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Abstract

Eco-design aims at improving the production proa#sa single product and eco-design
practitioners often consider environmental perfarogs of a product as a part of its initial
functionalities. Only the use of LCA can quantiffyveéonmental performances. Because of its
comparative nature, using LCA for eco-design rexpiicomparing a new solution to an
existing one. In the construction sector, materais often considered as an eco-design
variant. The use of a construction material is wmnaay linked to its intrinsic properties but
the link between these properties and its functisnaot always obvious because several
physical scales are nested (materials, in congtrueiements, in constructed objects). Using
LCA in that frame means to compare various materal the basis of identical fulfilled
functions. The purpose of this article is to sug@egeneric approach for using LCA to eco-
design materials for construction. This approa&iedanto account the multi-functionality of
materials, the “nested scales” of products, andldabk of knowledge at the early stages of
design. The proposed approach might be the mosteotent accompanying approach that
should occur all along the design process frommihaterial to the constructed object.
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1. INTRODUCTION

Life Cycle Assessment (LCA) is the most suitabldhnod to compare environmental (i.e.
health and ecological) performances of technoldgsmutions (products or services).
According to Wenzel and Hauschild [1], a produet'sironmental impacts can be considered
when the product is designed and inappropriatetisolsl and technologies can be avoided
from the start. To that end, eco-design aims atawipg the production process of a single
product and eco-design practitioners often consteironmental performances of a product
as a part of its initial functionalities. There aeveral methods to quantify environmental
performances. However, LCA is one of the best andni accepted method both in industry
and science. Because of its comparative natureg UsTA for eco-design requires comparing
a new solution to an existing one.

In the construction sector, materials are oftensmred as an eco-design variant as a
construction element or in a constructed objeciidmg or infrastructure). Using LCA in that
frame conducts requires comparing various matesiadsthe LCA comparison is based on the
concept of identical functions fulfilled by compdrproducts or services. The reason for this
principle is ethical: it is only fair to compareqggiucts or services that fulfil comparable
functions. These compared functions are defined fynctional unit (FU). The choice of the
FU is important because it will determine whetheodoicts are comparable, and identify
elements to include or exclude from the LCA tecbgadal system.

The use of a construction material is undenialikdd to its intrinsic properties (i.e.
thermal or acoustic insulation, bearing capacitiid sresistance, health or ecological
innocuousness...) but the link between these praseand its functions (the word function
literally means the role of something in an ensenlioh a construction element or in a
constructed object is not always obvious becauserakephysical scales are nested:

- amaterial is a component of a construction element (i.esglavood, stone, steel...);

- aconstruction element designates a product as an assembly of severalialat and as a
part of aconstructed object;

- and aconstructed object is the construction itself (i.e. a building oriafrastructure);

Ortiz et al. [2] have already discussed the coniphiaof buildings using LCA according to

their numerous functionalities; comparing materidemselves obviously conducts to the

same issue. Furthermore, the information levelireduor LCA appears important, whereas

it is not always available at the early phasesesigh [3].

The multifunctional issue in LCA has already beerated in the allocation step [4], or on
the question of results standardisation for degisiaking, as for construction products [5],
(which is a wider question than just a LCA partaitly). However, this issue has rarely been
considered at the first stage of the method, whedimidg the FU. According to the literature,
FUs are generally oversimplified and insufficiendgfined [6], [7]. It has been proposed to
define a functional profile representing the fuactl characteristics of a product in the early
phase of design [8], but in that case, environmegogaformances are seen as functional
properties of products in eco-design whereas theyesult figures in LCA. Collado-Ruiz and
Ostad-Ahmad-Ghorabi (2010) recently introducedsihkealled “fuon” concept [9] in order to
standardise the choice of the FU in LCA used in@esign. This concept proposes to define
set of required functions independently from thggptal object itself. According to them, a
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function must always be quantifiable, in severainnas: a physical magnitude, a logical
condition, or a subjective scale [9]. They alsocHyehat some functions are more important
(called “main functions”) whereas others are leapdrtant (called “secondary functions”).
However, the fuon concept does not consider théedescales of products, although it
appears to be suitable for this purpose.

The purpose of this article is to suggest a gergpmroach for using LCA to eco-design
materials for construction. This approach must taite account the multi-functionality of
materials in consistency with the fuons concept {8¢ nested scales of products, and must
deal with the lack of knowledge at the early stagfedesign [3].

The first part of this article deals with the fuicis of a material as multi-scale (material
potential functions, construction element or the constructed objectitu functions), multi-
stakes and environmental behaviour issuedefendent, constant, dynamic), and suggests a
manner to characterise functions as an outcoméhdnsecond part, generic principles are
suggested to choose main functions in accordanttelMIA requirements, and the way to use
LCA in a progressive and iterative process all gltme construction phase. Some examples
applied to bio-based materials used for buildings presented in the Appendixes. The
conclusion summarised the main principles of th@ppsed approach and discusses with its
compatibility with the fuons concept.

2. CHARACTERISING FUNCTIONSOF MATERIALSIN CONSTRUCTION

If in LCA for eco-design, a function must always Qeantifiable [9], the manner to
perform this quantification will first depend onetltonsidered scale of the product, but also
on the stake and on the surrounding environment.

21  Thenested scalesissue and the surrounding environment

As said in the introduction, the choice to use age type of material in a construction is
linked to its intrinsic properties. For a given eral used in a building, five intrinsic
properties are generally investigated: thermal rdwygptric; acoustic, mechanical and burning
behaviour. Each property can be characterised byramnly measured values (Table 1). The
detailed descriptions of cited properties are givethe Appendixes (S2).

Table 1. Examples of intrinsic properties of maksriused in buildings and common
characterisation values

Kindsof materials Common characterisation values Units
properties

Thermal Thermal conductivity\f W/(m.K)
Thermal resistance (R) mz2.K/W
Massic thermal capacity (Cp) J/(kg.K)

Hygrothermal Resistance factor to water vapopy ( m

Acoustic Sound absorption index, -
Acoustic transmission loss index (R) dB

Mechanical Compressive strength (Rc) N/mm? (MPa)
Flexural strength (Rf) N/mm2 (MPa)
Modulus of elasticity (E) MPa

Burning behaviour  Categories -
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Intrinsic properties of materials are quantifiedt bimese values only reflect the
potentialities of materials: they can be designaisubtential functions. If these materials are
considered at the upper scales, their intrinsig@riies will not be sufficient to estimate the
value of their functions inside the constructioeneént or the constructed object. Functions of
a material in a construction element or in consédi©objects can depend on their surrounding
environment. As an example, several materials #iem @ombined in a construction element
because of their complementary properties: a natenth thermal insulation properties is
associated with a structural material to fulfil fis@ctions of a wall element. Another example
is the design of a building with respect the aegttiiral harmony of historical area, leading to
the choice of a certain type of materials for cardton elements.

Here the ternsurrounding environment is thus to be taken literally, i.ewhat is around”.

The termsecological and health will be used in this article when meaniegosystem and
human protection areas.

Scale of product
A

‘ Durability of in situ functions ‘

>

Time scale

In situ functions @
@ Surrounding
environment

Construction element
or constructed object

Potential
functions

I

Intrinsic
properties

Figure 1: Interaction between nested scales, fonstand surrounding environment

Given as an example in the Appendixes (S2), thentakinsulation due to a wall element
does not only depend on the material’s thermal gntogs, but also on its surrounding
environment: the other materials of the construcatements, differences between inside and
outside temperatures.

At the construction element or the constructed algeales, functions can be qualified as
in situ functions and have different behaviours considering theiragunding environment as
resumed in Figure 1. Furthermore, the function baraltered by the environment, i.e. the
water impermeability of a roof element is altergdthe occurrence of wind episodes or by
ultraviolet radiations.

Considering both the surrounding environment aedithe dimensions, an situ function
can have three types béhaviour, its value can be qualified as:

- independent of the surrounding environment (see example inelpix S3);

- constant when depending on the environment but considectdvariable with time (see
Appendix S4)

material
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- dynamic when depending on the environment and time (sgeAgix S5).
These three types of behaviour reflect increasienels of knowledge and modelling
complexity.

2.2 Thestakeissue: the perimeter of functions
As explained in the introduction, in eco-designwneaterials are considered to fulfil

additional functions like health or ecological imnousness (see Appendixes S2), or they can

also be considered as biodegradable, recyclablenergy carriers at their end of life.

Materials can also be used in eco-design accorthngheir origin: renewable or non-

renewable.

Construction elements can provide energy such asopbltaic panels, or ensure natural

luminosity, and thus reduce electrical energy daeimanbuildings. Wearing courses of road

pavements are another example: in addition to theechanical resistance, they can be
designed to minimise noise annoyance or to impseeeirity by their skid resistance.

Constructed objects can have ecological, histgricaltural or esthetical functions. An

example of an ecological function is the use ofcg#mepaintings on buildings, containing

titan dioxides that are expected to oxidize atmesph pollutants (Volatile Organic

Compounds and nitrogen oxides).

Thus, in addition to the scale and behaviour otfioms in their surrounding environment,
materials, construction elements or constructeceatbj can fulfil numerous and varied
functions related to what can be calledtake. According to the perimeter of this stake,
functions can be differentiated:

- Technological functions are those of which values can be controlled by swedble or
scalable modifications of the studied product. Texdhgical functions meet stakes that are
exclusively related to quantifiable physical chaeaistics of the studied product. In eco-
design, modifying voluntarily a target value of eclinological function will necessary
modify the physical characteristics of the prod(eimponent, mass, shape, size...). An
example of technological function at the scale otamstruction element is thermal
resistance of a wall element: to increase it walh@uct to change materials or to modify
their thicknesses.

External functions are those of which values can not be controlleanbgifications of the

studied product, because the perimeter of thekesis much wider than the perimeter of

the product. As an example, the eco-designer aimahgimproving environmental
performances of a building can decide to use absed material, because of an expected
carbon neutral functionality. However the globatm&ase of carbon equivalent emissions is
not certain because this stake depends on many latihean activities. The carbon neutral
functionality of a bio-based material is a functibat is external to the product itself.

3. HOW TO DEAL WITH LCA FOR THE ECO-DESIGN OF CONSTRUCTION
MATERIALS

3.1 AnLCA iterativeapproach for eco-design

From previous parts of this article, it can be s#®t choosing a material for eco-design
leads to consider multi-functional, multi-scale amdilti-stake issues in the LCA method.
Figure 2 resumes a possible iterative articulabetween LCA and eco-design. At step A,
designers choose a set of action parameters on phailuct. Among these parameters,
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technological parameters represent a set of pesddisions (step B Figure 2). To evaluate
environmental effects of these choices, techno&gicenarios can be defined (step D Figure
2) and compared using LCA (steps E to F Figurd B¢ use of LCA tools (i.e. parameterized

softwares, fuons [9]) allows simulation and detactof sensitive parameters (step G Figure
2). The set of effective parameters is chosen atebkted at the upper scale with the same
approach (step A Figure 2).

G/ simulations,
parameters sensitivity

G/ LCA indicators

|

F/ LCI

LCA tools

A/ Action parameters

Other parameters
Technological parameters

E/ FU, system

LCA methed

. . B/ technlogical
D/ Technological scenarios et e

\ C/ Evaluations ‘/

Figure 2: Iterative approach between LCA and ecgie

3.2  Description of basic rulesfor accounting of multiple functions
In the previous parts of this article, functionsrobterials have been characterised by a
quantifiable value [9], a scale (potential or itugi a behaviour towards its surrounding
environment (independent, constant or dynamic), anstake perimeter (technological or
external). Suggested basic principles are giveovizel
1. afunction has a quantifiable value in accordanitie [9]
2. the functional unit should only account for tectogital functions;
3. health and ecological functions should be accountdg system extension, service or
end of life scenarios and through indicators ofactategories;
4. economic or social functions should be accountedbfp alternative scenarios using
consequential LCA (see examples of economic anidlsoimctions in Appendixes S6).
Principles 2 and 3 rely on the basic purpose of L@ddels: this method is dedicated to
assess and compare effects of technological solutan the environment: technological
solutions are the questions to be analysed, whereasonmental stakes are the results.
Principle 4 is proposed because economic and sauietactions with technological
systems are important, but should be clearly statedhe studies’ objectives and thus be
considered as a specific scenario, i.e. they tefeconomic and social modelling.

3.3  Construction materialsand L CA for eco-design

Figure 2 proposed a generic articulation betweeW la@d eco-design, and the previous
paragraph proposes generic principles to accountuftctions in LCA. The application to
materials for construction can now be detailed.ufég3 resumes the application of this

Page 6



approach to materials for construction. A synthesigarious functions fulfilled by bio-based
materials is given in the Appendixes (S7).

material

Intrinsic

properties

Functions

‘ Technological functions } External functions

Potential In situ Ecological and health Social and
functions functions Functions economical

functions
2a

Interactions
> function/ environment/ [—

1
time 2 6

Use of technological
d(';‘q'”“’ﬁ asl Inclusion into the Consequential
additionnal results technological system LCA (scenarios)
Inclusion into the
functional unit - 3
Reference environments
(average, extremes)

Models 4 Accelerated aging
tests

Real scale 4_/"

feedbacks

‘ Service life scenarios }—
5
Lifetime duration

Figure 3: Generic approach to account for functiwingaterials in LCA studies

At the first iteration of Figure 2, construction materials are individgaompared. Their
technological potential functions have an indepenhdechaviour towards the product’s
surrounding environment (see Figure 1): they carinblided in the functional unit (n°1
Figure 3) or as additional results using techn@algindicators (n°2a Figure 3). This case will
correspond to a “cradle to gate” system, with acfiomal unit related to a mass of material,
with a chosen set of technological potential fusrcsi

In a second iteration (Figure2), the scale is the one of a construatiement composed of
several materials (chosen according to the seitgingsessment in the first iteration), with a
chosen set of technological in situ functions. EBhésnctions are considered having an
independent behaviour from the surrounding enviremnin®2b Figure 3) and are treated the
same as technological potential functions. Thisocasl correspond to a “cradle to gate”
system. External ecological and health functioress aso considered having an independent
behaviour (n°2c Figure 3) and are included in #hhological system if they correspond to
specific additional processes (i.e. end of lifense®s such as recycling or biodegradability)
or are considered into LCA indicators results éytrcorrespond to an LCA environmental
impact category (i.e. decrease of non renewableures consumption for bio-based
materials).

In athird iteration (Figure 2), the scale is the one of a constructiement composed of
several materials and, if relevant, technologieoplogical and health functions can be
considered having a constant behaviour towardptbéuct’s surrounding environment (n°3
Figure2). Sensitivity (step G figure 2) to variaeserence (average and extreme) environment
scenarios can be tested.

In afourth iteration, the scale is the one of a construction elementposed of several
materials and, if relevant, functions can be cagrgd having a dynamic behaviour towards
the product’s surrounding environment (n°4 FiguyeAlditional experimental studies and
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models can be required to generate service lif@ast®s. Sensitivity of these scenarios is
tested. Models can generate lifetime duration énftimctional unit (n°5 Figure 3).

In further steps, the scale of the constructed object can be reladhihe previous approach
has been conducted for each construction elemenialSand economic functions (n°6 Figure
3) can be tested with consequential LCA if socraé@nomic factors can affect technological
scenarios.

4. CONCLUSIONS

Comparing construction materials for eco-desigaasicomplex methodological questions
for using LCA. This paper highlights the interaasobetween value, behaviour, stakes of
functions and the nested scales (materials nesteadonstruction elements nested in
constructed object). It proposes an iterative L(praach for eco-design (Figure 2) using
increasing degrees of complexity (Figure 3). Theppsed approach is definitely an
accompanying approach that should occur all aloegdesign process from material scale to
constructed object. The application of this appnoan the real world” is however delicate
because actors are different all along the systeaterials designers, architects, construction
operators, users... Furthermore, it can appear iaseacbnsuming activity for actors of which
competencies are not focused on environmental ssees. It would require from these
various actors to share identical methods, andate laccess to suitable software tools. The
“fuon” concept [9] seems a very promising concéyatt should help to harmonise the choice
of functions and to provide results rapidly. Exigtipublications do not mention the nested
scale issue, but the fuon structure appears seitabthat approach.
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