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a b s t r a c t

Over the years a wide range of techniques have been developed to evaluate the environmental perfor-
mance of products. However, they all consider the environmental aspect of a product in an isolated way,
without taking into account the remaining requirements that a designer has to consider during the
design process. Hence, the integration of environmental aspects into the early stages of the design
process together with a multi-criteria approach that makes it possible to balance the environmental
requirements against other traditional requirements are two of the key factors for successful sustainable
design. This article reviews and classifies tools that have been developed to evaluate the environmental
requirement of products and to facilitate its integration into the product design process. With the
intention of providing designers with a brief guide to selecting the ecodesign tool that best fits a specific
case study, a classification was made according to criteria such as: 1) the method applied for the envi-
ronmental assessment, 2) the product requirements that need to be integrated in addition to the envi-
ronmental one (multi-criteria approach), 3) whether the tool has a life cycle perspective (i.e. it considers
all the stages of the life cycle of a product), 4) the nature of the results (qualitative or quantitative), 5) the
stages of the conceptual design process where the tool can be applied, and 6) the methodology taken as
a basis for such integration.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Multiple meanings of the term ecodesign can be found in the
literature. Karlsson and Luttropp (2006), for example, unified most
of them and claimed that ecodesign focuses on the integration of
environmental considerations into product development, and that
ecodesign tools ought to be made available to designers during the
product development process.

The Integrated Product Policy (IPP) approach (COM 68, 2001;
COM 302, 2003) and Ecodesign Directive (2009) consider that
ecodesign implies taking into account all the environmental
impacts of a product right from the earliest stage of its design and
balancing them against other traditional requirements during the
development process by applying systematic approaches. In this
line, ISO/TR 14062 (2002) is a guide on how to integrate environ-
mental aspects into the product design and development process.
However, this standard does not propose any specific tool for ful-
filling this objective.

In this context, this paper presents a comprehensive and
updated summary of most of the available environmental tools that
þ34 964 728106.

All rights reserved.
have been added in this area. This study therefore expands on other
recent reviews carried out in this field by increasing and updating
the number of methods for environmental evaluation and meth-
odologies for the integration of such environmental evaluation into
the design process. Byggeth and Hochschorner (2006) analysed
fifteen ecodesign tools to ascertain whether they include evalua-
tion and whether they have a life cycle perspective. In their
conclusions they also suggested the need to consider environ-
mental aspects as well as other important points such as cost,
services, social aspects, etc. This paper extends the number of tools
with evaluation and extends the analysis to those ecodesign tools
that allow a multi-criteria viewpoint by combining environmental
aspects other than traditional product design requirements. Knight
and Jenkins (2009) studied the compatibility of ecodesign tech-
niques with the design process by identifying how appropriate
ecodesign tools were for a specific product development process.
This paper makes a general classification of ecodesign tools, which
can be applied for selecting the most appropriate ones for any
particular case study. Finally, Ilgin and Gupta (2010) made
a comprehensive classification of published references related to
environmentally conscious manufacturing and product recovery.
However, this review was more focused on the end of life of
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a product (reverse and closed-loop supply chain, remanufacturing
and disassembly processes) than on the early stages of the design
processes, which are considered in this paper.

Thus, this article presents a review of methods for evaluating
environmental aspects in an isolated way and ecodesign tools for
integrating environmental aspects into the design process, in
addition to other traditional requirements. These latter are classi-
fied according to six criteria, which allow a taxonomy to be defined
with the purpose of providing designers with a guide to selecting
the ecodesign tool that best fits a particular case study.

2. Methodology

The following steps have been followed to obtain a taxonomy of
the ecodesign tools:
Fig. 1. Ecodesign tools combining methods for evaluating environmental requir
- Overview of existing techniques for evaluating the environ-
mental requirements of products in an isolated way. Each
technique is briefly described and classified according to the
nature of its results (qualitative, semi-quantitative or quanti-
tative). Finally, all of them are categorised according to two
criteria: the aim of the tool and its level of difficulty.

- Review of ecodesign tools that have been developed for
incorporating environmental requirements into the product
development process. Each tool is briefly described and clas-
sified according to the method applied for the multi-criteria
approach, that is to say, for integrating the environmental
aspect with other traditional product requirements (cost,
safety, functionality, etc.). Finally, all of them are categorised
according to two criteria: the aim of the tool and the stage of
the process design where it can be applied.
ement and methods for integrating it with other traditional requirements.
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Fig. 1 illustrates the combination of methods for assessing the
environmental aspect and methods for integrating the environ-
mental and other traditional requirements. As a combination of
both, different ecodesign tools have been developed for integrating
Table 1
Classification of methods for evaluating environmental requirements.

Environmental evaluation method Reference

Qualitative techniques
Checklists AT&T Keoleian et al. (1995)

Kodak Betz and Vogl (1996)
Fast Five Philips Meinders (1997)

Matrix Element Checklist for ERP Graedel and Allenby (1996)

MET-Matrix (Materials, Energy, Toxic emissions) Brezet & van Hemel (1997)

Ten Golden Rules Luttropp and Lagerstedt (2006)

Semi-quantitative techniques
Environmentally Responsible Product/Process

Assessment Matrix (ERP)
Graedel and Allenby (1996)

Environmental Product Life Cycle Matrix (EPLC) Gertsakis (1997)

Eco-Design Checklist Method (ECM) Wimmer (1999)

Streamlined Life Cycle Assessment (SLCA) Bennett and Graedel (2000)

Product Investigation, Learning and
Optimization Tool (PILOT)

Wimmer et al. (2004)

Quantitative techniques
Environmental Indicators Navinchandra (1991), Jasch (2000

Persson (2001)

Oil Point Method (OPM) Bey et al. (1999), Lenau and Bey (

Life Cycle Assessment (LCA) ISO 14040-44 (2006)
the environmental aspects into the design process from a multi-
criteria and life cycle perspective.

All this information is applied to elaborate a taxonomy of the
ecodesign tools in accordance with six criteria: 1) the method
Description

Series of questions that are formulated to help designers work in a
more systematic manner when addressing environmental issues
during the product design process.
Combination of questions that reduces the subjectivity when the ERP
(see below) is filled. It generates a relation between environmental
problems and the life cycle stages of the product.
This method considers two matrices. The first one looks at three
categories of environmental concerns (materials cycle, energy use
and toxic emissions) and three life cycle stages of the product
(production, use and disposal). The second matrix is then filled in with
a distinction being made between the severity of the effects
(low, medium and high) instead of the life cycle stages. A completed
method generates structured qualitative information based on the
knowledge that is available and the experience of the analysts.
It is a tool to facilitate the integration of reasonable environmental
demands into the product development process, in order to establish
its specifications. It is a summary of main guidelines. This tool shows
ten rules that should be applied into the product development process.
It must be customized to be directly useful in product development.
It can be use to improve the environmental performance of a product
concept or to compare different product concepts.

Two matrixes are distinguished: one for products and another for
processes. Rows in the matrix represent the stages of the life cycle,
and columns stand for environmental concerns. Each cell in the
matrix is evaluated in a range from 0 (highest impact, a very
negative evaluation) to 4 (lowest impact, an exemplary evaluation).
The overall environmentally responsible product rating is computed
as the sum of the matrix element values.
A matrix similar to the ERP matrix, in which no distinction is made
between processes or products and, instead of considering
environmental concerns, it analyses the interaction between
the stages of the product life cycle and different impact categories.
Each entry in the matrix is given a number between 4 (highest
impact on the environment) and 0 (lowest impact on the environment).
Combines checklists with semi-quantitative information. A checklist is
applied at three different levels: parts, product and function.
A semi-quantitative assessment is then applied to find out whether
each level is fulfilling the previously established ecodesign
requirements (1.0 “requirement is fulfilled” to 4.0 “requirement is
not fulfilled”). In this way, weak points are identified on all three
levels and tasks are redesigned in order to increase the
environmental performance of the product
Tool for identifying hot spots and highlighting key opportunities
to effect environmental improvements. It is particularly helpful
when comparing the environmental impacts of different products.
New multimedia tool based on ECM. The main improvements
in PILOT compared to ECM are the increased number of ecodesign
guidelines included, the different working approaches available
to enter the topic of ecodesign and, lastly, the detailed explanations
provided for every single ecodesign guideline, which are provided
in the form of a description and an example.

), These environmental parameters allow different alternative designs
to be evaluated from the environmental point of view, thus
facilitating the decision-making process during product development.

2001) Indicators in the OPM are defined as the energy consumption or energy
content measured in kilograms of crude oil (1 Oil Point [OP] ¼ energy
content of 1 kg crude oil ¼ 45 MJ).
Technique that allows the environmental burdens associated with a
product to be evaluated. It considers the entire life cycle of the product,
encompassing the extraction and processing of raw materials,
manufacturing, distribution, use, recycling and final disposal and
allows to obtain environmental indicator obtained for each impact
category or to obtain a single indicator grouping all the impact
categories considered.
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applied for the environmental assessment, 2) the product
requirements that need to be integrated besides the environmental
one (multi-criteria approach), 3) whether the tool has a life cycle
perspective (i.e. it considers all the stages of the life cycle of
a product), 4) nature of the results (qualitative or quantitative), 5)
stages of the conceptual design process where the tool can be
applied, and 6) the methodology taken as a basis for such inte-
gration. On the basis of these five criteria, the designer can select
the ecodesign tool that best fits the particular case study.
3. Methods for evaluating environmental requirements

Theneed tomeasure theenvironmental performanceof products
has led to the development of a variety of methods. These methods
range from the simplest tools, such as generic environmental indi-
cators focused on specific environmental problems, to the most
complete methods that consider a wide range of environmental
categories throughout the entire life cycle of the product.

Although thesemethods can be presented according to different
criteria, in this article qualitative, semi-quantitative and quantita-
tive criteria are applied to classify them. Qualitative or semi-
quantitative methods are quick, fairly simple to use, and offer
advantages in situations where the product’s environmental
properties are obvious. Another point in their favour is that they
Fig. 2. Classification of methods for evaluating th
can be applied early on in the product development process. They
are, however, not very reliable.

Quantitative methods are interesting when a detailed environ-
mental profile of a product is needed, yet they require a lot of data
about the product before it is designed and they have a tendency to
enter the design process at a fairly late stage, when only minor
changes can be made.

The most widely commented and used methods for evaluating
environmental requirements are described and classified in Table 1,
where they are presented in chronological order.

In order to make it easier to visualise the differences among the
methods for evaluating the environmental requirements, Fig. 2
shows a comparison between them using two criteria: aim of the
method (environmental strength and weakness analysis, potential
improvement selection and design specification and generation of
design alternatives) and level of difficulty/time required for their
application (low, medium and high).

This graph represents the information in a quick, clear way and
could be useful for selecting the method of environmental eval-
uation that best fits a specific case study. It should be emphasised
that the level of difficulty of each tool was established based on
the author’s opinion about the information and level of knowl-
edge required to understand and use the tool. Knight and
Jenkins’s (2009) conclusions were taken into account for this
classification.
e environmental requirement of a product.



Table 2
Methodologies based on design matrix.

Name Reference Description

Requirements Matrix Keoleian et al. (1995) It consists of a multilayer matrix that allows designers to study the interactions between different life
cycle requirements, including environmental requirements. Each layer contains life cycle stages in columns
and product system components in rows subdivided into inputs and outputs. This matrix is strictly conceptual.

DFE Matrix Johnson and Gay (1995) The aim is to introduce environmental, health and safety (EHS) requirements into the product development
process. This five-by-five matrix, lists life cycle stages on the vertical axis and EHS categories on the
horizontal axis. Taking customer needs into account, the team will establish the top priority EHS issues and
record them in the appropriate element within the DFE matrix. The product concept under consideration
is compared to a benchmark product using a (�2, þ2) scale. This scale provides a limited gradation of positive
and negative attributes when comparing the benchmark product to the product concept. The high priority
elements that have a negative rating are liabilities and need to be improved or balanced off against other
performance attributes.
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4. Need for design methodologies that integrate
environmental requirements into product design

As indicated before, all products have some impact on the
environment in some or all the stages of their life cycle, i.e. raw
Table 3
Methodologies based on Quality Function Deployment.

Name Reference Description

Readiness Assessment for
Implementing
DFE Strategies (RAILS)

Hemel (1995) This methodology
is obtained by ap
established by me
both inside and o
(LiDS-wheel) is ap
study is applied w
point of view, wh
QFD methodology
and from the com
conditions neede
the company situ
the selected optio

Integrated Approach to
Sustainable
Product Development

Hanssen et al. (1996) This method is ba
economy and env
i.e. QFD, LCA and
based on experie
the different imp
performance of th

Green-QFD (GQFD) Cristofari et al. (1996)
Zhang et al. (1999)
Mehta and Wang (2001)
Dong et al. (2003)
Bovea & Wang (2005)

The starting poin
(Product concept
customer, cost an
in the Quality Ho
LCA methodology
viewpoint, each a
Environmental In
these criteria sim
in Phase II (Select

Environmental Objective
Deployment (EOD)

Karlsson (1997) This tool only con
relationship betw
review and in the
of preliminary en
obtain the initial
(environmental b
EOD is applied to
descriptors for th
product using the
customer require

Environmental-QFD (E-QFD) Davidsson (1998) It is an ecodesign
LCA with QFD wi
without neglectin
main activities. T
about the potenti
analysing the des
to apply a very de
product life cycle
obtain different c
evaluating the co
relation to stakeh
material acquisition, production, distribution, use and mainte-
nance, and final disposal. The methodologies described in the
previous section allow the environmental behaviour of the product
to be evaluated. However, for successful ecodesign, ISO Guide 64
(2008) and ISO/TR 14062 (2002) consider that the environmental
is structured in four steps; 1) the environmental product profile
plying qualitative or quantitative LCA, and the company profile is
asuring various indicators related to the opportunities and threats
utside the company; 2) the Life Cycle Design Strategy wheel
plied in order to generate improvement options; 3) a feasibility
ith the aim of striving for realisable priorities from the customer’s
ere the environmental demands are integrated into the HoQ of the
thus giving rise to the House of Environmental Quality (HoEQ),
pany’s point of view, where the organisational, technical and financial
d to implement the different improvement options are compared to
ation in order to ensure that the options can be accomplished; and, 4)
ns are clustered according short-, mid- or long-term realisation.
sed on three tools for separately evaluating customer requirements,
ironmental performance of the product in a life cycle perspective,
LCC, respectively. Options for product improvements are proposed
nces with the reference product. Finally, the relationships between
rovement options and customer requirements, economy and environmental
e product are studied in a qualitative way (positive or negative influence).
t of the GQFD methodology is to set alternative designs. Phase I
analysis) consists in evaluating each alternative design from the
d environmental perspective by applying the QFD methodology
use (QH), the LCC methodology in the Cost House (CH) and the
in the Green House (GH), respectively. From each independent
lternative receives an index (Quality Index [QI], Cost Index [CI] and
dex [EI]). To obtain the best conceptual design that integrates all
ultaneously, a multi-criteria decision-making technique is applied
ion of the best conceptual design).
sider the correlation matrix of the HoQ of the QFD, in order to investigate the
een environmental considerations and the product. It is applied in the initial
final environmental objectives. In the first stage, the objective is to find a set
vironmental objectives and a set of indicators to express them. In order to
environmental objective, life cycle screening matrices for three perspectives
urdens, stakeholder preferences and liabilities).In order to obtain the indicators,
identify environmental problems by interrelating with various technical
e product analysed. In the final stage, the EOD model is applied to improve the
indicators obtained in the initial review, but with a strong emphasis on

ments.
methodology for product development that combines screening
th the aim of identifying qualities that improve product competitiveness
g any major environmental load. The method consists of three
he first part of the methodology is focused on obtaining information
al environmental impact of the product throughout its life cycle by
ign concept or similar products that already exist. The next step is
tailed process to obtain stakeholder expectations throughout the
, which will be introduced in the HoQ of the QFD method in order to
onceptual design proposals. The last part of the methodology involves
nceptual designs according to the set of technical properties and their
older-weighted environmental expectations.

(continued on next page)



Table 3 (continued )

Name Reference Description

House of Ecology (HoE) Halog et al. (2001) It is a modified HoQ from the QFD methodology, which deploys environmental requirements
(in the form of environmental impact categories) instead of quality requirements for the purpose
of improving the environmental performance of selected Best Available Techniques (BAT) at a
given budget constraint. The following modifications have been incorporated into the traditional
structure of the HoQ: 1) the stakeholder requirements are defined as impact categories and their
weights are based on the opinions of environmental experts; 2) the design requirements are
expressed in terms of substances emitted by the process and which need to be reduced;
3) the relationship between design and stakeholder requirements is described as the degree to
which a certain substance contributes to a certain impact category; 4) the target specifications are
the result of the environmental benchmarking of emission values and the design cost is defined
as the cost of meeting those benchmarking values; and 5) the ranking of the substances that
are emitted is based on both cost and environmental considerations.

Quality Function
Deployment for
Environment (QFDE)

Masui et al. (2003) It integrates environmental requirements into the QFD methodology and extending it so
as to evaluate improvement concepts. QFDE consists of four phases. In Phase I, voices of
customers (VoC), voices of the environment (VoE) and quality characteristics (QC) for
traditional and environmental qualities are correlated, while QC and components are
also correlated in Phase II. Components can be regarded as function units or part
characteristics. The outputs of Phase I and II are the identification of the QC and
components that should be considered. Following this, the so-called QFDE team
will examine design improvement options for the product in a semi-quantitative
manner in Phases III and IV. To do so, the team determines a redesign target and
those changes are expressed by a combination of a QC and component to be improved.
Then, they evaluate the effects of the design changes on the VoC and VoE using
semi-quantitative information represented in the two correlation matrices in Phases I and II.

Life Cycle Quality Function
Deployment (LC-QFD)

Ernzer and Birkhofer (2005) It consists of three different houses: House of Customer (HoC), House of Environment
(HoE) and House of Regulation (HoR). The basic idea behind all the houses is the same as
that behind the traditional HoQ, i.e. to orient the product on the specifications of the
customer and support translation of the Voice of the Customer (VoC) into product
characteristics. Therefore, in the HoE, the Voice of the Environment (VoE) and,
consequently in the HoR, the Voice of Regulations (VoR) are opposed to the product
characteristics. The importance of the product characteristics from the customer and
environmental points of view are opposed in a strategy portfolio and the developer can
decide which viewpoint is more important for each product characteristic. From these
results the requirements list can be derived. Indeed, the requirements list can be derived
directly from the product characteristics of the HoR, since they are all demands which
must be fulfilled.

Environmentally Conscious
Quality Function
Deployment (ECQFD)

Vinodh and Rathod (2009) ECQFD cycle consist of the introduction of environmental awareness into customer
requirements, assessment of environmental performance as a design objective and
evaluation of the potential of product for re-use and recycling. The methodology
considers the Environmental voice of customer (VOC) and the Environmental Matrix
(EM) includes the technical/engineering characteristics. It is divided in 4 phases, where
the environmental requirements are valued obtaining the final score for each item.
In that way, the important components are obtained and thought the application of an
evaluation method, the improvement options are established. The LCA is applied to
assess and calculate the impact of the product and the process.

Table 4
Methodologies based on Quality Function Deployment and Value Analysis.

Name Reference Description

Life Cycle Environmental
Cost Analysis (LCECA)

Senthilkumaran et al. (2001) It is a mathematic model developed with the aim of including eco-costs into the total cost
of products. Eco-costs are both the direct and indirect costs of the environmental impacts
caused by the product in its entire life cycle. Subsequently, this model identifies the feasible
alternatives for cost-effective, eco-friendly parts/products. This attempts to incorporate costing
into the life cycle assessment (LCA) practise. The mathematical model aims to define the
relationships between the total cost of products and the various eco-costs concerned with
the life cycle of the products, and determine quantitative expressions between the above-said
costs. A computational LCECA model has been developed to compare the eco-costs of the alternatives.

Eco-Value Analysis (Eco-VA) Oberender and Birkhofer (2004) It combines technical, environmental and economic aspects of products. Rows in the matrix represent
the functions of the product. Three columns for each product component serve to list the allocation
of the component to functions (in %), environmental impacts according to the Eco-Indicator’99 impact
assessment method (Pt) and costs ($). In the last column, the assessment of each function is evaluated
by means of the importance for the customer (%) and the total environmental and cost indicator.
Finally, the portfolio serves to visualise the results of the Eco-Value Analysis and help the designer
to make a decision.

Eco-Re-Design Bovea and Wang (2007) This methodolgy allows identifying environmental improvement options by applying an index based
on the Value Analysis approach and studying the effect that the incorporation of these options has
on other traditional product requirements and on the company perspective. The primary idea is to
compare the increase that the incorporation of the environmental improvements produces on the life
cycle cost of the product with the additional money that the customer is willing to pay to perceive
environmental benefits. The proposed approach is focused on establishing a relationship between
the QFD, LCA, LCC, VA and Contingent Valuation (CV) techniques for evaluating customer,
environmental and cost requirements and customer willingness-to-pay (WTP), respectively.
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Table 5
Methodologies based on Failure Mode and Effect Analysis (FMEA).

Name Reference Description

Environmental Impact and
Factor Analysis (EIFA)

Stanford University
(1995)

Reducing, reusing and recycling are the three primary goals of this methodology. Based on individual
components in the design, the EIFA breaks down the environmental hazards and ranks them in terms
of severity of effect and likelihood of occurrence. Results are scored for comparison and, after rating the
resulting list of components, environmental impacts can be sorted and addressed in order of importance.
Then, a systematic method for evaluating current design and potential redesign options is employed to
explore the merits of each alternative. In both evaluations, a non-dimensional scoring system is used to
compare the results.

Environmental FMEA (E-FMEA), Nielsson et al. (1998) The traditional FMEA methodology is restructured to address environmental issues instead of potential
failure of components with the aim of identifying and evaluating potential environmental impacts at all
stages of the life cycle of a product during its development process. The objective is to minimise the
product’s environmental burden during its life cycle by taking corrective and preventive measures.

Eco-FMEA Dannheim et al. (1998) It was developed with the aim of integrating design for environment and human factors. The objective
of Eco-FMEA is to identify erroneous performance, its influence on life cycle inventory data and the
human-related causes. Eco-FMEA is derived from the traditional FMEA methodology and subsequent to
an assessment of the probability of occurrence and the significance of the regarded erroneous behaviour,
design measures are identified.

Fig. 3. Classification of tools integrating environmental requirements into the design process.
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Table 6
A taxonomy of ecodesign tools for integrating environmental requirements into the product design process.

Methodology
for environmental
requirement
evaluation

Product requirement (in addition to environmental)

Customer Technical Function Cost Cultural Company Health Safety Legal

Requirements Matrix Semi-qualitative matrix O O O O
DFE Matrix Semi-cualitative matrix O O
House of Ecology (HoE) Environmental indicator O O
Environmental-QFD (E-QFD) Screening LCA O O
Readiness Assessment for Implementing

DFE Strategies (RAILS)
MET-matrix,
screening LCA, LCA

O O O

Environmental Objective Deployment (EOD) Design matrix,
screening LCA, LCA

O O

Integrated Approach to Sustainable Product
Development

LCA O O O

Green-QFD (GQFD) LCA O O O
Life Cycle House of Quality (LC-HoQ) LCA O O O
Quality Function Deployment for

Environment (QFDE)
Environmental
indicators

O O

Eco-Re-Design Methodology LCA O O O
Eco-Value Analysis (Eco-VA) LCA O O O
Environmental Impact and Factor

Analysis (EIFA)
Environmental
indicators

O

Environmental Failure Mode Effects
Analysis (E-FMEA)

Environmental
indicators

O

Eco-FMEA Environmental
indicators/LCI

O O O

Environmentally Conscious QFD
(ECQFD) and (LCA)

LCA O O O O

Life Cycle Environmental Cost Analysis
(LCECA)

LCA O

Life cycle planning (LCP) TRIZ LCA O O
Early Stage of Envirnomentally Conscious

Design
KANO O O

Environmental Performance Strategy Map Environmental indicators x x
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impact of products should be balanced against other factors, such as
product function, performance, safety and health, cost, market-
ability and quality, and legal and regulatory requirements.

Taking this idea into account, three key factors can be defined as
characteristics that are involved in and necessary for the optimi-
sation of the process of product ecodesign:

� Early integration of environmental aspects into the product
design and development process, since this offers the flexibility
needed to be able to carry out changes and incorporate
improvements into products. In contrast, waiting until the later
stages of the process may rule out the possibility of including
desirable environmental options because the most important
technical decisions have already been made.

� Life cycle approach, which takes into account how the product
can affect the environment in its different stages.

� Multi-criteria approach, which simultaneously takes into
account all the traditional requirements that affect the product
together with the relevant environmental aspects and impacts.

It can thus be seen that the aim of the methods described in
Section 3 is to describe or measure the environmental impact of
products, in an isolated manner, without taking into account the
remaining product requirements and the key factors described
above.
5. Tools that integrate environmental requirements into the
design process

Several methods have recently been developed with the aim of
integrating the previously described keys for successful ecodesign
within one tool. There is no single classification that led to choosing
the most appropriate tool for each application. They differ in their
application, quality and the time required to apply them.

The following subsections describe these methodologies, clas-
sified by the methods taken as a reference for such integration.
Some deal with the influence of customer expectations in envi-
ronmental concerns by applying design matrices and the Quality
Function Deployment (QFD) methodology (Akao, 1990). Others,
however, analyse the environmental/cost value of product func-
tions compared to their importance for the customer by applying
the Value Analysis (VA) methodology (EN 12973, 2002), while still
others address environmental issues instead of potential failure of
components in the Failure Mode Effects Analysis (FMEA) method-
ology (Stamatis, 1995) or “willingness-to-pay” for environmental
issues based on Contingent Valuation (Carson, 2000).
5.1. Tools based on design matrix

Tools based on design matrix are descriptive techniques that
concern the qualitative evaluation of the design team for different
requirements of a product (including the environmental one)
throughout its life cycle. Table 2 describes the tools that have been
released to date that integrate the environmental aspect into
design matrices.

Both of them take into account environmental requirements
and the rest of the requirements from the life cycle point of view.
However, the Requirement Matrix does not achieve a systematic
integration of all of them because the requirements are analysed in
an independent way. Both of them can be integrated into the early
stages of the design process, although the Design for the Environ-
ment (DFE) Matrix is focused on improvement aspects.



Methodology based on Life cycle
perspective

Nature of
the results
(1:qualitative/
2:quantitative)

Design process stages Application case

Design matrix QFD FMEA VA WtP KANO TRIZ Function
definition

Requirement
definition

Generating
alternatives

Evaluating
alternatives

Selecting
best
alternatives

O O 1 O O Refrigerator
O O 1 O n/a
O 2 O O Sinter production

O O 2 O O O n/a
O 2 O O n/a

O 1 O Dialysis hose-set
O O 1 O O O Offshore coating,

lining paste, mud
gas separator,
electric cables,
sport underwear,
light fittings

O O 2 O O O Coffee maker,
furniture, bridge
crane

O O 1 O O vacuum cleaner
O 2 O O O Hair drier, package

design
O O O O 2 O O O Office furniture

O O 2 O O Coffee maker
O 1 O O n/a
O 1 O O Washing machine
O O 1 O O Vacuum cleaner

O O 2 O O Electronic switches
O 2 O O e

O O O 1 O O Refrigerator
O 1 O O Refrigerator, car

engine, laptop
casing

1 O O Sanitary products
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5.2. Tools based on quality function deployment

A wide range of tools allow Quality Function Deployment
(QFD) to be applied in order to consider environmental
requirements during the early stages of product development.
These tools are applied to check that the product satisfies the
customer requirements, including the environmental
requirements.

As Table 3 shows, most of the methods based on this method-
ology combine the House of Quality (HoQ) of the QFD with LCA-
based techniques, either in an isolated way or integrated within
a more general DFE procedure applicable to the industry.

The tools based on QFD allow the environmental demands to
be integrated by applying the modified structures from the
traditional HoQ. HoE deploys environmental requirements
instead of quality requirements, E-QFD combines LCA and HoQ
with the aim of evaluating alternative design proposals, and RAILS
focuses on supplying tools for selecting environmental improve-
ment options that could be carried out. In order to find organ-
isational, technical and financial prerequisites which have to be
met so as to ensure the realisation of the improvement option,
EOD applies a modification of HoQ to identify the environmental
problems and improvement options during different stages in the
development of the product. GQFD and LC-QFD combine several
houses to integrate the quality, environmental and cost/legal
requirements. QFDE considers the voices of customers (VoC),
voices of the environment (VoE) and quality characteristics (QC)
in order to obtain different improvement options. Finally, like
other methodologies, ECQFD integrates LCA into the HoQ in order
to identify the improvement options from an environmental
point of view.
5.3. Tools based on value analysis

Another group of tools are based on VA and allow a product to
be designed or redesigned at low cost, while including all the
functions for which the customer is willing to pay in order to obtain
perceived environmental benefits.

Although at first the VAmethodology was developed as a tool to
reduce costs, its evolution was focused on the acceptance of the
product by customers, which was measured as the value perceived
by them. Under this perspective, the tools described in Table 4 aim
to measure the environmental value of a product.

These tools analyse the cost of the product from a life cycle
perspective by integrating the environmental cost with the internal
cost, through the application of Life Cycle Cost (LCC). While the Eco-
Redesign methodology compares this value with the customer’s
willingness-to-pay in order to assign a value to the product, the
Eco-VA methodology assesses each product function from the
customer, environmental and cost perspective. Finally, the LCECA
mathematical model allows the environmental cost to be calcu-
lated in isolation from each component of the product, thereby
providing an overall environmental cost for the product.

5.4. Tools based on failure mode and effect analysis (FMEA)

The Failure Mode and Effect Analysis is a methodology used to
identify, assess and prevent deficiencies related with product
safety. The inclusion of environmental issues rather than compo-
nent failure safety factors allows methodologies such as the one
shown in Table 5 to be created.

As shown in Table 5, EIFA considers environmental issues related
to reducing, reusing and recycling instead of component failures, E-
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FMEA makes it possible to identify and assess potential environ-
mental impacts rather than potential failure of components and
Eco-FMEA identifies erroneous behaviour and its influence on
inventory data life cycle and human-related causes.

5.5. Other tools

Finally, this subsection groups other methodologies based on
TRIZ (Altshuller, 1984) and the KANO model (Kano et al., 1984).

Life Cycle Planning (LCP) is a recent method developed by
Kobayasi (2006) which combines QFD, LCA and TRIZ, with the aim
of integrating quality, cost and environmental aspects in a system-
atic way into the early stages of the life cycle of the product. It
combines several matrices: QFD, the eco-requirement matrix and
the TRIZ contradictions matrix.

Sakao (2009) proposed the Quality Engineering for Early Stage
of Environmentally Conscious Design tool, which combines the
KANO and the CRR (Consequence & Reason for Requirement)
methods, with the aim of analysing the behaviour of consumers
and their reactions. Consumers’ feelings about environmental
aspects and their willingness-to-pay for them are analysed and
communicated to the company.

Finally, De Benedetto and Kleme�s (2009) developed the Envi-
ronmental Performance Strategy Map, a tool for analysing envi-
ronmental impacts on a wide perspective with reference to
a product system and the related environmental and economic
impacts. This graphical map allows the main environmental indi-
cators (footprints) to be combinedwith the additional dimension of
cost. The tool defines the Sustainable Environmental Performance
Indicator as a single measure of the sustainability of a given option.
The objective of this representation is to build upon the strengths of
ecological footprint analysis tools and LCA tools, so as to provide
a single indicator for each option. The practitioner can use this
indicator to support decision-making processes that seek to ach-
ieve the best option from the sustainability and environmental
perspectives. The integration of these elements and the cost
perspectives will provide a single indicator to be assigned to each
option. The best option, from an environmental and financial
perspective, can then be selected.

To display the comparison among the tools described above,
which incorporate the environmental requirements into traditional
methods, Fig. 3 organises them according to two criteria: Process
design phase (function description, requirements definition,
generation of design alternatives, design alternative comparison
and best alternative selection) and Difficulty/time required (low,
medium and high).

This classification was developed by analysing each tool, deter-
mining the process design phase where it should be integrated and
the time or difficulty that the integration could involve. It should be
emphasised that the level of difficulty of each tool was established
based on the author’s opinion in terms of the information and level
of knowledge required to understand and use the tool. This time or
level of difficulty was estimated in relation to the information
required to complete it, and in consequence the time invested to
achieve it. The more information the organisation needs to
implement the methodology, the more time will be required, and
hence a higher level of difficulty will be associated with the
methodology. Quick and easy integration are two of the keys to
achieving successful integration of these tools into the design
process.

6. Discussion and conclusion

This wide range of techniques has been developed to evaluate
the environmental requirement of products and to make its
integration into the product design process easier. These tools vary
widely in their complexity, quality and the time required to apply
them, and no clear classification has been drawn up to allow the
most suitable technique to be selected for each application.

The implementation of these support tools addressing envi-
ronmental issues is commonly seen by industries as a way of
increasing their efficiency during the product development process
(Beskow and Ritzén, 2000). The factors that drive industry to adopt
ecodesign activities have been studied by a number of authors
(Boks, 2006; Le Pochat et al., 2007; Bevilacqua et al., 2007;
Labuschagne et al., 2005; Contreras et al., 2009). However, these
techniques have not been widely adopted by businesses because
they are not generic and immediately applicable (Knight and
Jenkins, 2009).

In order to obtain a taxonomy of the ecodesign tools described
in Section 5, and to be able to select the best one for each specific
application, the following criteria were taken into consideration for
the classification shown in Table 6:

- Methodology used to assess the environmental aspect:
checklist, LCA, etc.

- Traditional requirements considered, in addition to the envi-
ronmental one: legal, economic, functional, safety, etc.

- Method used as a reference: design matrices, QFD, FMEA, VA,
Contingent Valuation, KANO method or TRIZ.

- Whether the tool has a life cycle perspective, that to say,
whether it considers all the stages of the life cycle of a product.

- Nature of the results: qualitative or quantitative.
- Stages of the conceptual design process, where the tool can be
applied.

- Whether the tool has been applied to a case study.

As shown in Table 6, despite the wide variety of tools developed
for integrating the environmental aspect into the design process, its
implementation is scarce and the case studies are, in many cases,
theoretical examples, without the backing of a product design
company.

Most of them are not applied in a systematic way in companies
due to their complexity, the time required to apply them and the
lack of environmental knowledge. That is why these support tools,
which are essential for the integration of environmental require-
ments, should be easy to use and not require too much time to be
applied.

As explained in Section 4, the three key factors that shouldmake
up an ecodesign tool are: early integration of environmental
aspects into the product design and development process; the life
cycle approach, which takes into account how the product can
affect the environment in its different stages; and a multi-criteria
approach. However, although there are methodologies which
integrate the criteria, their implementation depends on the inter-
ests of the company.
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