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With the emergence of environmental legislations in many countries, the
importance placed upon environmental protection has been raised to a new level,
especially for industrial activities. Considering environmental issues as early as
possible, starting with the design stage, is expected in order to better manage and
diminish adverse environmental impact. Commensurate progress has been made
in method/tool development for use in environmental impact estimation; however,
very few of these methods allow integrating this estimation early in the design
process — a critical point of deciding for potential product concepts and suppliers.
In this paper, we propose a tool that integrates environmental impact estimation
into architecture and supplier identification, in order to conjointly consider
requirements satisfaction as well as uncertainty due to new module and new
supplier integration. This tool is developed to support OEM (Original Equipment
Manufacturer) decision-making in the context of an extended enterprise. A case
study is presented to illustrate a plausible implementation.

Keywords: environmental impact estimation, architecture generation, supplier
identification, early design stages

1 Introduction

Current studies have shown that becoming environment-friendly not only enables companies to create new
business but also lower costs (Nidumolu, Prahalad, & Rangaswami, 2009). Studies (Drumwright 1994)
show that 75% of consumers say that their purchasing decisions are affected by a company’s environmental
reputation, and 80% say that they would pay more for environment-friendlier goods. At the same time,
because of the emergence of environmental legislations (e.g., The Waste Electrical & Electronic Equipment
Directive (WEEE) of European Union), some non-environment-friendly products may now be more
expensive to dispose (Lamming & Hampson, 1996). Being “green and competitive” is increasingly adopted
as the win-win position (Porter & Linde, 1995). Taking into account overall environmental impact has been
recognized as important also in the OEM (Original Equipment Manufacturers) context (Bhamra et al.,
1999). However, current environmental impact estimation methods lack capabilities for considering new
customer requirements, new modules (such as the engine or the battery within a vehicle), and new suppliers
simultaneously. In order to address this gap, we propose ASIT-E (Figure 1) that is developed based on the
Architecture & Supplier Identification Method and Tool (ASIT) for overall environmental impact
estimation during early design. The aim of this approach is to use this capability to further filter system
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architectures and focus on those considered more environmental friendly while at the same time considering
overall system performance. Three thresholds (i.e., environmental impact, requirements satisfaction, and
project uncertainty) are used to filter architectures and suppliers in order to provide a list of qualified
candidates for further negotiation and selection.

Inputs:

* Newrequirements
* New modules
* New suppliers

Thresholds:

* Requirements satisfaction —— ASn'.E
* Project uncertainty
¢ Environmentalimpact ’%

|

A list of potential
architectures & suppliers

Outputs:

Fig. 1 Overview of ASIT-E

In section 2, relevant literature pertaining to environmental directives and indicators is discussed. Section
3 provides details of the proposed method; powertrain design case illustrates the proposed method in
Section 4. Section 5 compares ASIT-E implementation results to those of a method that does not take
environmental impacts into account. We discuss the results and potential managerial implications (Section
6). In the end, overall conclusions are discussed.

2 Background

Grisel & Duranthon (2001) underline the need to use lifecycle method and multi-criteria method in order
to estimate global environmental impacts. Considering entire product lifecycle avoids shifting
environmental impact downstream (i.e., lowering of environmental impact in one step may exacerbate the
problem in another step), while using multi-criteria methods helps to consider impacts from all sources.
The ASIT-E considers the entire lifecycle of a product and uses environmental indicators to reflect possible
environmental problems in each lifecycle phase. Specifically, the aim of this work is to create a
framework/method to use a sample of identified indicators, rather than providing a list of globally
applicable indicators. Indeed existent studies already pointed out that indicators strongly vary across
industries and companies, and it is not appropriate to use one list of indicators for all situations (Lee &
Billington, 1992; Bhutta, 2003). Here we discuss different environmental indicators and identify those that
are adapted to the automotive industry in particular with regard to existing data in early design.

2.1 Consideration of environmental issues in architecture and supplier
identification

In recent years, the consideration of environmental issues in supplier selection has attracted a lot of attention
(Lloyd 1994). Humphreys et al. (2003) identified quantitative and qualitative environmental criteria that
fall into 7 environmental categories, using which suppliers are selected. Handfield, Walton, Sroufe &
Melnyk (2002) identified the top 10 criteria for supplier environmental performance, and the top 10 most
easily assessed criteria based on interviews with companies. They propose to use Analytical Hierarchy
Process (AHP) multi-criteria decision method to assess suppliers along environmental dimensions. Bai &
Sarkis (2010) propose to integrate the “triple-bottom-line” selection factors (i.e., economic, environmental
as well as social factors) for supplier selection decision-making under uncertainty.
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To the best of our knowledge, very few methods have been proposed that consider system architecture and
supplier selection.

We found only three research works that are closely related. Two of these, the works of Krikke, Bloemhof-
Ruwaard & Van Wassenhove (2003) and Chung, Kremer & Wysk (2014) focus on selecting modular
structures of products to optimize product lifecycle performances in a closed-loop supply chain
environment. In these two studies, product components are fixed, and authors seek to group these
components in different ways to form modules in order to optimize environmental as well as other
performance measures. The third study, carried out by Taghaboni-Dutta, Trappey & Trappey (2010),
proposed a platform where suppliers can upload their green parts, and OEMSs can find environmental
friendly alternatives for their products more easily. These approaches are based upon evaluation of existing
technologies and components. However, early design phases are characterized by uncertainties and
consideration of new possibilities, involving new technologies, new modules, and new suppliers. The
necessity to innovate enabling evaluation of new modules or suppliers is essential.

2.2 Research focus: Product lifecycle phases

The European Union’s Waste Framework Directive (European Commission, 2008) requires that the EU
member states apply the following waste! management activities in a priority order: 1) prevention?, 2)
preparing for re-use®, 3) recycling®, 4) other recovery®, and 5) disposal®. The closed-loop production where
EOL (end-of-life) products are re-used (at the part or product level) or recycled (at the material level) has
been attracting attention both in academia and industry. The closed-loop supply chain is the form of supply
chain often used along with closed-loop production, where collection points and reverse-feed centres are
built to collect and process EOL products (Georgiadis & Besiou, 2010). This closed-loop supply chain
framework has been used as the context for the ASIT-E approach (Figure 2). However, ASIT-E supports
customization through lifecycle phases; OEMs can choose to use a subset of the lifecycle phases proposed
in Fig. 2, or adding other phases according to their domain of activity. lIdeally modules are produced by
suppliers using recycled materials, to be transported to the OEM. Assembly is carried out in OEM facilities,
and transported to the distribution centre, and then to customers. The EOL products are collected at
collection points and sent to reverse-feed centres, where reusable high quality modules are separated for
minor repair, and then reused in new products. Non-reusable parts are either recycled for material, sent for
other recovery, or disposed.

1 Waste: Any substance or object which the holder discards or intends or is required to discard (European
Commission, 2008).

2 Prevention: Measures taken before a substance, material or product has become waste, that reduce the
quantity of waste, the adverse impacts of the generated waste on the environment and human
health, or the content of harmful substances in materials and products (European Commission,
2008).

% Re-use: Any operation by which products or components that are not waste are used again for the same
purpose for which they were conceived (European Commission, 2008).

4 Recycling: Any recovery operation by which waste materials are reprocessed into products, materials or
substances whether for the original or other purposes (European Commission, 2008).

5 Recovery: Any operation the principal result of which is waste serving a useful purpose by replacing
other materials which would otherwise have been used to fulfil a particular function, or waste being
prepared to fulfil that function, in the plant or in the wider economy (European Commission, 2008).

® Disposal: Any operation which is not recovery even where the operation has as a secondary
consequence of reclamation of substances or energy (European Commission, 2008).
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Fig. 2 Product lifecycle phases considered in ASIT-E (Ozkir & Basligil, 2012)

2.3 Environmental directives & indicators

The selection of environmental indicators depends greatly on OEM’s particular needs, e.g., product
category, local legislations, strategy. Here we discuss a set of indicators, but one should not consider this
as a final set. OEM’s should adapt this set to their own needs, and ASIT-E provides flexibility to add or
remove indicators. In order to consider potential environmental impact sources, both product architecture
and supplier related environmental indicators should be considered. The supplier related indicators
highlight environmental impact generated in the phases of manufacturing and supplier-OEM transportation,
while the architecture related indicators consider the characteristic of a particular product concept (e.g.,
toxic material used), and its potential performance during utilization (e.g., consumption of electricity).
Regarding supplier related environmental indicators, we adopt indicators from the work of Handfield et al.
(2002). Normally, environmental performance of suppliers is evaluated by the procurement department
once the product concept is decided. However, in ASIT-E, the purpose is to weed out unqualified suppliers
at the very early stages of product development, in parallel with concept definition. Therefore, we seek to
identify the most important and easily accessible environmental indicators. In the work of Handfield et al.
(2002), six indicators are considered both important and easily accessible: (1) ISO 14001 certified, (2) use
of ozone depleting substances, (3) use of EPA 17 hazardous materials, (4) environmental friendly
packaging, (5) use of recycled material, and (6) public disclosure of environmental record. We regroup
“use of ozone depleting substances” and “use of EPA 17 hazardous materials” into module related
indicators since they are design/product specific. We consider the following four indicators in ASIT-E as
supplier related indicators: 1) 1ISO 14001 certified, 2) Environmental friendly packaging, 3) Use of recycled
material and 4) Public disclosure of environmental record.
In order to avoid environmental legislation violations by the final product, we abstracted indicators from
legislations that the product must conform to. Although many governments have introduced environmental
regulations and directives, we mainly focus on the European Union, and three specific directives that are
most related to complex system development:

1) Waste Electrical & Electronic Equipment Directive (WEEE);

2) Restriction of Hazardous Substances Directive (RoHS);

3) European Eco-design Directive (Erp).
The WEEE (European Commission, 2014c) is the European Community directive on Waste Electrical and
Electronic Equipment, which sets collection, recycling and recovery targets for all types of electrical goods.
This directive requires that, starting from 2016, the minimum collection rate shall be 45% of the total weight
of WEEE collected in a given year. The percentage is calculated based on the average weight of EEE
(Electrical and Electronic Equipment) placed on the market in the three preceding years. The recovery rate
and the recycle rate are also defined for each category of EEE for different periods.
The RoHS (Restriction of Hazardous Substances Directive (European Commission, 2014b), newest version;
2011/65/EU) restricts the use of six hazardous materials in the manufacture of all types of electrical and
electronic equipment. This directive restricts the use of the six substances with maximum concentration
values tolerated by weight in homogeneous materials (see Fig. 3).
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Material Maximum concentration rate
(by weight)
1 |Lead (Pb) 0.10%
2 |Mercury (Hg) 0.10%
3 |cadmium (Cd) 0.01%
4 |Hexavalent chromium (Cr™) 0.10%
5 |Polybrominated biphenyls (PBB) 0.10%
6 |Polybrominated diphenyl ether (PBDE) 0.10%

Fig. 3 Restricted Materials by RoHS

The European Eco-design Directive (Directive 2009/125/EC (European Commission, 2014a)) aims at
establishing a framework for setting eco-design requirements for “energy-related products”. While the
directive’s primary aim is to reduce energy use, it also aims at enforcing other environmental considerations,
including: materials use, polluting emissions, waste issues, and recyclability.

Using the literature on these three directives, we identified the most important indicators (shown in Fig. 4).
For example, we choose to focus on electricity consumption for energy consumption, and consider CO-
emission for polluting emissions. The definition of “scarce material” is adopted from the list of “critical
raw materials” defined by European commission (The ad-hoc Working Group, 2010). The final waste is
not considered in ASIT-E, mainly because it can be covered by material recoverability and the use of
hazardous materials; the recoverability is inversely proportional to the final waste, and if no hazardous
material is used, the final waste is not going to be hazardous either. The indicators used in ASIT-E are
customizable.

Directives Indicators Indicators considered
abstracted from the for early complex
directives system design
Theoretical Theoretical
recyclability recyclability
Hazardous [ Hazardous
material use material use
WEEE

Scarce material
use

Material use

RoHS Energy Electricity
consumption consumption
Water Water
consumption consumption
Erp
Polluting emission =———— CO2 emission

Final waste issues

Fig. 4 Indicator identification from directives

We regroup the indicators related to architectures and suppliers into three categories (shown in Fig. 5) in
order to use them in different steps within ASIT-E. The first group of indicators relates to modules, while
the second group relates to environmental capability of suppliers. The third group of indicators relates to
both architectures and suppliers and the entire lifecycle of the product. For example, the electricity
consumption can occur during production, transportation, product use, and disposal. In ASIT-E, we use the
first and second group of indicators to filter out modules and suppliers, in order to avoid unqualified
candidates; then, use the remaining modules to generate architectures. Finally, indicators from the third
group are estimated for the entire lifecycle for each product architecture.
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recyclability

Hazardous
material use
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Supplier related

1SO 14001

Environmental
friendly packaging

Use of recycled
material

Architecturerelated

Electricity
consumption

Water
consumption

CO2 emission

Public disclosure of
environmental
record

Fig. 5 Environmental indicators used in ASIT-E

3 Environmental impact estimation in system architecture and supplier
identification: proposition of ASIT-E

In order to propose a suitable decision support tool for companies to successfully integrate environmental

benefits into their business goals and plans (Hallstedt, Ny, Robert, & Broman 2010), we propose ASIT-E

(Figure 6): a tool that integrates environmental impacts estimation into ASIT originally proposed by (Ye,

Jankovic, Kremer, & Bocquet 2014). Steps highlighted with a dark background are specific to ASIT-E (not
included in ASIT).This approach starts from estimation of new requirements satisfaction by existing

products; identifies requirements that are not satisfied; and finds new modules (possibly from new suppliers)
that can potentially better satisfy the requirements. The potential module set is filtered by the module- and

supplier-related environmental indicators in order to weed out the inadequate modules and suppliers. All

possible architectures are then regenerated using qualified modules. Then, the requirements satisfaction

and the overall uncertainty of architectures (including uncertainty of modules to attain certain performances
due to new technology integration, compatibility between modules, and supplier performance uncertainty)

are estimated; architectures are filtered by requirements satisfaction and uncertainty thresholds. Finally, the

environmental impact of the remaining architectures is estimated; and the environmental impact threshold

is used to filter the architectures once again. A list of qualified architectures and suppliers is generated as

candidates for further negotiation.
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Activities Matrix system Activities
Estimate requirements Take inf .
ake Information
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g products d 4 Requirements
©
=
B | Find un-satisfied
requirements, functions
and responsible modules
; C]
Provide threshold
Filter modules & suppliers froc:v;c:—in;?;atirss
with module & li Take information
™ | related eco-indicators from M8, M9
¥ ] Update M2, M3, | | New Suppliers
& | Generate all possible M8, M9 New Modules
8- | architectures Take information
I from M2
v
2 Estimate uncertainty & Take information (
2 satisfaction of generated from M1 M2, M4 Update M4, M5, M6
s . , M2, M4,
= archllecturels M5, M6
1
o | Filter architecture & Take information Provide uncertainty
3 | suppliers by uncertainty & from M3 & satisfaction
g satisfaction thresholds thresholds
I
v
Estimate lifecycle related Take information Update M10, M11,
" eco-indicators of from M10, M11, M12
o Larchitectures Mi12
a 1
| Filter architecture & ’
o supplier by Provide
) ) environmental
environmental impact impact thresholds
thresholds il
1
v
Output

=  Potential architectures
= Potential suppliers

Fig. 6 Overview of ASIT-E

ASIT-E uses a matrix system (shown in Fig. 7) as database. To reduce uncertainty and consequently, risk,
complex systems are rarely designed from scratch. Project documents regarding requirements, functions,
and modules usually exist. This information is commonly captured and reused using software such as
DOORS. However, different types of data are rarely stored in one place. The idea behind ASIT and ASIT-
E databases is to store critical, high-level data from previous projects within one matrix system, to facilitate
information organization, acquisition, and utilization.

ASIT has seven matrices in its matrix system: matrices 1, 2, and 3 represent requirements, function, module
relations; matrices 4, 5 and 6 represent uncertainty information: the compatibility between modules (4),
uncertainty of modules (5), and uncertainty of suppliers’ capabilities (6). Matrix 7 represents composition
of existing products. In addition to these seven matrices, ASIT-E has five more matrices (8-12). Matrices
8 and 9 represent module related and supplier related environmental indicators, respectively; while matrices
10, 11, and 12 represent architectures’ performance in lifecycle related environmental indicators (i.e.,
electricity consumption, water consumption, and CO, emission).
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Fig. 7 Matrix system used in ASIT-E

When starting a new project, usually the project manager organizes a 1-3 day workshop to discuss
innovation integration, different system architectures, as well as other constrains. These workshops are
attended by different domain experts in order to capture overall system knowledge. The ASIT-E is
conceived for use during this kind of a workshop, and the matrix system can be filled in by the group of
experts attending the workshop, and using data from existing products as well as information provided by
suppliers. When filling the matrix system, experts use predefined linguistic terms of satisfaction levels and
probabilities as shown in Fig. 8 and Fig. 9. The definition of the levels can be different from company to
company in order to reflect different needs. It is important that the experts share the same definition for the
scale system before estimation. When estimating satisfaction levels, “0” is used to represent that “the
module does not provide the function”.

Linguistic terms Satisfaction level

Very inadequate solution 1
Weak solution

Tolerable solution

Adequate solution

Satisfactory solution

Good solution with few drawbacks
Good solution

Very good solution

O W N O R W N

Solution better than requirements

=
o

Ideal solution

Fig. 8 Satisfaction levels (Fiod-Neto & Back, 1994)
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Linguistic terms Probability
Impossible 0
Nearly impossible 01
Very unlikely 0.2
Quite unlikely 0.3
Possible 0.4
Even chance 0.5
Better than even chance 0.6
Quite likely 0.7
Very likely 0.8
Nearly certain 0.9
Certain 1

Fig. 9 Probabilities

In the next section, a powertrain design case is used to illustrate the utilization of ASIT-E.
4 The Powertrain Design Case

4.1 Case description

We use the design of a plug-in hybrid electric powertrain to show utilization of ASIT-E. A powertrain is a
system of mechanical parts in a vehicle that first provides energy, and then converts it in order to propel
the vehicle. The main objective in designing a powertrain is to provide adequate propulsion with minimal
use of fuel while emitting minimal hazardous by-products or pollutants. This case study involves three
types of powertrains: the traditional gas powertrain, the hybrid electric powertrain, and the plug-in electric
powertrain. An example of the plug-in hybrid electric powertrain is shown in Fig. 10.

Fig. 10 Toyota Prius Plug-in Hybrid Electric Powertrain (Beissmann, 2011)

Due to the increasing demand for higher fuel efficiency and lower CO; emission, the OEM plans to design
a new plug-in hybrid electric powertrain for their motor vehicle to better satisfy market needs. The new
powertrain needs to satisfy mainly six requirements (requirements 1-4 are adapted from Michelena &
Papalambros, (1995)): (1) Corporate Average Fuel Economy (CAFE) standard: Europe currently requires
54 miles per UK gallon, violation of this standard results in proportional fines, (2) Acceleration time: This
directly relates to customer perceived performance, (3) Cruising velocity at gradient: Relates to the speed
at which vehicles can climb a 6% gradient in fourth gear, (4) Greenhouse gas emissions: This measure
shows a vehicle's impact on climate change in terms of the amount of greenhouse gases (e.g., CO,) it emits,
(5) Rechargeable by external electric power, and (6) Long All-Electric Range (AER): This indicates the
driving range of the vehicle using only power from its electric battery pack, in charge-depleting mode.
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4.2 Phase | — Requirements satisfaction by existing products

Complex systems are rarely designed from scratch. OEMs usually try to improve their existing products to
satisfy new requirements. However, it is usually not clear which module should be improved and for which
function of the module. In ASIT, we proposed to first estimate how well OEM’s existing products satisfy
the new requirements. By using matrix mapping, the unsatisfied requirements can be traced to unsatisfied
functions, and finally to responsible modules. Thereby, OEMs know exactly which modules and functions
to improve.

Using the matrix system, experts can choose adequate existing requirements from the list; and if necessary,
add new requirements to it. Based on the requirement-function relations stored in matrix M, the existing
functions related to defined requirements can be found. The requirements — function relations for new
requirements are provided by experts using percentages (representing the contribution of a function to a
requirement), as shown in Fig. 11. Experts only need to fill out the white area of the matrix, because the
other information is filled automatically using information from existing products.

M1: Requirement - function relations

| Please fill out the white area of the matrix with
adequate value*:

Functions
[
o|.2
S| £
o|T
8l
RS =
s [2]5]8]%
(7] a0 T2
M, AR EEEEE
£2|8 5|S|x|8
o =Zlo
HHHHEEEE
HHEHEEEEE
z|o|8|e[el2|B|8
Slalal=|-[Elx|<
CAFE standard 110 |0 [0 |0 |0 [0 |0
o)
E Acceleration time 0 |0 |0.3/0.3]0.2|0.2|0 |0
gCruisingvelocityatgradient 0 |0 [0.3[0.5/0 |0.2|0 |0
‘ -5 |Low greenhouse gas emission 0 |0 |0 [0 [0 |0 |1 |0
gRechargeablebyexternalelectricpowero 0 |0 [0 [0 |0 |0 |1
Long all-electric range 0 |1 |0 |0 [0 [0 |0 |O

*Use percentages O - 1 for estimation

Fig. 11 Requirement — function relations
Experts also discuss module types that are needed based on functions, and relations between new functions

and module types. How well each module satisfies the new functions is also provided by experts, using
satisfaction levels, as shown in Fig. 12.
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M2: Function satisfaction by modules

Please fill out the white area of the matrix with
adequate value*:

£
o
a
c
™
&

M,

Electric motor 1

Save fuel
Store electricenergy

Provide power

Transform energy to torque
Transmit torque to final drive
Interact with surface
Reduce CO2 emission
Accept recharge

Functions

OLﬂQDDMDWEngInel
olulo|o|o|u|o | |Engine2
~lololo|o|o|w|o|Battery 1
olololo|w|olo | |Transmission 1
ololelelel|olo | |driveshaft 1

olo|wlole|olo |o |Finaldrivel

=R l=1{=R=R =1 K1 [=R]~]

*Use satisfaction levels 1- 10 for estimation, put 0 if the module
does not provide the function

Fig. 12 Function satisfaction level by modules

The OEM has successfully developed two types of powertrains in the past (i.e., a traditional gas powertrain,
and a hybrid electric powertrain), which are used as foundations for the new powertrain development. My
(Fig. 13) shows the composition of the two powertrains. We assume that this information is already stored
in the database, as it is updated after each project.

{ =

| &

T|E

(3

M, glg

a2

wn| Lo

@ | >

Q|

Engine 1 1 0
Engine 2 o 1

& |Battery 1 0 1
‘g Transmission 1 1 1
= |Electric motor 1 of 1
Driveshaft 1 1 1
Final drive 1 1 1

Fig. 13 Composition of existing powertrains

By using M1, M2, and My, ASIT-E can calculate how well the existing products satisfy the requirements.
ASIT-E converts “how module satisfies functions (in M2)” to “how an existing product satisfies functions”
using product composition in M. The satisfaction of a function by a product is defined as the average of
satisfaction levels of the modules in the product that are designed to fulfill the function. For example, the
hybrid powertrain has two modules (engine 2 and electric motor 1) fulfilling the function “provide power”.
Therefore, if the “engine 17 satisfies the “provide power” function at level 5 and “electric motor 1” satisfies

the function at level 7, then the gas powertrain satisfies this function at level 6 (average of 5 and 7), as
shown in matrix Msyn-arch (Fig. 14).
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Fig. 14 Function satisfaction level by existing products

Then, the requirement — function relations (M1) are used to propagate the satisfaction of functions to the

satisfaction of requirements (Figure 15):

M
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M, xM

fun—arch
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5Cruisingvelocityatgradient 0 |0 [0.3[0.5/0 |0.2|0 |0
5 |Low greenhouse gas 0 [0 0 Jo oo 10
5Rechargeablebyexternalelectricpowero 0 |0 [0 [0 |0 |0 |1
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Fig.

o

c

M, eq- ©

reg-arch g £

5 3

R

g|=

w|lo

© | >

oI

CAFE standard 3.02.0

E Acceleration time 7.7]7.1
g Cruising velocity at gradient 7.56.9
‘5 |Low greenhouse gas emission 5.0/5.0
E Rechargeable by external electric power{0.0|1.0
Long all-electric range 0.0/8.0

15 Requirement satisfaction of existing products

Since level 5 is defined as the default “satisfactory solution”, the requirements “CAFE standard”,
“rechargeable by external electric power”, and “long all-electric range” are unsatisfied. Figurel5 shows
that the requirement “CAFE standard” is related to the function “save fuel”, the requirement “rechargeable
by external electric power” is related to the function “accept recharge”, and the requirement “long all-
electric range” is related to the function “store electric energy”. Using My, it can be seen that the satisfaction
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of these three functions depends only on the engine and the battery. Therefore, new engines and batteries,
which can potentially satisfy these functions, need to be developed.
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Fig. 16 Matrix mapping for finding responsible modules

4.3 Phase Il — Module, supplier filtering & solution generation

The objective of this phase is three-fold: (1) find/propose potential new solutions by experts for unsatisfied
functions, (2) use module related environmental indicators (theoretical recyclability, hazardous material
use, and scarce material use) and supplier related environmental indicators (ISO 14001, environmental
friendly packaging, use of recycled material, and public disclosure of environmental record) to filter
solutions, and (3) generate all possible architectures with integration of the new modules that meet the

standards.

After searching for new modules provided either by new or existing suppliers, four new engines (engine
#3, #4, #5, and #6) and five new batteries (batteries #2, #3, #4, #5, and #6) are found. The simplified
descriptions of these modules are shown in Fig. 17.

Supplier Module Main Material Fuel (for engine)
#1 Engine 1 |Steel Diesel
#1 Engine 2 |[Steel Gasoline
#1 Engine 3 JAluminum Gasoline
#2 Engine 4 |Steel Hydrogen
#3 Engine 5 |[Steel Hydrogen
#4 Engine 6 |[Steel CNG (Compressed Nature Gas)
#5 Battery 1 |NiMH (Nickel Metal Hybride)
#6 Battery 2 |LiFePO,
#6 Battery 3 |Lithium-ion
#7 Battery 4 |Lithium-ion
#7 Battery 5 |Nickel-Cadmium
#8 Battery 6 |Carbon Nanotube Electrode Lithium
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Fig. 17 Engines and Batteries

The module-related indicators and supplier-related indicators are used to control the environmental impact
of these modules and their suppliers, before integrating these modules into architectures. Ideally, the
estimation of these two types of indicators is based on information provided by suppliers. However, the
quality of information provided by suppliers varies a lot. Therefore, if the information from suppliers is not
complete, OEMs can rely on expert estimation. In the worst case, if experts are not able to provide
estimations of a certain indicator, OEM can consider other indicators. Sometimes, for the same indicator,
different OEMs may have different interpretations. For example, for “environmental friendly packaging”,
OEM can consider the recyclability of packaging material, or the mass of packing material per mass of the
module. In this work, we focus on illustrating the overall implementation of the ASIT-E structure, rather
than proposing a detailed estimation method for each indicator. The estimations of module-related and
supplier-related environmental indicators are shown in Fig. 18 and Fig. 19, respectively.

M8: Module related environmental indicators

Please fill out the white area of the matrix with adequate value:
Module related environmental indicators
Hazardous material Theoretical Scarce material use
use recyclability
The module's Theoretical Consider scarcity
propability of material recycling and quantity of
satisfying RoHS rate (by weight) scarce material
Supplier Module (Probability: 0-1) (Percentage: 0-1) (Satisfaction: 1-10)

#1  Enginel 0.9 0.9 7

#1 Engine 2 0.9 0.9 7

#1 Engine 3 0.9 09 4

#2 Engine 4 0.9 0.9 7

#3 Engine 5 0.9 0.9 7

#4 Engine 6 0.9 0.9 7

#5 Battery 1 0.8 0.8 4

#6 Battery 2 0.8 0.7 6

#6 Battery 3 0.8 0.7 6

#7 Battery 4 0.8 0.7 6

#7  Battery5 0.1 0.6 6

| #8  Battery6 0.8 0.7 6

Fig. 18 Estimation of module related environmental indicators

M9: Supplier related environmental indicators

Please fill out the white area of the matrix with adequate value:
Supplier related envir al indi S
1SO 14001 Use of recycled Environmental Public disclosure of
material friendly packaging  environmental record
Possesion of Capability of using Recycling rate of Disclosed information
15014001 recycled material packaging comparing to desired
certification information
dul (Satisfaction: 1 or 10) (Satisfaction: 1-10) (Percentage: 0-1) (Ratio: 0-1)

#1 Engine 1

#1 Engine 2 10 8 0.7 0.5

#1 Engine 3

#2 Engine 4 10 7 0.8 0.6

#3 Engine 5 10 2 0.7 0.2

#4 Engine 6 10 6 0.7 0.7

#5  Battery1 10 8 0.7 0.4

s 10 7 06 06

#6 Battery 3

T 1 7 0.4 03

#7 Battery 5

#8  Battery6 10 6 0.8 0.6

14



Ye Y., Jankovic M., Kremer G., Yannou B., Leroy Y., Bocquet J.-C., "Integration of Environmental

Impact Estimation in System Architecture & Supplier |dentification”, Research in Engineering
Design val., 2015, doi: 10.1007/s00163-015-0208-x.

Fig. 19 Estimation of supplier related environmental indicators

In order to filter the modules and suppliers, experts are asked to provide thresholds for environmental
indicators (see Fig. 20). The thresholds for some of the indicators come from environmental directives (e.g.,
hazardous material use and theoretical material recyclability). For others, the threshold setting is for the
purpose of getting an appropriate number of candidates when exploring the design space, and can be one
of the decision parameters for experts.

Thresholds for module & supplier related indicators

Please fill out the white area of the matrix with adequate value:
Threshold
Hazardous material use 0.7
Theoretical recyclability 0.7
Scarce material use 5
1SO 14001 5
Use of recycled material 5
Environmental friendly packaging 0.5
Public disclosure of environmental record 0.5

Fig. 20 Thresholds for module & supplier related indicators

Using the thresholds provided, we can see that (Fig. 21) engines 3 and 5 and batteries 1 and 5 are weeded
out; and the suppliers 3, 5, and 7 are eliminated. However, since the supplier 7 provides battery 4 also, the
battery 4 should be weeded out because of the unsatisfactory performance of its supplier.

related envirc | indicators ppli lated envi | indicators
Hazardous Theoretical Scarce material use 1SO 14001 Use of recycled Environmental Public disclosure of
material use recyclability material friendly packaging  environmental record
(Probability: 0-1) (Percentage: 0-1) (Satisfaction: 1-10) (Satisfaction: 1 or 10)  (Satisfaction: 1-10) (Percentage: 0-1) (Ratio: 0-1)
0.7 0.7 S 5 5 0.5 0.5
Module Supplier
Engine 1 0.9 0.9 7
Engine 2 0.9 0.9 L #1 10 8 0.7 0.5
Engine 3 0.9 0.9 Ca)
Engine 4 0.9 0.9 7 #2 10 Z 0.8 0.6
Engine 5 0.9 0.9 7 #3 10 (2 ) 0.7 (02)
Engine 6 0.9 0.9 7 Ha 10 6 0.7 0.7
Battery 1 0.8 0.8 C 4) 45 10 8 0.7 (o4
—
Battery 2 0.8 0.7 G 6 10 7 06 06
Battery 3 0.8 0.7 6
Battery 4 0.8 0.7 6 @ . .
#7 7

Battery5  ( 0.1) 0.6 6 <D, (03
Battery 6 08 0.7 6 #8 10 3 0.8 0.6

Fig. 21 Filtering using module and supplir related indicators

When estimating environmental performance, battery 5 (Nickel-Cadmium Battery) received a very low
score for “Hazardous material use” since one of the core material in this battery is Cadmium, which is toxic.
For scarce material use, Engine 3 received a low score because of the utilization of Aluminum. Battery 1
(NiMH) uses approximately 4.5 kg of rare earth metals, while the Li-based batteries contain only about 1
kg of rare earths (Ford, 2012). The supplier 5 does not have an effective reverse logistic system, and the
supplier 7 does not have 1SO 14001 certification. After filtering, new modules that were found appropriate
are added into database, and the matrix M is updated by experts (Figure 22).
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M2: Function satisfaction by modules

Please fill out the white area of the matrix with
adequate value*:

Modules

Battery 6
Final drive 1

5 |Engine 4

Save fuel

Store electric energy
Provide power

Transform energy to torque
Transmit torque to final drive]
Interact with surface
Reduce CO2 emission
Accept recharge

b

wlololololo|o|o

Functions

olulolo|o|w|o |w|Enginel
olulolo|o|u|o | |Engine2
=

olBlele|e|un|s

olwlo|o|o|w|o|w|Engined

wl|olole|ela|w | |Battery 2
w|ololelolo|wn|o |Battery 3
olololelwle oo |Transmission 1
olololo|e|w|o | |Electric motor 1

ololo|m|olo o |o|driveshaft 1

ololwmlelolelolo

*Use satisfaction levels 1- 10 for estimation, put 0 if the module
does not provide the function

Fig. 22 Function — module relations with new modules

The relations between modules and suppliers are also provided by experts, indicating which module is
provided by which supplier.

M3: Module - supplier relations

Please fill out the white area of the matrix with
adequate value or unit:
(= ]
- &N S O 0 O A -
3 3333333838
S aaaaeaacaca
o o o o o a0 a
S =
L I R Y B I N R
Engine 1 10 00 0 O0O0O0CTO
Engine 2 1. 000000000
Engine 4 O 1) 0 0of O] 0] of Of O
Engine 6 0] of 1 of O] 0] O] O] O
Battery 2 0l O of 1] 0] of of 0] O
Battery 3 0 o o 1 ol o] 0o o O
Battery 6 0l Of of of 11 0f O O] O
Transmission 1 0 00O0OT1O0TUO0TO0O
Electric motor 1 0 00O0OO0OTI1QO0TO0O
Driveshaft 1 0 00O0OOUOT110
Final drive 1 0 00O0O0OOOO1
*Use 0 or 1 for estimation

Fig. 23 M3: module — supplier relations

Based on modules shown in M all possible architectures are generated (Fig. 24) by taking one module

from each module type, since the powertrain of a plug-in hybrid electric vehicle is composed of an engine,
a battery, a transmission, an electric motor, a driveshaft and a final drive.

16



Ye Y., Jankovic M., Kremer G., Yannou B., Leroy Y., Bocquet J.-C., "Integration of Environmental

Impact Estimation in System Architecture & Supplier |dentification”, Research in Engineering
Design val., 2015, doi: 10.1007/s00163-015-0208-x.

olnNImMm|s (W 0|~ |N|=|O
~lo|lala|la|alalalmm]|m]|m
gleplelele|p|e el

3 3 3 3 3 3 3 3 3 3 3 3
S|Io|8|o|le(E|8|8|lB|E(E|T
222222122222
rlcjlclcljlc|jlc|clcjlcloc|loc| o
S|S|5|6|lc|S|6|6|5|6(6|T
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vivlvle|lo|lololvlowlw|lole
Qloejojlojolalalojoloolo
alalalala|lalalala|ld|ala
o|lo|lo|lo|lo|lo|o|o|lo|o|lo| o
alajlajlajlajajajlajajala o

Engine 1 1 Ol Of Oof 1| 0f Ol O 1] Of Of O
Engine 2 0 1| 0, Oof O] 1| 0/ Of O] 1) of O
Engine 4 0 O 1] O 0/ Of 1] 0, O O] 1] O
Engine 6 0 0 o 1f of 0, o 1] of of of 1
8 |Battery 2 1 1) 1] 1/ o/ o 0] O O 0 0] O
'§ Battery 3 0 0 O of 1 1/ 1) 1] 0 0] 0] O
2 |Battery 6 0 0 o of of o ojof 1] 1f 1f 1
Transmission 1 1 1) 1) 1f 1f 1) 1} 1} 1} 1] 1} 1
Electric motor 1 1 1) 1] 1) 1) 1/ 1| 1) 1] 1f 1] 1
Driveshaft 1 1 1 1 1f 1| 1| 1] 1} 1} 1| 1f 1
Final drive 1 1 1) 1) 1] 1) 1{ 1] 1) 1] 1] 1] 1

Fig. 24 Generated possible architectures

4.4 Phase Il — Evaluating uncertainty & requirements satisfaction

The objective of this phase is to calculate uncertainty and requirements satisfaction for all possible
architectures. Three types of uncertainties are considered when calculating the overall uncertainty of an
architecture: (1) interface compatibilities between modules due to innovation integration, (2) the
uncertainty of modules (representing the probability that the module can be developed successfully by
suppliers), and (3) the probability that a supplier and the OEM can work well together. ASIT-E is based on
expert estimation for these three types of uncertainty, shown in Fig. 25, Fig. 26, and Fig. 27.

M4: Compatibility between modules

Please fill out the white area of the matrix with
adequate value*:

= -
She e
HNQ\Dwa:gg%Ag
EEROdS R EE e
Dmmw e s B S
W W W w o oo WwUT o
Engine 1 0.2]0.0[0.3]1.0 0.3 1.0 1.0
Engine 2 0.7[0.5[0.4]1.0 1.0 1.0 1.0
Engine 4 0.5/0.8[0.6/0.8[0.60.8[0.8|
Engine 6 0.5[0.6]0.9]0.8[0.8[0.6]0.8|
Battery 2 0.2]0.7]0.5[0.5 0.9/0.9[0.80.8
Battery 3 0.0/0.5[0.8[0.6 0.7/0.8[0.8[0.8
Battery 6 0.3]0.40.6/0.9 0.9/0.8[0.9]0.8
Transmission1 1.0 1.0 0.8|0.8 0.9/0.7]0.9 1.01.01.0
Electricmotor1 0.3 1.0[0.6/0.8/0.9[0.8/0.8/1.0 1.0 1.0
Driveshaft 1 1.0 1.0/0.80.6[0.8[0.8[0.9]1.010 1.0
Final drive 1 1.0 1.0[0.8]0.80.8[0.8]0.8]1.0 1.0 1.0

*Use probabilities 0- 1 for estimation

Fig. 25 Expert estimation of compatibility between modules
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M5: Uncertainty of modules

Please fill out the white area of the matrix with
adequate value*:

- -

-

- N Ym0 8 E % g

v ¥ v o 222 E L L o3

E £ £ £ 8 O @ v 5 g —
wHw@WE EE 5 E 2T

[=] [ =] [= = 3: © o - = = =

w oW oW oW o @O o - W T w

Uncertainty 1.0 1.0[0.7]0.7]0.8]0.9]0.3]1.0 1.0 1.0 1.0

*Use probabilities 0- 1 for estimation

Fig. 26 Expert estimation of module uncertainty

M6: Uncertainty of suppliers

Please fill out the white area of the matrix with
adequate value*:

jer 1
jer 2
ier 4
ier 6
ier 8
ier 9
jer 10
jer11
jer12

Supp
Supp
Supp
Supp
Suppli
Supp
upp
Supp
Supp

Uncertainty  1.0[0.5]0.8]1.0[0.4]1.0 1.0 1.0 1.0

*Use probabilities 0- 1 for estimation

Fig. 27 Expert estimation of supplier uncertainty

Since module uncertainty (the probability that the module can be developed successfully), supplier
uncertainty (the probability that the OEM and the supplier can work well together) and compatibility
between modules can all be considered in probabilistic terms, we define the uncertainty of an architecture
as the product of all its modules’ uncertainties, its suppliers’ uncertainties and the compatibilities between
the modules. This definition anchors on the independence of probabilities.

Done in a similar way as in calculating the requirements satisfaction by existing products, the requirements
satisfaction by possible architectures is calculated using the matrix M, (in Fig. 22) and the matrix M (in
Fig. 11). In this case, we assume equal importance of the requirements (this assumption can be changed if
needed). An overall requirements satisfaction score is obtained for each of the possible architectures by
calculating the average of all requirements satisfaction scores for the architecture.

The obtained uncertainties and satisfaction levels are presented in Fig. 28. The “overall uncertainty”
represents the overall confidence level of an architecture. In order to estimate the confidence of one
architecture we used overall confidence levels that accounts for all uncertainties in one architecture. For
example if this indicator is 80%, this means that we almost have certain maturity and confidence in an

architecture. The requirement satisfaction represents the ability of an architecture to meet the requirements.
Bigger the number is, better the architecture satisfies the requirements.

Architecture 7 8 10 12 13 14 16 18 31 32 34 36

Overall uncertainty 0.02 0.29 0.02 0.04 0.00 0.16 0.02 0.03 0.01 0.02 0.00 0.01
Requirement satisfaction 6.3 6.0 82 7.4 6.0 57 7.8 7.1 7.0 6.7 88 8.1

Fig. 28 Uncertainty and requirements satisfaction for possible architectures
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4.5 Phase IV — Uncertainty & requirements satisfaction filtering

The aim of this phase is to control the overall uncertainty and requirement satisfaction of architectures and
at the same time reduce the number of candidates (architectures and suppliers) by using uncertainty and
requirement satisfaction thresholds. Considering the effort required for further analyzing the candidates as
well as keeping the choices as open as possible, an “adequate number” of candidates can be defined by
experts conjointly with stakeholders, which greatly depends on the project undertaken. It is obvious that
higher the value of the thresholds, better are the candidate architectures according to the definition of
“overall uncertainty” and “requirement satisfaction”. At the same time, the minimum expectation of
uncertainty level and requirement satisfaction level need to be decided by experts and stakeholders jointly.
Therefore, the definition of the thresholds is a balance between candidate number and uncertainty &
requirement satisfaction levels.

For the case at hand, experts set the candidate number at 5, while the uncertainty threshold is 0.02, and the
satisfaction threshold is 6.5. Therefore, all architectures with uncertainty lower than 0.02 and satisfaction
level lower than 6.5 are eliminated. After filtering, architectures 10, 12, 16, 18, 32 remain, as shown in Fig.
29, for final consideration. By using matrix mapping, it can be seen that engine 1 is filtered out.”

Overall uncertainty 0.02 0.29{0.020.04]0.00 0.16{0.02{0.03)0.01/0.02{0.00 0.01
Requirement satisfaction 6.3 6.0| 82| 7.4| 6.0 5.7| 7.8] 7.1 7.0 6.7] 88 81
oflalm sle]lx]|ala]ls
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PR R e S E N R ey
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S 5 e S i o [ el [ S ol =]~
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1 3 o] 1] o o o0 o 0 ooo1oo0oo000
oo o o 1 i 1 1 0 ooo1ooooo
0 00 0 0 0_0 O 1 1Battery 6 000 0 000 0
1 1 1 1 1 1 1 1 1 1|Transmission 1 0 00 0O 0 00
11 o 1 1 o9 9 2 1 1fElectricmotorl | 0 0 0 0 0 0 00
101 4 qof 1 1 1 4 1 1|Driveshaft 1 000000 0
1 9] aof ] 1 4 qf 4 1 1fFinal drive 1 000000 | 1

Fig. 29 Uncertainty and satisfaction filtering of possible architectures

4.6 Phase V — Estimating architecture related indicators & filtering

The objective of this phase is to filter remaining architectures using their performances in electricity
consumption, water consumption and CO, emission. The reason that this step is not done in parallel with
uncertainty and requirements satisfaction filtering is that the estimation of these three environmental
indicators require relatively more information and processing. Therefore, it is necessary to reduce the
number of architectures first by uncertainty and requirements satisfaction thresholds.

The electricity consumption, water consumption and CO; emission during the entire life time of an
architecture depend on numerous factors, and are difficult to estimate. Therefore at the conceptual stage of
engineering design, we can only expect to have a rough idea about these three factors in order to compare
options. Although “the entire life time of an architecture” is considered, it is neither efficient nor possible
to consider all lifecycle phases for each indicator. Therefore, we consider only the most important phases
for each indicator. Another important factor to consider during estimation is the lifespan of each module.
As suggested by WEEE, we assume that modules in an EOL system are collected and then re-used if they
did not attain their lifespan. Therefore, if other characteristics of two modules are the same, but one has a
longer lifespan, we should consider that the module with a longer lifespan is more environmentally
friendly.The value of the three indicators (electricity consumption, water consumption and CO- emission)
for each architecture is calculated based on estimations provided by experts, with the consideration of the

most important lifecycle phases, and the lifespan of each module. Finally, thresholds are used to filter
architectures and identify candidates.
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4.6.1 Lifecycle phase selection, lifespan, and unit

Before estimation, ASIT-E asks experts to select the most important lifecycle phases for each indicator
according to the type of system being designed (shown in Fig. 30). Normally, a phase is neglected if one
of the following criteria is satisfied:
1) The consumption or emission is negligible in comparison to other phases;
2) The consumption or emission of the phase is similar for all possible architectures, therefore
does not affect the comparison between architectures.

Important lifecycle phases for indicators

Please select the most important lifecycle phases for each indicator:
Product Lifecycle Phases
Product type: Module Supplier-OEM  Assembly OEM - storage Storage Utilization
automoblie powertrain ~ production  transportation transportation
E Electricity consumption v v
E Water consumption v
& g CO2 emission v v v
g - Collection Inspection & Re-use Recycle Other recovery Disposal
o P .
E .E classification (module) (material)
& = Electricity consumption
ﬁ Water consumption v \
< CO2 emission

Fig. 30 Lifecycle phases selection for indicators

ASIT-E also asks for the estimation of a lifespan for each module and for the entire architecture (shown in
Fig. 31). The units that will be used for estimation are also defined in order to facilitate further integration.

Lifespan & unit

Please fill the white area of the matrix
with adequate lifespan or unit:
Lifespan estimation Lifespan (year)
Architecture Powertrain 12
Engine 2 25
Engine 4 35
Module Engine 6 15
Battery 2 10
Battery 3 6
Battery 6 12
Unit definition Unit
Electricity consumption T
Water consumption kL
CO2 emission t

Fig. 31 Lifespan estimation & unit definition

In ASIT-E, we assume that the lifespan of the entire system under design (the powertrain in this case) is
defined. This lifespan can be defined according to OEMs requirements on the system lifespan or according
to market average. In this case study, we assume that the OEM wants the powertrain to last for about 12
years (service unit). Using the lifespan of modules and system, the module depletion can be calculated,
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which represents the used up percentage of a module (e.g., engine) when serving a system (e.g., powertrain)
(Fig. 32).

Module |Module Lifespan (year) Module depletion per System
Engine 2 25 12/25 ~1/2

Engine 4 35 12/35 —1/3

Engine 6 15 12/15 —~ 1

Battery 2 10 12/10 ~ 1

Battery 3 6 12/6 = 2

Battery 6 12 12/12 =1

*System lifespan =12 years
Fig. 32 Module depletion per system

The module depletion is an approximation of quotient of system lifespan and module lifespan. When the
module depletion is bigger than or equal to 1, it is approximated to the nearest integer; when it is between
0 and 1, it is approximated to a fraction whose denominator is an integer between 1 and 10.In order to
facilitate the value integration of different lifecycle phases, the estimation of the three indicators are
provided using approximated quantitative values. The units of estimation are provided by experts based on
data from previous projects.

4.6.2 Estimation of architecture related environmental indicators

The electricity consumption, water consumption, and CO; emission are estimated by experts using
predefined units. For the phase “utilization”, the environmental impact is considered for the entire lifespan
of the system (12 years in this case).

M10: Electricity consumption

Please fill out the white area of the matrix with adequate value*:

Electricity Consumption
Architecture  Core modules Suppliers Module depletion | Module production (TJ)  Utilization (TJ)

#10 Engine 4 #2 1/3 0.2 2%
Battery 2 #6 1 0.1

#12 Engine 6 #a 1 0.1 25
Battery 2 #6 1 0.1

#16 Engine 4 #2 1/3 0.2 30
Battery 3 #6 2 0.07

#18 Engine 6 #4 1 0.1 10
Battery 3 #6 2 0.07

432 Engine 2 #1 1/2 0.1 20
Battery 6 #8 1 0.15

*Use approximated quantitative for estimation

Fig. 33 Experts’ estimation of electricity consumption
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M11: Water consumption

Please fill out the white area of the matrix with adequate value*:
Water consumption

Architecture Core modules Suppli dule depletion Module Recycle Disposal
production (kL) (kL) (kL)
gio  Eneined #2 1/3 0.4 0.1 0.2
Battery 2 #6 1 0.2 0.1 0.1
412 Engine 6 #4 1 0.3 0.1 0.2
Battery 2 #6 1 0.2 0.1 0.1
416 Engine 4 #2 1/3 0.4 0.1 0.2
Battery 3 #6 2 0.2 0.3 0.2
s Engine 6 #4 1 0.3 0.1 0.2
Battery 3 #6 2 0.2 0.3 0.2
- Engine 2 #1 1/2 0.3 0.1 0.2
Battery 6 #8 1 0.3 0.1 0.3

*Use approximated quantitative for estimation

Fig. 34 Experts’ estimation of water consumption

M12: CO2 emission

Please fill out the white area of the matrix with adequate value*:

CO, Emission

Architecture  Core  Suppliers Module | Module Modul lier-OEM tation |Utilization
modules depletion Jweight (kg) [production| Ajr | Rail | Road |Maritime| (tCO;)
(tCO;) | (km) | (km) | (km) | (km)

Engine 4 #2 7 .

o ngine 1/3 0 0.3 0 | 3000 0
Battery 2 #6 1 200 0.5 0 500

412 Engine 6 #4 1 150 0.25 0 500 10
Battery 2 #6 1 200 0.5 0 500

416 Engine 4 #2 1/3 70 0.3 0 | 3000 0
Battery 3 #6 2 150 0.5 0 500

418 Engine 6 #4 1 150 0.25 0 500 10
Battery 3 #6 2 150 0.5 0 500

432 Engine 2 #1 1/2 100 0.25 0 | 8000 8
Battery 6 #3 1 100 0.6 0 200 8000

*Use approximated quantitative for estimation

Fig. 35 Experts’ estimation of CO, emission

The area with a grey background is filled in automatically by ASIT-E. For example, the CO, emitted during
“module production” for Engine 4 is always the same (0.3 t), it does not matter if it is Architecture 10 or
Architecture 18. Therefore, when experts estimated the CO, emission for manufacturing engine 4 in
architecture 10, the CO- emission for producing engine 4 in architecture 16 can be filled by ASIT-E using
the same value.

Different from other phases, the CO; emission of transportation is not estimated directly by experts due to
its complexity. Instead, ASIT-E asks experts to provide estimation of module weight and transportation
distance by different transportation means. For calculation of CO, emission, we use equation:

CO,emission = emission factor (depends on transportation mode) x mass x distance

The emission factors is an average that depends on transportation mode, and is adopted from ADEME
(2010) as shown in Fig. 36.
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Emission Factors (g CO,/kg.km)
Air Rail Road  Maritime
Emission factor | 0.61 0.062 0.074 0.15

Fig. 36 Emission factors (adopted from ADEME (2010))

After calculation, the CO, emission estimates of architectures for different lifecycle phases are shown in
Fig. 37.

Architecture Core  Suppliers Module Module  Supplier-OEM Utilization
modules depletion | production transportation (tCO,)

(tCO,) (tcoz)

#10 Engine 4 #2 1/3 0.3 0.0013 0
Battery 2 #6 1 0.5 0.0074

412 Engine 6 #4 1 0.25 0.0056 10
Battery 2 #6 1 0.5 0.0074

16 Engine 4 #2 1/3 0.3 0.0013 0
Battery 3 #6 2 0.5 0.0056

#18 Engine 6 #4 1 0.25 0.0056 10
Battery 3 #6 2 0.5 0.0056

432 Engine 2 #1 1/2 0.25 0.0050 8
Battery 6 #8 1 0.6 0.1215

Fig. 37 Calculation of CO2 emission for transportation

4.6.3 Calculation of environmental indicators & architecture filtering

Estimations of each indicator for each module/architecture are integrated to calculate the environmental
performance of each possible powertrain regarding CO, emission, water consumption, and electricity
consumption. The powertrains are then filtered to get the final architecture and supplier candidates. We
have seen that the powertrain is composed of six modules. Since in this case study, the transmission, electric
motor, driveshaft, and final drive are the same for all architectural options, we consider only the two core
modules (which are different from concept to concept) — engine and battery for comparison.

Electricity
consumption

Architecture

(Powertrain)

consumptlon

Fig. 38 Integration of architecture related indicators
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As a first step of integration, we calculate the electricity consumption, water consumption, and CO;
emission for each powertrain concept separately, before integrating these three indicators for each concept
during the second step. These three indicators are estimated for different lifecycle phases for the powertrain
in the previous section. Therefore, it is sufficient to add consumption/emission of each phase up to get the
overall value for the entire lifecycle, as estimates are quantitative. However, the lifespan of a module plays
an important role in the calculation. For example, if two batteries are needed during the entire lifecycle of
powertrain, the pollution of producing the battery should be counted twice. Therefore, when adding the
pollution of each lifecycle phase, factor that is related to the lifespan of each module should be considered
for module related phases: “module depletion factor”, or “f,”(Fig. 39). The module depletion factor depends
also on the type of architecture being considered.

Module Depletion Facotr (fn)

Module depletion (n)

n>1 n=1 n<l

Module production n
Supplier - OEM transportation n
Assembly 1
OEM - storage transportation 1
Storage 1
Utilization 1
Collection 1
1

0

n

n

n

[
=1

Inspection & classification
Re-use (module)

Recycle (material)

Other recovery

Disposal

Lifecycle phases

PR R OR R RR R R P

Fig. 39 Module depletion factor

Assume n = 1/3 (for engine #4 for example), which means that the engine #4 can serve 3 powertrains in its
lifespan. Therefore, the module production and supplier-OEM transportation should be counted 1/3 times
in each powertrain lifecycle. From the lifecycle “assembly” to “inspection & classification”, the estimations
are based on the entire powertrain (e.g., the assembly is the assembly of the entire powertrain, not assembly
of the module). Therefore, the lifespan of each module does not influence these lifecycle phases. If a module
can be used in 3 powertrains, it can be re-used twice and recycled/recovered/disposed once. Therefore, for
each powertrain lifecycle (12 years), the pollution of reuse should be counted 2/3 times, and
recycled/recovered/disposed should be counted 1/3 times. For the calculation of indicators, we use
electricity consumption of architecture #10 as an example. Architecture #10 is composed of core modules
engine #4 and battery #2. The important lifecycle phases are module production and utilization; therefore,
it is sufficient to calculate electricity consumption of each important phase and then sum them up.

Module Module Utilization
Architecture Core modules depletion | production (TJ) (1))

#10 B E 0. 25
Battery 2 0.

Module Depletion Facotr (fn)

Module depletion (n)
n>1 n I n<l |

I
fat

Module production

Supplier - OEM transportation
Assembly

OEM - storage transportation
Storage

Utilization

Collection

Inspection & classification
Re-use (module)

Recycle (material)

Other recovery

Disposal

-

Lifecycle phases

S 3 3 ORF B B BB B33
=]

= R
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Fig. 40 Integration

For the phase of module production, the module depletion factor needs to be considered for the two modules:
Engine 4: Module depletion =n=1/3

— Module depletion factor for module production fn(E4) =n = 1/3

Battery 2: Module depletion = 1

— Module depletion factor for module production fn(B2) = 1

Therefore, the electricity consumption for the module production of architecture 10 is:

fn(E4) x Electricity consumption of producing E4 + fn(B2) x Electricity consumption of producing B2

=%><0.2+1><0.1=0.17(|'J)

The electricity consumption when using architecture 10 (for 12 years) is 25 TJ. The electricity consumption
of the entire cycle of architecture #10 is:

Electricity consumption of production + Electricity consumption of utilization =0.17 +25=25.17(TJ)
The water consumption and CO, emission follow the same principle as electricity consumption. The
environmental impact estimates for the three architecture related indicators are shown in Fig. 41.

Architecture  Supplier Electricity Water CO2 emission
consumption consumption (t)
(T)) (kL)
#10 #2,#6 25.17 0.67 0.61
#12 #4,#6 25.20 1.00 10.76
#16 #2,#6 30.21 1.07 111
#18 #4,4#6 30.24 1.40 11.27
#32 #1,48 20.20 1.00 8.85

Fig. 41 Environmental impact calculation

For comparison purposes the values of the three indicators are normalized within each indicator category,
by dividing the biggest value within the category, as shown in Fig. 42.

Architecture Supplier | Electricity Water CO2 emission
consumption consumption (t)
(1)) (kL)
#10 #2,#6 0.83 0.48 0.05
#12 #4,4#6 0.83 0.71 0.96
#16 #2,46 1.00 0.76 0.10
#18 #4,46 1.00 1.00 1.00
#32 #1,48 0.67 0.71 0.79

Fig. 42 Normalized environmental impact

Assuming equal importance of each indicator (this can be changed if necessary), the overall environmental
impact of each architecture is calculated by adding the three indicators for each architecture. The result is
normalized by dividing by the biggest value.

Architecture Supplier Overall Normalized
environmental  overall impact
impact
#10 #2,#6 1.37 0.46
#12 #4,4#6 2.50 0.83
#16 #2,#6 1.86 0.62
#18 #4,4#6 3.00 1.00
#32 #1,48 2.17 0.72

Fig. 43 Normalized overall environmental impact

Finally, experts can set a threshold for the normalized overall impact in order to filter the potential
architecture set with a certain level of environmental impact. The purpose of this filtering is to keep a certain
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number of candidates with relatively better environmental performance for further analysis. Therefore, the
value of the threshold can be considered as a relative indicator instead of an absolute and can be used for
the exploration of the design space. If the threshold is set as 0.8, Fig. 44 presents the remaining architectures
and suppliers after filtering; these are candidates for OEM’s further selection.

Architecture Core modules Module description Suppliers

10 Engine 4 (new) Steel, hydrogen 2(new)
Battery 2 (new) LiFePO, 6(new)

16 Engine 4 (new) Steel, hydrogen 2(new)
Battery 3 (new) Lithium-ion 6 (new)

2 Engine 2 (existing) Steel, gasoline 1 (existing)
Battery 6 (new) Carbon nanotube electrode lithium 8 (new)

Fig. 44 Identified potential architectures and suppliers

5 Comparison

In order to see how considerations for environmental issues influences the architecture and supplier
identification results, we compare the result obtained by using ASIT-E to the result obtained using ASIT
(where environmental issues are not considered) for the same case study. In ASIT, only requirements
satisfaction and uncertainty are considered, but not the environmental issues. Therefore, more concepts are
identified using ASIT than using ASIT-E, as expected. The identified engine-battery combinations using
ASIT-E and ASIT are shown in Fig. 45. The three concepts identified by ASIT-E are also identified by
ASIT, which are represented by bold lines.

Engines

Batteries

Identified combination using ASIT-E
Identified combination using ASIT

Fig. 45 Result comparison of ASIT-E and ASIT

It can be seen from Fig. 45 that when environmental issues are not considered, engines 3, 5, 6, and batteries
1, 4,5 are all among the identified concepts. However, according to RoHS, the material cadmium contained
in battery 5 is a hazardous material, whose utilization is restricted. Battery 1 (NiMH battery) uses
approximately 4.5kg of rare earth metals, which is much higher than other batteries (which normally use
around 1kg of rare earth metals). The battery 5 is eliminated because its supplier does not satisfy the
environmental requirements (does not have 1SO14001 certification, has low capability of using
environmental friendly packaging, and has outdated public disclosure of environmental record). As for
engines: engine 3 is filtered out by ASIT-E because it uses a high quantity of aluminum, which is among
the rare earth materials. Engine 5 is eliminated due to its supplier’s incapability of using recycled materials,
and the lack of public disclosure of environmental record. Finally, engine 6 is not among ASIT-E’s final
candidate list because of its unsatisfactory performance regarding CO2 emission, water consumption and
electricity consumption during its entire lifecycle.

As discussed at the beginning of the paper, not many methods combine system architecture selection and
environmental impact estimation. Therefore, comparative studies are limited. One can only conclude that
with integration of environmental factors possible system architecture space is reduced with regard to added
criteria. However, the comparison between ASIT-E and ASIT showed that the consideration for
environmental issues can effectively weed out many options that fail to meet environmental requirements.
By using ASIT-E, OEMs are able to have a general idea about all possible architecture options with regards
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to their environmental performances. Moreover, since ASIT-E is built upon ASIT, the architecture’s
requirements satisfaction capability and uncertainty are also estimated.

By integrating the environmental plug-in into ASIT, we also show the flexible structure ASIT affords to
easily add plug-ins. One possible future work would be developing other plug-ins for ASIT to better manage
cost, time-to-market, and other factors. The environmental plug-in itself is also very flexible. According to
OEMs’ different needs, the environmental indicators as well as lifecycle phases can also be customized.
However, there are several limitations of ASIT-E that should be acknowledged. Data collection on potential
suppliers is challenging. Although required for many countries, the public disclosure of environmental
record of suppliers does not guarantee reliable information; however, more and more suppliers have started
to provide their eco-profile. In the near future, we believe that such disclosures will become code of practice
for suppliers; until then, OEMs can also rely on expert estimation to get approximate environmental
information.

Another limitation is related to the method used for calculating the environmental indicators; different
OEMs may have different interpretation of the same environmental indicator. Therefore, in this work, it is
not practical to provide one indicator calculation method that can be used by all OEMs. For this reason, we
focused on illustrating the overall structure of ASIT-E rather than proposing an indicator calculation
method. However, we think that developing adequate methods for calculating environmental indicators is
a very important issue, and should be investigated in the future.

Finally, an overall usability analysis for ASIT-E should be conducted to ensure its adoption; future research
will, in part, be dedicated to this.

6 Managerial Implications

Several studies have pointed out the challenges and issues of using theoretical supplier environmental
performance measurement models in real world (e.g. Genovese, Koh, Kumar, & Tripathi (2014); Lake,
Acquaye, Genovese, Kumar, & Koh (2014)).

According to Genovese et al. (2014), six main challenges needed to be considered when proposing supplier
environmental performance measurement models to increase their industrial applicability. In this section,
we discuss how ASIT-E respond to these challenges:

1. Models should not use one set of environmental indicators for all industries and situations: The
flexible structure of ASIT-E enables the customization of environmental indicators according to
companies’ needs.

2. Models should support collecting data of companies’ outsourced partners, in order to achieve an
overall environmental performance measurement: By using the lifecycle point of view, ASIT-E
enables considering the entire lifecycle of a product thus an overall environmental performance.

3. Models should be able to compare suppliers of different sizes, locations and products supplied; in early
stages, it is better if suppliers provide absolute values: For electricity consumption, water consumption
and CO2 emission, ASIT-E proposes to use simplified absolute values to enable comparison; a set of
techniques is proposed to process collected data and generate a final score for each architecture and
supplier.

4. Possibility of finding benchmark for comparison between suppliers: ASIT-E approach is integrating
the idea of conducting benchmarks using the data from several suppliers and systems for system
architecture identification. The overall aim is to support the design team in this activity.

5. Ensuring consistency in suppliers’ responses during data collection: By proposing the framework,
ASIT-E specifies the data and information format that the suppliers needed to follow, and thereby
aiming at ensuring the consistency in data collection.

6. Providing data validation (for data collected from suppliers): In ASIT-E experts are in charge of
validating data collected from suppliers

ASIT-E has been developed to enable industrial implementation of the framework.

7 Conclusions

The aim of this work is to support early design phases in investigation of system architecture design phase
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while integrating supplier related data and environmental impact evaluations. In order to do so, a matrix-
based method (ASIT-E) was proposed. The contribution of this approach, which considers probabilistic
matrices in order to handle several types of uncertainties, is to conjointly consider environmental factors
early in design while the data is scarce and fuzzy.

The proposed approach is illustrated using the case of a plug-in hybrid vehicle powertrain design. Through
comparison of ASIT-E results to those of a similar method that does not consider environmental issues, we
see that ASIT-E affords weeding out of options that have environmental problems. The flexible structure
of ASIT-E allows OEMs to customize it by defining their own environmental indicators, lifecycle phases,
as well as methods for calculating different indicators. The ASIT-E database also provides a list of
necessary data for estimating environmental performance in early design.
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