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Abstract 
Thispaper analyzes anddiscusses thepotential mle of 
evolutionary theories in envimnmental innovation with 
emphasis on sustainabili~. The  st^+ focuses on the 
dynamic mechanisms driving the adaptation of 
pmducts to their changing envimnments. As a result, a 
strategy, called the Eco-evolution, is pmposed 
Ecomolution is a strategv based on incremental 
innovation thmugh re-examination of existent 
knowledge and technological trajectories. The sfrategv 
attempts the identification of lock-in of nonaptimal 
technologies and sustainable altematrives, in order to 
outline the sustainable design and oqanizational 
horizons. To illustrate the practical applicm'on of the 
strategy, an m m p l e  on domestic rrfrigerators is 
includd. The s@ concludes that eco-evolution is 
eflcient when identrsng non-optimal technological 
trajectories and sustainable options for  innovation on 
the bare of existent knowledge. 

1. Introduction 

In light of sustainability, the focus of 
environmental policies and strategies has progressively 
shifted toward the product-service intaface in h i c h  
social needs and wants are to be met within societal 
and environmental limits. Recent theoretical studies on 
innovation indicate that sustainability requires of 
systemic iransfonnations. beyond the solely 
impravement of ploducts and their environmental 
performance [I]. However, innovation tools such as 
eco-design are often, reshicted to product-related 
improvements due to cost and h c t i ~ ~ l  constraints 
[2]. Thus, there is an increasing need for new 
strategies to approach the challenging development of 
sustainable systems. Such strategic approach implies 
the understanding and re-consideration of the dynamic 
socio-economic structure [3]. In this context,. an 
innovation process must focus on the dynamic 

adaptation of functions to evolving societies, their 
achieved knowledge and technological kajeories [4]. 
A dynamic adaptation in a contextdependent 
innovation pattern implies the adoption of wolutionary 
theories as a conceptual hmework. It has been 
indicated that evolutionary theories support the 
analysis and understanding of concepts such as 
dematerialization and eco-ejkiency. The evolutionary 
approach links changes in the material flow to 
long-tam runs, uncertain growth paths, transfomation 
in the sectoral structure, technological innovation and 
changes in wlnsumer preferences 141. Thus, 
evolutionary theories provide an adequate framework 
to analyze the shift of contemporary 
production-consumption patterns toward sustainahle 
development. 

This paper analyses and discuses the potential role 
of an evolutionary strategy in the emergent field of 
environmental innovations. The study includes the 
outline of necessary concepts and antecedents, the 
description of the ecc-evolution skategy and an 
example of its application on Japanese domestic 
refrigerators. 

2. Background 

All industrialacfivity is a response to social nee& 
and nvmts. Individuals and sacieties have different 
necessities that are influenced by their values, goals, 
lifestyle and age - in other words - by cultural, 
psychological and physiological hctors [5].  The 
satisfaction of these requirements, basics or 
superfluous, occurs at different spatial scales from 
individual to societal level. As scales become larger, 
the complexity of the productive system increases [SI. 
Because there are numerous aspects and many levels 
of motivations and conmaints involved in the 
relationship between society .and m d w ,  the forces 
that drive the needs for products or services are a 
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combination of complex culiural and technological 
subjects [3]. The demand for products or services, 
originated by individual 01 social requirements, 
determines the economic system in which industry and 
society are immersed [SI. 

2.1. Sustainable development 

Nowadays, the debate on environment focuses on 
the need to address the intarelated challenges of 
building sound societies, economies and environment 
Such a premise called sustainable development, 
compresses a series of initiatives, discoveries and 
events that are the roots of our current perception of 
eiwkonment and social development. Most 
intapretations of sustainability lie on the co~ections 
between actions and effects in the environment 
ecdnomy and miety. Therefore, sustainability implies 
fulfillment of social needs in a different way as we 
presently do. Sustainability emphasizes on those 
decisions and actions that determine how products and 
senices reciprocally meet the requirements of 
consumers, the expectative of producers as well as the 
environmental demands without interfering the overall 
economic growth. This focus has progressively shifted 
towards the pmduct dwelopment process that 
determines the characteristics and performance of 
products and senices [SI. 

2.2. Environmental innovation at the product 
development process 

Literame describes over 20 different methods 
specifically developed to address environmental 
demands in the product development process. Such 
methodologies, often defined as em-design, vary on 
complexity and quality and they cannot be applied in 
every situation or stage during the development 
procesS [3]: In genaal, eco-design tools are developed 
to improve specific deficiencies in the enviromental 
performance of products [7]. In addition, it has been 
indicated that cost and functionality are important 
Constraints for environmental innovations [6]. To avoid 
restrictions, it. has been proposed that innovations 
should be conducted as early as possible during +he 
design process since a major design fr&. is 
allowed [8] [7] [6]. 

Regarding successful experiences in euadFign 
implementations, thee are five common principles [9] 
[61 that -in theory- are required to succeed while 
introducing environmental innovations in the product 

development process: 1) the ‘life cycle thinking’, 2) 
the ecodesign process, 3) tools and methods, 4) the 
eco-design strategy and, 5 )  the Dialogue and 
partnership. The first principle represents the balance 
of impacts between life cycle stages to avoid design 
decisions that could relocate impacts from one stage to 
another. The second is the systematic consideration of 
environmental innovations during the product 
development process in a firm. Tools and methods, on 
the other hand, is the principle of combining existent 
eco-design twls and methodologies with enough 
flexibility and detail to assess the design process in a 
constant innovation scheme. The fourth principle 
implies the improvments of products in accordance 
with the general goals of the firm. The fifth principle 
indicates that technical and o@tio~l  issues 
converge and interact into a dynamic system. Therefore 
this principle advocates the active dialogue between all 
actors and entities involved in the innovative process. 

At sectoral level, several initiatives have been 
taken in order to establish standards procedures to 
asses the integration of environmental demands in the 
design process [IO]. In this context, the most recent 
initiative is the I S 0  “R 14062 [lo] published in 
November 2002, under the -title: ‘Envimnmental 
Management -Integrating Environmental Aspect into 
Pmduct Design and Development’. The philosopby 
behind this new norm focuses on how and where to 
integrate all environmental demands in a product 
development process. IS0 TR 14062 is aimed at 
shiRing current product development skatepies 
towards sustainable development while comprising 
tendencies that m the long-nm are intended to 
transfomi the habits of consumption and the value of’ 
the dyerent iypes of products f” industrial to 
domestic use [lo]. 

2.3. The concept of sustainable product 
development 

In 1997, the Environmental Program of United 
Nations proposed a novel concept to address 
sustainability in product development The 
“Sustainable hductdevelopment (SPD) is a concept 
that has been inmduced to reconsider the relations 
b e w e n  pmduction, the environment and sociefy. The 
concept is conceivedat the bmadfield af h u m  needs, 
technological and economic i m m e n t s  that the. 
satisfmtion of needs implies” [7]. Thus, the product 
development process is to be redefined in accordance 
with availability of resou~ces, environmental carrying 



capacity and time-related distribution of resources. In 
this context, the reciprocal adjustment of 
product-related characteristics and the reinterpretation 
of societal needs are provided by ' the  p m h c t  
finctionaliry. The SPD concept broadly focuses on 
two features closely related to the product design; the 
mlhrral and the technological arpecfs of the product 
development process. The substitution between 
products and services responds to the idea of 
demaferialization where functions meet basics needs 
with fewer resources. 

2.4. Indicators of Sustainabiiity 

In the beginning of 1990's a concept called Factor 
4, developed by Emest Von Weizsiicker at the 
Wuppertal Institute, constitutes the primary attempt on 
translating the sustainable development concept into a 
qualitative bench i rk  The concept was based on the 
idea that over a span of one generation (25 years) it is 
reasonable to double the average living standard 
within the European Community, wbile simultaneously 
reducing the necessary amount of resiurces to meet 
that standard by 50% [ll]. Atterward, as further 
conceptual development of factor 4, a new indicator 
factor 10 was introduced. Factor 10 implies that, on 
average, buman impact OVR environment should be 
reduced by 50%. if at the same time the Westem life 
sfandmd is extended to the total world's population 
and the current production .technology becomes ten 
times more e5cient [ll]. 

The philosophy behid factors 4 and 10 is the 
dematerialization [12] of production and consumption 
in which all needed products and senices as well as 
energy demands are to be met with less resources. As a 
policy, demataialization is aimed at influencing the 
development of economic system in such a way that 
the environmental impact of the material flow caused 
by those systems is significantly, and in absolute tams, 
reduced [12]. 

The strategy to reach a factor 10 lies on an 
integrative approach to the productive system [ll]. 
Such a approach requires at least the optimization'of 
existent systems, new energy conversion technologies, 
efficient use of matexials in the design process, new 
technologies to replace existent product functions, the 
organizational shift to provision of services and a new 
'design thinldng'. Although factor 10 entails a 
considerable reduction of the w e n t  level of pollution, 
some studies indicate that sustainability requires even 
higher e5ciency In this contea it has been proposed 

Figure 1 Ihe Brezet model of environmental 
innovations 

that a sustainable level can be achieved if in a fifty 
years-period the 95% of the total impact over the 
environment carried out by a productive system is 
reduced, in 0 t h ~  words, if a faclor 20 is achieved [ 131 

On the other hand, in the contemporary literature, 
the eco-eflciiency concept is oflen moneously 
considered as a sustainability benchmark [ll]. 
Although the term refas to an improvement of the 
ecological chracter of production while maintaining 
or improving economicpmfifabilify this concept does 
notpmvide a m e m  for sustainabiliry [ll]. However, 
its approach is entirely compatible with factor 10 and 
20 since ecc-e5ciency provides an operational 
concept that implies e5cient use of natme to provide 
social we lke  under profitable conditions. Moreover, 
the factors 10 and 20 provide the envimnmenfal goal 
against which the productive system must be adjusted 
to meet sustainability [ll]. In addition, it is necessary 
to point out that eco-e5ciency as well as factors 4, 10 
and 20, are closely related to the. concept of 
dematm'alization [ll] [12]. 

2.5. Environmental innovations at sustainable 
levels 

WI. 

Although the development of ecc-design methods 
and tools has been partially motivated by the concept 
of sustainability, it has been demonstrated that the 
contemporary approach of ecc-design broadly focuses 
on prcduct improvement, a practice that in fact does. 
not satisfy the requirements of sustainability [I] [6] [7]. 
Figure 1 illustrates the levels of eco-e5ciency for a 
given irnovation against a benchmark of sustainability, 
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such as Factor 20 [ I ]  [ 111. Accordingly, environmental 
innovations [I] are classified into four categories: 1) 
product improvement, 2) product redesign, 3) function 
innovation and, 3) system innovation. Each category 
presents different levels of eco-efficiency A 
sustainable level is assigned to innovations f-ed on 
a systemic transformation. , 

3. The Need for a Evolutionary Approach 
in Environmental Innovation 

The innovation of products and services is a 
.dynamic response to evolving societies, their achieved 
howledge and technological level of development 
[14]. AU elements and actors concerned in the 
socio-economic system co-evolve to adapt to their 
environments in a contextdependent motion that never 
reaches a static equilibrium [14]; For more than 
hundred years, mechanisms driving the biological 
evolution such as seldon-through-competition and 
adaptation have been used to explain dynamic 
processes in economics. From an environmental 
perspective, the applicatim of evolutionary theories 
has been proposed as strategic support in the analysis 
and understanding of concepts such as 
dematerialization aid industrial ecology [4]. The 
evolutionary approach links changes in the mataial 

transformation in the sectoral struchxe, technological 
innovation and changes in consumer preferences [4]. 
Regarding sustainable developmenf evolutionary 
theories provide an adequate hmework to analyle the 
shift in complex production-consumption trends [4]. 

In the innovation process, evolutionary theories 
have been used to explain the role of technological 
development in the adaptation of products and services 
to dynamic environments. In the evolutionary 
perspective, innovation can be eitha incremento1 or 
rodicol [141. In an incremental process, innovations 

flow to long-tam trends, uncatain growth paths, 

role in the environmental context, since the 
transformation. of resources and energy in the 
economic process broadly depends on the state of 
technological knowledge [14]. The evolutionary 
approach to innovation is particularly useful when 
determining the lock-m of non-optimal technologies in 
innovative trajectories that generates unnecessary 
social and environmental costs [4]. 

Overall, an evolutionary approach to 
environmental innovations provides the logistic 
iiamework to obsewe adequately the dynamism at the 
product development process and its potential link 
with sustainability. 

4. Proposal 

Based on the analysis of the precedent refuential 
background, we want to propose a strategy with an 
evolutionary approach to innovation. This chapta 
introduces and describes the most relevant 
charactaistics of the proposal called EcwvoluDon @v, in a theoretical and practical context 

Considering the sustainable product development 
concept [3] as a referential foundation, our proposal 
also reinforces the importance of “:he relotions 
behveen production, the envimnmoz% and society”and 
focuses on “the brood field of humon nee& 
technologicol ond economic instruments %hot the 
satisfation of need implies” [3]. Therefore, the 
sustainable delivefy of jdnctions is to he considered 
the focus of innovation. this context, environmental 
demands are translated into a U& for sustoinobility in 
long-term horizom. “huefore, such demands are to be 
met in line with demteriolization of productiim and 
consumption. The innovative process, on the otha 
hand, is conceived as a dynomic aabptm’on to 
interrelated changes in the structure of the 
socio-economic system (co-evolution). Cul%urol m d  
technologicol trends are considered as the drivers of 

improvement of existent processes, products or 
suvices. Radical innovations, on the other hand, are 
discontinuous events, generally resultant iiom 
deliberate R&D and the consequent generation and 
flow of new knowledge. Although radical innovation is 
fundamental for the generation of new knowledge, it 
has been indicated that the improved use of the 
existent knowledge - the creative imitation - is more 
important for the development of economic systems 
[4] [14]. Techological adaptation plays an important 

exisen: knowledge and technological trojecroria. 
Since the evolutionary approach to innovation impties 
incremental adaptation at system level, sustainability is 
to be compared against a foctor 20 benchmark, as it is 
suggested in the Brezet model of innovation (Figure 
1). 

As an iterative Process, the strategy consists of 
three phases or steps (Figure 2). The 6rst phase, 
deuominated knowledge frqectofy, aims the 
compilation and analysis of information about a) 
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Figure 2 Ecc-evolution stzategy 

technical, b) culiural a d ,  c) envimnmental aspects 
concerning the w e n t  product and system. Technical 
aspects include the product profile, the product life 
cycle, design evolution, technological development 
and life cycle cost. Culhrral aspecis to consider are 
the regulatory famework, the market and, trends on 
consumer's preferences and requirements. Aspects 
regarding environmental issues are resumed in a life 
cycle assessment and its funha analysis. The redtaut 
knowledge trajectory is translated into a sef oftarh for 
eflcieni delivery of finction in line wiih 
dematerialization. 

At the second phase -the ineremenial innovation - 
the set of tasks is analyzed in order to identify lock-in 
of nondptimal technologie? and to genaate innovation 
options. The proposal for innovation constitutes a 
potential horizon for the design evolution. Such a 
result is denominated i n ~ ~ " t a l  innovation 

In the third phase, the irajeciory amination, the 
incremental innovation is mluated against the 
sustainability benchmark in order to verify the 
potential level of improvement or Eco-evolurion. h 
order to perform the analysis, a single indicator is 

proposed: 

EV=EP-IEP (1) 
where: 
EV= Eco-Evolutim 
EP = Current Envimnmental Performance of Product = 1; 
IEP= hproved EnVimnmental Performance of Product 

Where: 
EI, = Potential Environmental Improvement rate in a 
given impact category i (%). Combining (1) and (2) 
E V  becomes: 

(3) EV=I-  j 1 - L  2q 
The value of the EVindicator fluctuates between 0 

and 1. EV=1 for example, indicates that environmental 
impact ktegories identified during the initial life cycle 
assessment are reduced by 100% in the proposed 
innovation strategy. However, the theoretical level of 
sustainability in accordance with factor 20 implies that 
the total impact carried out by the system is rduced by 
95% [Ill. Consequently, EMO.95 corresponds to a 
sustainable level of innovation if chosen impact 
categories are representative of the overall system's 
impact. If the value of EV does not satisfy the 
benchmark, further analysis at the secondphase of the 
strategywill be required. 

.If the assessment results satisfactory, a final 
engineering process aimiig managerial matters such as 
cost control and product marke6ng will be conducted 
prior to 6nal implementation. 

5. 
Domestic Refrigerators 

Phase 1 - Technical arpects [I51 [16]: In genal ,  
refigerators are classified as large domestic appliances. 
l%eir primary function is food preservation via 
mechanic refigeration. Reiiigaation entails the 
process of removing heat f m  an area or substance in 
a controlled space in order to reduce the temperame 
of the system. A refigerator is composed by four basic 
slruchd units: 1) refigeration, 2) cabinet, 3) 

Example of Application on Japanese 



Figure 3 Design trajectories in Japanese domestic 
refigeratcm 

insulation, and 4) control. The m g e r a t i o n  unit 
provides the mechanical srjtem for removal and 
eansference of heat fom the cobinet unit that provides 
the area for storage. The imlat ion unit prevents the 
flow of heat back to the cabinet Tbe temperature in 
the cabmet is regulated by the conml unit via 
modification of the refrigeration cycle. All smctural 
units include several components (Table 1). On 
average, the lifespan of a refrigerator is about 10 years. 

The average material composition of Japanese 
domestic refrigerators [15] is depicted in Table 2. 

The adoption of design innovations in Japanese 
refrigerators has broadly focused on changes. in the 
population’s lifestyie [17]. This has lead to focus 
innovation on storage capacity (volume), energy 
consumption, number of doors, specialization of inner 
wmpartments an4 differentiated refrigeration cycles 
for cooling, feezing and chilling. Figure 3 resumes 
the design trajectory during the last decades [ 151. 

Culhrral Aspects: Approximately 4,331,000 
end-of-life refrigerators .are annually discarded in 
Japan. Because traditional disposal methods such as 
landiill and incineration lead to considerable 
environmental impacts, in the year 2001, the Japanese 
govemment enforced a law for collection and 
recycling of home’appliances including domestic 
refrigaators [IS]. The law.encourages recycling and 
reyse of recovered materials and energy. The recycling 
rate for refigerator is 50%. producers are requested to 
collected ahd recycle their prcducts, and to adjust the 
product development process in order to achieve a 
high-value recycling prccess. On the other hand, 
consumers are requested to pay the necessary fees for 
collection and recycling. Fees for collection vary 
between 2,500 and 5,000 yens. The recycling fee is 
4,600 @s. 

Table 1 Stluchlral division of a domestic refjigerator 

UNITS MAM COMPONENTS 

Comprsrror, Evaporator, 
Rchgoration Condenser. Valves. Pipa,  

Ro~igcraofa ( 0 a . s ~ ~ )  

Doon, Oak*% C~nla inm.  
Tcmpciatun Exchangers 

Conmlr EIechlJni~s, FunalMotora 

Inrulation Plastic Foam 

Cyclr/Tsmpsruurs Hcalm, Smson, 

Table 2 Average material composition of Japanese 
domestic re f r ig”  

mal 0.70 

Another regulatory policy concerns the total 
elimination of CFC refrigerant gases contained in the 
compmmr (refrigerption unit) and plastic foams 
(insulation unit) that contribute to the depletion ofthe 
ozone layer [MI. 

Through operation, a refigerator requires large 
amounts of energy. Such consumption rate represents, 
on average, 17% of the total el&c energy consumed 
by Japanese householders [15]. Consequently, 
refrigerators were included in the E n e w  Conservation 
h, as a designated product for the Top Runner 
Pmgram. Such a program considas the energy 
performances of the most efficient products supplied 
for domestic use to set up the next efficiency standard 

Domestic refrigerators have a high diffusion rate of 
about 99.2% among Japanese consumers. The 
ownership rate is approximately 1,281 units p a  
householder [15]. The current Japanese market for 

Us]. 
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Table 3 Life cycle msessment outline for Japanese 
reEgETator 

reliigmtors covers four segments [IS]: 1) small-size 
models up to 120 liters (30%), 2) medium-size models 
between 121 and 301 litters (12%), 3) big-size model 
over 301.liters (33%) and, 4) extra-large-size models 
over 400 liters (25%). However, due to changes in 
demographic pattans, the market .presents a 
bipolarization charactmized by a high demand for 
small and large-size models [lS] [17]. In addition, 
changes in lifestyle and dietary habits have also 
influenced the trend on requirements. In this context, 
there is an increasing demand for secondary functions 
such as chilling and long-term keezing modes [U]. 

Consumers broadly focus on price as the main 
critaion 'when purchasing a new product [17]. 
Therefore, environmentally-liiendly 'products, oilen 
more expensive than standard products, are a 
secondary option among consumers However, the 
demand for such products is expected to increase as 
well as the interest on altwative value-added senices 
such as lease or rent [ 191. 

Environmental aspecfs: Several environmental 
impacts oc& throughout the life cycle of a 
refigentor. However, ,among life cycle stages, the 
major environmental burdens take place during the 
usage andmated  extraction phases [20] [15]. Table 3 
Summaiizes a life cycle assessment &CA) for an 
average Japanese domestic reliigaator [20]. In total, 
the usage and mataial exhadon stages acco%t for 
97% of all life cycle impacts [ZO]. 

Phase 2: me analysis of the knowledge frajecfory 
indicates that eneqy eflciency through product 
operation have to be radically improved, MM~OVU, the 
muse of components as well as increased recovery of 
valuable mafenah is needed in order to improve 
demataialintion. However, eonsidering that the 
current Japanese end-of-life strategy is broadly 
focused on recycling, it is likely to assume a potential 

reuse rate of about 30%. Such a value can be translated 
in the reuse of key components in the refrigeration and 
insulation units. Therefore, focus is required on 
modularization, design for disawembiy and mafmal 
choice. 

Regarding product functionality, it was estimated 
that secondaryfunctions such as ckiffing andfreezing 
requires more diffusion in future products. Such 
approach implies the improvement on reliigaation and 
insulation e5ciency. 

Considering the overall information, it was 
determined that two shuctual units of the product 
present lock-in of non-optimal technology. Such 
units are the refrieration and the insulafion, in which 
the compressor and the insuiating fmm, respectively, 
must be replaced, 

Based on available information [16] [Zl], a set of 
options was determined, Table 4 depicts available 
technologies and their potential envimnmental 
improvement ratio (Eo by targeted impact categories. 

Phase 3 Considaing the EI vdues and related 
impacts categories indicated in Table 4, it was 
determined that available technologies present an EY 
between 0.84 and 0.92. Such swre indicates that the 
technological mjectory for environmental innovation 
in domestic refigmators presents a high potential for 
sustainability 

In further analysis, it was detamined that the EV 
score can satisfy the surtainability benchmark 
@V=0.95) if an eventual technological improvement 
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allows a higha level of reuse. A reorientation of the 
business strategy towards service intensifcation may 
provide the necessary elements for such event [19]. 
Among strategies, lease with intensive service is 
proposed as an optimal solution. It has been estimated 
that lease of home appliances [19] can reduce the total 
product life cycle cost by 5%, the generation of wastes 
by 50%, and it increases the net profit by 15%. 
Although, energy consumption trough operation 
increases bv 5%. the total ~ R W  ment in the life cvcle 
decreases. in addition, the poiis i d  requiremen& of 
this stlategy are in line with combined recycling and 
reuse [19]: 

6. Concluding Remarks 

The study analyzed and discussed the role of : 
evolutionary theories in the. susfainable product 
development process. The analysis depicts the need to 
approach the innovation process as a dynamic and 
incremental adaptation to changing environments. 
Consequently, a strategy, called the ECG-ewlutiou, wds 
proposed. To illustrate the performance of such a 
strategy, an example of its application on domestic 
refrigerators was included. The study concludes 'that 
ecc-evolution is efficient when identifyag 
non-optimal technological trajectories and sustainable 
options for innovation on the base of existent 
knowledge. 
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