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Selecting Materials for Environmental-Friendly Buildings:
The Need for Improved Environmental Impact Data
Nachawit, T.1
Abstract: Buildings of the future need to be more environmental-friendly. Selecting
environmentally-benign materials in design stage would partly help achieving such goal.
Examination of existing environmental impact data of building materials reveals that the data
differ greatly from one source to another. Comparisons of environmental impact values of
selected materials are presented. The sources that give rise to data variation are identified and
discussed. The applicability of existing data is assessed from the designers‟ perspective.
Limitations of current practice in data acquisition and presentation are also discussed. It is
concluded that existing environmental impact data of building materials are inconsistent and
perplexing to designers. An alternative approach to data acquisition and presentation is to break
the life cycle of building materials into several phases and to calculate the total impact value as
the sum of the impacts of all phases. This would make the determination of the full life cycle
value feasible and increase external validity of research results.
Keywords: Building material, environmental performance, LCA data, selecting material.

Introduction

Designs would, for instance, dictate the types and
forms of construction materials, methods of construction, and energy requirement in the use phase.
All of these, in turn, influence environmental consequences. Environmental-friendly building designs
could therefore lead to substantial reduction in such
impacts if done right [1, 2]. With increasingly
deteriorating environmental problems, it is likely
that most buildings of the future are designed in
such a way that they are ever friendlier to the
environment.

Building designers, and indeed designers in other
fields, could play a pivotal role in mitigating global
warming, the most challenging environmental problem for the world today. Proper data and information must be available, however, in order for the
designers to do the job successfully. This paper
examines existing environmental impact data for
building materials and demonstrates that improvements are needed before the data can be used by
designers. An alternative approach to data acquisition and presentation so that they are more
designer-friendly is therefore necessary and is
suggested.

Materials selection is a critical stage in building
design that would partly determine the degree of
environmental friendliness of buildings [3-7]. Production of construction materials depletes natural
resources, consumes energy, and generates all kinds
of pollutions. Transportation of these materials from
production plants to construction sites requires
energy. Among the various applications of existing
materials, the volume used for buildings is perhaps
the greatest of all. Building materials therefore
generate tremendous amount of impacts to the
environment. Selecting a particular material means
selecting the degree of impacts, and proper materials
selection could considerably minimize the degree of
„embedded‟ environmental impacts of buildings.

Buildings contribute significantly to climate change
and other environmental impacts. Buildings consume
energy and materials, and generate various kinds of
pollutions throughout their life cycles; construction,
use, and demolition. Designs of buildings have great
influences on the types and degree of impacts to the
environment [1].
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Practicing architects and engineers are well aware of
environmental problems and are more than willing
to improve environmental friendliness of their
designs in any ways possible. A survey of practicing
Thai architects, for example, revealed that more
than 80% were enthusiastic about environmental-
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friendly building designs [8]. As far as selecting
building materials are concerned, these practitioners
face an uphill task. There are several problems and
obstacles including lack of appropriate information
and tools for selecting environmental-friendly materials,
time and cost constraints and so on [9-14]. Availability of relevant and accurate information and userfriendly tools would certainly of great assistance to
architects and engineers in their efforts to contribute
to environmental well-being of the planet [15].

materials. However, only when the whole life cycle is
considered do the impact data truly reflect the actual
impacts [28-30]. This may be one of the reasons
responsible for the variability in and the dearth of
reliable environmental impact data available to
practicing architects and engineers.
The objective of this work is to examine and analyse
the nature of environmental impact data of building
materials exist in the literature and assess the
„applicability‟ or „user-friendliness‟ of the data from
the designers‟ perspective. The ultimate goal is to
find suitable methods for data acquisition and
presentation so that the data are both reliable (i.e.
representing actual impacts in specific applications)
and user-friendly. Being user-friendly is very
important if the hard-earned data from relevant
research work are to be extensively used in practice,
thus making the real contribution towards reducing
environmental impacts of building materials,
bearing in mind the nature of design work and the
non-specialist nature of designers.

Materials selection is indeed a complex process
[16,17]. Designers have to wrestle with several
design requirements, oftentimes conflicting, to reach
final decisions. Numerous materials selection models
have been developed in recent years [16,18-20].
Essentially a set of selection criteria, derived from
design requirement, are established. Candidate
materials are evaluated against such criteria. Those
with the highest „scores‟ are selected. In most cases,
environmental performance criteria are not included
in the selection models although environmental
impacts considerations are taken into account in the
more recent ones. In actual practice, however,
selections of materials are still based, in most cases,
on intuition, experience, and familiarity with the
materials to be selected [21-23]. Environmental
considerations are rarely the key concern. This is due
partly to the familiarity with the time-honored
methods for selecting materials and partly to the
lack of relevant data on environmental impacts of
materials [24,25]. The former problem is relatively
easy to tackle, perhaps through education and/or
regulatory measures. The latter is impossible to
solve, unless reliable data are available.

Methodology
Existing data on environmental impacts of building
materials from various sources were collected and
analyzed. The sources include relevant journal
articles, books and handbooks of building materials,
selected databases, and those from our own research.
Different ways of presenting impact values were
noted. Impact values of the same materials from
different sources were compared together with the
methods by which the data were obtained. Where
possible, details of respective experimental procedures, assessment methodologies, and other relevant
information that led to the impact values were
carefully examined.

There are, in fact, many studies that aim to
determine environmental impact values of various
building materials in the literature. Quick scanning
of the data reveals that the impact values of the
same materials from various sources differ considerably. This poses great difficulty for practicing
architects and engineers in selecting materials as
one does not know which data are the rights or
reliable ones. Environmental impact consideration is
consequently often neglected in selecting building
materials in practice which is a great pity.

Environmental impacts data of ceramic tiles are
used as the focus of this study. The reason being that
the authors have conducted a study on environmental impacts of ceramic tiles in Thailand and that
the data for ceramic tiles are readily accessible in the
literature, thus facilitating detailed analysis and
comparisons.
In-depth interviews with practicing architects in
Thailand were conducted. The issues covered in the
interviews include; awareness of environmental
problems, environmental-friendliness considerations
in building designs, materials selection methods,
obstacles in improving current design practice, and
the use of existing tools for materials selection and
building designs in general. The interviews were
semi-structured and were conducted face-to-face.
The transcripts of the interviews were systematically
analysed to gain some insights into current situation

Life cycle assessment (LCA) methodology is widely
accepted as the most accurate methodology for
assessing environmental impacts of materials [26,
27]. The fact that total environmental impacts of a
material is the sum of the impacts of individual
stages throughout its life cycle makes it rather
difficult to quantitatively determine the impact
values in practice as there are numerous variables
involved. In reality one could, in most cases, assess
the impacts resulting from parts of the life cycle of
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regarding environmental-friendly designs of buildings
in Thailand.

sources are: 12.7 kgCO2eq/m2 [34], 116 gCO2eq/kg
[32], 341 gCO2eq/f2 [33] and -1.9 kgCO2eq/kg
(recycling of wastes included in the process) [35].
Other global impact values of selected building
materials together with their measurement units
and the functional units employed various studies
are summarized in Table 2. From the above
examples, it can be seen that there are differences in
measurement and functional units, hence different
numerical values. This makes it extremely difficult
for designers in making comparisons and decisions.
Consequently, there have been attempts to present
impact values in other ways such as by using
symbols or groupings in place of numbers for
individual building materials. However, such
approaches also have limitations as far as practitioners are concerned since detailed comparisons
between materials cannot be made.

The results of the analysis of existing environmental
impact data and those from the interviews were then
examined from the designers‟ perspectives. The „ease
of use‟ of existing data, as far as designers are
concerned, was then assessed and relevant problems
and difficulties identified. Possibilities for improvements in methods for data acquisition and
presentation so that they are more reliable and more
user-friendly are then proposed.

Results and Discussion
Presentation of Data
Examining the environmental impact data of
building materials from existing literature including
documents, textbooks, research reports and databases disseminated on websites, it is found that the
data are presented in a variety of units. Impact
categories and functional units reported in different
sources are also different. Examples of the different
units used for some impact categories are shown in
Table 1.

Impact Values
For comparison purpose, existing global warming
values of selected materials were „normalized‟ so that
they are in the same units where possible. The
results are shown in Table 3. It can be seen that the
global warming impact values vary greatly even
after they are converted to common units. For better
clarity, the values are presented graphically in
Figure 1.

Table 1. Examples of the Environmental Impact Data
Units of Various Impact Categories
Environmental impact
Impact Data Unit
category
Global warming
kg(g)CO2eq
Pt
Eutrophication

kg(g)NO3eq
kg(g)PO4eq
Pt

Acidification

mg H +eq
kg(g)SO2eq
Pt

Ozone depletion

kg(g)CFC-11eq
Pt

Functional
Unit
Mg
kg
1 m2
1 f2
Mg
kg
1 m2
1 f2
Mg
kg
1 m2
1 f2
Mg
kg
1 m2
1 f2

The values for other impact categories from different
studies are also different. Comparison among the
results of assessing environmental impacts of
ceramic tiles from our own research, Tikul and
Srichandr [41] with those of Curran et al. [33], and
Remmerswaal [35] is shown in Table 4. It can be
seen that the impact values of each impact category
from the three sources are quite different. This is
despite the fact that all the three research work
employed more or less the same study details. For
example, the global warming impact value from
Tikul and Srichandr [41] is 1203 kgCO2eq/Mg which
is about three and six times greater than those from
Curran et al.[33] and Remmerswaal [35] work,
respectively.
7000
6000
5000
kgCO2/Mg

If we examine the global warming impact values of
selected building materials, for example, we find that
they are presented very differently from one source
to the other. For instance, the values for linoleum
according to Potting and Blok [34] are 4700
gCO2eq/m2 vinyl while that from the work of
Lippiatt is 478 gCO2eq/f2 [31]. Other global warming
impact values for linoleum are 1000 gCO2eq/kg [32]
and 930 gCO2eq/f2 [33]. Another example, the global
warming impact values for parquet from different

4000
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3000

Textbook / Handbook
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BEES Database

1000
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0
Concrete

Brick
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Figure 1. Comparisons of Global Warming Impact Values
of Selected Building Materials
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Table 2. Global Warming Impact Values of Selected Building Materials
Materials

Research Articles

Sources
Textbooks/Handbooks [32]
BEES Database [33]
11090 gCO2eq/f3 (28MPa)
65 gCO2eq/kg
N/A

Brick

220.68 kgCO2eq/Mg [36]

190 gCO2eq/kg

Glass

N/A
4700 gCO2eq/m2 [34]
4780 gCO2eq/m2 [31]
1600 gCO2eq/m2 [37]
9500 gCO2eq/m2 [34]
4206 gCO2eq/m2 [37]
1409 gCO2eq/f2 [31]
7.10E-13 Pt/m2 [38]
1.93E-12 Pt/m2 [38]
12.7 kgCO2eq/m2 [34]

569 gCO2eq/kg

N/A

SimaPro Database [35]
0.84 kgCO2eq/kg
0.14 kgCO2eq/kg
2.25 kgCO2eq/kg
(Refractory Brick)
1.03 kgCO2eq/kg

1000 gCO2eq/kg

930 gCO2eq/f2

N/A

N/A

1060 gCO2eq/f2

N/A

1210 gCO2eq/kg
571 gCO2eq/kg
116 gCO2eq/kg

2687 gCO2eq/f2
1994 gCO2eq/f2
341 gCO2eq/f2

N/A
0.69 kgCO2eq/kg
-1.9 kgCO2eq/kg

Portland
Concrete

Linoleum
Vinyl
Marble
Ceramic tile
Parquet

N/A

Table 3. Global Warming Values of Selected Materials (kgCO2eq/Mg)
Materials

Sources
Textbooks/Handbooks [32]
BEES Database [33]
65
N/A

Brick

220.68 [36]

190

Glass
Linoleum
Vinyl

N/A
3563
1729 [31]
5.36 [27]
16200 [39]
706 [40]

569
1000
N/A

N/A
2043
5588

SimaPro Database [35]
140
2250
(Refractory Brick)
1030
N/A
N/A

571

806

494

Concrete

Ceramic tile

Research Articles
N/A

Table 4. Environmental Impact Values per 1 Mg of
Ceramic Tile

materials. None of the studies covered the full life
cycle, from cradle to grave. The scope of studies of
selected research work on ceramic tiles is shown in
Figure 2. Differences in scope of studies are one of
the reasons that result in differences in environmental impact values of the same building
materials.

Tikul and Curran RemmersEnvironmental
Unit (kg) Srichandr et al.
waal
Impact
[41]
[33]
[35]
Global warming CO2eq.
1,203
340.8
208.8
Acidification
H+eq.
103.2
129.6
47.2
Euthophication
NO3eq.
0.058
0.04
0.028
Ozone Depletion CFC-11eq. 9.8E-6
N/A
8.4E-9
Ecotoxicity
2,4-Deq.
80.4
1.96
0.13
Smog
NOxeq.
1.04
0.68
0.64

The results show that existing environmental impact
data of building materials from different sources
differ markedly. From the designers‟ point of view,
this is perplexing and it is almost impossible to use
the data for selecting environmentally-benign materials. There are many possible causes that give rise
to such differences including transport distance of
raw materials, production technologies and manufacturing practice, pollution control measures etc. If
the data can be somehow presented in the forms that
are more designer-friendly, they would certainly be
used more widely in real life applications.

The results show that existing environmental impact
data of building materials from different sources
differ markedly. From the designers‟ point of view,
this is perplexing and it is almost impossible to use
the data for selecting environmentally-benign
materials. There are many possible causes that give
rise to such differences including transport distance
of raw materials, production technologies and manufacturing practice, pollution control measures etc. If
the data can be somehow presented in the forms that
are more designer-friendly, they would certainly be
used more widely in real life applications.

Scope of Studies
Careful examination of a number of studies on
assessing environmental impacts of building materials reveals that different studies cover different
scopes i.e. cover different phases of the life cycle of
materials. None of the studies covered the full life
cycle, from cradle to grave. The scope of studies of
selected research work on ceramic tiles is shown in

Scope of Studies
Careful examination of a number of studies on
assessing environmental impacts of building materials reveals that different studies cover different
scopes i.e. cover different phases of the life cycle of
45

Nachawit, T./ Selecting Materials for Environmental-Friendly Buildings / CED, Vol. 14, No. 1, March 2012, pp. 42–50

Li et al. [39]

Packaging

0.19 Pt

6.6E-3 Pt

4.09 Pt

0.15 Pt

Transp. Construction Using

Disposal

16173.44 kgCO2/Mg

Bovea et al. [9]

8.46 kgCO2 /m2

Nicoletti [38]

1.07E-10 Pt /Mg

Berge [32]

571 kgCO2/Mg

Bribián [27]
Curran et al [33]

Glost firing

0.00 Pt
4.37 Pt
3730 kgCO2/Mg

Glaze.

2.6E-2 Pt

Biscuit firing

5.16 Pt

Drying

1.13 Pt

Glazing Prep.

Tikul&Srichadr
[41]

Transp.

Forming

Sources

Body Prep.

Manufacturing
Material
Extraction

857 kgCO2/Mg
2544 kg CO2/Mg

1217 kg CO2/Mg
3782 kg CO2/Mg

21 kg CO2/Mg

Remmerswaal
[35]

0 kg CO2/Mg

494 kg CO2/Mg

Figure 2. Comparisons of the Scope of LCA Studies from Various Sources

Figure 2. Differences in scope of studies are one of
the reasons that result in differences in environmental impact values of the same building materials.

The last category is a temporal one, the time factor
that leads to differences in impact values. It is
observed that older values are different from newer
ones. It is quite probable that the temporal effects
are related to the first two categories. Modern manufacturing practices and technologies could lead to
different impact values from those obtained in the
past [28]. More recent investigations would employ
different methodologies in conducting research and
different methods of data analysis thus resulting in
different values. Better knowledge and understanding about the subject matter of those involved
could also contribute to difference in impact values.
Other things being equal, one might assume that the
newer values are more accurate than older ones.

Sources of Data Variation
Examining and analyzing the information in the
literature and that from Tikul and Srichandr [41], it
is found that there are numerous possible causes
that lead to different values of environmental impact
data. The author has identified three major categories of sources that lead to discrepancies in impact
values of building materials.
The first category is production processes and
technologies employed. Different processes and
technologies result in different impact values. This is
evident in Tikul and Srichandr‟s work [41]. The
author assessed environmental impacts of ceramic
tiles produced by two Thai firms who employed
different production processes and technologies and
found that the values are very different. Examining
the work of others also reveal the same results [28,
42-44].

Designers’ Perspectives
For practicing architects and engineers, the nature of
existing data on environmental impacts of building
materials as presented above is overwhelming and
perplexing. The interviews with practicing architects
in Thailand reveal clearly that they are well aware of
deteriorating environmental problems and are
willing to incorporate environmental consideration
in building design. Implementation is extremely
difficult in practice, however. Key obstacles are lack
of relevant and reliable data that can be readily used
and lack of user-friendly tools for the implementation. Selecting environmental-friendly materials is
particularly problematic in this regard. Being laypersons as far as environmental impacts of materials
are concerned, they can hardly know which data are
appropriate, which are reliable, which are relevant,
and which should be selected. This is unfortunate for
they are the ones who actually use the data in
practice, who could actually make a difference and
make the hard-earned research data truly beneficial
and effective.

The next category is the study details. These include
scope of study, definition of functional units, methods
of measurement and data collection, methods of
inventory analysis and assessment. If such study
details are different, the resulting impact values will
be invariably different. Examining such details in
the literature [28,29,43,44], it is found that they
differ considerably from one study to another. In fact,
there are no two studies which are exactly the same.
Statistical analysis of data were performed in only a
limited number of studies and often neglected,
particularly in earlier ones. It is therefore not really
surprising that the values from different studies are
different.
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Designers evaluate candidate materials in various
ways before reaching final decisions [21,23]. They
may base their decisions, for example, on a weighted
performance indices which are obtained from giving
„weights‟ to key performance requirements of individual candidate materials, multiply them, and sum
them up. The material with the highest index is
selected [14,16]. Performance requirements of materials may include things like load carrying capacity,
strength, weight, thermal insulation, cost, and so on.
Others may employ simple calculations and their
experience in selecting materials. Still others may
employ sophisticated materials selection softwares
based on complex fuzzy mathematics with large
material database [45-47]. A number of materials
selection models employing various approaches have
been developed in recent years [48,49]. In all cases,
the input materials data have to be clear, specific,
and reliable, if the outputs, hence subsequent
decisions, are to be truly meaningful and beneficial.
If the input data are uncertain or unreliable, the
outputs, no matter how elaborate the selection
models, cannot possibly be reliable. Making decisions
without definite and reliable data are extremely
difficult if not impossible. One has no choice but
resort to the „old way of doing things‟ using intuition
and experience as the bases for making decisions.

end-of-life issues. Individual phases might involve a
number of factors that need to be taken into account
in order to assess the impact accurately. Most
studies therefore limit the scope of the investigations
within certain phases so that they are manageable.
The final impact values are therefore not really those
of the whole life cycle but partial life cycle of the
materials. Changes in the scope of study inevitably
lead to changes in environmental impact values.
This is one of the reasons for the differences in
impact values in the literatures.
The second limitation is related to the uniqueness of
individual studies. By its very nature, each study
that employs the life cycle approach is a case study.
The results of any study are, strictly speaking, only
applicable to that particular case. Generalization of
the results is extremely difficult or impossible. In the
production of a certain building material, different
firms employing different manufacturing practices
and are located at different distances from raw
materials sources, are bound to generate different
values of environmental impacts [28-30].
It is clear from the above discussion that obtaining
accurate environmental impact data of building
materials is very difficult. Each data set from
individual study is derived from a very specific set of
conditions unique for that study. Users of the data in
different settings are bound to generate errors or
uncertainties. Tremendous progress has been made
regarding environmental impact assessment of
building materials but a lot of work still needs to be
done before designers could readily use environmental impact data in materials selection in real life
practices.

Ideally, designers would prefer a single value, or a
narrow range of values, for environmental impact
data of a material rather like mechanical and other
properties. It would then be quite easy to include
environmental impacts in materials selection equations. This is impossible in the case of environmental
impact values, however, as the impacts are generated throughout the life cycle of materials. Life cycle
assessment approach must be, however, used in
order that the results represent the impacts accurately, thus making the data truly reliable. Variables
in various phases of the life cycle of materials;
production technology and transportation distance,
for example, could affect the final results [27,28]
considerably as are evident in existing data presented
in Figure 2.

Possible Solutions
How can the environmental impact data of building
materials be made more user-friendly? How can one
improve external validity of research data so that
they could be more widely and reliably used? These
are the key questions that must be addressed if
environmental impacts of building materials are to
be seriously considered and included in materials
selection equations by practicing architects and
engineers.

Limitations of the Life Cycle Approach
Although the life cycle approach to environmental
impact assessment is deservedly well accepted
internationally, there are some limitations. Firstly,
implementing the approach in practice is not an easy
task. For the full life cycle assessment of a building
material, ceramic tiles for example, one needs to
cover the extraction and production of all the raw
materials required to produce the tiles, the transportation of all raw materials to production plants,
all production stages, packaging, transportation of
finished products, construction, maintenance, and

We believe that the life cycle approach is necessary
for determining accurate environmental impact
values of building materials. However, obtaining the
data that cover the full life cycle of materials and the
data that are applicable to a wider range of situations are difficult as discussed earlier. The author
proposes that the full life cycle of materials be broken
down to appropriate „phases‟ and the impacts
resulting from individual phases are then deter47
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mined in terms of key variables contributing to the
impacts in that particular phase. The overall impacts
of the materials are the sums of the impacts of
individual phases throughout the life cycle.

tasks are more manageable compared with current
practice where the determinations of the impacts of
all the phases are attempted in one go which is an
enormous task. Researchers therefore have to limit
the scope of studies to make the task manageable as
mentioned earlier. The results of such limited-scopestudies do not reflect the full life cycle impact values
as they are determined from limited scope of the life
cycle.

In the case of ceramic tiles, for example, the full life
cycle may be divided into 9 phases: extraction and
production of all raw materials, transportation of all
raw materials from their sources to manufacturing
plants, materials preparation, forming, firing,
packaging, transportation of finished products to
construction sites, construction, maintenance in the
use phase, and end-of-life phase. Environmental
impacts of individual phases are then determined in
terms of key variables in that phase. For example, in
the transportation-of-finished-products phase, the
key variables would be the distances between manufacturing plants and construction sites, and the
means of transportation and the types of transporttation equipment employed. Suppose we know, for
instance, that the distance is 100 km and 28-ton
diesel trucks are used for the transportation, we can
calculate the amount of environmental impact due to
this transportation-of-finished-products phase in this
particular situation. If the distance and the means of
transportation are different, the impact values will
be different, of course.

The proposed approach for environmental impact
data acquisition is analogous to the modular
approach to product design. Individual phases in the
life cycle of materials correspond to individual
„modules‟ of products. Modules may be developed by
different parties and can be later assembled to make
complete products. Current practice is analogous to
integrated design approach where every part must
be designed for specific products. Improvements of
integrated products are difficult compared with
improving modular products.

Conclusion
With increasingly deteriorating environmental problems, it is imperative that the products of the future,
including buildings, designed in such a way that they
are more environmental-friendly. Buildings consume
vast amount of materials which generate huge
environmental impacts. Proper selection of building
materials would help improve environmental friendliness of buildings and consequently mitigating environment problems.

Impact values of other phases can be determined in
a similar way. The challenge is to identify key
variables affecting the impacts and the establishment of functional relationships between the impacts
and the variables for each phase. Summing up all
the impacts values from all the phases would yield
the total impacts of the material throughout its life
cycle.

Existing environmental impact data of any
particular building material differ considerably from
one source to another. It is difficult for designers in
evaluating and selecting building materials that are
friendly to the environment. Environmental considerations are often neglected in the material selection
stage of building design. Improvements on existing
data are necessary if the data are to be extensively
used in practice.

One advantage of this approach to assessing environmental impacts of materials is that the results
can be used in a wide range of situations. Once the
functional relationship between the impact value
and the key variables for each phase is established,
the value can be determined for that phase in other
situations, thus increasing the external validity of
the results. This is in contrast with current practice
where the impacts of all the phases within the scope
of study are evaluated collectively making the results
very specific to that particular study. Using the
results from that study in other situations is
therefore invalid.

An alternative approach for data acquisition and
presentation is proposed. The full life cycle of
building materials is divided into several phases.
The environmental impact of each phase is
determined in terms of key variables affecting the
impacts, i.e. establishing functional relationships
between the impacts and key variables in that
particular phase. The total impact value is the sum
of the impacts of all the phases. This approach would
make the determination of the full life cycle value
feasible as well as increasing external validity of
research results. The final outcome of the approach
would be more reliable and more user-friendly
environmental impact values.

Another advantage is that the full life cycle impacts
of materials can be realistically achieved. Once the
impacts of individual phases are determined, one can
simply add the values to get the total life cycle
impact. Individual phases may be investigated by
different researchers or at different times and the
results can be used by others or at later dates. The
48
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13. Ljungberg, L.Y. and Edwards, K.L., Design,
Materials Selection and Marketing of Successful
Products, Materials and Design, 24, 2003, pp.
519–529.
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