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Sustainable Product Design Performance
Evaluation with Two-Stage Network Data
Envelopment Analysis

Chialin Chen, Joe Zhu, Jiun-Yu Yu, and Hamid Noori

Abstract Data Envelopment Analysis (DEA) has traditionally been used to

measure the performance of production systems in terms of efficiency in converting

inputs into outputs. In this paper, we present a novel use of the two-stage network

DEA to evaluate the sustainable product design performances. While sustainable

product design has been considered as one of the most important practices for

achieving sustainability, one challenge faced by decision makers in both the private

and public sectors is how to deal with the difficult technical trade-offs between

traditional and environmental attributes which require new design concepts and

engineering specifications. To deal with this challenge, we conceptualize “design

efficiency” as a key measurement of design performance in terms of how well

multiple product specifications and attributes are combined in a product design

that leads to lower environmental impacts or better environmental performances.

A two-stage network DEA model is developed for sustainable design performance

evaluation with an “industrial design module” and a “bio design module.” To

demonstrate the applications of our DEA-based methodology, we use data of key

engineering specifications, product attributes, and emissions performances in the

vehicle emissions testing database published by the U.S. EPA to evaluate the

sustainable design performances of different automobile manufacturers. Our test
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results show that sustainable design does not need to mean compromise between

traditional and environmental attributes. Through addressing the interrelatedness of

subsystems in product design, a firm can find the most efficient way to combine

product specifications and attributes which leads to lower environmental impacts or

better environmental performances. We also demonstrate how two-stage network

DEA can be used to develop a analytical framework for evaluating sustainable

design performances as well as to identify the most eco-efficient way to achieve

better environmental performances through product design.

Keywords Design for the environment • Network DEA • Design performance

evaluation

10.1 Introduction

Example 1: In December 2007, the European Commission proposed the introduc-

tion of legally-binding fuel efficiency standards for new cars. The proposed

law says that CO2 limits should be differentiated according to the type of car and

that the so-called “utility parameter” used to define the targets should be the car’s
weight. In simple terms the proposal says heavier cars should get easier (higher)

CO2 standards and lighter cars should get tougher (lower) ones (European Feder-

ation for Transport and Environment 2008). Similarly, the U.S. Environmental

Protection Agency (EPA) and the Department of Transportation’s National High-
way Traffic Safety Administration (NHTSA) are finalizing a set of fleet-wide

average CO2 emission standards where each vehicle has a different CO2 emissions

compliance target depending on its “footprint value” related to the size of the

vehicle (U.S. EPA 2010).

Example 2: In the 2008 CTI Symposium on Automotive Transmissions, Robert

Lee, Chrysler’s vice president of power train engineering whose company’s has not
introduced any hybrid electric vehicles (HEVs), argued that, while a portion of the

car-buying public may try to ride out that storm in HEVs, which now get most of the

popular attention in the debate about how to minimize fuel consumption, engineers

can still improve the conventional vehicles, too, by scouring them for fuel-wasting

losses. “Solving the fuel economy puzzle requires a total-vehicle solution,” Lee

said, emphasizing the interrelatedness of the various vehicle subsystems (Design

News 2008).

Sustainable product design or, sometimes equivalently, design for the environ-

ment (DfE), is considered as one of the most important practices for achieving

sustainability. In recent years, however, there has been a fundamental shift in the

ways which sustainable design performances are measured in both the public and

private sectors, from emphasizing the absolute environmental performance to the

eco-efficient design performance with carefully combined functional and environ-

mental attributes (e.g., vehicle weight and fuel efficiency) in a product design

(Ulrich and Eppinger 2012), as exemplified in the above two cases of applications.

In this paper, we conceptualize the novel notion of “design efficiency” for
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combining multiple subsystems in the design process, and propose a comprehensive

research framework based on the two-stage network Data Envelopment Analysis

(DEA) for sustainable design performance evaluation. The vehicle emissions testing

database published by the U.S. EPA (2009) will be used to demonstrate the appli-

cations of our proposed methodology in both the public sector (for evaluating the

sustainable design performances of different vehicle designs by automakers) and

private sector (for identifying the most eco-efficient sustainable design choices).

Today sustainable product design has received significant attention from both

the public and private sectors worldwide. According to the most recent Green

Brand Survey (2012) of 9000 consumers in Australia, Brazil, China, France,

Germany, India, the U.S., and U.K., nearly three-quarters of consumers surveyed

said that greenness was an important factor in determining which products to buy,

and, 38 % of consumers rank “a socially responsible company” as a “very impor-

tant” factor to consider when choosing products or services. In response to the

strong public interest in sustainable purchasing, various directives and regulations

aimed to encourage sustainable design practices have been considered or imposed

by governments around the world. For example, in order to reduce greenhouse gas

emissions and to achieve national energy independence, on July 29, 2011,

U.S. President Barack Obama announced an agreement with thirteen large auto-

makers to increase fuel economy to 54.5 miles per gallon for cars and light-duty

trucks by model year 2025. In Europe, the Waste Electrical and Electronic

Equipment Directive (WEEE) and Restriction of Hazardous Substances Directive

(RoHS), which have gone into effect since 2006 in most EU member states, both

require the “producer-polluter” to take the responsibility of processing and

recycling electronic equipment when it reaches end-of-life to induce the producer

to implement various practices for sustainable design (Lauridsen and Jørgensen

2010). In China, due to the increasing number of motor vehicles in recent years, the

State Environmental Protection Administration has adopted the Euro IV standard,

which is considered as a rather stringent emission standard for developing coun-

tries, since 2010 in order to induce Chinese automakers to make more significant

efforts in designing and producing vehicles with low greenhouse gas emissions and

carbon footprints (CNTV 2010).

Despite the calls and regulatory pressures from the general public and the

governments, today’s companies have mixed responses regarding the implementa-

tion of sustainable design practices. On the one hand, most companies recognize the

importance of sustainable design as exemplified by the fact that the websites of

most Fortune 500 companies now feature an environmental section with substantial

information regarding each company’s “commitment” to sustainable design. On the

other hands, with only a handful of exceptions, most major companies still adopt a

relatively reactive approach to sustainable product design. In the United States and

Europe, the new CAFE Standard and the WEEE and RoHS Directives have all

encountered rather strong resistance from the industries due to the potential tech-

nological and financial difficulties to achieve the required environmental perfor-

mances. The fact is that, to design a product with improved environmental

performance, a company usually needs to deal with some difficult technical trade-

offs with new product specifications (Hopkins 2010). For example, a product made
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from 100 % recycled materials may have poor material consistency and durability

(Malloy 1996; Verhoef et al. 2004). The zero-emission electric vehicles introduced

in California in the early 1990s had rather poor traditional performances such as

engine power, range, and size. These types of “green” products, which have been

shown to have little chance to achieve market success, represent an inefficient use

of resources in product design as the excellent environmental performances are

combined with (or at the expense of) poor traditional product performances.

According to the 2012 Green Brand Survey, mentioned previously, “offering

good value” is still a predominant criterion for most consumers (75 % of respon-

dents) in making a purchasing decision. As a result, the traditional performance

measures for sustainable design which mostly focus on the “absolute scale” of

environmental performance may not be sufficient to provide the industries with

enough incentive to implement the practice of design for the environment as well as

to offer consumers with adequate choices of well-functioning products with satis-

factory levels of both traditional and environmental performances.

The purpose of the paper is to propose a methodology with the use of “design

efficiency” as a novel measurement of sustainable design performances based on an

innovative application of Data Envelopment Analysis, a method which has been

widely applied to evaluate the efficiencies of decision-making units (DMUs). We

conceptualize “design efficiency” as a key measurement of design performances,

and develop a two-stage network DEA model for evaluating the sustainable design

performances to find the most efficient way to combine product specifications and

attributes to achieve better environmental performances through product design.We

also discuss how to use the centralized and non-cooperative game theoretic models

to solve for design efficiencies under the simultaneous, proactive, and reactive

strategies adopted by firms for sustainable design. To demonstrate the applications

of our proposedmethodology, we use data of key engineering specifications, product

attributes, and emissions performances in the vehicle emissions testing database

published by the U.S. Environmental Protection Agency (EPA) to evaluate the

sustainable design performances of different automobile manufacturers.

Our proposed performance measure of design efficiency, which measures how

well multiple product specifications and attributes are combined in a product design

to achieve better environmental performance, differs significantly from the tradi-

tional measures for sustainable design which mostly focus on the absolute scale of

environmental performance. For example, if two products which are evenly

matched in all the major functionalities (portability, material consistency, durabil-

ity, etc.) generate different amounts of toxins, the product that generates a lower

amount of toxins represents a more efficient design which leads to better environ-

mental performance with the same input resources. Similarly, everything else being

equal, if two motor vehicles with different sizes lead to the same level of green-

house gas emissions, the vehicle with the larger size represents a more efficient

design with a better combination of traditional and environmental product attri-

butes. Notice that the use of design efficiency as an additional performance measure

for sustainable design does not mean that one should ignore the traditional absolute

measures of environmental performances which are often directly tied to the human

or ecological impacts of a product. Rather, through better understanding of the
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design efficiency in sustainable design, a firm may utilize its limited resources in a

more efficient way to design a product with better environmental performance, or,

conversely, to meet the same environmental standard with a more efficient product

design with a better combination of traditional and environmental attributes. Such

an efficient sustainable design process would ultimately lead to the more efficient

allocation of design resources for a firm as well as better product choices with

improved functionalities and environmental performances for consumers.

The remainder of the paper is organized as follows. In Sect. 10.2, we review

relevant literature. In Sect. 10.3, we conceptualize design processes to develop a

research framework for measuring design efficiencies based on a two-stage network

DEA model. In Sect. 10.4, we perform DEA analysis with the vehicle emissions

testing database published by U.S. EPA to demonstrate how to use our proposed

methodology for evaluating sustainable design performances. Test results are

discussed in Sect. 10.5, and concluding remarks are in Sect. 10.6.

10.2 Literature Review

There exists a growing body of work on sustainable product design and DfE. One

stream of the research focuses on micro-economic analyses of different sustainable

design practices. Calcott and Walls (2000) compare the effects of different policy

instruments that are used to target green design practices. Under a framework with

design trade-offs, Chen (2001) analyzes the green product design decisions under

different strategic and regulatory settings. With the introduction of recyclability

through a technological parameter, Fullerton and Wu (1998) examine the effects of

different public policies in a general equilibrium model. Atasu et al. (2008) model

consumer’s heterogeneous reaction to environmental friendliness through their

differential appreciation for a remanufactured product versus a new product.

Atasu and Souza (2010) investigate the impact of product recovery on design

quality choices. While these papers provide good insights to a number of opera-

tional, strategic, and policy issues related to DfE, there has been less sustained work

on performance measurement and evaluation for sustainable design.

Another stream of research in sustainable product design and DfE provides

practical guidelines for implementing sustainable design practices. Handfield

et al. (2001) propose a comprehensive conceptual framework with detailed imple-

mentation processes for DfE that connects corporate environmental objectives,

design processes, and outcome evaluation. By using the framework of scenario

planning, Noori and Chen (2003) propose a methodology for developing break-

through products with environmental attributes. Fiksel (2009) uses case studies

from major corporations to details implementation steps for DfE in the context of

product life-cycle management. By using the industrial ecology principles and case

studies, Graedel and Allenby (2009) identify a number of practical approaches to

green design decisions. Ulrich and Eppinger (2012) discuss how to frame DfE as a

material problem to provide incremental design solutions through the product
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“industrial” life cycle and the natural “bio” life cycle. The quantitative evaluation

of sustainable product design performance, however, is an area which has not

received much attention. Conway-Schempf and Lave (1999) and Hendrickson

et al. (2006) develop an input-output approach for analyzing the life-cycle impact

of a product which addresses several shortcomings of the traditional life-cycle

assessment. Their approach, however, is primarily focused on the quantification

of the environmental impacts of different products as opposed to using operations

research techniques such as DEA to identify the efficient frontiers for evaluating

and comparing different product designs as in our model.

Data Envelopment Analysis has been widely used to measure the performance of

decision making units (DMUs) in terms of efficiency in combining inputs into

outputs (Farrell 1957; Charnes et al. 1978; Liang et al. 2008b). Comprehensive

reviews of research in DEA are provided in Emrouznejad et al. (2010) and Cook

et al. (2010). Traditionally, DEA has been used in a single-stage model within a

“black-box” framework. Such an efficiency measure, however, has limitations to

deal with decision-making processes which can be divided into sub-processes or

stages, where outputs of one sub-process are inputs to another sub-process. With a

network structure, one might expect the decision maker to optimize the efficiencies

of multiple sub-processes in a sequential fashion. To incorporate the multi-stage

decision-making process into performance measurement, Färe and Grosskopf

(1996, 2000) extend Shephard and Färe’s (1979) production framework into a

network DEA model. Recently, Kao and Hwang (2008) show that the whole-

system efficiency can be decomposed into the product of sub-process efficiencies.

Liang et al. (2008a) further develop two systematic approaches to analyze network

efficiency: a game-theoretic non-cooperative approach and a centralized approach,

which will be adopted in our model for evaluating the efficiency in sustainable

product design.

In recent years, DEA has been increasingly used for performance evaluation in

engineering design. Miyashita (2000) applies DEA to develop evaluation criteria to

solve the collaborative design problem. Linton (2002) uses DEA to select materials

which are efficient for various environmental indices. Farris et al. (2006) present a

case study of how DEA is applied to generate objective cross-project comparisons

for evaluating the relative performance of engineering design projects. By using

DEA as a decision supporting tool, Cariaga et al. (2007) evaluate the degree to

which each design alternative satisfies the customer requirements. Lin and Kremer

(2010) apply DEA to solve the conceptual design problems and product family

design problems. These papers, however, are all based on the standard DEA where

the internal structure of a unit under evaluation is not modeled while our model is

based on the more complex two-stage network DEA with a well-defined input-

output internal structure.

In the literatures of management science and operations management, sustain-

able operations are commonly modeled as two-stage processes. Fleischmann

et al. (1997) propose a framework decomposing the business logistics process

into the “forward channel” and “reverse channel,” which has been widely adopted

in quantitative models of sustainable operations for product recovery and green
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supply chain management (Dekker et al. 2010). Recently, Ulrich and Eppinger

(2012) propose a DfE framework with both the product “industrial” life cycle and

natural “bio” life cycle. As in the above-mentioned analytical models for sustain-

able operations, our two-stage network DEA model allows decision makers to

clearly identify the underlying factors and their interactions which lead to different

environmental performances/consequences as well as the areas for future improve-

ment. While the focus of the paper is not on DEA model building as our main

analysis is largely based on Liang et al. (2008a), this paper proposes an innovative

application of network DEA in sustainable product design with the following three

major contributions. First, we conceptualize “design efficiency” as a key measure-

ment of design performances, and develop a two-stage network DEA framework

for evaluating the sustainable design performances to find the most efficient way to

combine product specifications and attributes to achieve better environmental

performances through product design. Second, we discuss how to use the central-

ized and non-cooperative game theoretic models to solve for design efficiencies

under the simultaneous, proactive, and reactive strategies adopted by firms for

sustainable design. Third, we demonstrate the innovative applications of our pro-

posed methodology in both the private and public sectors by using data of key

engineering specifications, product attributes, and emissions performances in the

vehicle emissions testing database published by the U.S. Environmental Protection

Agency (EPA) to evaluate the sustainable design performances of different auto-

mobile manufacturers. According to the authors’ knowledge, our paper presents the
first research work that applies network DEA to develop a comprehensive analyt-

ical framework with well-defined internal structure for analyzing the complex

decision-making processes for sustainable design, which is of crucial importance

to the future of human society, with empirical validation. In the section that follows,

we will present our analytical framework based on a network DEA model.

10.3 Research Framework

We now present an analytical framework that integrate the structures of a two-stage

network DEA model and a two-stage process commonly adopted in the existing

literatures of sustainable operations and DfE. The proposed network DEA model

for sustainable design performance evaluation includes two internal stages: an

“industrial design process” and a “bio design process,” as illustrated in Fig. 10.1,

which are corresponding to the “Product Industry Life Cycle” and “Natural Bio Life

Cycle” for sustainable design innovation presented in Hopkins (2010). Following

Liang et al. (2008a), we consider a set of n different designs of a particular product

as the decision making units (DMUs). Assume that for each product design,

denoted by DMUj j ¼ 1, . . . , nð Þ, there are m relevant engineering specifications

as the inputs, denoted by xij i ¼ 1, . . . ,mð Þ, to Stage 1 (industrial design) and

D product attributes as outputs, denoted by zdj d ¼ 1, . . . ,Dð Þ, from that stage.
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These D outputs (attributes) are also the inputs to Stage 2 (bio design) and will be

referred to as intermediate measures. The outputs from Stage 2, denoted by

yrj r ¼ 1, 2, . . . , sð Þ, are the levels of environmental performances of the product.

We can then model the sustainable design problem with a two-stage network DEA

model with either the “centralized” (integrated) approach in which efficiencies in

both stages are optimized simultaneously or the “non-cooperative” (sequential)

approach in which efficiencies in the two stages are optimized sequentially in any

given order (Stage 1 first followed by Stage 2, or in the reverse order) (Liang, Cook,

and Zhu 2008a). Notice that using the proposed two-stage model does not require

that the industrial design and bio design processes be conducted separately. In fact,

the centralized approach allows the simultaneous, joint decision-making for the

industrial design and bio design processes concurrently. The major components of

the proposed DEA framework are described below.

10.3.1 Stage 1: Industrial Design Performance

At the first stage, we evaluate the efficiency of the industrial design module, which

can be viewed as the standard design process for combining engineering specifica-

tions (inputs) into product attributes (outputs). An engineering specification is

defined as “a precise description of an engineering characteristic incorporated in

a product design” (Ulrich and Eppinger 2012) and a product attribute is defined as

“one of the main physical features of a product as the combination of a number of

engineering specifications” (Noori 1990; Urban and Hauser 1993). For example, the

portability of a handheld music device (product attribute) is determined by the

combination of several engineering specifications, such as materials used, battery

type, and the size of internal hard drive (or flash memory). The fuel economy of a

vehicle (product attribute) is influenced by the combined effects of a number of

Intermediates
Product

Attributes
Ddzdj ,...,2,1, =

Outputs
Environmental
Performances

sryrj ,...,2,1, =

Stage 1 Stage 2

njDMUj ,...,2,1, =

Industrial 
Design Stage

Bio
Design Stage

Inputs
Engineering

Specifications
mixij ,,,,2,1, =

Bio Life Cycle Product Life Cycle

Fig. 10.1 The network DEA model for sustainable product design
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engineering characteristics such as vehicle horsepower and engine compression

ratio. The process of linking engineering characteristics with product attributes at

the first stage is analogous to that used in standard methods for product design such

as “House of Quality” and “Quality Function Deployment” (Hauser and Clausing

1988; Urban and Hauser 1993). The DEA analysis, however, allows us to evaluate

the efficiency of resource usage of each product design (DMU) in terms of com-

bining inputs (engineering specifications) into outputs (product attributes) in the

industrial design process.

10.3.2 Stage 2: Bio design Performance

At Stage 2, we evaluate the efficiency of the bio design module by examining

the links between key product attributes and environmental performances/

consequences. It is well documented that reducing the environmental impacts of a

product through product design usually requires systematic design solutions to

address the combined effects and interfaces of multiple product attributes

(Hendrickson et al. 2006; Fiksel 2009). Based on the DfE concept proposed

by Ulrich and Eppinger (2012), sustainable design and innovation is fundamentally

a “material problem” which often requires redesign and reengineer of a product

as well as its supply-chain functions to reduce the amount of toxins, the use of

non-renewable resources, and the use of energy. Therefore, reducing the environ-

mental impacts of a product involves not only the environmental attributes

but also many of the traditional attributes. For example, if a company wants

to reduce the use of virgin materials in a product, it is often necessary to redesign

and reengineer the entire product so that it works properly (e.g., with the same

material consistency and durability) and looks great without some of the virgin

materials used in the original design (Hopkins 2010). Similarly, to reduce the

emissions levels of a vehicle, a company usually needs to deal with the combined

effects of a number of traditional and environmental attributes such as the size/

weight and the fuel economy. As another example, the exact amount of e-waste

generated by a laptop computer is usually influenced by the combined effects

of its recyclability and other product attributes such as size, weight, and portability.

Therefore, the DEA analysis at the second stage is aimed to evaluate the

efficiency of a product design (as a DMU) in combining key attributes to reduce

the environmental impacts or to improve the environmental performances of a

product.

Depending on data availability, the outputs from the second stage can be either

the life-cycle environmental impacts (Hendrickson et al. 2006; Fiksel 2009) or only

one or a few environmental performances or impacts of interest, such as the

amounts of e-waste and levels of vehicle emissions. We keep our model general

with the understanding that, while reducing the overall life-cycle environmental

impacts should be the ultimate goal of sustainable design, the DfE approach with

incremental improvements on one or a few environmental performances is usually
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more executable for most businesses today (Hopkins 2010). Analyses based on only

one or a few environmental performances or impacts of interest can also be parts of

or integrated into the more complete environmental assessment under the life-cycle

framework.

10.3.3 Design Performance Evaluation

We now discuss the performance measures for each of the two stages (industrial

design and bio design) as well as the overall two-stage network model. On the basis

of Charnes et al. (1978), the efficiencies of the first and second stages for a DMUj

j ¼ 1, 2, . . . , nð Þ can be calculated as:

e1j ¼

XD

d¼1

wdzdj

Xm

i¼1

vixij

and e2j ¼

Xs

r¼1

uryrj

XD

d¼1

ewdzdj

ð10:1Þ

where vi, wd, ewd, and ur are unknown non-negative weights to be solved. These

ratios are then used in a mathematical programming problem which can be

converted into a linear program. It is noted that wd is set equal to ewd as in Liang

et al. (2008a).

Two different approaches, termed “centralized” approach and “non-cooperative”

(decentralized) approach, can be used to measure the efficiencies of each of the two

individual stages as well as the overall two-stage process (Liang et al. 2008a).

With the centralized approach, the efficiencies of both stages (industrial design

and bio design) are evaluated simultaneously to determine a set of optimal

weights on the intermediate measures that maximizes the aggregate or global

efficiency score in a joint decision-making process. With the decentralized

approach based on the leader-follower paradigm of the Stackelberg model,

Stage 1 (industrial design) is the leader whose performance (efficiency) is

more important and thus optimized first. Then the efficiency of Stage 2 (bio

design) as the follower is computed, subject to the requirement that the leader’s
efficiency remains fixed. Similarly, with the decentralized approach based on the

follower-leader paradigm, Stage 2 (bio design) is the leader and optimized first

while Stage 1 (industrial design) is the follower. The mathematical program for

solving the efficiencies under the centralized approach used in our DEA test is

described as follows: For a specific DUMo, the following linear programming

model maximizes the centralized (overall) efficiency as the product of individual

efficiencies of the two stages.
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Max e1o � e2o ¼

Xs

r¼1

uryro

Xm

i¼1

vixio

s:t: e1j � 1 and e2j � 1 and wd ¼ ewd

ð10:2Þ

Model (10.2) can be converted into the following linear program

Max
Xs

r¼1

uryro

s:t: . . .
Xs

r¼1

uryrj �
XD

d¼1

wdzdj � 0j ¼ 1, 2, . . . , n

XD

d¼1

wdzdj �
Xm

i¼1

vixij � 0j ¼ 1, 2, . . . , n

Xm

i¼1

vixio ¼ 1

wd � 0, d ¼ 1, 2, . . . ,D; vi � 0, i ¼ 1, 2, . . . ,m; ur � 0, r ¼ 1, 2, . . . , s

ð10:3Þ

We can then obtain the efficiencies for the first and second stages, namely

e1o ¼

XD

d¼1

w*
dzdo

Xm

i¼1

v*i xio

¼
XD

d¼1

w*
dzdo and e2o ¼

Xs

r¼1

u*r yro

XD

d¼1

w*
dzdo

: ð10:4Þ

Similarly, the mathematical programs used under the non-cooperative approach

can be established. To obtain the overall efficiency of the two-stage process, let e1 �o
and e2 �o denote the efficiencies of the first and second stages obtained with the

centralized or non-cooperative approach. The overall two-stage efficiency, denoted

by eall �o , can then be calculated as the product of the individual efficiencies of the

two stages (i.e., eall*o ¼ e1*o � e2*o ) regardless of whether the centralized or

non-cooperative approach is used, as shown in Liang et al. (2008a).

With the solved individual and overall efficiencies from the DEA model, we will

be able to compare and evaluate the design performances of different DMUs

(product designs), and identify the most efficient way to combine product specifi-

cations and attributes to achieve better environmental performances or to reduce

10 Sustainable Product Design Performance Evaluation. . . 327



environmental impacts through product design. Note that, in a typical DEA model

for measuring production efficiency, an efficient DMU is the one that is capable of

using the minimum input resources to produce the same levels of outputs or,

equivalently, using the same input resources to produce the maximum levels of

outputs. Similarly, in our DEA model for measuring sustainable design perfor-

mances, an efficient DMU (product design) is the one that has the best combination

of engineering specifications or product attributes to achieve the same environmen-

tal performances (i.e., how well different product specifications and attributes are

combined in a product design to achieve the environmental performances) or,

equivalently, the DMU (product design) that is capable of using the same levels

of product specifications/attributes to achieve the best environmental performances.

Notice that, while the models in Kao and Hwang (2008) and Liang et al. (2008a) are

developed under the assumption of geometric mean of two stages’ efficiency

scores, additive forms of efficiency decomposition can also be used. For example,

Chiou et al. (2010) develop an integrated DEAmodel where the overall efficiency is

defined as a (weighted) average efficiency of two stages under the assumptions of

constant and variable returns to scale (CRS and VRS). Chen et al. (2009) discussed

the additive efficiency decomposition under both CRS and VRS assumptions when

a set of DMU-related weights are used. Our proposed framework can readily be

applied to the models proposed in the above studies.

10.3.4 Strategic Implications

The two-stage network DEA model and different solution approaches presented

above make it possible to analyze three different sustainable design strategies firms

may adopt, namely:

1. Simultaneous Approach: A firm simultaneously optimizes both the industrial

and bio design processes, which can be analyzed with the centralized approach

of two-stage DEA.

2. Reactive Approach: A firm optimizes the industrial design process first, and then

optimizes the bio design process, which can be analyzed with the decentralized

approach of two-stage DEA with Stage 1 (industrial design) as the leader and

Stage 2 (bio design) as the follower.

3. Proactive Approach: A firm optimizes the bio design process first, and then

optimizes the industrial design process, which can be analyzed with the

decentralized approach with Stage 2 (bio design) as the leader and Stage 1 (indus-

trial design) as the follower.

With the proposed two-stage network DEA model, decision makers would be

able to investigate and compare the individual and overall design performances

with either the centralized and decentralized approach under different strategies for

sustainable product design. It should be noted that, for a product with a simpler,

single-stage design process, our analytical framework can be easily modified and

328 C. Chen et al.



reduced to a single-stage DEA model. In the section that follows, we will demon-

strate the applications of our analytical model in evaluating the sustainable design

performances with vehicle emissions testing data for the automobile industry.

10.4 Data Collection and Research Procedure

In this section, we use the data of product specifications, attributes, and indices

of vehicle emissions performances in the vehicle emissions testing database

published by the U.S. EPA (2009) to demonstrate the applications of our model

in evaluating sustainable design performances of vehicles introduced in North

American in 2009. Since the database only includes data of vehicle specifications,

attributes, and emission performance indices which are considered relevant to the

emissions tests by the agency as opposed to the complete data sets of vehicle

specifications, attributes, and life-cycle environmental performances, the purpose

of our analysis is to show how to use our model for evaluating sustainable design

performances instead of suggesting the more eco-efficient product designs or

assessing the actual design performances of automobile manufacturers. To present

our analysis from the problem-solving perspective, we first identify two applica-

tions of our DEA tests in the public and private sectors corresponding to the two

real-world examples regarding the new performance measures considered by the

European Commission and U.S. EPA as well as different design options considered

by Chrysler.

Application #1 (Public Sector): An environmental protection agency has been
using the tailpipe emissions levels as the primary measures of environmental
performances of different automobile manufacturers for years. However, it has
come to the agency’s attention in recent years that many consumers do not
purchase environmentally-friendly vehicles due to the perception that good envi-
ronmental performances are usually at the expense of other important vehicle
performances such as power and size. As a result, the agency would like to
understand the overall “design efficiencies” of different automobile manufacturers
in terms of combining engineering specifications and customer attributions in
product design to achieve environmental performances as an alternative measure
of environmental excellence.

Application #2 (Private Sector): A major automobile manufacturer is considering
investing in developing hybrid electric engine in order to reduce emissions and to
improve the environmental performances of its vehicles. However, some of the
company’s designers and engineers argue that good environmental performances
can be achieved with the traditional ICE engine in an eco-efficiency way with
carefully combined vehicle subsystems. Therefore, the company would like to study
and compare its own vehicles as well as other ICE and hybrid vehicles offered by its
competitors in terms of the “design efficiency” for achieving environmental
performances.
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We now demonstrate how to use the proposed two-stage network DEA analysis

to solve the problems for the environmental protection agency and private

company.

10.4.1 Data

All new cars and trucks sold in the U.S. must be certified to meet federal emissions

standards. This is accomplished by performing laboratory tests on pre-production

vehicles by the U.S. EPA or by manufacturers at their own facilities under EPA’s
supervision. The 2009 database includes the data of 2885 new vehicles tested in the

year. For each tested vehicle, the database provides information about the relevant

engineering specifications, attributes, and vehicle emissions performances based

on separate tests performed on city and highway. Since our purpose is to demon-

strate the applications of the proposed model, we only analyze the emissions data

based on the city tests. In many cases, multiple vehicles of the same model/option

are tested. To analyze the efficiencies of individual vehicle designs, we first sort all

the data by each “carline” identified by EPA as one major option of a particular

vehicle model. For example, the two-wheel drive (2WD) option and four-wheel

drive option (4WD) of Chrysler Grand Cherokee are considered as two different

carlines. Similarly, the option with 5-speed manual transmission and the option

with automatic transmission of Honda Civic are considered as two different

carlines. For some carlines with repetitive data in the database, the average values

of engineering specifications, attributes, and emissions levels are calculated when-

ever applicable. Missing data, however, are quite common in the database.

We therefore remove some of the engineering specifications, attributes, and emis-

sions test results with significant portions of missing data. Carlines with missing data

are also removed from our analysis, which results in 534 carlines (product designs)

used in our analysis with data of cubic inch displacement (CID), rated horsepower

(RHP), compression ratio (cmp), axle ratio (axle), equivalent test weight (ETW),

fuel economy (MPG), hydrocarbon emissions (HC), carbon monoxide emissions

(CO), carbon dioxide emissions (CO2), and nitrogen oxide emissions (NOx). These

carlines are introduced by more than 20 different manufacturers including all the

major automakers for the North American market such as Chrysler, Ford, General

Motors, BMW, Mitsubishi, Mercedes Benz, Honda/Acura, Hyundai, Kia, Nissan/

Infiniti, SAAB, Mazda, Toyota/Lexus, Audi/Volkswagen, and Volvo.

10.4.2 Testing Procedure

Our testing procedure follows Liang et al. (2008a) for two-stage network DEA with

efficiency decomposition. Since we do not have the private information about

whether the automobile manufacturers use the simultaneous, proactive or reactive
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strategy for sustainable design, we only use the centralized approach in our analysis

to simultaneously evaluate the efficiencies of both stages to obtain the maximum

overall efficiency, which is considered as the more “neutral” measurements of

design performances. Our analysis can be easily modified with the decentralized

approach if the exact information about the sustainable design strategy (proactive or

reactive strategy) used by each manufacturer is available.

With the compiled 2009 vehicle emissions testing database, we consider that

each carline forms a DMU as a particular product design with four relevant

engineering specifications, namely, cubic inch displacement, rated horsepower,

compression ratio, and axle ratio, as the inputs. Two attributes, fuel economy and

equivalent test weight, which is commonly used as a surrogate measure of vehicle

size (Crandall and Graham 1989; Chen and Zhang 2009), are considered as the

intermediate measures. The levels of hydrocarbon emissions, carbon monoxide

emissions, carbon dioxide emissions, and nitrogen oxide emissions, are considered

as the outputs. In DEA, higher levels of outputs usually indicate better performance.

Therefore, we treat the outputs by taking the reciprocals of the emission levels.

Similarly, we use the reciprocals of cubic inch displacement, rated horsepower,

compression ratio, and equivalent test weights in our analysis to fit the DEA use.

Notice that the definitions of inputs, intermediates, and outputs in our network DEA

analysis are similar to those of engineering characteristics, customer attributes, and

product performances for the design process of car doors discussed in the “House of

Quality” framework proposed by Hauser and Clausing (1988). In the first stage

(Industrial Design Module), the interactions between engineering specifications

(cubic inch displacement, rated horsepower, compression ratio, axle ratio) and

customer attributes (size/weight and fuel economy) are analyzed. In the second

stage (Bio Design Module), the effects of customer attributes on environmental

impacts/performances (the emissions of hydrocarbon, carbon monoxide, carbon

dioxide, and nitrogen oxide) are analyzed.

It should be noted that one needs to exert caution when dealing with both the

ratio and raw data to avoid the situation where they are not properly mixed, but

the use of ratio data (fuel economy) in our model does not lead to any of those

problematic situations described in Dyson et al. (2001) and Cooper et al. (2007)

(e.g., a factor appears on both the input and output sides). Also notice that the list

of inputs does not include any human resources due to data availability. Human

contribution to product design, such as knowledge and creativity, is usually hard

to measure and quantify. While the number of patents is sometimes used as

a surrogate to measure human contribution in the existing literature, such informa-

tion (the number of patents used in each of the individual vehicle design) is

not available in the database or in any other data sources. Another technical issue

regarding the centralized approach for solving a two-stage network DEA model is

that, while the optimal overall efficiencies for DMUs are unique, the individual

efficiencies of the two stages may not be unique. Therefore, we use the procedure

proposed in Liang et al. (2008a) to check for uniqueness of solved individual

efficiencies, which shows that all the efficiency decompositions in our DEA

analysis are unique.
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10.5 Research Results

By using the data of 534 different carlines (DMUs) introduced in North America in

2009, we perform the DEA test with the procedure discussed in the previous section

to obtain the design efficiencies of the two stages as well as the overall (centralized)

efficiency. The results of the overall and individual design performances are

presented and discussed below.

10.5.1 Overall Performance Comparison

Figure 10.2 presents the first-stage and second-stage efficiencies of all the carlines

tested in our analysis. According to the figure, the first-stage efficiencies of most

carlines are higher than the second-stage efficiencies; i.e., the “positions” of most

carlines lie below the diagonal line of the diagram. In particular, the first-stage

efficiencies of most carlines are higher than 50 % (0.5), while the second-stage

efficiencies are mostly lower than 50 %. This indicates that, while most manufac-

turers are quite capable of combining engineering specifications to achieve satis-

factory levels of vehicle weight (size) and fuel economy with relatively high design

efficiencies at the first stage (industrial design), many of them are less capable of

utilizing the resulting combinations of vehicle weight and fuel economy to produce
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Fig. 10.2 A Comparison of Design Efficiencies of the Two Stages (All Carlines)
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good emissions performances with relatively low design efficiencies at the second

stage (bio design).

Due to space limitation, we will only present the detailed test data and results of

six major companies with disguised names as American Company 1 (AC1), Amer-

ican Company 2 (AC2), Japanese Company 1 (JC1), Japanese Company 2 (JC2),

European Company 1 (EC1), and European Company 2 (EC2). Table 10.1 shows

the summary of the average first-stage efficiencies, second-stage efficiencies, and

overall (centralized) efficiencies of the six manufacturers. According to the table,

AC1 has the highest average overall efficiency. While the average first-stage

efficiency (for industrial design) of AC1 is slightly lower than all the other

manufacturers, its significantly higher second-stage efficiency (for bio design) not

only offsets the relatively lower first-stage efficiency but also leads to the highest

average overall efficiency among the six manufacturers. EC2, which has the highest

first-stage efficiency but lower second-stage efficiency than AC1, ranks second for

the overall efficiency. The two Japanese companies (JC1 and JC2), both with

moderate first-stage and second-stage efficiencies, rank third and fourth for the

overall efficiency. EC1 and AC2 rank fifth and sixth for the overall efficiency

largely because of their significantly lower second-stage efficiencies.

10.5.2 Individual Carline Performance Comparison

We now present more detailed test data and results for the six automobile manu-

facturers. Due to space limitation, we will only present the test data and results of

23 selected carlines for each company, including the top three carlines with the

highest overall efficiencies as well as 20 other commonly seen carlines as the

representative examples. (We only present partial results since one company has

more than 100 carlines, and three others have more than 45 carlines listed in the

database.) Tables 10.2, 10.3, 10.4, 10.5, 10.6, and 10.7 show the overall, first-stage,

and second-stage efficiencies as well as the data of inputs, intermediate measures,

and outputs of the 23 selected carlines of AC1, AC2, JC1, JC2, EC1, and EC2,

respectively. We first note that, carline #2 produced by JC1 (Table 10.4), a compact

car which is one of the first hybrid vehicles introduced in North America, justifies

its reputation as an environmentally friendly all-around vehicle with the highest

Table 10.1 A comparison of design efficiencies of selected manufacturers

Stage 1 Efficiency Stage 2 Efficiency Overall Efficiency

American Company 1 0.7066 0.4269 0.3033

American Company 2 0.7322 0.1990 0.1454

Japanese Company 1 0.7560 0.3048 0.2304

Japanese Company 2 0.7470 0.3577 0.2637

European Company 1 0.7716 0.2375 0.1831

European Company 2 0.7964 0.3752 0.2966
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overall efficiency (0.86034) among 543 carlines in our test. Although this vehicle

does not define the most efficient design in either Stage 1 or Stage 2, its overall

efficiency is the highest as a result of the rather high design efficiencies in both the

first and second stages (0.87879 and 0.97900). However, not all the hybrid vehicles

perform well in our tests. For example, carline #11, a mid-size hybrid car produced

by AC2 (Table 10.3), has a moderate first-stage efficiency (0.75497) but a low

second-stage efficiency (0.25382), which leads to a relatively poor overall effi-

ciency (0.19163).

For the two American manufacturers, carlines produced by AC1 perform gen-

erally well in the DEA test, as shown in Table 10.2. In particular, carline #4,

a mid-size car powered by an internal combustion engine (ICE), has the highest

overall efficiency (0.64428) among all the carlines produced by AC1 with relatively

high efficiencies in both Stage 1 and Stage 2 (0.77061 and 0.83606). In addition,

carline #8, a hybrid SUV produced by AC1, defines the efficient design of Stage

1 (first-stage efficiency¼ 1.0000) according to Table 10.2. In contrast, carlines

produced by AC2 generally do not perform well in the DEA test, as shown in

Table 10.3. Carline #3, a mid-size ICE car, and carline #13, a large-size ICE car, are

two exceptions with relatively high overall efficiencies (0.61158 and 0.54485).

The two Japanese manufacturers perform moderately well in the DEA test. For

JC1, in addition to the hybrid vehicle (carline #2) with the highest overall efficiency

among all the carlines in our test, the carline with the second highly overall

efficiency (0.55519) among all the vehicles produced by the company is carline

#11, a hybrid mid-size car. Besides hybrid vehicles, carline #15, a compact ICE car,

has the third highest overall efficiency (0.35105), as shown in Table 10.4. For JC2,

carline #8 and #9, the sedan and coupe versions of a mid-size ICE car, has the

highest and second highest overall efficiencies (0.51893 and 0.50382) among all the

vehicles produced by the company, and carline #15, a compact ICE SUV, has the

third highest overall efficiency (0.49248), as shown in Table 10.5.

For the two European manufacturers, carlines produced by EC1 perform gener-

ally poorly in the DEA test. Carline #4 and carline #5, the sedan and sport-wagon

versions of a compact ICE car, have the first and second highest overall efficiencies

(0.34554 and 0.32735) among vehicles produced by the company. Carline #14,

another compact ICE car, has the third highest overall efficiency (0.30841)

according to Table 10.6. In contrast, carlines produced by EC2 perform generally

well in the test. In particular, carline #19, a large-size ICE car, not only defines the

efficient design in Stage 2 (second-stage efficiency¼ 1.0000), but also has the

highest overall efficiency (0.77495) among vehicles produced by the company. In

addition, carline #20, a compact ICE car, has the second highest overall efficiency

(0.65856) and relatively high efficiencies in both Stage 1 and Stage 2 (0.85382 and

0.77131), as shown in Table 10.7.

Based on the limited test results, we now present a number of interesting

observations regarding sustainable product design. Technology innovation for

expanding the efficient envelope/frontier, such as the development of hybrid tech-

nologies, is an important way for a firm to achieve high design efficiencies, as

exemplified by the good industrial and bio design performances of some of the
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hybrid vehicles (e.g., carline #2 of JC1 and carline #8 of AC1) in our DEA test.

However, high design efficiencies can also be achieved through innovative design

choices to find the most efficient combination of product specifications and attri-

butes that leads to high environmental performances even in the absence of

advanced technologies, as exemplified by those ICE vehicles with high design

efficiencies (e.g., carline #4 of AC1 and carline #19 of EC2). In many cases, finding

the efficient combinations of product specifications/attributes may sometimes be an

even more effective way to achieve higher design efficiencies than expanding the

technology envelope/frontier through technology innovation. As shown in our test

results, a large-size ICE car (carline #19 of EC2) may define the efficient design for

the second stage, while a hybrid vehicle (carline #11 of AC2) may have poor design

efficiencies. In fact, the test results suggest that, while the first-stage design

efficiencies for industrial design of most carlines are reasonably high, there is still

plenty of room for further improvement to enhance the second-stage efficiencies for

bio design for most carlines and for most automobile manufacturers.

We now discuss how the proposed methodology can be used to improve

decision-making in both the public and private sectors in the two applications

presented previously. For Application #1, the comparative results given in

Fig. 10.2 can be used by the environmental protection agency to understand the

overall sustainable design efforts by different automakers in both the industrial

design process and bio design processes. The performance comparison in Table 10.1

can also be used to evaluate the design efficiencies of different automakers, and

adjust its regulatory approaches or policy instruments (e.g., taxes, subsidies, emis-

sions standards, etc.) accordingly. For Application #2, the test results in

Tables 10.1–10.7 can be used to benchmark the private company’s design efficien-

cies, to conduct internal and external evaluations of different design options, as well

as to identify the more eco-efficient ways to achieve environmental performances.

Compared to the results in other DEA models for sustainable design (e.g., Linton

2002, Liu 2008, and Lin and Kremer 2010, which are all based on single-stage

DEA), our test results provide a clearer picture of the individual efficiencies of both

the industrial design process and sustainable design process as well as the overall

sustainable design efficiency, which allows decision makers to better allocate their

design efforts as well as to adjust the private strategies and public policies to induce

more eco-efficient product designs.

It is noted that the DEA test can also be done by removing all the hybrid

vehicles, but this is not likely to affect the test results because there exist ICE

cars that define the efficient designs of Stage 1 and Stage 2, respectively, as the

frontier units (e.g., carline #15 of AC2 and carline #19 of EC2). It should also be

reiterated that our test results are limited by the assumption of using the centralized

approach and by the incomplete product information provided in the database. With

complete information of product specifications, attributes, and environmental per-

formances as well as the exact design strategies (simultaneous, proactive, or

reactive) adopted by firms, decision makers would be able to accurately assess

the design performances through the network DEA model. It should also be noted

that the dual model is not studied in the paper. While Kao and Hwang (2008)
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provide and discuss the dual model in the multiplier form, studying the dual model

will not provide additional information related to the efficiency scores. If, however,

assurance region (AR) type of information is available (Thompson et al. 1990), one

would use the dual model to incorporate these AR constraints. The current paper

does not have this type of information available. Thus, we leave this as a future

topic for application.

10.6 Conclusion

In this paper, we propose a methodology with the use of two-stage network DEA for

evaluating sustainable product design performances. We conceptualize design

efficiency as a key measurement of design performance, and develop a network

DEA model to link key engineering specifications, product attributes, and environ-

mental performances in sustainable design. We also discuss how to use the central-

ized and decentralized models to analyze the simultaneous, proactive, and reactive

approaches adopted by firms for sustainable design. In addition, we use data of

engineering specifications, product attributes, and emissions performances in the

vehicle emissions testing database to demonstrate the real-world applications of our

DEA model for evaluating sustainable design performances in both the public and

private sectors. The main message delivered here is that sustainable design does not

need to mean compromise between traditional and environmental attributes.

Through innovative design decisions for material selection, product reengineering,

as well as expanding the technology envelope/frontier, a firm can find the most

efficient way to combine product specifications and attributes which leads to better

environmental performances. Our DEA-based methodology provides an innovative

tool for decision makers to implement the win-win type of product design and

innovation strategies for achieving the long-term sustainability of human society.
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