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Abstract — Most of methodologies, concepts and tools, which integrate Computer Aided
Design (CAD) and Life Cycle Assessment (LCA) systems and aim at ecodesigning, are
generally oriented to the environmental assessment. The environmental improvement is treated
only in a few works; however it is a pivotal phase in the eco-design process. In this paper, we
propose a new environmental improvement process based on the remaining Degrees of
Freedom (DoFs) for CAD designer on which he can act to eco-design his/her CAD model. The
originality in this process is the expression of a CAD model environmental impacts in function
of CAD designer DoFs, aiming at help non environment experiment designer to eco-design
products in CAD phase. For this, first, we present the concept of DoFs and we use it to identify
the CAD designer action zone. Second, we establish the impact matrix of DoFs in each life
phase, then; we develop the global impact matrix .The assembly of Els by linear summation of
the matrix columns shows the most impacting ones. Finally, we consider a case study to valid

our proposed approach and results are shown in function of DoFs.

Keywords: Eco-Design / Environmental improvement / Degrees of Freedom / Impact matrix/CAD

model.
1 Introduction

Most of methodologies, concepts and tools, which integrate Computer Aided Design (CAD)
and Life Cycle Assessment (LCA) systems and aim at ecodesigning [1-5], are generally
oriented to the environmental assessment. The environmental improvement is treated only in a
few works such as "Solidworks sustainability” [6] that provides similar materials and the
methodology proposed by Marosky [7] where she establishes guidelines for the improvement
after products environmental assessment. CAD designers with CAD/LCA integrated tools can
calculate the environmental impacts of their choices, but they can not act to improve

environmental performances of their geometric models. Indeed, a non-expert designer in terms
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of environment has no ability to know on what parameters he can act. The question, here, is;
is-it possible to have talking results which allow to the designer to reduce the environmental
impacts of his/her choices? Hence, the answer is; yes and below we present a new
methodology of environmental improvement to assist CAD designers to eco-design in
geometric modelling phase. This methodology is based on two phases; the first one is
identifying the most impacting DoFs and the second one is acting on the initial geometry by
modifying DoFs identified. In this paper, first we present the concept of DoFs found in the
literature and, also, our proposals how to use it in the environmental improvement. Second, we
propose the DoF model and we describe how CAD DoFs can be linked to environmental
impacts, then we propose the new environmental improvement methodology based on DoFs.
Third, a case study to illustrate how the proposed approach works is presented. Results are
shown and the most impacting DoF appears to the designer on which he can act to improve his
product environmental performance. Finally, we conclude about the use of DoF model and its

role in eco-design and we propose perspectives of this work.
2 The concept of DoFs oriented eco-design: Analysis and proposals

2.1 Overview of degrees of freedom in the design process
The notion of degrees of freedom (DOFs) during a design process is not new. Indeed, in the
work of Andreasen and Hein [8] the notion of (DoFs) design, is a presentation of the design

process in the form of a pyramid as shown in Figure 1.
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Figure 1. DoFs in the design process according [8]
These DoFs present the progress levels of the design process, where each level has a causal

relationship with others and limiting a DoF influence the DoFs below. According to the
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pyramid, design process is accomplished when the lowest levels of the pyramid are set. Hence,

the number of information about the system becomes increasingly important.

Using this pyramid, Bhander and Hauschild [9], offer a simplified generic environmentally
conscious design process in relation with the DoFS (Figure 2). It is a generic design model

called conscious Environmental Design (CED), which combines the "design features” given in

[8] and the space of "environmental solutions".

Environmental solutions
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Figure 2. A simplified generic environmentally conscious design process Model [9]

2.2 ldentification of CAD designer DoFs

Generally, to determine the CAD designer DoFs, it is necessary to model constraints
throughout the design process. Establishing constraints leads convergence to the final solution
and then the space of solutions which define CAD DoFs. For this, a multi-criteria approach
should be developed to identify degrees of freedom related, first, to the company and
subsequently the product, which is the object of our future work. However in this paper, the
DoFs that we consider are relative to the company with which we collaborate. In detailed
design stage, the CAD designer has a limited action area compared to the conceptual design
phase. At this advanced stage, in the design process we identify 7 DoFs that we introduced in
our previous work [10].

e DoF1:Forms

DoF 2 : Dimensions

DoF 3 : Materials
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e DoF 4: Volumes
e DoF 5: production Process
e DoF 6 : Choice of « make or buy »

e DoF 7: Thermal & surface treatments
2.3 ldentification of impacting DoFs and definition of the action zone

In our research, we focus on the second phase of an eco-design process which is the
environmental improvement [11]. The approach, that we present, in this paper, is for
improving the environmental quality of a feature or a set of features environmentally evaluated
by detecting various degrees of freedom in relation to the sources of impacts, to verify the
possibility of action on these DoFs and improve the environmental performance of the
geometric model under development. The location of DoFs sources of impacts allows the
designer to act on the initial geometric model to eco-design it. Here, we process by a
simplified method (a sort on Microsoft excel©) to classify DoFs in descending order.
However, looking for the most impacting DoF could be made with other methods. For

example:

e Experimental plans using the LCA tool but from well-defined DDL value.
e Advanced Optimization where DoFs are the variables with the constraints on their

respective space, min IE function.

At this stage, the most CAD DoFs, influent environmental improvement of geometric model,
are identified. Then, with reference to the product functional specifications and initial
constraints, some DoFs can be eliminated and according to Andreasen and Hein work [8] there
is a causal relationship between the DoFs, while eliminating one may influence others and a
hierarchical representation of the interactions of the impacts of DoFs must be done to see the
influence of each DoF and the possibility of action on the geometric model in order to eco-
design it. Nevertheless, in this work the interaction between DoFs is not considered and we
realize a simplified classification of impacting ones. Due to the importance of the detail design
phase in eco-design and more specifically the choice of CAD DoFs, it is necessary to develop
a model based on DoFs oriented eco-design for the environmental improvement. The

development of this model is the subject of the next section.
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3 Proposal of new environmental improvement process based on DoFs model

3.1 Presentation of a DoF model oriented ecodesign

A CAD feature presents a set of data such as material, dimensions, volume, etc. It may also
carry other types of data when it is developed in an integrated CAX/ PLM / LCA system [10].
Figure 3 shows the relationship aspect between the parameters of a feature and CAD DoFs.
The choice of DoFs implements an assignment of a feature. The environmental impacts that
are associated with feature are then also linked to CAD DoFs. For this, we develop a model
based on DoFs, which can detect those in relation with the impacting sources and allowing the
designer to act on the initial geometric model to eco-design it. This model is based on the
results of an environmental assessment practised previously on the CAD model. A feature
carries a set of parameters (P;) associated with the geometry such as type of material, density,
volume, diameter, depth, etc. On the one hand, each of these parameters is related to one or
more DoFs, as shown in Figure 3. On the other hand a DoF can be related to one or more
parameters. Hence, as the number of DoFs (which are in number of 7 in our study), we divide
the parameters into 7 groups (PG; is the i parameter group), ie the set of parameters which are
related to a DoF are assembled into a group, knowing that the PG may interfere as a parameter

which can be related to different DoFs.

Figure 3. Relational model between feature parameters and DoFs
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Sub-sets for the various feature life phases (such as subsets (SS); the manufacturing process
and the energy used for the "production™ phase) are related to DoFs. These subsets may be
some DoFs, for example, in the "raw material” phase, the material is a subset and it is also the
DoF3. Hence, we establish a relational context between subsets of each phase and DoFs in the
form of data lists. For example, if we have a cubic part (100, 100, 10) made on brass, for the
extraction phase of the raw materials we can have the list shown in Table 1.

Table 1. Example of introduced data into an LCA tool for raw material phase

Data to introduce Concerned DoFs Data introduced
. DoF3
Type of material Brass (8500Kg/mm3) Brass

DoF2, DoF3, DoF4

Quantity of material used (100,100, 10) ; brass ; 105mm3

850g

By drilling a 10 mm diameter through hole, the part mass becomes 843,3g. Hence the energy
must be calculated is the one required to remove 6.7 g by a drilling process. This energy is
calculated based on the material, the amount of material to be removed. It therefore depends on
DoF3, DoF2, DoF4 and DoF5. Similarly for the other parameters related to the stages of the
life cycle, we establish their relationships with DoFs. The parameters for the raw material are
expressed as follows:

SSirm = r(DoFs), SSo;rm = r(DoFsS), ..., SSkrm=r(DoFs); Where SSigrm is the first subset to
introduce into LCA software related to the first life phase of a geometric model which is the
phase of extraction of raw materials and "r" is the relational aspect between them. In the same
way, for the other phases of life, we establish the relationships between subsets and their
related DoFs.

3.2 Process of linking environmental impacts to CAD DoFs

We suppose that the designer defines all DoFs allowed to him, before starting the geometric
modelling. We want to have at the end the impact of each DoF to be able to act on the most
impacting one, so it is necessary to link the EI each phase with DoFs. For simplification
reasons, we consider, for a life phase subset, if one or more DoFs influence, then the EI of this
subset will be divided between the related DoFs equally. Hence we suppose that all related
DoFs have the same influence coefficient (for example whether for a phase production subset
is found that the DoFs 1, 2, 3, 4 and 5 have an influence then the influence coefficient is 1/5).
For other DoFs that do not influence this subset phase will assigned zero for their influence
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coefficient. Hence, equation 1 is established to express the El of a given subset phase based on
El of each DDL with influence coefficients (a;... a7).

El (subset of life phase) = a; x El (DoF) + ... +a7 X El (DoF7) (1)
The link between the environmental impact of a given life phase to CAD DoFs can be
represented in an impact matrix (8x7) (8 impact categories, used in the LCA toll “Bilan
Produit”, to consider and 7 DoFs). For example, the element of lyp1; impact matrix of the first
material presents environmental impact N°1 of DoF; during the extraction phase of the raw
material and the element has Iypsz environmental impact N°8 the DoF;. This matrix Mgjup can

()

: Imp11 + Imp1y
be expressed by Equation 2. Mgy =] - :
Impg1 - Impgy

Similarly for each life phase we can obtain an impact matrix that can bind the environmental
impact of a given phase to CAD DoFs.

From elementary matrices we develop global impact matrix which is presented by equation 3.
It contains the environmental impact values of each DoF. The assembly of Els by linear

summation of the matrix columns shows the most impacting ones.

Mie= Iwprs + Tp1 +lonn +bra +levir = Iwpas +Ipi7 +luss +lpis + vy (3)

IMP81+IF81+IU81+IT81+]FV81 lMPB7+IF87+[U87+lT87+IFV87

We realize a hierarchical classification of generated impacts in function of DoFs. Then the
most impacting DoF appears to the designer. In this step he can act on his CAD model aiming
at improving its environmental performances. In order to look for the most impacting DoF,
many methods could be developed such as experimental plan and muulti-criteria optimization.
This work is limited to a simplified methodology that we propose to explain the concept of
DoF model and its use for environmental improvement. We establish the algorithm of

calculating DoFs environmental impacts which is presented in figure4.
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1. Establish Subsets (SS) and DoFs relationship lists

'

2. Calculate influence coefficient of each DoF in a given
life cycle phase

'

3. Establish impact matrices for each life cycle phase

'

4. Establish global impact matrix

v

5. Calculate each DoF impact (by categories and
globally)

Figure 4. DoFs impact calculating algorithm
3.3 Proposal of the environmental improvement process
Based on DoFs model developed in previous sections, we propose a new environmental
improvement process. The designer gets calculated environmental impacts expressed in
function of DoFs. Hence, he has the action field necessary to improve the current CAD model.

The proposed process is presented by the algorithm figuring in figure 5.

1. Geometry evaluated + Impact sources located

\ 4

2. Detection of most impacting DoFs

A 4

3. Detection of DoFs action zone

A 4

4. Action on DoFs oriented eco-design

\ 4

5. Modified geometry oriented eco-design

Figure 5. Environmental improvement process based on CAD DoFs

This process requires the presence of an evaluated geometric model in order to get an
environmental improved one. It consists of three steps:

e Detection of most impacting DoFs

e Detection DoFs action zone

e Designer action on DoFs oriented ecodesign
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4 Application on a case study (a basin mixer body)

4.1 Determining of the initial conditions to apply the proposed process

To validate our environmental improvement methodology based on DoFs model in CAD
phase, we use an environmental evaluation of the basin mixer body case of our study shown in

figure 6.

The LCA is practiced with the software “Bilan Produit”, developed by ADEME [12] to
perform simplified LCA. The database used is developed in collaboration with Ecolnvent
Centre and the Swiss Centre for life Cycle inventories [13], aim at assessing the environmental
impact. By using the CML method [14], calculated impacts are presented in the following
categories life cycle phase: Energy consumption NR (MJ eq), Use resources (kgSheq),
Greenhouse GWP 100 mod (kg CO2eq), Acidification (kg SO2 eq), Eutrophication (air ground
water) (kg PO4eq), Photochemical pollution (kg C2H4), Aquatic Ecotoxicity (kgl.4-DBeq)
and Human toxicity (kg 1.4-DB eq). The results are expressed in points after practicing a
normation because the impact indicators used are expressed in units incomprehensible by non
environmental expert designer. The normation occurs by taking the ratio between the value of
product’s impact and the reference value of the normation [15]. The normation retained in this
software takes as reference the daily consumption of an average European. Other software can
be used however we used here a simplified one in order to prove the feasibility of the proposed
process. Hence the credibility of environmental evaluation results is not needed.
Environmental evaluation results, of the basin mixer body used for the study, are shown in
table 2.

Figure 6. Basin mixer body
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Table 2 The basin mixer body environmental impacts results of each phase by impact categories

Indicators Production [Transports Use Phase |EoL Phase Total
Phase Phase indicators
Energy consumption NR (MJ eq) 4,54E-01 | 4,55E-01 | 1,19E+00 | -1,78E-01 1,92E+00
Resources consumption (kg Sb eq) 9,36E-01 | 8,63E-01 | 1,99E+00 | -3,88E-01 3,40E+00
GreenhouseGWP 100 mod (kg CO2 eq) 4,50E-01 | 4,06E-01 | 1,02E+00 | -1,77E-01 1,70E+00
Acidification (kg SO2 eq) 3,57E+00 | 3,55E-01 | 1,02E+00 (-1,83E+00 | 3,11E+00
Eutrophication (kg PO4--- eq) 3,27E-01 | 8,07E-02 | 8,34E-02 | -7,05E-02 4,21E-01
Photochemical pollution (kg C2H4) 1,10E+00 | 9,45E-02 | 4,56E-01 | -5,62E-01 1,09E+00
LAquatic ecotoxicity (kg 1,4-DB eq) 2,71E+00 | 1,64E-01 | 1,62E+00 |-1,13E+00 | 3,37E+00
Human toxicity (kg 1,4-DB eq) 4,49E+00 | 2,97E-02 | 9,77E-02 |[-2,22E+00 | 2,39E+00
Total phases 1,40E+01 | 2,45E+00 | 7,47E+00 |-6,56E+00 1,74E+01

To establish the different impact matrices, it is first necessary to determine the various input

data for each phase related to the body of the mixer. Here we present only for the production

phase, how to establish the production matrix impact. Table 3 presents the input data of

production phase used for the environmental assessment.

Table 3 Results Input production phase data in “Bilan Produit”

Noun Quantity |[Unit
Molding Brass 1,5 kg
Degreasing 0,045 m2
Black chrome on stainless steel 0,045 m2
Brass CNC Drilling 0,4 kg
Electricity high voltage Europe (0,5 kwWh

4.2 Determining the impact production phase matrix depending on DoFs impacts

The determination of the impact matrix requires, first, the establishment of relational list

between the parameters of the production phase and their related DoFs as shown in Table 4.

Then, the influence equation derived from this relational list is developed to write thereafter

the impact equation of the production phase in function of responsible DoFs impacts.

e EI(DoF2) = IE (DoF7) = b3 x El (SE3) +b4 x El (SE4); b3 et b4: influence coefficients as

b3=b4=0.5.

e E I (DoF3) = El (DoF4) = El (DoF5) =c1 x EI(SEy) + ¢2 x EI (SE>) + ¢5 x EI(SEs); c1, c2

et ¢5: influence coefficients as ¢c1= c2= c5=1/3.

10
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For the production phase, based on the impact equation in function of DoFs and impacts

results shown in Table 5 of this phase generated by the LCA used tool, we establish the

production phase impact matrix in function of DoFs for each considered impact category

(equation 4). Similarly we can develop the impact matrix of each body basin mixer life cycle

phase. Hence the global impact matrix can be deduced.

Table 4 Relational parameter list of the production phase and their related DoF

Life phase subsets | Data to introduce Introduced data Concerned DoFs
SE; Process type 1 Mol(:jllrggké)rass DoF3 -DoF4-DoF5
SE, Process type 2 Brass CNC Drilling 0.4kg DoF3 -DoF4-DoF5
SE; Treatment 1 Degreasing 0,045 m2 DoF7-DoF2
SE, Treatment 2 Black chrome on r?]t;unless steel 0,045 DOE7 _DoE2
SEs Energy type Electricity f(l)lgshk\\//?llr'][age Europe DoF3 -DoF4-DoF5

Table 5 Impact results due to transport phase of parameters introduced body

Black .
) Brass Electricity
) Molding ) chrome on )
Indicators Degreasing ) CNC high voltage
Brass stainless o
Drilling Europe
steel
Energy consumption NR (MJ eq) 3,98E+00 | 7,61E+00 | 2,01E+00 |5,86E+01 1,24E+01
Resources consumption (kg Sb eq) 1,77E-03 2,57E-03 | 4,65E-04 | 2,76E-02 4,59E-03
GreenhouseGWP 100 mod (kg CO2 eq) 2,37E-01 5,88E-01 | 7,13E-02 |4,08E+00 6,19E-01
Acidification (kg SO2 eq) 1,02E-03 4,50E-03 | 3,89E-04 | 1,18E-01 2,76E-03
Eutrophication (kg PO4--- eq) 5,06E-05 1,85E-02 | 3,48E-05 | 5,22E-03 1,55E-04
Photochemical pollution (kg C2H4) 4,61E-05 1,60E-04 | 1,65E-05 | 4,46E-03 1,10E-04
lAquatic ecotoxicity (kg 1,4-DB eq) 7,65E-03 3,25E-01 | 2,59E-02 (2,80E+00 3,49E-02
Human toxicity (kg 1,4-DB eq) 1,69E-01 7,37E-01 | 1,43E+01 |6,35E+01 6,03E-02
0 1,52E—-03 1,13E—-02 1,13E—-02 1,13E—-02 0 1,52E—03
0 3,30E—-01 1,65E+ 00 1,65E + 00 1,65E + 00 0 3,30E — 01
M 0 2,44E—03 4,06 —02 4,06E — 02 4,06E — 02 0 2,44E — 03 (4)
IEF

0 927E-03 1,81E-03 1,81E—-03 1,81E—-03 0 9,27E — 03

0 883E—05 1,54E — 03 1,54E — 03 1,54E — 03 0 1,54E — 05
0 1,75E—-01 9,48E—-01 9,48E—01 9,48E—-01 0 1,75E — 01
0 7,52E+00 4,35E+ 01 4,35E + 01 4,35E+ 01 0 7,52E + 00

(0 4,81E + 00 2,50E + 01 2,50E + 01 2,50E+ 01 0 4,81E + 00\|
| |
I I
l\ /l

11
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4.3 Determining of the global matrix impact and identification of the most impacting
DoF

The determination of the overall matrix impact requires the summation of different matrices
previously calculated (equation 5).

Realized calculation shows that the most impacting DoF is DoF3 (Materials; 6,17E + 02),
followed by DoF4 (Volume; 1,24E + 01), then the DoF6 (Choice "make or buy"; 7.3e 01),
followed by DoF2 (Dimensions; 3,47E + 01), then the DoF5 (manufacturing Process; 1.56 +
01) followed by DoF7 (Treatment of materials; 5.33) and finally the DoF1 (forms; 0). In our
case (mixer body), the form does not generate environmental impacts. However, for other

products it may have an influence on their environmental performance.

Mie= Miemp+ Mige+ Migus Migrs Migry ®)
[0 3,13E401 5,78E+02 1,15E+02 1,42E+01 6,85E+01 4,81E+00\
0 1,46E-02 2,23E-01 5,19E-02 5,90E-03 2,90E-02 1,52E-03
0 2,09E+00 3,33E+01 7,21E+00 9,25E-01 4,13E+400 3,30E-01
0 8,02E-02 1,46E-01 1,33E-01 6,34E-03 1,70E-02 2,44E-03
0 1,19E-02 1,23E-02 7,24E-03 7,04E-04 1,21E-02 9,27E-03
0 3,01E-03 7,57E-03 4,94E-03 2,54E-04 5,62E-04 8,83E-05
0 1,28E+00 5,16E+00 2,20E+00 4,63E-01 3,29E-01 1,75E-01
0 5,10E+01 8,30E+00 6,53E+01 2,24E+00 8,08E+00 7,52E+00

\ /

0 3,47E+01 6,17E+02 1,24E+02 1,56E+01 7,30E+01 5,33E+00

5 Conclusion

To offer the designer an environmental assistance in geometric modelling by allowing him to
calculate the environmental impacts does not help him to improve the environmental
performance of his products, due to his lack of environmental knowledge. In this paper, we
proposed a methodology to link DoFs remained in the design details to the results of
calculated impacts to make them comprehensive. The DoF model proposed is oriented
towards the second phase of the eco-design process, which is the environmental improvement
phase. For this, relational parameter lists of life cycle phases and their related DoF are

developed in order to link impact results to DoFs and then establish impact matrix. Each life

12
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phase has its elementary impact matrix. The addition of the five life phase matrices give, in
the end, the part global impact matrix which shows the environmental impact of each CAD
designer DoF. Several research axes are opened due to this work such as; the systematic
identification of DoFs in a design process; the development of an expert system to find the
greenest scenarios based on DoFs or optimize a greenest one by including constraints; and
the development of a methodology that allows the location of the most impacting DoFs.
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