainable design of chemicals and 
materials. These studies resulted a framework with clear definition and 

procedure (or workflow, approach) for sustainable design of chemical 
and materials. However, no eco-design guideline has been provided. In 
the energy sector, Campos-Carriedo et al. (Campos-Carriedo et al., 2024) 
applied the principles of EcoReport tool to promote the sustainable 
design in hydrogen production, considering several sustainability in
dicators of energy efficiency (environment), manufacturing cost (econ
omy), child labour, contribution to economic development, fair salary, 
frequency of force labour, gender wage gap and health expenditure 
(society). In building sector, Munaro et al. (Munaro et al., 2022) iden
tified that there is a lack of understanding about the eco-design concepts 
in the building sector, which needs more information on eco-design 
methods, deconstruction strategies, reusing of materials and life cycle 
tools to support for decision making process for sustainable building. 
Currently, the most inclusive and sustainable eco-design method for 
building deconstruction is Design for Adaptability and Disassembly 
(DfAD). The authors proposed an integrated methodology based on 
DfAD.

Although there are available eco-design guidelines for various 
products, limited focus has been tributed to the development of guide
lines for solar energy technologies, especially those can be applicable in 
emerging, innovative solar energy technologies. Besides, most of the 
papers which relate to the eco-design of solar energy technologies, 
concentrate on the technical performance, without considering the 
environmental aspect thoroughly, for examples lead-free perovskite 
solar cells (Baro and Borgohain, 2026), nanofluid (Sheikholeslami and 
Khalili, 2024) and bi-fluid of air and refrigerant (Aktekeli et al., 2025) 
used in solar PV thermal systems. This gap induces the need for devel
oping a framework to guide the eco-design of solar energy technologies.

Moreover, the current literature proposed a list of eco-design 
guidelines, but they do not support the practical application of the 
guidelines, i.e without clarifying when and how the guidelines should be 
applied and by whom. Therefore, this paper aims to provide a concep
tual framework to guide the eco-design solar energy technologies, which 
includes three pieces of information that are crucial for the application 
and usage of the guideline in the practice: who use, when to use and 
involvement/ effort needed for implementing these guidelines.

Finally, the existing guidelines provide the general directions to 
design the product towards environmental sustainability; however, they 
fail to suggest the specific information on the materials, components, 
fabrication process or life cycle stages to improve a particular solar 
energy technology. Consequently, the framework integrates the guide
lines with life cycle assessment (LCA) for clear and actionable measures 
for the eco-design of particular solar energy technologies.

The paper is structured into four main sections, starting with intro
duction of the context and identification of the research gap, followed by 
a section describing the method and data used in the study. The core of 
the paper lies in the Result and Discussion section which presents the 
conceptual framework to guide the eco-design of solar energy technol
ogies, which include general eco-design guidelines, specific eco-design 
measures from LCA, energy indicators, and other LCA methodological 
recommendations. There are two illustrative examples of applying the 
conceptual framework and some discussions on strengths, limitations 
and implications of the conceptual framework. The paper ends with a 
concluding section and some suggestions on research and development 
works for sustainable future of solar energy technologies.

2. Materials and methods

The proposed eco-design guidelines on solar energy technologies 
starts from a large collection of general guidelines in the literature. 
These literature-based guidelines are presented in the forms of examples 
or suggestions. They are then analysed and classified by their goals 
indicating the present situation and how to change the present situation 
(Russo et al., 2017). The main goals can be divided into sub-goals which 
are the life cycle stages and sub-components they are aiming at. From 
these sub-goals, there are suggestions on how to manipulate the present 

Nomenclature

ADPf Abiotic Depletion Potential, fossil
BIPV Building Integrated PV
CED Cumulative energy demand
DfAD Design for Adaptability and Disassembly
EC European Commission
EPBT Energy Payback Time
EROI Energy Return On Investment
GHG Greenhouse Gas
GW Gigawatt
IEA International Energy Agency
kWh Kilowatt hour
LCA Life Cycle Assessment
LCC Life Cycle Costing
MJ Megajoule
NER Net Energy Ratio
PEFCR Product Environmental Footprint Category Rule
PV Photovoltaics
SDP Sustainable Product Development
TW Terawatt

Table 1 
Literature review of guidelines with sustainability concepts.

Author Guideline Characteristics

(Vilochani et al., 
2024)

Sustainable Product 
Development Practice

Including three pillars of 
sustainability

(Pollini and Rognoli, 
2021)

Design for sustainability 
(D4S)

Material implication of the 
guidelines

(Apel et al., 2024) Eco-design guideline Covering three pillars of 
sustainability 
Focusing on chemical and 
materials

(Campos-Carriedo 
et al., 2024)

Sustainable by design Covering three pillars of 
sustainability 
Applying for hydrogen 
production technologies

(Munaro et al., 2022) • Design for Adaptability 
and Disassembly

• Design for Deconstruction 
or Design for Disassembly

Suggesting on measures 
regarding the end-of-life of 
building
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situation for achieving the goal and sub-goals. Suggestions should be 
practical and operationally feasible, with adequate tools and knowledge 
of specific situation. Besides, the guidelines present some examples of 
possible solutions and applications of guidelines. Finally, several infor
mation is added to cover the research gaps, including the involvement 
and effort needed when implementing these guidelines, who use the 
guidelines and when they should be applied. The steps of developing 
these proposed eco-design guidelines on solar energy technologies are 
presented in Fig. 1 and further explained below.

2.1. Step 1: Collect all existing eco-design guidelines

The search for existing eco-design guidelines was conducted on 
Scopus with searching key words of “eco-design AND solar energy 
technology” within titles, abstract and keywords. When the results are 
limited to ‘eco-design’, using the ‘advanced search’ function of Scopus 
(the publication must contain the keyword ‘eco-design’), 62 publica
tions were obtained. The abstracts of these publications are read, and 
their research topics are identified. In general, these publications have 
three patterns: 

a) Several publications applied LCA or revised (and improved) the LCA 
approach by combining it with other tools (or concepts) to support 
eco-design of a specific energy technology. For an example, LCA is 
integrated with perception of workers of the hidden injustice of solar 
supply chain (Sovacool and Stock, 2024). Siwiec and Pacana (Siwiec 
and Pacana, 2024) combined LCA and customer satisfaction using 
entropy for eco-design of solar PV. Riondet matched the life cycle 
approach with different aspects of upscaling technologies for envi
ronmental assessment and eco-design (Riondet et al., 2023). A 
method of combining mixed integer linear programming with LCA 
and LCC for comparing environemtnal and economic optimal design 
of battery-integrated solar PV home system in (Rossi et al., 2020).

b) These LCA-based eco-design publications not only cover solar energy 
technologies (13 papers) but also extend to other technologies of 
renewable energy (9 papers), for example wind energy, hydrogen, 
green energy supply chain and energy efficiency of household 
appliances.

c) Several publications provided qualitative and analytical eco-design 
guides (16 papers), for example integrating circular economy into 

the design of all kinds of product (Kamp Albæk et al., 2020) and of 
solar thermal system (Milousi and Souliotis, 2023). Ratner et al. 
developed eco-design guidelines for recycling of solar PV and wind 
tourbine (Ratner et al., 2020). Yang and Vezzoli (Yang and Vezzoli, 
2024) aimed at eco-design guideline for furniture. Martínez Leal et al 
(Martínez Leal et al., 2020). provided guidelines on design for (and 
from) recycling and a circular product design guideline was proposed 
by (Kamp Albæk et al., 2020). These eco-design guidelines can be 
applied to one technology or are applicable for all technologies (10 
papers).

The study proposes a conceptual framework that includes both 
general eco-design guidelines and LCA based eco-design measures for 
solar energy technologies; therefore, in the first screening, the selected 
papers include 13 LCA-based eco-design publications covering solar 
energy technologies in point (b) and 16 general eco-design publications 
being applicable for all kinds of products in point (c), at a total of 29 
papers. Among 13 publications in point (b), 9 publications provided 
specific examples of measures for eco-designing various solar energy 
technologies, which are cited in 3.3. Of all 16 papers in point (c), 13 
publications that can be extracted information being suitable for the eco- 
design of solar energy technologies, which are analyzed in 3.2 and cited 
in the list of guidelines in the supporting information SI1. Consequently, 
the final screening results in a total of 22 papers with eco-design 
guidelines and measures which are applicable for solar energy 
technologies.

2.2. Step 2: Extracting and analyzing the information

The eco-design guidelines of 13 publications in point (c) are 
extracted and analysed for following aspects:

•The existing guidelines being selected from the literature were 
analysed. First, identify the verbs and the subject used in each guideline, 
for example in the guideline ‘Make it easy to clean the product and 
components’, the verb phases of ‘make it easy’ and ‘clean’ are identified, 
the nouns/ subjects of ‘product’ and ‘components’ are identified. 
Another example in the guideline ‘Facilitate collection and trans
portation for disposed furniture, the verb ‘facilitate’ is identified, and 
the nouns of ‘collection’, ‘transportation’ and ‘disposed furniture’ is 
identified. In general, the verbs are related to the eco-design action, 

Fig. 1. Step for developing the eco-design guidelines for solar energy technologies.
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while the nouns and subjects are related to the life cycle stages and the 
sub-components of the life cycle stages. Then, group the similar verb and 
subject together, for example ‘make it easy’ is similar to ‘facilitate’, 
‘manufacture’ is similar to ‘production’.

•Synthesize the guidelines by matching it with life cycle thinking 
approach. This is done by classifying the guidelines by life cycle stage of 
the actions, and sub-components of the life cycle stages, for example 
production stage includes manufacturing of products, selecting mate
rials, packaging, etc. This is the most important point because it will 
match the eco-design guidelines with the specific results obtained by 
LCA. Besides, the eco-design guidelines are categorized by design stages 
and users of the guidelines, to support the easy use and practical ap
plications of the guidelines. These two rules of categorization will be 
further explained in point 2 and 3 of the next section, 2.3. Step 3: Add 
further information.

•Suggest specific examples of eco-design measures for solar energy 
technologies. This is done by extracting the information from LCA-based 
eco-design guidelines in the p publications in point (b).

2.3. Step 3: Add further information

Several information was added to support the application/ usage of 
the eco-design guidelines in the practice, including:

•List of stakeholders of interest for potential co-creation. The 
stakeholders include both the staffs of company and external ones to 
cover the whole supply chain of solar energy technologies. For the 
success of eco-design process, both company and suppliers, users should 
be involved and co-implementing eco-design measures. The list of 
interested stakeholders is developed by matching the eco-design sug
gestions to the life cycle stages and the key stakeholders of each stage.

•List of target audience of the guidelines. The audience of the 
guidelines are internal staffs of the company, who use the eco-design 
guidelines, for example business managers, engineer, environmental 
analysist, designers. The list of target audience is done by matching the 
eco-design suggestions to the production stage and the person who in
volves the design, development, manufacture and marketing and sale of 
the product.

•Stage of innovation development to apply the eco-design guide
lines, for example at conceptual design stage, at design finalization 
stage. This is done by matching the eco-design suggestions to the 

innovation development pathway.

3. Results and discussion

3.1. Conceptual framework to guide the eco-design of solar energy 
technologies

Fig. 2 presents the conceptual framework to guide the eco-design of 
solar energy technologies by integrating LCA with general eco-design 
guidelines. The general eco-design guidelines and LCA share the same 
principle of life cycle thinking and covering all life cycle stages of the 
product system. While these general eco-design guidelines are appli
cable for all solar energy technologies, the LCA quantifies the life cycle 
environmental impacts of a particular product.

The framework starts with an identification of the specific solar en
ergy product, with clear system boundary, e.g. life cycle stages covered 
within that boundary, and users of the framework. Then the general 
guidelines should be applied to review all the exiting actions that can be 
implemented in solar energy sector. The general guidelines will clearly 
be described in the next section (3.2). The concerning life cycle stages 
and involved stakeholders are also clearly mentioned in 3.2.

Because the general guidelines do not provide the recommendations 
for a particular solar energy product, especially innovative technologies 
for examples tandem PV cells based on perovskite and silicon. It is 
recommended that life cycle approach should be applied to quantify the 
environmental impacts of the technology covering their whole life cycle 
and identify the environmental hotspot for focusing the effort. An LCA 
will provide the specific results based on context e.g. a particular tech
nology, its technical characteristics, their location, construction, 
installation, and usage. The guidelines based on LCA, with focus on the 
‘energy’ indicator will be provided in 3.3.

Several LCAs may be conducted to compare different choice of ma
terials, components, transportation options, or end-of-life treatment 
strategies. Besides, scenario development and hotspot identification 
would further refine the eco-design measures, by concentrating the 
effort into the most impactful stage (or component). Depending on the 
available resources, especially the expertise, either simple LCA or 
comprehensive LCA may be performed. Other information to support 
the implementation of LCA in this conceptual framework such as some 
simple LCA tools and methodological choice for comprehensive LCA are 

Fig. 2. Integrating LCA into the general eco-design guidelines.
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suggested in 3.3.
In case that the LCA is too complex for designers to apply to their 

product, some simple LCA tools are recommended. For solar heating and 
cooling systems, (Longo et al., 2020) proposed Elisa, an excel-based tool 
for researchers, designers and decision makers to estimate the life cycle 
energy and environmental benefits and/or impacts of thermal solar 
heating and cooling system, conventional system and PV assisted sys
tem. This tool can be used to select the best technological option 
considering the life cycle energy from the environmental point of view at 
the first stage of eco-design process. Other LCA- relevant tools that 
support the eco-design include ENDLESS (Ardente et al., 2003), FAL
CADE (Ardente et al., 2004) and Eco-report (European Commission. 
Joint Research Centre, 2024). ENDLESS and FALCADE include envi
ronmental, energy and economic indicators, and can be applied for any 
products, while Eco-report is specifically designed for energy related 
products. Besides, ENDLESS and Eco-report aim at the recycling of 
product, e.g. end of life stage, while FALCADE covers the whole life cycle 
of the product.

3.2. General eco-design guidelines

The general guidelines proposed in this paper include 164 guide
lines, covering five life cycle stages: extraction, production, trans
portation, use and end of life. Three quarters of the guidelines concern 
several life cycle stages simultaneously, for examples ‘Extraction and 
Production’, 'Production, Use, and End of life', or even cover all life cycle 
stages of the product. Besides, apart from the product itself, the guide
lines cover six sub-components to substitute product and manufacturing 
process, including Auxiliary, Energy, Material, Packaging, Process, and 
Waste which are categorized based on different. The sub-component 
‘Information’ is relevant to sharing or providing information to the 
users or updating information of producers. Fig. 3 presents the link of 
eco-design guidelines with life cycle stages and sub-components.

Regarding the life cycle stages, the majority of guidelines are rele
vant to end-of-life stage (107 guidelines), production stage (79 guide
lines) and use stage (75 guidelines). Among 107 guidelines concerning 
the end-of-life stage and other stages, only seven guidelines are related 
to waste treatment, which are categorized into sub-component of 
‘Waste’. In such cases, eco-design during end-of-life stage aims at pre
venting waste generation, rather than waste treatment.

There are 12 guidelines out of 79 guidelines which are implemented 
during the production stage only. These guidelines have three patterns: 
(1) they aim at increasing the efficiency or productivity of the 

manufacturing process, for example optimize the production chain, 
apply clean production process, reduce the number of production steps, 
etc (sub-component ‘Process’); (2) they improve the product quality for 
manufacturer’s competitiveness or marketing/ sale, for example, iden
tifying or improving the product competitiveness by applying eco- 
design measures (sub-component ‘Product’); (3) they relate to build
ing the internal knowledge of the manufacturer (sub-component ‘In
formation’), for example investigate the traditional products’ 
characteristics and reproduce them in new solutions to increase the 
perception of familiarity.

20 guidelines on use stage solely are diverse and cover some actions: 
to increase energy efficiency of the product, use durable packing, avoid 
waste of energy and consumables, and improve the product efficiency, 
aesthetics, function and quality. The detailed analysis of all eco-design 
guidelines presented in the supporting information SI2.

Stakeholder involvement within the eco-design process
One of the main drivers for the continuous implementation of eco- 

design is the requirement from stakeholders and customers. Customer 
demand is the main driver for eco-design. Therefore customers (or users) 
are crucial players of the eco-design process. At the same time, the eco- 
design process is deployed at the production facility, which requires the 
participation of the company itself, as well as concerns the suppliers of 
intermediates, and service providers. In other words, it is essential to 
attract the involvement of various stakeholders covering both upstream 
and downstream processes of the whole supply chain.

The eco-design process requires the involvement of four key stake
holders, including the company, the upstream suppliers (such as mate
rial and energy suppliers), the downstream suppliers (such as waste 
treatment and logistics service providers), and the users. In this study, 
the responsibilities of implementing eco-design actions are shared 
among these stakeholders: (1) sole responsibility of the company, (2) 
shared responsibility between the company and the users, (3) shared 
responsibility between the company and the suppliers and (4) shared 
responsibility among the company, the users, and the suppliers. Fig. 4
presents the stakeholder involvement of eco-design process.

Actions belong to the sole responsibility of the company are related 
to the product. Besides, the company has shared responsibility with 
suppliers regarding the auxiliary, energy, material, and transport. An 
example of contribution of suppliers to the eco-design of solar energy 
technologies is to provide the biodegradable, renewable, (socially) 
responsible and sustainable materials. The company, through the 
investigation and selection of the most appropriate and sustainable 
material, can improve the environmental profiles of the technologies. In 

Fig. 3. Links among eco-design guidelines with life cycle stages and sub-components.
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these cases, while the company has certain control regarding the up
stream suppliers such as ones providing auxiliary, energy, and materials, 
it has limited influences on the providers of transport service, e.g. local, 
regional and global transportation infrastructure and network. Guide
lines relevant to transport improvement are classified into shared re
sponsibility between the company and the suppliers.

Guidelines related to information such as provide the manuals; 
provide information and clear instructions about cleaning, maintaining, 
disassembling, and disposing the product; include labels and in
structions for safe handling of toxic materials, for recyclability; etc. 
belong to the group of shared responsibility between the company and 
the users. By following the instructions, manuals and documentation on 
preferable behaviour, appropriate storage, cleaning and maintenance, 
disassembly and safe disposal of the product, the end-users can reduce 
the environmental impacts during the use and end-of-life stages, aiming 
at the eco-design of the technologies. Although these actions (e.g. pro
vision of manuals, information and instructions) are implemented by the 
company, their final impacts, i.e. whether the recycle rate is increased or 
not, or whether the unused product is properly disposed or not, totally 
depend on the user behaviour.

There are several guidelines concerning the involvement of com
pany, users, and suppliers, which mostly aim at improving the waste 

management, such as facilitating the appropriate treatment and safe 
disposal of waste, minimizing the generation of waste and atmospheric 
emissions. This group of guidelines also concerns the involvement of all 
stakeholders into the eco-design process.

There are several strategies for enlisting the help of suppliers and end 
users (which have been done in the NEST (Network for Sustainable 
Energy Transition) Spoke 1 project). First, the list of potential stake
holders, such as manufacturers, researchers and technology developers, 
designers, and media, is prepared. These stakeholders should be 
included into the eco-design process by participating into several co- 
creation activities of the living labs. Some examples of these co- 
creation activities are organizing seminars, workshops, meetings, and 
lab visits among different stakeholders including both the engineers, 
technology developers and environmental analysts, so that they can all 
contribute to the eco-design process. There is a website for communi
cating and disseminating the information about eco-design (of solar 
energy technologies), where persons who are interested into this topic 
can contact. Besides, a tool for supporting eco-design was developed and 
reviewed (tested) by the stakeholders. The testing procedure of the tool 
started with the engineers and technology developers who directly work 
in the solar energy field and then extended to the broader stakeholders.

Users and design stages

Fig. 4. Stakeholder involvement in the eco-design process.
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The implementation of eco-design guidelines requires the collabo
ration inside the company, including designer, engineer, environmental 
manager and business manager. These people are also the key users of 
the eco-design guidelines who applied the guidelines during certain 
period of a product development. At the beginning of product devel
opment process, e.g. the preparation stage, the contributions of design 
managers, sustainability experts, design engineers are needed. After 
that, industrial designers and design engineers play the most important 
role during the concept and embodiment design stages. During the detail 
design stage, apart from industrial designers and design engineers, the 
contribution of environmental specialists is crucial for practicalizing 
eco-design concepts into the product development process. At the design 
finalization stage, the design managers, environmental managers, and 
design engineers should work together to integrate all aspects of engi
neering design, industrial design, and aesthetic design into the product, 
with consider of environmental aspects. Contribution of business man
ager during the first and the last steps is required to have a clear view on 
economic benefit of implementing eco-design concept into the product 
development process. Besides, the business manager plays an important 
role in implementing guidelines that concern the involvement of 
external stakeholders such as suppliers and users. Fig. 5 presents the link 
of eco-design guidelines with guideline users and design stages.

3.3. Integration of LCA in eco-design

For the eco-design of a product, the most common tool is LCA. LCA 
works well for eco-assessment by quantifying and evaluating the life 
cycle environmental impacts of the product and pointing out the hotspot 
component/ stage, which contributes the largest share of life cycle 
environmental impacts, as well as the critical impact, which accounts for 
a major part of the endpoint impact. The identification of hotspot and 
critical impact are useful for eco-improvement of the product, by 
providing specific eco-design guidelines for the studied products. 
Therefore, integrating LCA results into the conceptual framework would 
provide detailed actions and measures for the eco-design of a specific 
solar energy technology.

Specific LCA based eco-design measures
Based on LCA results, there are several measures being suggested for 

eco-design of solar energy technologies, covering various life cycle 

stages and sub-components of the technology. During the manufacturing 
stage of solar PV systems, new materials are recommended due to its 
natural abundancy and relatively low cost. For examples, Jones et al 
(Jones et al., 2024). studied a copper-based chalcogenides made from 
copper, zinc and tin. Due to its chemical properties in term of energy 
bandgap and absorption coefficient, the selection of this material as a PV 
material minimizes the thickness of the absorber layer, consequently 
reducing the relevant environmental impacts and costs related to the 
material. To bring the lab-scaled benefits of this material to the indus
trial scale, the fabrication process needs to be optimized to obtain the 
material with the lowest environmental impacts and costs.

Zhang et al (Zhang et al., 2015). studied perovskite solar cells, due to 
their low cost and excellent technical performance. In general, perov
skite solar cells are better than conventional solar cells, based on silicon 
and cadmium tellurium, in terms of energy production, energy payback 
time and GHG emissions. Despite of containing lead, a toxic material in 
the perovskite precursors, it was clarified that lead only contributes to 
1.14% of human toxicity potential. For the future large-scale, industrial 
application of perovskite solar cells, perovskite precursor, which con
tributes up to 65% of embodied energy, 31% of embodied material, and 
50% of most environmental impact categories, must be further studied.

In case of concentrating solar technologies, Albertí et al (Albertí 
et al., 2019). compared life cycle environmental impacts of solar ther
mal system for domestic hot water and natural gas heating system, and 
examined several eco-design measures. Two of these eco-design mea
sures are related to changing the materials, and one of them is to use 
recycled materials for the collector frame. By changing the copper tubes 
into galvanized steel ones, the system is heavier, the primary energy 
demand slightly increases by 0.9%, but the acidification potential de
creases by 5.7%. In contrast, the change of covering material from glass 
to polycarbonate reduce the primary energy demand by 0.9% and 
consequently reducing global warming potential by 1.5%. However, the 
acidification potential slightly increases by 0.6%. In the third eco-design 
measure, the existing collector frame which is made from 90% virgin 
and 10% of secondary aluminium, is changed into a similar material 
with higher recycled proportion, e.g. 20% of virgin and 80% of sec
ondary aluminium. This eco-design measure brings the best effect, with 
the reduction in all assessed impact categories such as acidification 
(− 4.6%), eutrophication (− 3.5%), global warming (− 2.7%), and 

Fig. 5. Guideline users and design stages.
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primary energy demand (− 2.4%).
Olmedo-Torre et al (Olmedo-Torre et al., 2018). conducted an LCA 

and techno-economic analysis to identify the best heat transfer fluids 
used in solar concentrating power plants. In this case, there are some 
trade-offs of changing from one auxiliary (e.g. oil, in this case study) to 
another one for transferring the heat from solar energy. Specifically, 
Malotherm SH has the best environmental profile, in all three aspects of 
human health, ecosystems and resources, while Therminol 66 is the 
worst oil in term of environmental aspect. However, when the assess
ment is extended to their technical efficiency and economic aspect, 
Dowtherm A becomes the best option due to its cheap price and good 
performance. The best solution from the environmental point of view 
(Malotherm SH) becomes the least favourable option overall due to its 
high cost.

Moreover, organic materials are encouraged due to its lightweight 
and flexibility. Tsang et al (Tsang et al., 2016). compared the life cycle 
environmental impacts organic solar cells and silicon solar cells and 
identified that their environmental impacts are 55% and 70% lower than 
those of their counterparts for solar rooftop and portable solar charger. 
The difference in the reduction of environmental impacts is due to the 
long-term or short-term use of the cells. Due to the short lifetime of 
organic solar cells, the cells need to be replaced several times to fulfil 25 
years of operation of a solar rooftop, while there is no replacement 
needed for 5 years of use in case of portable solar charger. To achieve the 
industrial scale of organic solar cell, the lifetime of 5 years and efficiency 
of 5% must be obtained. Moreover, it will be more suitable to use 
organic solar cells in simple and short-term applications without con
cerning a lot of ancillary components and requiring less resources such 
as the portable solar charger.

Eco-design measure that may go beyond the material, auxiliary or 
energy use for the cells, is to rethink the structure of the product from 
the single junction solar cells to tandem solar cells. Tandem solar cells 
comprise of several absorber layers, so that each layer absorbs the 
different bandgaps, maximizing the absorption ability of the whole cells. 
The efficiency of tandem solar cells may reach 33.7% (KAUST cells 
based on perovskite and silicon), with the average of 22.26% for all 
tandem cells being researched and reported from 2008 to 2023 (NREL, 
2023). In order to bring these research results out of the lab and upscale 
the technologies, the fabrication process of tandem solar cells needs to 
focus on energy and material efficiency. For example, Blanco et al 
(Blanco et al., 2020). suggested that the metalorganic vapor phase 
epitaxy process for growing the absorber layer of the silicon-based 
tandem solar cells should be energy-efficient by minimizing the ther
mal mass that must be heated, increasing the growth rate and reducing 
the growth time. By improving the energy efficiency, several life cycle 
environmental impacts of the silicon-based tandem solar cells such as 
climate change, human toxicity and freshwater toxicity, will be reduced.

Another example of ‘rethink’ eco-design measure is to combine 
various solar energy technologies. Bahlawan et al (Bahlawan et al., 
2019). suggested a hybrid system of solar PV and concentrating solar 
power in Italy, composing of PV panel, solar thermal collector, com
bined heat and power system, absorption chiller, heat pumps and ther
mal energy storage. Taking into account the cumulative energy demand 
into the technical design, the optimal hybrid system has a larger area of 
solar PV and larger size of combined heat and power system, reducing 
the grid electricity consumption and bringing a higher primary energy 
savings of 12%. Dumortier and Haussener (Dumortier and Haussener, 
2015) examined the energy yield and GHG emissions of a hybrid sys
tem of concentrator, solar PV, fuel cell and cooling system, and identi
fied that GHG emissions of hydrogen produced by this system is seven 
times lower than that produced by PV cells, biomass gasification and 
natural gas steam reforming. Royo et al (Royo et al., 2016). combined 
building integrated PV (BIPV) and phase change material to reduce GHG 
emissions and other environmental impacts. This combination prevents 
the occurrence of hot spots and reduces premature degradation, conse
quently reducing material consumption, energy use and GHG emissions 

(− 62kgCO2eq per m2).
The summarized guidelines with some specific eco-design measures 

are presented here, with explanations of their corresponding stages and 
components in Fig. 6. The complete list of guidelines is provided in the 
supporting information SI1. To use this complete guideline, the users 
may select their role in the designing process (e.g. designer or business 
manager), the designing stage they are conducting (e.g. concept design, 
detail design, design finalization, and etc.), and even the life cycle stage 
they are aiming at (e.g. production, use, end of life or all life cycle 
stages), then the appropriate design guidelines will be displayed. 

• R1-Rethink of material, auxiliary, energy and process: change into 
new materials constituting a solar cell, for example chalcogenides, 
perovskite, organic; and choose the heat transfer fluid with the best 
environmental profile and most reasonable cost; and increase the 
efficiency of solar cell fabrication process. For example, a portable 
solar charger made of organic materials has the lower environmental 
impacts (70%) compared to a similar charger made of silicon (Tsang 
et al., 2016).

• R1-Rethink of product: changing the structure of solar cells from 
single junction to multi junction; developing hybrid system of solar 
PV and concentrating solar power, or solar energy technologies with 
other technologies (hydrogen production, water desalination, etc.) to 
maximize their energy production benefits. In solar PV cells, the 
perovskite and silicon-based tandem cells have much higher power 
conversion efficiency than the average mono crystalline silicon cells, 
e.g. 33% (NREL, 2023) compared to 20% (IEA, 2024a). Besides, 
combination of solar PV and concentrating solar power brings a 
primary energy savings at 12% (Bahlawan et al., 2019).

• R2-Reduce of material and energy: reduce the use of materials, en
ergy and components constituting the product; reduce packaging.

• R3- Reuse of components: Facilitate the separation of components for 
reuse, encourage reuse of components especially resource intensive 
components; reuse packaging. In cases the components cannot be 
directly reused, they may be recycled to recover such materials as 
aluminium, copper, and steel. This is very common for solar PV 
mounting frames, with the conversion rate of 97% for aluminium 
and 90% for steel. The recycling of component and recovery of 
metals are also applicable for some sub-systems and other compo
nents of solar PV such as inverter and cabling. For inverter, 97% of 
aluminium, 76% of copper and 90% of steel are recovered and 
reused. Similarly, 76% of copper from recycling cables are reused 
(Tsang et al., 2016).

• R4-Repair of components: Use durable components to avoid repair; 
protect the products from dirt; minimize required maintenance; and 
facilitate the cleaning and maintenance of the products.

• R5-Refurbish of product: Facilitate the refurbishment of the product.
• R6-Remanufacture of product: Facilitate the remanufacture, upgrade 

and adaptation of the products.
• R7-Repurpose of the product: no available guidelines on repurpose of 

solar energy systems.
• R8-Recycle of material: use recycled materials for solar collector 

frame. This eco-design measure reduces 4.6% of acidification, 3.5% 
of eutrophication, 2.7% of global warming and 2.4% of primary 
energy demand compared to using virgin materials (Albertí et al., 
2019). For solar PV, the use of solvent in manufacturing TiO2 
nanotube electrode and perovskite precursor contributes the largest 
part of the life cycle impacts. Therefore, solvent recycle, and reuse 
are encouraged to reduce the environmental impacts of perovskite 
solar cells, because the energy and material requirements for recy
cling solvent are smaller than the production of virgin solvent. The 
recycled solvent can be reused either in the same manufacturing 
process or in other industries such as semiconductor manufacturing 
(Zhang et al., 2015).

• R9-Recover of material and energy: facilitate the access to compo
nents containing non-recyclable, non-compatible, toxic, valuable, 

L.Q. Luu et al.                                                                                                                                                                                                                                   Energy Reports 16 (2026) 109425 

8 



rare and critical materials for recovery; recover energy from the 
incineration of waste. The incineration of plastic waste may generate 
4 MJ of electricity per kg of plastic waste. For organic PV cell, with 
PET substrate, the energy recover may reach 4.95 MJ of electricity 
per kg of incinerated organic PV panel (Tsang et al., 2016).

Energy indicators and eco-design of solar energy technologies
Apart from the product and its constituting components, eco-design 

should also take into account the materials, energy, auxiliary and pro
cess. The current eco-design guidelines put priority on improving the 
environmental profile of the product by reducing the impacts from 
materials (Refer to Fig. 2 and Fig. 5 which indicate a relatively large 
number of guidelines on materials, compared to energy, auxiliary and 
process). During the eco-design of solar energy technologies, it is crucial 
to consider the energy aspect with more attention, as solar energy 
technologies involve both energy production and consumption, being 
different from other products and services which either consume or 
produce energy.

Moreover, the inclusion of energy indicators in LCA can actively 
inform and guide the eco-design process. Energy is the input for many 
processes; therefore, the improvement in energy technologies would 
lead to change during the design of other products towards an 
environmental-friendly future. The inclusion of the energy-related in
dicators does not just aim at reducing non-renewable energy consump
tion, but also reflect in other environmental impacts such as climate 
change, material consumption, eco-toxicity, human toxicity, etc. In such 
case, the manufacturers and businesses will not only achieve an energy 
label but can also aim at the eco-label for their corporate social 
responsibility.

There are various indicators related to energy aspects of the tech
nologies such as cumulative energy demand (CED), energy return on 
investment (EROI), net energy ratio (NER), energy payback time (EPBT) 
and resource use, fossil (ADPf), several of which have been recom
mended by the International Energy Agency (IEA) for solar PV. The net 
energy analysis should be conducted for CED and EROI, following the 
equations (1), (2), (3) and (4) (Raugei et al., 2016), and the EPBT can be 
quantified by applying the equations (5) (Frischknecht et al., 2016). 
NER is similar to EROI, indicating the ratio of energy produced by the PV 
system and energy required to develop and operate it. ADPf is calculated 
following equation (6). It should be noted that ADPf is also called by 
different names, for examples fossil fuel depletion, and measured by 
different metrics, for examples MJ surplus, depending on the life cycle 

impact assessment methods. Table 2 presents recommended energy in
dicators for eco-design of the solar energy technologies.

Explanations of the equations:
PE is total primary energy from the nature, PEnr is non-renewable 

primary energy from the nature (MJ),
Inv is additional energy investment from human socio-economic 

activities, Invnr is additional non-renewable energy investment (MJ),
Outel is energy delivered to society (energy output) in the unit of 

Fig. 6. Eco-design guidelines and corresponding life cycle stages and components.

Table 2 
Key performance indicators of solar energy technologies.

No Indicator Explanation Equation

1 Cumulative energy 
demand (CED) 
(MJ/MJ)

Total primary energy 
harvested from the 
environment to produce a 
given amount of usable 
energy carrier.

CED = (PE +

Inv)/Outel

2 Cumulative non- 
renewable energy 
demand (CEDnr) 
(MJ/MJ)

Total non-renewable 
primary energy harvested 
from the environment to 
produce a given amount 
of usable energy carrier.

CEDnr = (PEnr +

Invnr)/Outel

3 Energy return of 
Investment in 
electricity (EROI)

Ratio of the amount of 
electricity delivered from 
the PV system to the total 
amount of energy 
invested in finding, 
extracting, processing and 
delivering that electricity.

EROIel = Outel/Inv

4 Energy return of 
Investment in 
equivalent primary 
energy (EROIPE-eq)

Ratio of the amount of 
equivalent primary 
energy delivered from the 
PV system to the total 
amount of energy 
invested in finding, 
extracting, processing and 
delivering that electricity

EROIPE− eq =

OutPE− eq/Inv =

(
Outel

ηG
)/Inv

5 Energy Payback Time 
(EPBT) 
(year)

Period required for the PV 
system to generate the 
same amount of primary 
energy that was used to 
produce the system itself

EPBT =
∑

Ei / (

(
Egen

ηG

)

−

EO&M)

6 Resource use, fossil 
(ADPf) 
(MJ)

Depletion of non- 
renewable (fossil) 
resources and deprivation 
for future generations

ADPf =
∑

Fj × CF

L.Q. Luu et al.                                                                                                                                                                                                                                   Energy Reports 16 (2026) 109425 

9 



electricity (MJ),
Ei is the primary energy demand of all life cycle stages of PV systems, 

excluding operation and maintenance (MJ),
EO&M is the primary energy demand for operation and maintenance 

(MJ),
Egen is the annual electricity generation (kWh),
ηG is the grid efficiency (kWh/MJ).
Fj is the total amount of fossil fuels consumed during all life cycle 

stage of PV system (kg)
CF is the characterization factors of corresponding fuels. For quan

tifying ADPf, it is recommended to apply the Environmental Footprint 
(EF) Impact Assessment of the European Commission, which is based on 
CML2002 for reserve base with a longer time horizon and potential 
mining technology improvement and feasible exploitation of sub- 
economic deposits (EPLCA).

Some LCA methodological recomendations
There are existing methodological guides to support for the appli

cation of LCAs for eco-design of solar energy technologies. The IEA 
provided several methodological guidelines for quantifying and ana
lysing the life cycle environmental impacts (Frischknecht et al., 2016) 
and life cycle energy of solar PV under Task 12 and Task 13, for example 
guidelines on Net Energy Analysis (Raugei et al., 2016). Besides, the 
Product Environmental Footprint Category Rule (PEFCR) is an effective 
methodological guideline to support the eco-design of solar energy 
technologies (Wade et al., 2018). This methodological guideline has 
been verified in several case studies for solar PV modules (Khan et al., 
2024) and for concentrating solar technologies (Luu et al., 2024).

It is recommended that for the eco-design of solar energy technolo
gies, these IEA and PEFCR methodologies should be followed. First, the 
functional unit of kWh of electricity or MJ of heat should be selected, 
with the functional unit of m2 of panel for complementation. The 
selected function units ensure the fair comparison among different solar 
energy technologies, as well as solve the problem of lack of data, e.g. 
electricity production, of innovative, lab-scaled technologies. Second, 
the system boundary should cover from cradle to grave, with consider
ation of recycling scenarios (European Commission. Joint Research 
Centre, 2024). This system boundary may be narrowed to cradle to 
gate, with focusing on the choice of material, energy, and fabrication 
process for innovative, lab-scale technologies. Ideally, all life cycle 
environmental indicators of PEFCR (EC) should be quantified and 
assessed. If not, the most critical environmental impacts related energy, 
carbon footprint, resource consumption, and toxicity should be consid
ered. The quantification of energy indicators is discussed in the 3.3 with 
IEA’s guidelines, while for other environmental impacts such as carbon 
footprint, resource consumption, and toxicity, the PEFCR methodology 
(EC) should be followed.

Regarding the databases, apart from the popular inventory database 
such as EcoInvent (Ecoinvent), there are several life cycle inventory 
databases available for solar energy technologies, for examples the 
well-developed inventories of solar PV supply chain of IEA 
(Frischknecht, 2020), data for recycling of the solar PV module (IEA, 
2024b).

3.4. Illustrative cases of applying the conceptual framework to guide the 
eco-design of solar energy technologies

The combination of the general guidelines and LCA can be applied on 
eco-design of BIPV (Luu et al., 2025). The general guidelines are used for 
brainstoming the activities concentrating on sub-components of the 
product such as materials, energy, components and the life cycle stages. 
At the same time, using LCA with scenario analysis, sensitivity analysis 
and uncertainty analysis, different BIPV modules are examined to 
identify the module with the lowest environmental impacts, considering 
their energy generation and transmittance. On the material scale, 
various materials for absorber layer of BIPV modules, such as silicon and 

perovskite may be tested for the low impact materials, to avoid the toxic 
substance and encourage the abundant materials. On the product scale, 
different types of solar (colour) glass may be studied to consider the 
aesthetics, quality and efficiency of the product. Apart from the pro
duction stage, the end-of-life stage may contribute to the eco-design of 
the BIPV module, through the recycling of the decommissioned 
mounting frames, glass, and PV cells. At the end of the eco-design pro
cess, four general and 11 actionable suggestions have been estabished:

On the product scale, the eco-design needs to consider the specific 
application of BIPV modules to balance the benefits of electricity gen
eration, weather protection and aesthetic value, by (1) using silicon- 
based BIPV modules for applications that does not require high trans
mittance, (2) using frameless PV laminates and special mounting system 
for fully integrated BIPV roof installation, (3) applying thin-film layer on 
rigid substrate for rooftop installation and (4) using colour glass, 
perovskite materials and combinations of materials for applications 
which require high transmittance.

On the component scale, the eco-design need to focus on environ
mental and economic hotspots such as PV cell, EVA, mounting system 
and glass by (5) increasing the energy efficiency of cell manufacturing 
for silicon-based PV cells, sourcing electricity for cell manufacturing 
from clean and renewable energy sources, (6) improving the material 
efficiency and futher studying new materials for EVA and mounting 
system, and (7) further studying to reduce the cost of colour glass and 
improve the efficiency of cell manufacturing for perovskite solar cells.

On the material scale, the eco-design should futher study innovative 
materials and combinations of materials for absorber layer, electron 
transport layer and glass, by (8) improving the efficiency and lifetime of 
perovskite materials by combining it with other materials, and (9) 
further studying to combine materials for different layers of the cells.

Considering the whole life cycle, BIPV modules should be recycled 
when they reach their end of life, with clear eco-design actions such as 
(10) increasing the efficiency of the recycling process and (11) encour
aging the use of recovered and recycled materials and modules.

Another example is to apply the framework in solar PV and 
concentrating solar power (CSP) (Luu et al., 2026). Similarly, general 
guidelines aim at skimming the eco-design directions on technical 
improvement, materials, components and fabrication process of solar 
energy technologies. LCA is applied in form of comparative LCAs with 
hotspot identification. Apart from quantitative LCA results, several 
eco-design measures are proposed in this case study, for solar PV made 
from perovskite and organic materials, such as (1) improving efficiency 
and lifetime of the cells, (2) changing materials fabrication processes, 
(3) reducing envitonmental impacts from electron transport layer, 
absorber and electrode. For CSP, some eco-design measures include: (1) 
optimizing the plant configurations, (2) minimizing the use of natural 
gas, (3) reducing environmental impacts of collector field, power gen
eration unit and heat transfer fluid.

3.5. Discussion

The conceptual framework includes two main components of general 
guidelines and LCA. The general eco-design guidelines for solar energy 
technologies are quick and simple tools for screening the eco-design 
action to improve the eco-profile of solar energy technologies. It 
covers the whole life cycle of the product, making them a good start for 
brainstorming potential eco-design measures of every stage from ma
terial extraction, production, transportation, and end of life. The 
guidelines provide recommendations on the stakeholders should be 
involved, the users of guidelines and the design stages when each 
guideline should be applied. This will help the users of these guidelines, 
either designers, engineers, environmental managers, or business man
agers to take the best benefit from the guidelines. In case of being 
combined with LCA of the specific solar energy technologies, for 
example perovskite solar cells, tandem solar cells, parabolic trough 
concentrating solar technologies, the conceptual framework would give 
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out the specific actions to improve the eco-profile of that specific 
technology.

The development of the framework is an on-going activity. Since 
they are formulated, the guidelines have been shared and tested for 
several times among more than 200 stakeholders of the NEST Spoke 1 
project, including students, researchers, industries, and the press who 
work in solar PV and solar energy sector. They were first presented at the 
project meeting and winter school in Brixen, Italy in February 2025 for 
the introduction of the tool, and then presented in the project meeting in 
Cagliari, Italy in June of the same year for the update. Meanwhile, the 
LCA component is implemented for several NEST products such as 
perovskite solar cells, tandem solar cells, BIPV, CSP and some electronic 
devices.

Comparing to the existing frameworks on environmental manage
ment and LCA such as ISO 14001, ISO14040, ISO14044 standards and 
PEFCR method, this proposed framework focuses on eco-design, e.g. 
integration of environmental aspect into the product design. All these 
frameworks, either LCA or eco-design share the similarity in applying 
the life cycle thinking approach and covering various stage of the 
product’s life cycle from acquisition of inputs, production, use, trans
port, and end-of-life. However, they are slightly different in the appli
cations. The concept underlining the above ISO standards and PEFCR is 
to quantify and assess the life cycle impacts of the product system, or 
eco-assessment, while this proposed framework aims at the eco- 
improvement of the product.

Besides, there are several international and regional eco-design 
frameworks, such as ISO 14062 standard, ISO Guide 64, and CEN4 
standard (European Committee for Standardization). The ISO 14062 and 
ISO Guide 64 are international standards (and were withdrawn), while 
CEN4 is applicable for EU countries. Both these eco-design frameworks 
and the proposed guidelines provide different considerations being 
relevant to material selection, energy efficiency, material reuse and 
recycling, use of product, information exchange or communication to 
customers on the intended use of a product, and environmental aspects. 
While the existing eco-design frameworks cover all types of products, 
the proposed guidelines in this study are specifically designed for solar 
energy technologies, with eco-design measures applicable for solar PV 
and concentrating solar power.

For the industry practitioners, it is recommended that they should 
conduct a stepwise procedure for the eco-design of solar energy tech
nologies. First, these general guidelines should be used to brainstorm all 
potential actions to improve the environmental profiles of the technol
ogies. Depending on the specific users, the stakeholders and the life cycle 
stages that they are aiming at, various guidelines can be filtered to save 
their time and effort. Second, LCA should be conducted to identify the 
specific measures or actions which are most appropriate for their own 
product. Some proposed actions for solar energy technologies include: 

• Rethink of the materials for solar cells and concentrating solar 
power; changing the structure of the cells, hybridizing the technol
ogies for the most efficient system;

• Reduce of materials, energy and packaging;
• Reuse and repair of components;
• Refurbish and remanufacture of product; and
• Recycle and recover of materials and energy, and encourage to the 

use of recycled materials.

By applying the proposed conceptual framework and implementing 
the eco-design actions at the early stage of product development process, 
the environmental footprint of solar energy technologies would be 
reduced. The benefits do not limit in the technologies themselves but 
extend to the sub-components constituting the technologies such as 
material, energy, manufacturing process, waste, etc., covering all life 
cycle stages. Apart from envionmental benefits, implementing the eco- 
design actions would bring the economic benefits for the manufac
turers by saving operational cost on material and energy, and for the 

users by extending the product’s lifetime.
Eco-design has been defined as the integration of environmental 

aspects into all stages of product development process to aim at the most 
environmental-friendly product over its life cycle (UNEP, 2021), i.e. the 
main focus is on the eco-improvement of products, without considering 
the economic aspects. However, the eco-improvement of product closely 
links to reduction of materials and resources, thus leading to cost min
ization. In order to account for the economic aspects, the conceptual 
framework may include the life cycle costing (LCC) for optimizing the 
cost of product over its life cycle. In this way, the framework is extended 
to cover both environmental and economic aspects, to denote the design 
and redesign of the product, simultaneously considering the environ
mental performance and cost of the product over the entire life cycle.

43% of the current solar PV sustainability standards’ goals and tar
gets contribute to the SDG12 on responsible consumption and produc
tion, indicating the important role of sustainable production and 
consumption in the solar energy sector (Espinosa et al., 2025). The 
eco-design guidelines touch both the production and consumption 
stages during the life cycle of the product, minimizing the environ
mental impacts of the product. Besides, through the eco-design mea
sures, the generation of waste is minimized, aiming at the end-of-life 
stage of the product. It is recommended that in order to enhance the 
sustainability sector, the circular and social practice should be inte
grated into the design of solar energy product (Espinosa et al., 2025). 
This will improve the resource efficiency, minimize waste, and cover 
both sustainability and circularity of the solar energy product. In this 
case, the eco-design of the product is extended to the concept of “Design 
for Sustainability and Circularity”. At the same time, the tools for sup
porting the sustainability of the product should be refined (Espinosa 
et al., 2025). The tool will not only relevant to the eco-design guide
lines for environmental sustainability but also integrates the economic 
and social aspects of the solar energy product. An example of integration 
of the economic aspect is to consider the cost of the emerging solar 
energy technology, while the social aspect may be extended from the 
stakeholder involvement into the design process of the product (as being 
implemented in the proposed framework) to the social equity in energy 
sector (e.g. the deployment of solar energy technology helps to improve 
the energy access), corporate social responsibility of suppliers in the 
solar energy supply chain, and etc.

4. Conclusion

The paper presents a conceptual framework to guide the eco-design 
of solar energy technologies. The framework includes a list of general 
eco-design guidelines, in combination with LCA implementaion. The 
general eco-design guidelines being compiled from the literature on 
solar energytechnologies. There are 164 guidelines covering five main 
stages of the technology’s life cycles, including material extraction, 
production, transportation, use and end of life, and several main com
ponents constituting or contributing the manufacture of technologies 
such as material, auxiliary, energy, manufacturing process, packaging, 
product, waste and information (shared with users). About 80% of the 
eco-design guidelines are relevant to ‘R’ measures, for examples refuse 
(the packaging), rethink (the modular structure of the product), reduce 
(the use of material), reuse (the component), repair, refurbish and 
remanufacturing (the product), recycle (the components and materials) 
and recover (the energy from waste). Some examples of practical eco- 
design measures that can be applied for solar energy technologies are 
changing into new materials for solar cells such as chalcogenides, 
perovskite, and organic to increase energy efficiency, reduce the envi
ronmental impacts and delivers the most economic feasibility; recycle 
components and using recycled materials for solar collector frame; 
recover energy from incineration of waste, etc. Applying these measures 
into the solar energy technology’s development will increase the effi
ciency of the technology, consequently reducing its life cycle environ
mental impacts per unit of energy production.
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The general guidelines provide a list of eco-design measures to be 
implemented by both internal and external stakeholders of the 
manufacturing companies during various design stages. Internal stake
holders such as product designers, engineers, environmental specialists, 
and business managers may apply these guidelines to quickly identify 
the most suitable measures for solar energy technologies to be imple
mented at the proper timing. External stakeholders of the manufacturing 
company, for example upstream suppliers of materials and energy, and 
customers or end-users, though do not directly use the eco-design 
guidelines, can contribute to the eco-improvement process of the solar 
energy technologies through some activities such responsible con
sumption during the use stage and responsible treatment of decom
missioned technologies during their end of life.

For a particular product or technology, especially the innovative 
solar energy technology, these general eco-design guidelines are inad
equate to propose specific, actionable measures to improve the eco- 
profile of the technology. In this case, it is suggested that an LCA 
should be conducted to point out the eco-design measures that are 
suitable to the context of such product and its lab or manufacturing 
facility. The LCA study can be a simplified LCA if the time and budget is 
constrained, or it can be a complete LCA, or even an integrated LCA by 
combining LCA with engineering, simulation, or modelling tools. Ideally 
for the EU context, the LCA should be implemented according to the PEF 
guidelines and following the energy-related indicators of IEA.

The conceptual framework indicated that eco-design of solar energy 
technologies is most effective when general guidelines are combined 
with LCA. The general guidelines are structured by life cycle stages, 
stakeholders’ role, and design phases for extracting the most suitable 
guidelines, while the hotspot identification, scenario analysis, sensi
tivity analysis and uncertainty analysis of LCA enables the transition 
from genenal directions to technology-specific, actionable measures 
with quantified results. The analysis of 164 guidelines confirms that 
about 80% of eco-design measures are aligned with circular economy 
principles, concentrating on the end-of-life stage. In such cases, design 
for disassembly, recyclability, and material recovery should be system
atically prioritised from the early stage during the technology devel
opment pathway. The energy indicators encompassing CED, EROI, 
EPBT, and ADPf are identified as the fundamental reporting basis for 
LCA-based eco-design of solar energy technologies, following the IEA 
and other PEFCR methodological guidelines.

The application of the proposed framework at manufacturing com
panies and their supply chains requires a shared responsibility distrib
uted across internal departments and external actors from upstream 
material and energy suppliers to downstream waste treatment service 
providers. For energy industry and technology developers working on 
emerging photovoltaic technologies, the conceptual framework offers a 
mechanism to embed environmental criteria into product development 
at an early stage for increasing the competitiveness of commercial 
technologies and upscaling emerging technologies. For policymakers 
responsible for the implementation of the Eco-design Directive and other 
solar sustainability standards, it is a practical reference for the sustain
able development of technology-specific regulatory requirements for 
solar PV and CSP. For educational institutions, academics and multi- 
stakeholder innovation projects, it plays the role of both a teaching 
and research instrument and a co-creation tool to apply across a wide 
range of technological maturity levels, technology deployment contexts, 
and regulatory environments to support the transition to a low-carbon, 
circular economy.
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