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Abstract

Today, sustainability and its economic, social, and environmental pillars are the main elements of new product market
development. Therefore, manufacturers, considering all stages of a product life-cycle, consider it necessary to have a
framework for producing sustainable products. Moreover, new product design and development processes especially
sub-process of product definition and detailed design processes can play a very critical role in developing product sus-
tainability. This paper considers the role that the car platform can play in creating a family of products and with regard
to various data related to the environmental, economic, and social pillars of each of the 15 modules of a car platform and
also, using the best—worst method technique and multi-objective mathematical programming with the augmented epsilon
constraint method, we were able to achieve a set of platforms with maximum sustainability. The present study explores
the possibility of determining the most efficient combinations of modules for every one of the 23 cars’ platforms to pro-
duce a collection of products. Through these methods, the 54 efficient solutions in the Pareto front were achieved, and
out of this number, after considering all the factors and weights of the objective functions, solution no. 51 was selected as
the most efficient. Subsequently, all the |5 module variants of the 23 platforms were determined for solution no. 51.
Finally, these variants were ranked on the basis of the SAW technique, and finally, sensitivity analysis is done.
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product design and Zhang et al.”> present a new functional
model; approach to support identification of both shared
and individual behavioral modules across a family of pro-
ducts for module-based product family design, in the auto-
motive industry, the concept of modularity has received
more attention and in the development of different models
of cars, improving the sustainability of each module or
selecting more sustainable modules from existing modules,
can lead to the development of more sustainable platforms
and a family of automotive products with more sustainabil-
ity. Schiavone et al.® describe how Rieter Automotive is

Introduction and literature review

Designing a product is a creative process during which
customer needs, strategic requirements of companies,
and the limitations of regulatory agencies are conjoined.
Based on the findings of Appelqvist et al.," approximately
70% of product cost and 80% of product quality are deter-
mined during the stage of design and programming,
which is one of the major stages in the process of devel-
oping new products.

Today, modularity is a key concept in the new produc-
tion processes, making products agile, reactive, and reli-
able and it enables the companies to respond promptly
to the changes in the market and its requirements.

Ulrich and Epinger” presented the Product Clustering
technique to separate the products from more complex
systems and then combined them to produce a perfect
product in the form of modular product architecture and
new product development.

Pakkanen et al.® describe a method for modular product
family development aiming for product configuration and
On the other hand, Schoggl et al.* describe improving
method for sustainability performance in early phases of
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Table I. Consistency index of the best-worst method (BWM).

dBw | 2 3 4

Cl (max ¢€) 0.00 0.44 1.00 1.63

2.30 3.00 3.73 4.47 5.23

approaching the challenge the systematic integration of
environmental consideration in product development. So,
herein, we try to achieve the selection and combination
of modules and the development of a set of the most sus-
tainable platforms and a family of automotive products.

Kammerl et al.” provided a conceptual framework for
designing sustainable products. Their proposed approach
emphasized that automaker companies should apply the
principles of sustainability in the early stages of design
and development.

In another study, Lan® used a “relatively appropriate”
method by considering the components of sustainability
in the design and development of a bicycle platform and
utilized a mathematical model to select platform modules
with maximum stability.

Ma and Kermer,® in their case study, designed and devel-
oped a coffee machine based on sustainability components.

In another study, Lumsakul et al.'” addressed the chal-
lenges and problems in designing products and production
systems due to the ever-changing customer needs and the
issue of increasingly frequent changes and the complexities
of the product and the resources required.

Watz and Hallstedt'' proposed a group model for visu-
alizing the complexity and dependence in sustainable
design, improving sustainable product development cap-
abilities, and identifying the relationships between sus-
tainability criteria and product development requirements.

Hartmann Christoph et al'? their found that the sustain-
ability of its constituent modules and the development of
ranking models and mathematical programming have not
been previously discussed. Held"® gave an overview of
how German car companies are currently dealing with
the challenges and opportunities for sustainable product
development. Therefore, the issue of developing a family
of automotive products with the help of identifying and
selecting a set of the most stable automotive platform
modules can be introduced as a research gap.

Also, based on previous research, similar studies have
been conducted on the design and development of sustain-
able products for bicycles, coffee-makers, and refrigera-
tors, whereas no studies have been conducted on the
design and development of a sustainable vehicle platform
so far. This research gap is the objective of this study. In
addition, in this research, efforts have been made to
provide a method for evaluating and selecting a set of plat-
forms based on 15 modules of a vehicle platform with dif-
ferent economic, environmental, and social pillars in mind.

Ahmad et al."* review and analyse recent and emerging
product design tools (published from 2007 to 2017) and con-
sider other aspects of sustainability along with environmental
factors and also, Hallstedt and Isaksson'> address the ques-
tion of what material to use in the early stages of product
development and what decisive effect this choice has on

the end of a product’s life, therefore, in this study, after deter-
mining different parameters, data related to every module and
variant are analysed, including every variant of each module
data including ability to assemble, fixed price, weights and
revenue of the recyclable materials, the energy consumption
of producing each variant in the recycling, the amount of
CO, emission of each variant in the production, the import-
ance of module’s quality based on customer opinion and sat-
isfaction with the quality and repairs of every variant of each
module, the amount of purchase demand for every variant of
each module, each platform’s assembly capacity and six
types of production lines, assembly capacity of variants
based on the assembly of each platform, and finally, customer
satisfaction with on-time delivery of the vehicle.

Rosch et al.'® and Hallstedt'” proposed an indicator
system and sustainability criteria and also it was addressed
earlier, sustainability calls for simultaneous consideration
of economic, environmental, and social pillars. Thus, by
adopting a multi-purpose optimization algorithm and intro-
ducing tools, such as a mathematical and a quantitative
model in order to detect a set of efficient solutions, this
study explores the possibility of determining the most effi-
cient combinations of modules for each of the 23 platforms.
Computations of deciding the effective weights of every
sub-pillar of objective functions are done on the basis of
the best-worst method (BWM) and the modelling is done
in accordance with a multi-purpose evolutionary algorithm
with the help of an augmented epsilon constraint method.

Since the research method here is a case study, it is orga-
nized in this order: firstly, the subject is addressed and the
literature review is discussed followed by the problem state-
ment. After that, the method of the problem-solving process
and the recommended mathematical model are explained.
Finally, parameters, the problem-solving process, data ana-
lysis, conclusion, and references are presented. A summary
of the review of the literature is provided in Supplemental
Appendix Table 1. This article first presents the included
method. In the following, we will express the mathematical
model, which includes problem statement and mathematical
modelling, steps of the problem-solving process, objective
function, index, parameters, decision variables, constraints,
problem-solving approaches including multipurpose func-
tion optimization algorithm, epsilon constraint method, aug-
mented epsilon constraint method and BWM.

Ameli et al.'® proposed a multi-objective model for select-
ing design alternatives and end-of-life options under uncer-
tainty and in the next section, we will describe a case
study. This section includes the expression of an issue in
the automotive industry, which is based on real and industrial
data. This includes the a problem-solving process, determin-
ing the weight factors of objective functions based on the
best-worst method BWM, determining a set of efficient solu-
tions by applying the augmented epsilon constraint method,
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identifying the Pareto solutions for objective functions and
ranking of platforms (Pareto front) based on the importance
weights of sustainability pillars, determining efficient (sus-
tainable) variants of each module in the production of 23 plat-
forms, sensitivity analysis and ranking of the Pareto solutions.

In the continuation of the article, we will deal with
Results and Discussion, Conclusion and Future research
directions, Appendix, and References.

Method

Statement of the problem and mathematical
modelling

Based on what was mentioned in the introduction and
review of the literature and the gap of the research, the
purpose of this research is to develop a mathematical
tool that can help the designer in selecting the best

Mathematical Modeling

Choosing a multi-objective problem solving
method according to the characteristics of
the problem

Choice of generalized finite epsilon method

Mathematical Modeling and coding in GAMS
software

Parameter data transfer and program
execution and problem solving

Determination of efficient set of answers
using generalized finite epsilon technique

Identification of Pareto responses for the first
second and third objective functions of the
generalized epsilon constraint method

Ranking of platforms (Paratoo front) based
on the weights of the importance of
sustainability pillar selecting the top platform
set

Determining efficient (sustainable) variants of
each module in the production 23 platforms

Sensitivity analysis

END

Start

Determining decision variables and indices and
constraints

Identification of 9 parameters and target
repentance coefficients based on expert opinions
and literature review

Data collection of each parameter in the studied
companies

Determining the weights (coefficients) of the

parameters in the three objective functions

based on the BWM method with the help of
LINGO software and determining the
incompatibility and validation rates

Determining the weights of each target function
based on BWM method with the help of LINGO
software and determining the rate of
incompatibility and validation

Figure |. Problem-solving steps.
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possible combination of modules and their related var-
iants in order to design and develop a set of the most effi-
cient and sustainable vehicle platforms.

Steps of the problem-solving process. The modelling steps
include the following: first, by reviewing the literature and
consulting with experts, the sub-pillars of sustainability in
the target industry (automotive industry) and the required cri-
teria of measuring the impacts of product sustainability during
all stages of the lifecycle for evaluating the entire lifecycle are
discussed. Then, the main platform modules of a vehicle are
assessed. The problem-solving steps are shown in Figure 1.
Herein, to address the objective of the research and
also to reduce complexities in the subject of research, it
is assumed that the objective functions, variables and
various parameters are independent of each other.

Objective function. Objective functions include maximiza-
tion of the production vehicle family’s sustainability in the
lifecycle of products by selecting the best platform
modules with the highest level of durability (minimizing
the fixed-price of products, minimizing their environmental
effects, and maximizing the social benefits). The purpose of
this model essentially is to determine which variant (K) of
each module (J) in the vehicle platform (T) must be integrated
to elicit the most efficient 23 platforms regarding economic,
environmental and social aspects.

o Objective function in the economic aspect

The first objective function is to minimize product develop-
ment costs. In this objective function, the total cost of com-
bining the modules of a platform is deducted from the
revenue generated from the recycling of platform modules
after the end of the product life (its current value) and the
actual cost of developing a platform is obtained.

In this equation, the assembly costs of modules on dif-
ferent platforms are considered equal and are not consid-
ered in the objective function:

NoV NoM NoMVj

Min C = ZZ Z (FPjx — RR; 1) * Xijk (1)
i 7k

e Objective function in the environmental aspect

The second objective function is related to minimizing the
environmental challenges of the generated platform. In this
function, the goal is to minimize energy consumption, pol-
lution produced, separation time for recycling, and mini-
mization of residual waste after the separation stage:

NoV NoM NoMVj

Adhzl?::zg:jgz j;:

N N ECj‘k n x « COEj.k
we Xij — we Xij —
! Ik EC/_/'_k 2 Ik COE/_/‘_k

da ij.k DA/j‘k re ij.k RE,j_k

@)

e Objective function in the social aspect

The third objective function is related to maximizing
social components such as customer satisfaction with
product quality, customer satisfaction with after-sales
service, and customer satisfaction with timely delivery
of the pre-purchased vehicle:

NoV NoM NoMVj

Maxs— Y33
ik
Csqjk Csaji
Wesg * Xijf % ——— Wesa * Xi ik %
|:< csq ij.k qu;.k + csa ij.k Csa/j,k

+ * * SoD
WsoD * Xijk * o7
/ SoD;._ k

3)

Index. Two indices are defined according to the aspects
and objectives of the study in identifying and selecting
efficient modules in the field of developing sustainable
platform(s): j for the modules and & for the variants of
each module. Further indices include:

NoV: Number of different platform variants of the auto-
maker company, which in this case study is equal to 23.

NoM: Number of the modules consisting of the plat-
form, which in this case study is 15.

NoMYVj: Number of variants of each module j, which
in this case study varies from three to five.

Parameters. Based on the review of the literature and
experts’ consult, the combination of parameters used in
each of the objective functions is described as follows:

e Variant of modules that can be assembled on differ-
ent platforms (Ai,j,k)

In Table 5, different sorts of assembled variants of 15
modules are introduced after analysing the platforms
that automakers use in a product family of vehicles, as
well as acknowledging the fact that each platform could
be made of various modules.

Based on the exposition above, this study mainly aims
at providing an approach to selecting the best and the most
sustainable combination of various platforms in auto-
maker companies.

Aiyj,k is a parameter related to the technical ability to
assemble the variants of each module in different plat-
forms and the data of this parameter are mentioned in
the form of a matrix in Supplemental Appendix Table 2.

e The cost of modules of the kth variant of the jth
module (FP; )

The total fixed price of every one of the 56 types of
modules is explained extensively in Supplemental
Appendix Table 3 by analysing the collected data and
the observations obtained from itemized price index and
the structure of a product’s fixed price.
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Table 2. The number and types of module variants.

The number of

No. Module title module variants

| Engine 5

2 Engine cooling fan system

3 Gear box system (manual, automatic,
and electric)

External gear shift system

Axles

Steering wheel system

Ignition system

Fuelling and energy distribution system

9 Air conditioning system

10 Exhaust and catalyst system

Il Breaks and stability control system

12 Power supply and distribution system

I3 Floor mats

14 Driver and passengers sits

I5  Hydraulic system

Total of the module variants 60

Total of the different variants combinations 746,496,000

Total of possible combinations of modules 4,241,090
variants in 23 platform combinations

Total final (efficient) modules for the 345
production of 23 platforms

00 NOo U1 N
o W

A DANWDHhwWwOUlhUDNAWDHW

The parameter of the fixed price of each variant includes
the sum of the utilized materials and parts costs, production
and assembly costs, manufacturing overhead costs, trans-
portation costs, insurance costs, sales and after-sales ser-
vices, performance taxes, as well as value-added taxes.

FP;;: Fixed price of the kth variant of the jth module.

FP', . Base fixed price.

W, Weight impact factor of the fixed price.

o Recycling revenue of the kth variant of the jth
module (RR; ;)

One of the influential bases in a product’s sustainability
pillars, especially in the case of environmental pillars, is
the possibility of recycling materials at the end of their life-
cycle and bringing in profits from recycling those materials.

The elements and components of a vehicle are categor-
ized into four groups: (a) ferrous metals and non-ferrous
metals, (b) plastics, (c) rubber, and (d) glass.

Furthermore, in calculating the fixed price of the recyc-
lable module materials on the basis of their weight, the
price increase rate of ferrous metals, non-ferrous metals,
plastics, and other materials have been considered 5%,
8%, and 7%, respectively, above the inflation rate of
rubber equal to the inflation rate.

In order to estimate it, the recyclable materials’ value after
the end of the vehicle’s lifecycle was calculated based on a
yearly 35% price increase and then was adapted to the
present value based on a 30% inflation rate, which is attached
to Supplemental Appendix Table 4. The parameter of recyc-
ling revenue is finalized by determining the weight of the four

categories of materials (ferrous and non-ferrous metals, plas-
tics, and rubber) used in a variant of each product, the life
expectancy of each module, the present value of the materials,
and the price difference between the price increase rate and
the annual inflation rate of recyclable materials.

RR; ;: Recycling revenue of the kth variant of the jth
module.

RR; ;: Base recycling revenue.

Wrr: Weight impact factor of recycling revenue.

e Energy consumption of the kth variant of the jth
module (ECj )

One of the influential sub-pillars in improving a product’s
sustainability is to reduce the energy consumption of its
module. Therefore, to estimate the energy that is con-
sumed during a product’s lifecycle, the following points
are taken into following energy consumptions including:

Exploitation and production of raw materials

Turning mineral materials into raw materials

Products and modules from raw materials

Assembling modules on vehicles

Each product’s module in usage step

Disassembling and recycling the product, that is, the
vehicle

The said data are listed in Supplemental Appendix Table 5. In
the remainder of this study, the energy consumption of produ-
cing and utilizing each module can be calculated for the other
stages to increase the computational accuracy of this method.

ECjx: Energy consumption of the kth variant of the jth
module.

ECj: Total base energy consumption

W..: Weight impact factor of energy consumption.

e The CO, emission of the kth variant of the jth
module (Coj ;)

Another important matter in the environmental aspect of a
product’s sustainability is to reduce the various emissions
that are the outcome of module production. On this
account, to estimate the amount of produced emissions
during the lifecycle of a product, the following emission
of six stages of production have been factored in:

1. Producing mineral materials

2. Turning mineral materials to raw materials

3. The production process of products and modules from
raw materials

4. Assembling modules on the vehicles

5. Utilizing each product’s module

6. Recycling modules and vehicles

The emission of one of the environmental contaminants,
CO; in this case, during the process of production and
utilization of each module’s variant has been calculated
for stages 1 and 2 and has been explained in detail and
attached to Supplemental Appendix Table 6.
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Table 3. Computational results of weights of objective functions and consistency ratios.

The weight criterion The weight criterion The weight criterion The weight of
of the first objective Weight of the second Weight of the third objective Weight the objective Weight
function value objective function value function value functions value
Wy 0.5 Wec 0.515 Weyq 0.699 Weeo 0.659
W, 0.5 We 0.295 Wesa 0.111 Wenv 0.199
Wiq 0.062 Wiod 0.189 Wioc 0.140
Wee 0.128
e* 0.258 e* 0.298 e* 0.298
CR 4.47 CR 3.00 CR 3.73

Table 4. Table of 23 platforms and the effect of each of them
on the amount of target functions of Pareto point no. 51.

Platform y4| 72 73

il 2.05 x 108 6737.851 48.685
i2 224 % 10° 6635.273 51.124
i3 2.1x108 6539.043 50.941
i4 2.17x 108 6734.654 52.748
i5 2.16% 10® 6760.138 50.493
i6 2.33x 10° 6459.378 52.537
i7 2.33x 10° 6598.927 48.872
i8 2.47 x 10° 6640.338 48.584
i9 274% 10° 5156.977 53.288
ilo 233x 10® 6429.459 52.68I
il 2.40 % 10° 6428.822 49.462
il 2.80 % 10° 6605.309 47.187
i3 2.81 x 10° 6575.351 49.55
il4 2.88x 10° 6544.809 52.457
il5 279% 10® 6608.51 1 51.949
il6 295x% 10® 6360.604 49.933
in7 292x% 108 6250.4 53.57
il8 2.55x% 10® 6465.771 49.844
il 2.28x 10° 5123.215 53.372
i20 2.85x% 10® 6298.193 52.684
i2l 3.20x 10° 4573.983 52.363
i22 3.24x 10° 4505.166 52.657
i23 7.12% 10° 4521812 45416

Cojj: CO, emission of the kth variant of the jth
module.

Co'j : Total base CO, emission.

Wco: Weight impact factor of CO,.

o Ability to disassemble the kth variant of the jth
module (DAjk)

Using the data collected from the related website and the
data provided by the auto-making companies, the number
of parts and the amount of time needed for disassembling
each of these parts are stated in the following table. In
addition, on that basis, the disability to assemble the kth
variant of the jth module is calculated and stated in
Supplemental Appendix Table 7. The number of parts
proportioned to the time is divided by the maximum of
the number of parts proportioned to the time.

DA x: Ability to disassemble the kth variant of the jth
module.

DA'; ;. Base ability to disassemble the kth variant of the
Jjth module.
Wda: Weight impact factor of ability to disassemble.

e Recyclability of the kth variant of the jth module
(REj k)

Another key element in the environmental sustainability
of a product is the issue of recyclability and non-
recyclable waste from each module at the end of the
product life. Therefore, with the help of weight data of
the four elements of each module, including the weight
of ferrous metals, weight of non-ferrous metals, the
weight of plastics and weights of various types of
rubber, and also an estimate of the recyclability of each
of the four materials used, and by multiplying the recyc-
lability coefficient in the amount of materials used in
each variant of each module, the amount of recyclable
materials is obtained and then by dividing the recycled
materials by the materials used, the ratio (percentage) of
recyclability of each variant of each module is obtained
1 us bring. Finally, by subtracting this percentage from
the number 1, we obtain the percentage of non-recyclable
materials of each variant of each module as presented in
Supplemental Appendix Table 8.

RE; ;: Recyclability of the kth variant of the jth module.

RE}_k: Base recyclability of the kth variant of the jth
module.

Wre: Weight factor of recyclability.

e Customer satisfaction the quality of the kth variant
of the jth module (Csq; ;)

In the company that provided data on this part of the case
study, customer satisfaction was evaluated in two periods:
once three months after delivery and once 15 months after
delivery. In this evaluation, the body of the vehicle,
powertrain and fuelling system, suspension and transmis-
sion system, safety, heating ventilation, air conditioning,
and electrical equipment were evaluated. Given that this
case study’s subject matter is platform modules of the
vehicle, the results of the evaluations are based on the
15 modules. The findings are stated in Supplemental
Appendix Table 9.

According to the findings, five modules affected cus-
tomer satisfaction the most; namely, engine system,
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brake system, steering wheel system, air conditioning
system, and gearbox system. Other modules are placed
in the lower ranks. All 15 modules are compared based
on six standards, reliability, durability, efficiency, price,
brand, and convenience.

First, the measures of the mentioned six standards and
the average obtained score were determined by consulting
eight experts in the field. Then, having employed the
linear normalization method, the measures were calcu-
lated. Ultimately, the final score of customer satisfaction
of each module was calculated using the formula below
and attached to Supplemental Appendix Table 10:

NoClI
Csqjx = Z WoClI x Mor x Wom 4)
1

WoCIl: Weight of customer satisfaction index
(Supplemental Appendix Table 10).

Mor: Module ratio (ranking) of customer satisfaction
index (Supplemental Appendix Table 10).

Wom: Weight of module importance (ratio)
(Supplemental Appendix Table 10).

NoCI: Number of customer satisfaction indicators
(Supplemental Appendix Table 10).

Customer satisfaction index with quality is determined
based upon six standards, reliability, durability, effi-
ciency, price, brand, and variant utilization convenience,
and it is estimated as the following stage (Figure 2).

Csq; . Customer satisfaction with quality of the kth
variant of the jth module (according to the repair shop
report — the index of the number of repairs or replacement
of variants during the warranty period).

Csq'; x: Total base customer satisfaction with quality.

Wesq: Weight impact factor of modules on customer
satisfaction with the final product during the warranty
period.

e Customer satisfaction with repairs/after-sales
services of the kth variant of the jth module (Csa; 1)

Another indicator of customer satisfaction is their satisfac-
tion with after-sales services. Through meetings and

Pair comparison table of
module quality average that
affects customer satisfaction

(supported by experts' consult)
— standardized

Pair comparison table of module
quality average that affects

customer satisfaction (supported
by experts' consult)

Determining weights of module
(WM) (mean - relative weight of
indicator)

Determining the normalized ratio
of six quality standards
(supported by experts' consult)

Estimating customer satisfaction
with each variant’s quality

Module ratio X variants ratio X
the six normalized quality
HERLENH

Figure 2. Stages of determining customer satisfaction with
variant quality.

reviews conducted from after-sales service centres and
inspection companies supervising them, the information
below was obtained and customer satisfaction with each
of the modules was estimated. What is more, having con-
sidered the diversity of the variants of each module in
terms of technology and manufacturing conditions of dif-
ferent automakers, manufacturers were divided into three
groups: standard, good, and excellent with coefficients of
0.8, 1, and 1.2, respectively.

The final weight of each module in creating customer
satisfaction with repairs and after-sales services is esti-
mated by multiplying the quality ranking of each
module by the quality ranking of the supplier as shown
in Supplemental Appendix Table 11. The customer satis-
faction indicator of repairs and after-sales service is calcu-
lated based on the following steps (Figure 3).

Csa;;: Customer satisfaction with repairs and after-
sales services of the kth variant of the jth module (evalu-
ation of on-time supply and price of the module during
the warranty period in the market and its selling
price — according to the supplier’s report).

Csa;,: Base customer satisfaction with after-sales
services.

Wsca: Weight impact factor of customer satisfaction
with after-sales services.

e Customer satisfaction with on-time delivery and
meeting the demands (SoD; ;)

One of the social sub-pillars of sustainability is to have the
customer’s demands met on-time. This is under the influ-
ence of the quantity of demands, the production capacity
of major suppliers, and the ability to assemble production
halls. To calculate it, the following mathematical model is
utilized.

Domj;: Demand of modules, which depends on the
quantity of demands for the final product (Supplemental
Appendix Table 12).

Based on what has been mentioned so far, the
company, which is being studied here, is currently manu-
facturing up to 39 product variants, and six other product
variants are in the production planning stage. All these
various products are produced on 23 different platforms.
Therefore, the product demand for 39 product variants
determines the demand for the 23 platforms described
below. The data are presented in Supplemental Table
19. The quantity of demand for every variant of each
module depends on the demand for the respective
platforms.

SoM;y: Supply of modules by the manufacturer
(Supplemental Appendix Table 13).

Through examining the production capacity of differ-
ent suppliers of components and platform items, along
with collecting data from the supply chain of internal
automakers, the data are presented in Supplemental
Appendix Table 14.

CoA jx: Capacity of module assembly, which depends
on the ability to assemble the final product (Supplemental
Appendix Table 15).
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Quality ranking of the modules based on supplier ranking and
various technology (QM)

The number of times products manufactured in 2018 were
repaired during their warranty period in 2019 and 2020 (RR)

Frequncy of the module used in the final product in 2018 (a total
of 700648 systems) (PR)

Ratio of modules without the need for major repairs of modules
in the warranty period (%) (RO)

The customer satisfaction with repairs and after-sales service of
the kth variant of the jth module during the warranty period

Csaj = WM, X QM X RO;

Figure 3. Determining customer satisfaction with repairs and after-sales services.

One of the limitations of finding a proper solution for
the problem here is the limitation of the ability to assem-
ble different types of platforms in production lines, in
addition to the limitation of production capacity in manu-
facturing sites. The capacity of module assembly in the
manufacturing sites depends on the capacity of platform
production lines. Data collected on this matter are
explained in Supplemental online Appendix Tables 14
and 15.

SoD; x: Customer satisfaction with on-time delivery.

Min (supply capacity of manufacturers, capacity of

module assembly) =satisfaction with on-time delivery
(production percentage) demand of modules.
The indicator of customer satisfaction with on-time delivery
and meeting the demands are based on how vehicle pur-
chase orders are met every year. Data collected on this
matter are presented in Supplemental Appendix Table 16.

Mil’l(COAjk . SOMjk)
DOMjk ’
0 . if

SODjk =

These tables provide data on the following: demand of
platforms and related modules, supply of variants of every
module by suppliers, the capacity of platform assembly,
the capacity of variant assembly, and finally, customer
satisfaction with on-time delivery.

The capacity of platform assembly depends on the cap-
acity of assembly on production lines. The capacity of the
module’s variants assembly depends on the supply

if  |Min(Cody . SoMjx) — DoMj; > 0

capacity of each module and the capability table of differ-
ent variants of modules on different platforms.

SoD; ;: Customer satisfaction with on-time delivery
and meeting the demands.

SoD) ,: Base customer satisfaction with on-time deliv-
ery of the final product.

Woa: Weight impact factor customer satisfaction with
on-time delivery of the final product.

Validation method

Since this research has been done in an industrial environ-
ment and the purpose of this research is to provide a prac-
tical model to create sustainability in the design of the
vehicle platform, in order to validate the data collected,
Delphi method has been used to gather, summaries and
converge the opinions of experts.

)

|Min(CoA jy. . SoM ;) — DoM j;, <0

As Gluszek'® pointed out in her article, the Delphi
method, by applying the opinions of experts and repeating
it, converges the data and gives acceptable validity to the
results. In this research, in order to validate the data and
comments, the informed and expert participants were
divided into three groups and answered the questions sep-
arately and the results were sent to the central coordin-
ator and the coordinator processed the contributions of
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the contributors, and central and logical tendencies were
identified. The results were then given feedback to the
experts and they were asked to submit their comments
again with the help of the results provided by the coord-
inator. This process continued until the coordinator
ensured the validity of the data. The purpose of this tech-
nique was to eliminate the bias that is possible when
gathering different groups of experts. In the Delphi tech-
nique, the specialists do not know who the other specia-
lists are during the process, and based on this, good
confidence was created in the validity of the opinions
and data collected.

Decision variables

In this article, we seek the question that, which variant of
each module should be combined for the final product to
have the highest sustainability ranking. Accordingly, the
decision variable is a binary variable X;;(using (1), or
not using (0) the kth variant of the jth module in the ith
platform.

Constraints

In this paper, due to the volume and variety of collected
data as well as the objective functions set in the economic,
environmental, and social fields, many constraints can be
set for the problem. However, to simplify and stick to the
main concept of the article, only five constraints are
defined.

e In assembling different platforms, according to the
design and development of platforms, different variants
of modules are used (as demonstrated in Supplemental
Appendix Table 2).

e In equation (6), the constraint is that only one variant of
each module is used in the assembly of each platform.

e In equation (7), this constraint is expressed in the fact
that in the assembly of each platform, only 15
modules are built.

o In equation (8), the constraint indicates that the X;;
variable is less than or equal to a constant number.

e In equation (9), the constraint states that the total
assembly capacity of production lines exceeds the
demand for final products:

NoMVj

D Xjk=1 Vij (6)
k=1

15 Nov

YD Xiju=15 Vi (7)
=1 k=1
X}J’k = Qijk Vi. ]k (8)
Nof

Zmi,l 2 di Vl7 j7 k (9)

Problem-solving approaches

In the proposed problem-solving space, in some cases,
the discussion of weighting the indicators is done,
which uses BWM weighting approaches, and in the pro-
posed mathematical model, due to the presence of mul-
tiple objectives, the augmented epsilon constraint
method is used. Each of the methods will be explained
below.

Multipurpose function optimization algorithm. The multi-
objective optimization problem is a sub-branch of a set
of multi-criteria decision-making methods that takes
place among an unlimited set of possible solutions.
Pareto solutions of a multi-objective problem are a set
of non-dominant points that dominate all other solutions.
It is worth mentioning that the solutions obtained would
dominate each other provided they include the following
conditions.

Epsilon  constraint method. One of the well-known
approaches to dealing with multi-objective problems is
the epsilon-constraint method. This method has many
applications for optimizing multi-objective problems.
Using this method, the Pareto front can be created for
multi-objective issues.

The produced Pareto solutions are presented in a table
and the decision-maker selects one of the produced solu-
tions based on the preferences and priorities.

Augmented epsilon constraint method. Mavrotas and Floris*
introduced an improved version of the epsilon constraint
method called the augmented epsilon constraint method
(AUGMECON?2). This method generates practical and
efficient Pareto optimal solutions in comparison with the
epsilon constraint method using the lexicographic opti-
mization method in preparing the balance chart. This
research employs the AUGMECON2 method in order to
find efficient optimal solutions for small-size problems.

The AUGMECON2 method has an iterative method
that solves a mathematical model in the following
manner in each iteration.

The GAMS code of augmented epsilon constraint
methods is available in the library of GAMS software
and can be employed to solve various models. It is
proved that the solutions obtained by the augmented
epsilon constraint method are all within the boundaries
of Pareto optimality. The whole area of efficient solutions
can be examined by this method.

The BWM. In this method, the decision-maker
determines the best and worst indicators and pair
comparison is made between each of these two attributes,
the best and the worst, and other attributes. Then a
maximum-minimum problem is formulated and solved
to determine the weight of different attributes. Also in
this method, a formula for calculating the inconsistency
ratio is considered in order to check the validity of the
comparisons.
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The steps of the BWM are as follows:

e Determining the research sttributes

e Comparing the best attribute with alternative attribute
(BO) and then comparing the alternative attribute
with the worst (WO)

e Establishing a nonlinear programming model (by
solving this model in lingo optimization software, the
attribute weights are calculated)

e Determining the consistency ratio in the BWM

The consistency index of this method is presented in
Table 1.

Case study

Here, an actual case study is presented accompanied with
its particular characteristics regarding a vehicle manufac-
turing company. This study tries to investigate the sustain-
ability pillars in economic, environmental, and social
fields throughout the process of produced vehicle’s
design and development.

The platform is a major and vital part of the vehicle and
is a frequent piece in various vehicles. Consequently, the
subject matter of this case study is the platform parts of
a vehicle. That is, here the study proceeds by determining
the sub-pillars of sustainability and collecting data related
to each of these sub-pillars for different variants of every
module. Ultimately, the most efficient platforms from the
perspective of sustainability will be identified and selected
by adopting a mathematical programming model.

Experts claim that some key components included in
sub-pillars of sustainability in economic aspect are fixed
price and recycling revenue of the platform pieces, in
environmental aspect are energy consumption and CO,
emission during different stages of module’s lifecycle,
and finally, in social aspect are customer satisfaction
with quality and after-sales services, and disassembly
and recyclability of modules.

The number of each module’s variants in this study is
specified in Table 2.

The platform modules are categorized based on the
type of the vehicle, target market, level of technology,
and the capabilities of manufacturing companies and
hence have different variants.

If the goal is to achieve a combination of these plat-
form items with the highest level of sustainability, consid-
ering the different variants ahead and the limitations of
their combination and production, an appropriate math-
ematical model is required to select the best set of solu-
tions out of the many combinations of the variants. In
this case study, considering the diversity of the variants
of 15 modules, regarding materials, technology, the
manufacturing company, etc., a combination of choices
for constructing 23 platforms in every module is achieved.
In total, these platforms lead to the production of 39 var-
iants of the product.

In order to identify and choose the most sustainable
combination for the production of platforms with the
highest level of sustainability, it is necessary to gather

information on the economic, environmental, and social
pillars of these modules. Hence, the data are provided in
Supplemental Appendix Tables 3 to 16.

This study aimed for coming up with a suitable solu-
tion for identifying and selecting a set of the best combi-
nations possible to maximize the platform sustainability.
Therefore, firstly, modelling and definition of the main
variables, objective functions, and the restrictions are
discussed.

Problem-solving process

In this section, we discuss the following steps:

e Calculate the weights of the objective functions using
the BWM technique.

e Determine a set of efficient solutions by applying the
augmented epsilon constraint method.

e Identifying the Pareto solutions for the first, second,
and third objective functions of the augmented
epsilon constraint method.

e Ranking of platforms (Pareto front) based on the
importance weights of sustainability pillars (selecting
variants of platform no. 51 as the superior platform
system).

e Determining efficient (sustainable) variants of each
module in the production of 23 platforms (no. 51)
(identification of top platforms).

e Pareto response sensitivity analysis and ranking.

Determining the weight factors of objective
functions based on BWM

In the first objective function, both parameters are of eco-
nomic nature, and in the parameter of recycling revenue,
the time value of future revenue is calculated. As a result,
Wy, (fixed price per module) and W,, (recycling revenue
per module) are equal in weight.

In the second objective function, in order to determine
the weights of each attribute, the best and the worst attri-
butes are selected out of a total of 4. Experts have stated
that out of four attributes of the second objective function,
that is, W,., W.,, W4,, and W,,, the best one is the weight
of energy consumption and the worst is the weight of dis-
ability to assemble.

In the third objective function, in order to determine
the weights of each attribute based on BWM, the best
and the worst attributes are selected out of a total of
3. According to the experts, out of three attributes
meaning Weyy, Wege, and Wiy, the best one is the
weight of energy consumption and the worst is the
weight of disassembling ability.

Weight factors of the three economic, environmental,
and social objective functions (W,.o, Wen, and Wi,.)
were studied in the same manner, and based on what
experts have stated, out of these three criteria, the best
is the economic weight factor and the worst is the social
weight factor.
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In order to calculate the weight of each criterion, the
items above were coded in the Lingo software by compar-
ing the best attributes with the others and the rest of them
with the worst and prioritizing them from 1 to 9. The
results obtained are presented in Table 3.

Additionally, to determine the consistency ratio accord-
ing to the weights and values of the objective function, the
value of the consistency index is specified based on the
paired comparison between the best and the worst attributes,
as shown in Table 4. The paired comparison between the
best and the worst attributes results in 6, and based on
Table 1, the consistency index is 3. The consistency ratio
is calculated by dividing &* over the consistency index:

8*

T a

Considering that the consistency ratio is close to zero in all
computations, the comparisons retain proper stability and
consistency.

CR (10)

Determining a set of efficient solutions by applying
the augmented epsilon constraint method

As mentioned, the augmented epsilon constraint method
was used to solve the three-objective mathematical
model and was coded in GAMS mathematical program-
ming software.

To solve the model, coding was done in GAMS soft-
ware, based on the data presented of each parameter in
15 data tables (Supplemental Appendix Tables 2-16),
and after performing the computations, an efficient set
of solutions for the three-objective functions was deter-
mined that includes 54 of the best Pareto solutions for
the triple values of the objective functions.

In the next step, the three-objective functions were
achieved according to the weights, and by normalizing
the data of the objective functions and applying the
weights of each, the resulting 54 Pareto solutions were
ranked. Following that, after selecting the most efficient
Pareto solution, x;;x values of 23 selected variants of dif-
ferent modules were calculated in order to determine 23 of
the most sustainable platforms.

Identifying the Pareto solutions for objective
functions and ranking of platforms (Pareto front)
based on the important weights of sustainability
pillars

According to the computations performed in GAMS with
the augmented epsilon constraint method, 54 values were
achieved in the Pareto front (Supplemental Appendix
Table 17). These 54 values for the three, economic, envir-
onmental, and social, objective functions could be indica-
tors of the sustainable combination of platform modules.
In addition, in order to rank the 54 Pareto responses and
determine the superior response from the set of efficient
responses (Pareto front), first, the values of each of the
three objective functions for each of the Pareto front

responses are determined and then this ratio is normalized.
Then, based on the coefficients (functions) of the triple
economic goal (W,.) and environmental (#,,,) and
social (W,,.) mentioned in Supplemental Appendix
Table 17, the amount of the cumulative objective function
is determined for that point. On this ground, Pareto point
no. 51 is the superior solution of the Pareto front.

The graph of the efficient solutions points and the pos-
ition of rank 51 are shown in Figures 4 to 6.

Determining efficient (sustainable) variants of each
module in the production of 23 platforms (no. 51)

With selecting solution no. 51 as the superior Pareto solu-
tion, weights of the objective functions in each of the 23
platforms are presented in Table 4.

With the final computations of the mathematical
model, one combination, the most sustainable and effi-
cient one, was selected for each of the 23 platforms.
These chosen combinations were selected out of
4,241,090 possible combinations. Additionally, in order
to determine the variants of the selected sustainable
modules of the platforms, the values of X; ;; are provided
in Supplemental Appendix Table 18.

Sensitivity analysis and ranking of the Pareto
solutions

In this research, sensitivity analysis is done on the basis of
changes in three parameters of each objective function,
including parameters of fixed price,1 CO, emission,” and
customer satisfaction with quality.®> Later on, the values
of each of these parameters in five levels were evaluated.
These levels include level one: 40% parameter reduction,
level two: 20% parameter reduction, level three (previ-
ously obtained solutions): no parameter change, level
four: 20% parameter increase, and level five: 40% param-
eter increase. The problems were analysed once again over
all of these levels using the augmented epsilon constraint
method and the values of the better solutions on every
level were determined in 54 Pareto fronts. Subsequently,
values of Xi, j, and & for the better solution were calculated
and the 23 platforms constructing this solution were deter-
mined accordingly. Eventually, the said variants were
compared and ranked with the help of the SAW technique
(Supplemental Appendix Tables 19-21).

Results and discussion

This research was presented so as to provide a practical
model for operation in car design and development
centres. Since the platform of a car has an important
role in the production of a family of products and the
joint platform is an important concept in car companies,
in order to promote sustainability principles in a series
of products, in this research, an attempt was made to
provide a practical model for selecting the main
modules of a car platform with maximum sustainability.
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Figure 6. Pareto front first and third target functions.

Given that the development of sustainability of a
product is a multi-criteria concept with multiple and dif-
ferent components, accordingly in this study, the
problem of mathematical planning in the form of a multi-
objective model to identify and achieve a set of superior
choices of the module car platforms was presented with
a sustainability approach.

As a result, with the help of mathematical modelling
and its solution, the best (most sustainable) combination
of modules was selected to produce each of the 23 plat-
forms that are being produced by the automotive
company.

With the final computations of the mathematical
model, one combination, the most sustainable and effi-
cient one, was selected for each of the 23 platforms.
These chosen combinations were selected out of
4,241,090 possible combinations.

To identify and select the most sustainable combin-
ation to produce platforms with the highest level of sus-
tainability, it is necessary to collect information about
the economic, environmental, and social pillars of these
modules. Therefore, various data were collected from
one of the reputable car manufacturing companies and
are presented in Supplemental Appendix Tables 3 to 16.
Also, based on the information collected from the
design and engineering department of the factory, differ-
ent variants of modules that can be assembled on any plat-
form were collected and presented in Supplemental
Appendix Table 2. Based on the collected data and

considering that three different objective functions (min-
imizing economic indicators, minimizing the effects of
environmental indicators, and maximizing social indica-
tors) were considered, this study aims to provide a suitable
solution to identify and select one of the best possible
combinations to maximize platform stability. Therefore,
first modelling and defining the main variables, objective
functions, and constraints are discussed.

In fact, by having the pillars of sustainability of this
modelling in mind, it can be claimed that by selecting dif-
ferent platform combinations in each of these 23 plat-
forms, a product family of automotive products can be
achieved. In the present study, the augmented e-constraint
method is implemented in order to carry out the multi-
objective optimization and three goals, including minim-
izing the economic and environmental impacts and maxi-
mizing the social impacts of a platform were discussed
and analysed based on the collected data (9 parameters)
using the precise method of augmented epsilon constraint.
A set of possible solutions were provided and out of these
efficient solutions, the most sustainable ones were
selected for 23 platforms. The analysis and the process
of selection were realized through scientific and mathem-
atical modelling and procedures which were mentioned
before. Some of them include BWM ranking, utilizing
Lingo and GAMS software, and so on. Through these
methods and procedures, the 54 efficient solutions in the
Pareto front were achieved and out of this number, after
considering all the factors and weighting the objective
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functions, solution (Pareto optimal points) no. 51 was
selected as the most efficient solution. Subsequently, all
the 15 module variants of the 23 platforms were deter-
mined for solution no. 51. Finally, these variants were
compared and ranked on the basis of the SAW technique.

Conclusion and future research
directions

This research has been done according to the needs assess-
ment and development of sustainability approach in an
automotive company and with the aim of developing this
approach in all design and development projects of new
products. Obviously, the concept of sustainability in manu-
facturing companies is expanding, and undoubtedly similar
research will be pursued and evolved in the future. This
approach can also be implemented in other manufacturing
companies that produce a particular product.

As for future research, it is recommended that more
parameters in the economic, environmental, and social
fields would be examined and addressed. Additionally,
problem-solving methods can be developed, and other
techniques, such as meta-heuristic and innovative algo-
rithms can be employed.

This paper does not limit the components of sustain-
ability (economic, environmental, and social) and these
components are considered only through objective func-
tions. In future research, the current model can be devel-
oped based on new constraints.
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Nomenclature

Aijk the variants of assemblable modules in various
platforms (number)

FP;y the cost of modules of the kth variant of the jth
module (Rial currency)

FP}V i the base fixed price (Rial currency)

Wip weight impact factor of the fixed price

RR; recycling revenue of the kth variant of the jth
module (Rial currency)

RR’] x base recycling revenue (Rial currency)

Wrr weight impact factor of recycling revenue (%)

ECj energy consumption of the kth variant of the jth
module (kWh)

EC}.k total base energy consumption (kWg)

e weight impact factor of energy consumption (%)

Coji CO, emission of the kth variant of the jth
module (kg)

Co'jk total base CO, emission (kg)

W, weight impact factor of CO, (%)

DA,  ability to disassemble the kth variant of the jth
module (ratio)

DA}.k base ability to disassemble of the kth variant of
the jth module (ratio)

Wia weight impact factor of disability to assemble
(%)

REj base recyclability of the kth variant of the jth
module (ratio)

RE ; x recyclability of the kth variant of the jth module
(ratio)

W,e weight factor of recyclability Percent

WoCI  weight of customer satisfaction index
(Supplemental Appendix Table 10) (%)

Mor module ratio (ranking) of customer satisfaction
index (Supplemental Appendix Table 10) (0-1)

Wom mean (relative weight of the index)
(Supplemental Appendix Table 9) (0-1)

NoCI  number of customer satisfaction indicators
(Supplemental Appendix Table 10) (0-1)

Csqjr  customer satisfaction with quality of the kth
variant of the jth module (Supplemental
Appendix Table 10) (0-1)

qu./i. « total base customer satisfaction with quality

(0-1)

Xijk

Wp
Wy

mij
Wesq

Csaj i

Csd
Wsca

Dom;

SOMj.k

CoA jk

SoD
SoD' ;i
Wsoa
Weco
Weny
Wsoc
Nov
NoM

NoMVj

Nof

CI
CR

ij

use/non-use of kth variants of jth modules in ith
platforms (0-1)

the weight of the best criterion (0-1)

the weight of the worst criterion (0-1)

the weight of criterion j (0-1)

manufacturing capacity of each line (number of
production per year)

weight impact factor of modules on customer
satisfaction during the warranty period (%)
customer satisfaction with repairs and
after-sales services of the kth variant of the jth
module Number

base customer satisfaction with after-sales
services (number)

weight impact factor of customer satisfaction
with after-sales services (%)

demand of modules, which depends on the
quantity of demands for the final product
(number per year)

supply of modules by the manufacturer
(number per year)

capacity of module assembly, which depends
on the ability to assemble the final product
(no. of assembly per year)

customer satisfaction with on-time delivery and
meeting of the demands (number)

base customer satisfaction with on-time
delivery of the final product (number)

weight impact factor customer satisfaction with
on-time delivery (%)

the weight of the economic objective function
(%)

the weight of the environmental objective
function (%)

the weight of the social objective function (%)
number of platform variants of car
manufacturer company — which in this case
study is equal to 23 (number)

number of modules that make up the
platform — which in this case study is

15 (number)

number of variants of each module j — which in
this case study has different numbers from 3 to
S (number)

number of factories (plant)

the others-to-worst vector

consistency index (number)

consistency ration

auxiliary variable

Tte best to others vector
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