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1. Introduction

The ambition to minimize products’ environmental impact by
proper decision-making during design has become known as eco-
design or, when considering design in a broader perspective, as
life-cycle engineering (LCE). In principle, LCE focuses on the full
life-cycle of products: from business-model conception, over
functional and technical product specification, product manufac-
ture, distribution and use phase, until end-of-life, possibly taking
into account lifetime-extending strategies such as maintenance,
repair, refurbishment and remanufacturing. Without targeting
exhaustiveness, the below overview of reported results provides
insights on strategies most commonly chosen to achieve the
impact reduction envisaged in LCE.

1.1. Business/manufacturing paradigms for LCE support

A series of review papers have been compiled by optimization-
oriented researchers. Westkaemper et al. described approaches for
Life Cycle Management, including Life Cycle Assessment, Product
Data Management, Technical Support and Life Cycle Costing
[231]. In response to globalization, Ueda et al. discussed decision
making with respect to artifacts, social dilemmas, network
externalities, and sustainability, toward service and production
for sustainable value creation [222]. The growing attention on
Product Service System business models as a paradigm involving
manufacturers, with optimization opportunities over the entire
product life cycle, was summarized by Meier et al. [146].

Contributions in this category tend to focus on manufacturers’
perspectives when considering sustainability aspects of product
manufacture and consumption, with emphasis on producer
responsibility. This attention has been extended into the social
dimension of sustainability. For example, Sutherland et al.
explored the effects of manufacturing and globalization challenges
on the social needs of different groups, with emphasis on worker
well-being [208]. In addition to the socially relevant work already
summarized by Sutherland et al., Kondoh et al. proposed a method
to include a wide variety of societal causalities into a cause-effect
pattern library to support the design and planning of sustainable
business ideas and activities [118].

1.2. Design tools for LCE support

Hauschild et al. have long recognized the effect of design on
environmental performance and sustainable industrial culture
[98]. However, Hauschild et al. noted that simply applying Design
for Environment (DFE) does not always result in environmentally
optimized solutions, but rather localized optimization specific to
the DFE tools selected. Instead, a hierarchy of “refocusing” asks the
designer to consider, how else the intended function may be
provided, which product should be produced, and what are
corresponding environmental challenges, before selecting a DFE
tool that best addresses these challenges [99]. Kara et al. argued
that to enable sustainable manufacturing, an optimum useful
lifetime for products should be established early in the design
process. Based on product failure mechanisms and corresponding
lifetime prediction, the product’s components should then be
designed to require correspondingly minimal resource usage and
environmental impact [110]. Hauschild et al. described the state of
Life Cycle Assessment (LCA), and provided an overview of DFE.
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Much work on sustainable design has focused on product manufacture/assembly and end of life. Gains in
products’ technical efficiency address the use phase, but how these products are used clearly affects
resource consumption. This paper describes two main approaches to reduce resource consumption
during product life. Firstly, interventions aim to change user behavior, through information and feedback,
as well as physical product affordances abstracted from lead users to guide or steer users toward the
desired behavior. Secondly, automatic adjustment of product systems performance levels based on
personal user profiles and anticipated usage is implemented using artificial intelligence techniques.
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Tools used to support DFE were discussed, with a focus on tools for
design for disassembly. Hauschild et al. also identified the need for
stronger legislation, as well as education and attitude building
among future citizens and engineers [100].

1.3. Manufacturing to reduce use-phase consumption

Duflou et al. reviewed energy- and resource-efficiency increasing
methods for discrete-part manufacturing, and identified opportu-
nities for systematic efficiency-improving measures [62]. In addition
to increasing the efficiency of manufacturing processes themselves,
researchers have also revealed the relevance of manufacturing-
process choices for product performance and corresponding
benefits during the use phase of the product life cycle. For example,
Dornfeld demonstrated how the surface quality achieved by a
manufacturing process determines the energy efficiency of auto-
motive gear trains [58]. Chandra et al. discussed the role of surfaces
and interfaces that critically influence the characteristics that
determine solar-cell effectiveness. Also assessed were modifications
to the surface interface to realize efficiency enhancement and cost
and energy footprint reduction in solar-cell manufacturing [33].

1.4. Motivation for current work

The above non-exhaustive domain scan supports that resource
scarcity and the harmful environmental effects of industrial
development have motivated a substantial amount of research.
Much of this effort has focused on developing more resource-
efficient manufacturing, from both product and manufacturing-
system perspectives. However, the way in which products are used
over their functional lifetime is rarely addressed. This is despite the
use phase of the product life cycle being highly relevant for potential
resource conservation in many product categories. Design optimi-
zation efforts typically target the static performance of products,
while how products can influence their utilization by end-users
during the use phase has received considerably less attention. In
addition, Herring notes that improved energy efficiency lowers the
implicit price of energy, making its use more affordable, leading to
the rebound effect [24], and that “ultimately what is needed to limit
energy consumption is energy sufficiency (or conservation) rather
than energy efficiency” [103]. Thus, resource-efficient devices may
be used longer and remain left on unnecessarily more so than their
less-efficient predecessors. Such behavior offsets at least part of the
anticipated gains in resource efficiency intended by product-
embedded resource-saving modes and technologies. Therefore, in
addition to creating technically efficient products, designers should
also develop products that encourage and enable users to behave in
more resource-efficient ways, which is the principal focus of the
current paper.

1.5. Paper overview

There are many frameworks that are useful in considering how
to design products to increase environmentally conscious or
sustainable behavior by consumers. Product-design researchers,
Zachrisson and Boks [244] and Bhamra et al. [25] discuss the range
of interventions for sustainable behavior in terms of user versus
product control of the desired behavior. At the informing end
of the spectrum, information and feedback allow the user to be
in full control. At the determining end, forcing and automatic
performance of desired actions give control to the product. The
persuading middle of the spectrum involves an interaction between

product and user, and includes enabling, encouraging, guiding, and
steering [244]. Lilley et al. use the terms: eco-feedback, scripting
and behavioral steering, and ‘intelligent’ products and services
[131]. Lockton et al. categorize interventions as feedback and
persuasion, versus affordances, constraints and mistake proofing.
Context-based approaches combine the two categories. The
cognitive workload required is believed proportional to the amount
of user control [134]. Fig. 1 shows various terminologies for
interventions along the spectrum of user versus product in control.

The problems and theoretical background differ widely
between the approaches that aim to (1) persuade a human toward
a particular desired behavior, and (2) automatically perform the
desired behavior for the human. Therefore, the current paper is
arranged according to these two main approaches as follows.
Section 2 addresses design for behavior change, starting with models
of human behavior and antecedents of behavior in Section 2.1. The
various, growing sources of information relevant to design for
behavior change cover a rather wide range of disparate domains.
Therefore, Section 2.2 summarizes a possible framework in the
form of a Behavior-Change Ontology to systematically organize
this information. The importance of context for information and
feedback approaches is discussed in Section 2.3. Affordance-
based approaches and definitions of affordance are introduced in
Section 2.4, and Section 2.5 outlines a design tool intended to
address different user motivations. Section 3 introduces the
automation approach and underlying artificial intelligence techni-
ques. A case study that includes both information and automation
approaches is given in Section 4, and Section 5 provides an outlook
for future work in the field.

2. Approaches that aim to change user behavior

There is an enormous body of literature on changing human
behavior, and specifically on facilitating pro-environmental
behavior. Two of the most informative review papers by social
psychologists are Abrahamse et al.’s “A review of intervention
studies aimed at household energy conservation” [2] and Steg and
Vlek’s “Encouraging Pro-Environmental Behavior: An integrative
review and research agenda” [204].

Abrahamse et al. categorized energy-conservation strategies as
antecedent vs. consequence. Antecedent strategies target factors
that precede behavior and include increasing problem awareness,
giving information about options, enabling commitment and goal
setting. Consequence strategies aim to change consequences after
behavior, and include providing feedback, rewards or penalties
[2]. Steg and Vlek also distinguish between informational vs.
structural strategies. Informational strategies are defined as “being
aimed at changing perceptions, motivations, knowledge, and
norms, without actually changing the external context in which
choices are made”. Such strategies were found to be effective when
the desired behavior does not significantly inconvenience, cost, or
constrain individuals, e.g., using signage to ask people to turn off
lights [207]. Structural strategies include availability of products
and services, legal regulation, and financial incentives. Such
strategies aim to change the circumstances, e.g., costs and benefits,
under which behavioral choices are being made, and were found to
be more suitable when the desired behaviors are costly or difficult.
The two types of strategies can be used in combination, e.g.,
informing people about the need for and consequence of structural
strategies may increase public support for them [204]. Abrahamse
et al. noted the limitations of interventions aimed to encourage
energy conservation. In particular, information may lead to higher

Fig. 1. Intervention terminology of various researchers with respect to user versus product control.
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