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INTRODUCTION
Carew and Mitchell (2002) state “humans have at-
tained the unprecedented capacity to modify the 
natural environment on a global scale, and with this 
capacity comes the need for a new type of responsi-
bility”. Anthropogenic activities are pressuring every 
natural system on the planet; many systems are dis-
integrating under these mounting pressures (UNEP, 
2002). Some of the disturbing trends cited by the 
United Nations Environmental Programme’s report 
include:

• 2.8 billion people live on less than $2 per day; 
1.2 billion of these subsist on less than $1 per 
day.

• approximately 1.1 billion people lack access to 
safe drinking water.

• approximately half of the planet’s rivers are 
seriously depleted and polluted.

• approximately 24% of mammals and 12% of 
bird species are globally threatened

• approximately 2 billion hectares of soil (equiva-
lent to 15% of the Earth’s land mass) is now 
classifi ed as degraded as a result of human 
activities. 

• 305 million hectares (about 2.5% of the Earth’s 
surface) is so badly degraded that it can never be 
restored.

• the atmospheric concentration of carbon dioxide 
is almost 30% greater than it was 150 years ago. 
Concentrations of other greenhouse gases are 
also increasing.

It has become clear that current production and 
consumption patterns are not sustainable. By fail-
ing to account for potential environmental, eco-
nomic, and social impacts, the current production/
consumption system has given rise to numerous un-
intended and undesirable consequences: increased 
polarization of wealth, overuse and contamination 
of water resources, the specter of global climate 
change, and loss of biological diversity to name a 
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few. Insights into the fundamental stresses on plan-
etary systems are gained by considering the “master 
equation” of Industrial Ecology (Graedel and Al-
lenby, 2003). This equation provides a conceptual 
model whereby global impacts, be they environ-
mental, social, or economic, are expressed as a func-
tion of global population, standard of living, and 
the level of technology through which that standard 
of living is generated for that population. 

 Impact = (Population) × (Affl uence) × (Technology)

In this equation, also known as IPAT, the popu-
lation term describes the number of individuals for 
whom the level of impact is sought. Affl uence de-
scribes the standard of living for the population of 
interest. Since an individual’s standard of living is 
highly correlated with their level of economic con-
sumption, aff luence is often represented in eco-
nomic terms such as GDP per person. GDP refers 
to a country’s Gross Domestic Product which is the 
market value of all fi nal goods and services produced 
within a country in a given period of time. The tech-
nology term represents the “degree to which tech-
nology is available to permit development without 
serious environmental consequences and the degree 
to which that available technology is deployed. This 
is primarily a technological term, though societal 
and economic issues provide strong constraints to 
changing it rapidly and dramatically” (Graedel and 
Allenby, 1996). The technology term is usually ex-
pressed in Unit of Impact per Unit of GDP. 

Further examination of current trends associated 
with the terms on the right hand side of the master 
equation yields valuable insights. Worldwide popu-
lation is increasing. However, the population growth 
rate appears to be decreasing. The US Census Bu-
reau reports that the Earth’s population hit 6 billion 
in 1999, and is projected to increase to 9 billion by 
2042. Annual global population growth is predicted 
to be between 45 and 80 million until 2042 (U.S. 
Census Bureau). It is diffi cult to predict whether, or 
when, or at what value global population will peak, 
but it is clear that in the near term, the world’s pop-
ulation will continue to trend upward. 

Like population, the affl uence of the global fam-
ily is on the rise. The United Nations suggests that 
global GDP has more than doubled since 1971 (UN-

DESA, 2006). In the master equation, the affl uence 
term captures a population’s standard of living or 
quality of life. Presently, the quality of an individual’s 
life is directly correlated with that individual’s ability 
to access and consume goods and services. If the resi-
dents of wealthy, developed nations are not willing to 
reduce their consumption of goods and services, and 
as the residents of poorer, developing nations strive to 
reach the consumption levels observed in developed 
nations, it is expected that the second term in the 
master equation will continue its upward trend. 

Only the technology term offers the possibil-
ity of reducing the impacts that result from human 
activity since the other two terms are increasing 
and there is little that can be done about it. It has 
been suggested that a tenfold increase in economic 
growth will be necessary just to meet the basic needs 
of a world population of 8 to 10 billion (Hart 1997). 
The greatest hope for ameliorating undesirable so-
cial and environmental impacts is by improving the 
technologies by which the goods and services that 
enable a given quality of life are provided. Technolo-
gies must be evolved which are capable of support-
ing simultaneous growth in the world’s population 
and its standard of living, while doing so in more 
environmentally sensitive and socially appropriate 
ways, making sustainable development “one of the 
biggest opportunities in the history of commerce” 
(Hart 1997).

Additionally, consumer environmental con-
sciousness is also on the rise. Natural events, espe-
cially those with catastrophic consequences, and re-
cent energy crises have accelerated societal awareness 
on environmental issues. The 2007 Cone Consumer 
Environmental Report Survey states “Americans re-
port increased environmental consciousness and ex-
pectation that companies take action”. Some of their 
fi ndings are:

• 32% of Americans reported heightened interest 
in the environment compared to the previous 
year.

• 93% believe companies have a responsibility to 
help preserve the environment

• 47% have purchased environmentally-friendly 
products in the past year

• Among those: 62% purchased products with 
recycled content

JGB_V4N2_b03_carrano.indd   142JGB_V4N2_b03_carrano.indd   142 6/17/09   2:38:10 PM6/17/09   2:38:10 PM

D
ow

nloaded from
 https://prim

e-pdf-w
aterm

ark.prim
e-prod.pubfactory.com

/ at 2025-08-29 via free access



 Volume 4, Number 2 143

• 56% performed energy-effi cient home 
improvements

• 13% acquired energy-effi cient cars
• 10 % purchased green apparel

The need for the new type of responsibility that 
Carew and Mitchell (2002) refer to is strongly re-
lated to those fi ndings. There is no doubt that com-
panies must manage their efforts in the design and 
production of goods so that life-cycle environmental 
impact is reduced.

Spurred, in part, by the heightened consumer 
awareness of environmental issues, many organiza-
tions have made signifi cant efforts to reduce the en-
vironmental impacts associated with their particular 
activities and to encourage others to adopt more en-
vironmentally friendly practices. For instance, many 
university presidents have pledged that their institu-
tions will work toward carbon neutrality, federal and 
state programs subsidize investment in residential 
renewable energy systems and promote the instal-
lation of energy effi cient windows and appliances, 
and the US Green Building Council promotes its 
Leadership in Energy and Environmental Design 
(LEED) system to defi ne and evaluate the environ-
mental impact of structures over their lifespan. 

It is expected that more and more consumers will 
use their purchasing power to recompense or penal-
ize organizations (such as, builders, manufacturers, 
service providers, governmental and non-govern-
mental organizations) according to the environmen-
tal characteristics of their products and activities 
(Cone 2007). Therefore, a need exists for methods 
and tools that allow these organizations to make 
more informed decisions about the impacts of the 
goods and services that they develop and deliver.

THE NEED FOR A BROADER 
DESIGN PERSPECTIVE
Traditional design strives to fulfill the needs of a 
customer and, depending on customer awareness, 
this may or may not incorporate environmental con-
siderations. Every day, more and more products that 
claim to be “green” or “environmentally friendly” 
are developed. This is clearly a consequence of de-
signers assuming a different kind of responsibility 
and also of listening closely to the ever changing 
voices of the customer. However, there is a fairly 

limited environmental literacy level among the vast 
majority of customers (excluding certain pockets of 
customers). The reasons include the lack of available 
(and complete) information to customers on the en-
vironmental footprint of products coupled with the 
enormous amount of media information on very 
few issues (i.e. global warming, etc.). In this regard, 
the stressors or characteristics most customers tend 
to look for in products are recycled content, carbon 
emissions (e.g. “neutrality”), energy consumption, 
etc. Rarely do they consider impacts that are some-
what removed from their immediate sphere of un-
derstanding, e.g., impact on biodiversity, soil erosion 
from mining, eutrophication, or even toxicity and 
impacts on human health. This phenomenon was 
fi rst documented in Silent Spring (Carson, 1962), a 
seminal work in the environmental literature. Given 
this situation, designers have little incentive (other 
than those driven by ethical responsibility) to incor-
porate design considerations that address stressors or 
product characteristics that are not rewarded by the 
customer (Figure 1).

Given the above, good design should incorporate 
not only the input from customers and producers, 
but also a fuller picture from the environmental per-
spective. Several questions may be formulated at this 
point, for example:

• How large is the gap between the consumer/
producer’s perceived environmental impact and 
the true environmental impact (what the planet 
really sees)? 

FIGURE 1. Gap between perceived and true 
environmental impact.
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• Are there design trade-offs that would help 
achieve a better design from a more complete 
environmental perspective?

• Is there a “worse” design, from a traditional cus-
tomer perspective but “better” from a more com-
plete environmental perspective that the “aware 
customer” would prefer? 

Clearly, there are many other questions. Hence, 
the objective of this work is to propose a framework 
that can serve as design tool to understand the gap 
between perceived and real environmental impact, 
while considering the benefits for all stakehold-
ers: customer, producer, and environment. Such a 
framework could be fl exible enough to accommo-
date changes as the scientifi c understanding of im-
pacts associated with various stressors evolves.

RELATED WORK
Many researchers have made efforts to develop meth-
ods to improve the iterative design process. These ef-
forts usually are addressed in a specifi c direction that 
improves one characteristic of the design. Design for 
quality, design for assembly, and design for manufac-
turing are some of these approaches. Although these 
approaches guide the design in specifi c product char-
acteristics, they do not aid when multiple design con-
siderations need to be addressed (Thurston 1991). A 
design evaluation method developed by Thurston 
(1990) can help evaluate the overall utility of a cer-
tain design option by incorporating deterministic 
multi-attribute utility analysis considering several 
performance characteristics. Multi-attribute util-
ity analysis considers “incommensurate attributes, 
quantifi es the tradeoffs decision makers are willing 
to make between them, and allows for non-linearity 
of these tradeoffs, or situations where the actual trade-
off tolerated depends on the decision maker’s current 
assets position” (Keeney and Raiffa 1976).

Thurston (1991) also developed a methodology 
that optimizes the overall value of a design alterna-
tive. It identifi es the arrangement of attribute levels 
that is most advantageous for the design. Implement-
ing this method in an early stage of the development 
process is very convenient since it helps to identify 
the optimal mixture of attributes sooner, thus reduc-
ing the number of design iterations. The suggested 
set of attributes includes design characteristics such 

as recyclability, manufacturing cost, as well as tech-
nical performance considerations. The set of attri-
butes is captured in an evaluation function which is 
then maximized. Thus, an optimal design alterna-
tive is found with respect to the optimal utility. A 
methodology developed by Locascio (1993) linked 
multi-attribute utility analysis with Quality Func-
tion Deployment. While the QFD approach makes 
the connections between engineering design deci-
sions and their impact on the customer clear, several 
limitations exist. First, the information contained in 
HOQ is only qualitative in nature and therefore not 
ready for mathematical manipulation. Second, this 
information only identifi es the desired design goals, 
but provides no direction on how to achieve them. 
Thurston and Srinivasan (2003) developed a multi-
attribute utility function that refl ects the willingness 
to pay for environmental improvement while serving 
as a basis for an objective function. 

These approaches, however, do not attempt to: 
(i) provide a specifi c assessment of the environmen-
tal impact; (ii) estimate environmental impacts 
across all life-cycle stages; (iii ) optimize for multiple 
life-cycles (i.e. cradle-to-cradle); and, (iv) scale the 
magnitude of impacts by the adoption of consumer 
products by markets.

METHODOLOGY
The idea behind the proposed framework is to de-
sign products considering the product’s utility per-
ceived by all the stakeholders. Assuming rationality, 
the best products are those where utility is highest 
for the consumer, the producer, and the environ-
ment altogether. Under this premise, design alterna-
tives with high utility for all stakeholders are more 
likely to be adopted. A proposed overall utility of 
the product (i.e. global utility), is composed of in-
dividual utilities as perceived by the customer, the 
producer, and the environment:

 UGk = f (Uc, Up, Ue)

where: 

UGk: Global utility of option k
 Uc = Design utility perceived by customer
 Up = Design utility perceived by producer
 Ue = Design utility perceived by environment
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Figure 2 shows a high level view of the proposed 
framework to obtain the global utility function. 
The fi rst step is to acquire the voice of the customer 
and develop Houses I and II of the Quality Func-
tion Deployment. The second step is to estimate the 
customer’s utility on the design alternatives by using 
multi-attribute utility theory, in particular, by adapt-
ing approaches developed in the literature (Locascio 
and Thurston 1993, 1994). The third step is to esti-
mate the producer’s utility on the design alternatives 
with a Logit model. The fourth step is to estimate the 
environment’s utility on the different design alterna-
tives via streamlined LCA or full-LCA Ecoindicator 
99 methods. Finally, the last step is to calculate the 
aforementioned Global Utility function.

The underlying assumptions of this framework 
include: (i) the decision maker is rational; (ii) there 
are a fi nite number of design alternatives, (iii) one 
alternative must be chosen, (iv) alternatives are mu-
tually exclusive.

Voice of the Customer and QFD
In order ensure the success of a design, it is very im-
portant for designers to know what the customer 
is expecting of the product. The purpose of QFD 
is to capture the voice of the customer and to in-

tegrate these customer requirements into the design 
and production of the product. This is a process well 
known by product designers. For the purposes of 
this framework, only the fi rst two houses need to be 
developed. The fi rst house (HOQ), which translates 
the customer expectations into engineering charac-
teristics, is ideally independent of the embodiment 
of design solutions and need be developed only 
once. The second house, which translates engineer-
ing characteristics into part characteristics, is devel-
oped for each design alternative. Finally, this frame-
work proposes modifying House II by developing a 
correlation matrix (similar to the “roof” in House I) 
among part characteristics for later use.

Design Utility Perceived by the Customer
The utility perceived by the customer should increase 
with the degree to which the product satisfies the 
needs of the customer. With proper QFD mapping, 
this translates into fi nding the optimal set of values 
for the part characteristics that results in satisfy the 
engineering characteristic targets within a specifi ed 
range. As mentioned before, this approach relies on 
previous efforts in the area (Locascio and Thurston 
1993, 1994) which propose multi-attribute design 
optimization with information from HOQ (House 
I) but this work extends them for use with House II.

Figure 3 shows the interpretation and modifi ca-
tions for House II with respect to the optimization 
framework proposed. On the left side of the house, 
the engineering metrics are represented by (xi). The 
part characteristics at the top the house represent 
the decision variables of the design (yj). The correla-
tion matrix that links the engineering characteristics 
with the part characteristics, which is typically not 
created for House II, represents the constraint func-
tion set. An important modifi cation is introduced to 
allow for use of utility theory: the engineering char-
acteristics relative importance weight is replaced by 
the utility function Ui(xi) for each characteristic.

The objective function will be given by the multi-
plicative form of the multiattribute utility function. 

 
max ( ( )) ( ( ( )) )U x y

K
Ka U x yc i i ii

n= + −⎡
⎣⎢

⎤
⎦⎥=∏1

1 1
1

subject to

xi = gi(y)  for i = 1,2,...,n
ylj ≤ yj ≤ yuj  for j = 1,2,...m

FIGURE 2. High level view of the proposed approach.
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where:

 Uc(x) =  overall utility of a design alternative charac-
terized by the vector of attributes x=(x1,..., xn)

 i = 1,2,..., n engineering characteristics
 j = 1,2,..., m part characteristics
 xi =  performance level of engineering 

characteristic i
 Ui(xi) =  single attribute utility for engineering 

characteristic i
 ai = single attribute scaling constant 
 K = normalizing constant, derived from 
 1 1

1
+ = +

=∏K Kaii

n
( )

The single utility function for each engineering 
characteristics Ui(xi) is obtained by asking questions 
based on lottery theory. The utility functions are 
normalized where Ui(xui) = 1 is the highest utility 
and Ui(xli) = 0 is the lowest utility of the engineer-
ing characteristics. The scaling constant ai represents 
the trade-off the designer is willing to make among 
the engineering characteristics and is found using 
similar lottery techniques. 

To reiterate, this multi-attribute optimization ap-
proach is applied to House II, which was modifi ed 
to contain a correlation matrix (roof ) among the 
parts characteristics. This non-linear optimization 
model can then be solved for each design alternative 
by using commercial mathematical programming 
software such as Lindo. Solving this model produces 
a vector of optimal part characteristics.

Design Utility Perceived by the Producer
The design utility for the producer should increase 
with the degree in which the product is acquired by 
customers. Among other factors, this is a function 
of the utility of the product design as perceived by 
the customer. The underlying idea in this section 
is to estimate the probability that a design alterna-
tive is acquired by the customers based on the utility 
of such an alternative as perceived by the customer. 
This is accomplished by adapting a discrete choice 
analysis method (Logit) to estimate consumer de-
mand based on the utility of each option. One im-
portant assumption in this framework is that of in-
dependence from irrelevant alternatives (IIA), which 
states that “as one product’s market share increases, 
the shares of all competitors are reduced in equal 
proportion” (Skerlos et al. 2005).

Let Uck be the utility of option k as perceived by 
customer. Assuming rationality, the customer will 
acquire option k rather than option l if and only if 
the utility of k is higher than the utility of l, that is, 
Uck > Ucl � k ≠ l. This utility, well known by the 
consumer, is not fully known by the designer, since 
the designer only sees the engineering characteristics 
xi of the product chosen by the customer, and per-
haps only a few customers’ attributes (s). These two 
sets of attributes compose a utility function that can 
relate the observed factors to the customer’s utility. 
The function is denoted Vk = V(xi, s) � i, and called 

FIGURE 3. Interpretation of House II 
with respect to optimization model.
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“representative utility”. Since there are utility attri-
butes of which the designer are not aware, then Vk ≠ 
Uck. These unknown factors are denoted �k and are 
defi ned as the difference between the true customer 
utility and the customer utility as captured by the 
designer. Hence, the true customer utility would be 
Uck = Vk + �k. The designer does not know the value 
of �k, so it is here modeled as a stochastic error com-
ponent. Therefore, the probability that option k be 
acquired over option l by the customer is:

 Pk = Prob(Vk + �k > Vl + �l � k≠l )

The model assumes that the component � of the 
utility U is identically independent distributed (iid) 
for each alternative and follows an extreme value or 
double exponential distribution. Then, the probabil-
ity that the customer acquires product k is:

 

P
e

e
k

V

V
K

k

k

=
∑

where K is the total number of available alterna-
tives. The representative utility usually is considered 
in parameters: Vk = βxk, where xk is a vector of ob-
served attributes of option k. The coeffi cients β are 
either known or estimated by the designer. So, the 
probability can be rewritten as follows:

 

P
e

e
k

x

x
K

k

k

=
∑

β

β

'

'

In order to determine the probability that a cus-
tomer will acquire a design option, the vector of at-
tributes, xk, is approximated as the one previously 
found for the customer’s utility. Thus, the calculated 
probability is based on optimal values that gener-
ate high utility for the customer. The coeffi cients β 
are defi ned by the relative weight of the engineering 
characteristics which are derived from the the house 
of quality. These values are located at the bottom of 
the HOQ, and should be equal for each design alter-
native (Figure 4).

Design Utility Perceived by the Environment
To estimate the environmental impact of the prod-
ucts, life cycle assessment tools are suggested. Typi-
cally, these approaches consider impacts on human 
health, ecosystem quality, and resource depletion. 
Although preferred, quantitative approaches (such 
as Eco-Indicator 99) tend to be more time consum-
ing and rely on a detailed bill of materials. Stream-
lined LCAs are simpler and can be developed with a 
less defi ned bill of materials but provide subjective 
information. Ultimately, the selection of the envi-
ronmental assessment approach will depend on the 
level of product defi nition that can be achieved. 

From the environment’s perspective, producing 
products with zero or positive environmental impact 
would be the ideal condition. However, almost all 
products generate negative impacts throughout their 
respective lifecycles, or at least in some stages of it. 

FIGURE 4. Logit model coeffi cients.
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Consider the lifecycle of synthetic carpeting. Nega-
tive environmental impacts that accrue along the 
lifecycle of this product include the harvesting of a 
non renewable material (petroleum) as the feedstock, 
emissions associated with the generation of the power 
used during the manufacturing stage, emissions as-
sociated with the transportation of the product from 
the producer to the consumer, outgassing of poten-
tially hazardous vapors during the use stage, and the 
eventual disposal of the material in a landfi ll. Many 
products, be they appliances, automobiles, or build-
ing materials exhibit similar impact patterns. 

Here, a design option is considered to have high 
utility to the environment if its environmental im-
pact is minimal. In other words, the utility to the 
environment increases as the product’s environmen-
tal impact decreases. This is described with the pro-
posed function (Briceño 2009):

 
U

IXe =
+

1
1( )

where:

 Ue:  utility of the design as perceived by the 
environment,

 I:  impact factor. A function of the nature of the 
product

 X:  impact assessment of the design (obtained from 
LCA tools).

This function depicts a family of curves (Figure 
5) where the environmental impact (units in eco-
points or equivalent) is drawn with respect to the 
environment’s utility of the design. 

Ideally, the highest utility to the Environment 
will be reached either having a product with no 
environmental impact (or by not manufacturing a 
product, which is not an option). This ideal case 
would have a utility value of 1. The steep initial de-
cline depicts the impact associated with the mere ex-
istence of the product. A large portion of this can be 
thought of “fi xed impacts”, a consequence of the fact 
that a new product, regardless of how environmen-
tally friendly it happens to be, would always require 
some amount of raw materials, energy, etc. This 
changes the status quo in a signifi cant way which 
is refl ected in this function. Different products will 
impact the environment in different ways, hence the 
Impact Factor (I) and the different curves. The as-
ymptotic shape of the curve implies a diminishing 
rate of impact with marginal increases of environ-
mental impact. Different design choices, technologi-
cal advances, etc. will position the design along dif-
ferent points in the curve. 

FIGURE 5. Family of curves depicted by the utility function of the environment.
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Global Utility 
The global utility is defi ned as the weighted sum of 
the previous three utilities: 

 UGk = acUc + apUp + aeUe

where: 

 UGk: Global Utility of option k
 a: weight factor vector (cardinality = 3)

ac+ap+ae = 1
 Uc = Design utility perceived by customer
 Up = Design utility perceived by producer
 Ue =  Design utility perceived by environment 

(earth).

CONCLUSIONS
In this work, several independent approaches are 
adapted and integrated into one framework that al-
lows for understanding the impact of design decision 
with respect to three stakeholders: the customer, the 
producer and the environment. This framework al-
lows decision makers to select options that are envi-
ronmentally sound and also aligned with the busi-
ness objectives. 
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