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Abstract: The Theory of Industrial Ecology (Korhonen, 2004a) classified the 
properties and characteristics of industrial ecosystems: 

• the physical flows of matter and energy 

• the structural and organisational properties. 
I focus on the theory of the concept of diversity, an important concept in 
ecology, biology and sustainable development research. Can the concept of 
diversity be valuable and useful for developing industrial ecosystems, if yes, 
how, and if not, why not? A case study from energy and forest industry is 
analysed against diversity and other key industrial ecology principles. 
Furthermore, six arguments from the literature arguing for the value of the 
concept of diversity are evaluated. The article contributes by identifying and 
analysing the many different dimensions that the concept of diversity has. The 
definition, understanding and perception of the concept strongly affect its 
value. This suggests that the dominant engineering and natural science aspects 
of industrial ecology need to be bridged to business, management, 
organisational and policy studies, to social sciences and cultural studies. 
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1 Introduction 

   
 

    
 
 

   

   
 

   

   

 

   

       
 

1.1 Description vs. prescription in industrial ecology theory 

Industrial Ecology (IE) research must present a distinctive theory, methodology and 
applications that can be reflected back on the theory by using the specific methodology of 
this field. What makes the concept of industrial ecology stand out and different (this does 
not mean better) when compared to other related approaches and tools such as cleaner 
production, eco-efficiency, pollution prevention, Life Cycle Assessment (LCA) and 
material and energy flow analysis, is the use of the metaphor/analogy/model of 
sustainable nature’s ecosystems in unsustainable human industrial and economic systems 
(Frosch and Gallopoulos, 1989; Ehrenfeld, 2004; Korhonen, von Malmborg, Strachan 
and Ehrenfeld 2004; Korhonen, 2004a–b). Industrial ecologists believe that the use of the 
natural ecosystem model, metaphor or analogy can be valuable and useful in sustainable 
development work, either in descriptive or prescriptive manner.  

For the author of this article sustainability and sustainable development and 
unsustainability and unsustainable development are defined according to The Natural 
Step framework (TNS) and the Strategic Sustainable Development Model of  
Robèrt et al. (2002; Korhonen, 2004b). A consensus on TNS was achieved by ten 
scientists (Robèrt et al., 2002) who have pioneered in the development and application of 
some of the most commonly used tools and approaches in sustainable development. The 
outcome or goal of sustainable development, Sustainability, is achieved if nature is not 
subject to systematically increasing: 

• concentrations of substances extracted from the earth’s crust 

• concentrations of substances produced by society 

• degradation by physical means, and in that society 

• human needs are met worldwide. 

Sustainable development is the process and includes the strategic principles with which 
the goal and vision of sustainability are achieved. Unsustainability is an outcome, where 
the above four system conditions of TNS ‘in society in the ecosphere’ (ecosphere = the 
biosphere plus the whole atmosphere) are not achieved. The process of unsustainable 
development, the path that the modern society is on (Robèrt et al., 2002), is the cause of 
such an undesirable (Ehrenfeld, 2000)1 outcome or ‘wrong’ landing place to which the 
process is heading.  

The Theory of Industrial Ecology (Korhonen, 2004a) found that the description  
of how the physical flows of materials and energy flow in natural ecosystems can be  
used for prescription for the vision and the overall goal of industrial ecosystem ecological 
sustainability. The flows of matter, Base Cation (BC) nutrients, energy and carbon,  
which are among the most important material and energy flows in terms of sustainability, 
flow in a totally different way in the global ecosystem than in the global economic  
or industrial system (Korhonen, 2004a; Korhonen et al., 2001). The ecosystem is 
sustainable if sustainability means that a system is able to continue its operation  
forever. The global industrial, economic and societal systems are unsustainable. If 
sustainability means forever, or at least a very long time, a system where 80% of the 
energy production relies on nonrenewable and carbon dioxide (CO2) emission intensive 
fossil fuels, is not on a sustainable path (not in line with the system condition one above). 
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The very short (few hundred years) industrial history of unsustainable development has 
created this situation.  

The prescription for concrete measures and practical actions for how human actors, 
policy decision-makers, firms, organisations and individual consumers should act, for 
what they should do and how should they work in practice in their everyday life to 
achieve the vision of sustainability is very difficult in industrial ecology. The Theory of 
Industrial Ecology (Korhonen, 2004a) found that this kind of prescription derived from 
description of ecosystems is not possible (or very difficult) in human industrial systems. 
Each individual case, process, firm, network of firms, region or a national economy has 
different system boundaries. The difference can be due to spatial and temporal difference. 
In addition, there are other situational conditions, which make each case different from 
each other. The case specific situational factors include ecological, technical, economic, 
social and cultural.  

Consider that, at times, to move towards sustainability, it makes sense to increase 
waste generation, or increase the material throughput or reduce dematerialisation at the 
local level. Increased material throughput of the local economy can help to increase waste 
utilisation, improve dematerialisation and reduce the environmental burden at the 
regional level, the subsystem of which the local economy is. Obviously, the 
environmental burden from the larger regional system as whole can be more important as 
a focus for sustainable development than the environmental burden of a smaller local 
system. Under certain case specific circumtances, local wastes are valuable raw materials 
for the actors in the larger region or serve as waste-derived fuels. The waste derived 
resources can substitute for fossil fuels or for virgin resources in the inputs of regional 
producers. The CO2 emissions of the regional economy as a whole and the consumption 
of natural resources by the regional economy as a whole may be reduced.  

The concrete measures and practical actions are local, situational and case specific, 
not universal and global. They are unlike the overall goal and vision presented in the  
four material and energy flow categories of ecosystem description and industrial 
ecosystem prescription derived from this description. The ecosystem model has its 
limitations and difficulties when industrial systems attempt to use it in their efforts in 
sustainable development.  

1.2 The research objective 

The main focus of this article is not on the physical flows of matter and energy. Instead, 
the paper looks at the concept of diversity, how it can or cannot be useful and valuable 
for industrial ecology. Several authors in our field, and in other related fields too, have 
argued for the importance of the concept of diversity and for its high value when 
planning and designing economic and industrial systems toward sustainability (references 
and direct quotes are given in the next sections’ literature analysis). The authors have, in 
one way or another, applied the metaphor/analogy/model (for the difference of these 
terms, see Ehrenfeld, 2003; Korhonen and Snäkin, 2003) of ecosystems to economic, 
industrial or societal systems. In general, their overall message can be summed up: 
Because ecosystems are diverse systems, the diversity of industrial and economic systems 
should be increased to move towards sustainability. The article attempts to show how, 
when, why or why not the concept of diversity can or cannot be valuable and useful for 
the development of industrial ecosystems.  

    
 
 

   

   
 

   

   

 

   

       
 



   

 

   

   
 

   

   

 

   

   38 J. Korhonen    
 

2 Theory of diversity in industrial ecosystems  
2.1 Diversity in industrial ecosystems 

Industrial ecologists and scholars in related fields (e.g. Jelinski et al., 1992; Graedel  
and Allenby, 1995; Graedel, 1996; Wallner et al., 1996; Chertow, 2000; Geng and  
Cote, 2002; Korhonen, 2001a; Allenby and Cooper, 1994; Ehrenfeld and Gertler, 1997; 
Ring, 1997; Benyus, 1997; Cote and Hall, 1995; Cote and Cohen-Rosenthal, 1998; 
Wallner, 1999; Ehrenfeld, 2000; Matutinovic, 2002; 2003; Baldwin et al., 2004; Templet, 
2004a–b) argue, that an increase in the system internal diversity improves sustainability. 
In industrial ecology, the most common argument is that, through diversity, the recycling 
relations, a usual suggestion derived from the ecosystem model, has a better chance to 
succeed than in case of lower diversity. The security (availability) of supply of waste 
flows as well as the security and existence of the demand for waste flows is argued to 
improve when diversity if high, that is when the number of different actors is high. If one 
actor departs from the system, other actors can fulfil the missing function. The other 
actors may be able to produce waste flows suitable as resources or fuels for others. 
Similarly, if one actor moves from the system, others can use those waste flows as 
resources that were previously used by the actor that is no longer part of the symbiosis 
network. With a low number of actors, the chances are that there would be no substitute 
for the missing actor. 

“The natural world is full of models for a more sustainable economic system… 
The mature ecosystems do everything we want to do. They self-organise into a 
diverse and integrated community of organisms with a common purpose – to 
maintain their presence in one place, make the most of what is available, and 
endure over the long haul.” (Benyus, 1997,p.248) 

“In designing industrial systems, it is important to encourage a large and diverse array  
of producers, consumers, scavengers and decomposers, which take on roles that promote 
the cycling of materials” (Geng and Cote, 2002,p.339). “Redundancy involving multiple 
possible inputs and outputs within an industrial system enhances the sustainability of 
symbiotic relationships and maintains the stability of the system” (Geng and Cote, 
2002,p.337). “…diversity of niches creates a dynamic stability; if one organism drops  
out of the network, there’s usually a backup, allowing the web to stay whole” (Benyus, 
1997,p.258). Benyus (1997,pp.259–260) reflects on some example companies that have 
achieved success in cooperative waste utilisation and recycling: ‘Putting aside their 
normally fierce competition, companies like these are working through trade associations, 
special alliances, and “virtual firms” to come up with common labelling and materials 
standards which will allow them to reuse each other’s parts.’ One of the most often-cited 
article in industrial ecology research reads: “…most mature biological communities are 
characterised by diversity, and well-structured, complex, interconnected relationships 
among organisms” (Allenby and Cooper, 1994,p.348). The authors suggest (p.343) that 
“Economic activity since the Industrial Revolution somewhat resembles patterns in a 
rapidly evolving biological community, while a sustainable economic structure will 
resemble a mature biological community.” 

The above quotes show that diversity has been understood as a desirable system 
property in industrial systems. The conclusion has been made, because ecosystems are 
diverse systems. Industrial ecologists also see a link between diversity and 
interdependency, interconnectance, connectance, cooperation, and symbiosis. Referring 
to the Massachusetts industrial ecosystem case study by Sagar and Frosch (1997), 
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Baldwin et al., (2004,p.847) state: “The diversification hypothesis also applies to regional 
economies, specific industrial processes and the level of the firm…With maturity, this 
system is highly interdependent and interconnected and thus results in increased 
equitability.” Nature is understood as a desirable model for economic and industrial 
systems: “Evolution is by definition a process of change towards higher complexity and 
higher levels of organisation. Hence, to develop in the direction of sustainability we have 
to increase the complexity of the regional system” (Wallner et al., 1996,p.1770). 

Odum’s (1969) Science article observed that in the developmental stages of 
ecosystem succession (young nature) diversity is low while in a mature stage (old nature) 
diversity is high. Biodiversity is defined as diversity in species (variety component = 
number of different species), and equitability (‘evenness’) of individuals among species. 
When the number of allocation of individuals among species is even, diversity is higher 
than that dominated by a single species which shows low diversity. In the mature stage, 
nutrient cycling is more advanced than in the immature ecosystem. Ring (1997) 
maintains that ecosystems, such as coral reefs, adapt to changing environments through 
internal diversity, and similarly, to scarcity of resources. Economic systems should learn 
from the system development principles of natural ecosystems. Environmental policy 
instruments should be designed in a way that they are in line with the system 
development principles of ecosystems; economic systems should operate in a similar way 
to natural ecosystems.  

Managers of companies or banks use diversification of their financial sources and 
funding organisations (Figge, 2004). It is risky to bet everything on one funding 
organisation, shareholder or investor. Correspondingly, investors can diversify their 
investments to improve security. When one investment does not pay back, others will. “In 
economics, investors that do not diversify are usually considered to be irrational” (p.831). 
Industrial ecosystem scholars seem to think according to a similar philosophy, when they 
propose that firms should diversify their suppliers and customers, to maintain the security 
of supply of resources (derived from wastes) and demand for their waste products. The 
security is not possible in a system, where only few actors are involved or where all the 
actors are similar. If all the actors are similar, they do not complete each other in the 
network system. When all the firms and organisations in the industrial system are similar 
with similar material and energy flow needs, then a situation does not exist, in which one 
actor sees a material or energy flow as a waste flow while others see this same flow as a 
resource with a positive economic value. In a homogeneous system, all actors would 
value the flows in the same way and complementary relations would not occur.  

2.2 Evolution of industrial ecosystems from Type I ecosystems to Type III 
ecosystems 

Types I, II and III theory of ecosystems and industrial ecosystems (Jelinski et al., 1992; 
Graedel and Allenby, 1995; Graedel, 1996; Korhonen and Snäkin, 2003; 2004) describe 
the evolution over time of ecosystems. The ecosystem description is taken as a model for 
industrial ecosystems. First, the diversity in the organisms and species, and in the actors, 
firms and organisations, of the ecosystem and industrial ecosystem is described. Second, 
material cycles and energy cascades (waste energy utilisation) are shown. The 
relationship of the two characteristics in the evolution of the ecosystem over time is 
understood mainly as linear. In Figure 1, the evolution over time of ecosystems into a 
mature Type III system is given. The theory uses the Type III system as a desired vision 
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for current industrial and economic systems (see the quotes above). The message is that 
current unsustainable industrial and economic systems should be changed to more 
sustainable industrial ecosystems as seen in Figure 2 (Korhonen et al., 2004; Korhonen 
and Snäkin, 2003; 2004). As in nature, the Type III industrial ecosystem has high 
diversity in the actors involved in the system (organisms and species in ecosystems and 
organisations, firms, other actors and consumers in industrial ecosystems). The Type III 
industrial ecosystem demonstrates advanced material recycling and waste energy 
utilisation or energy cascading between the actors in the system. 

Figure 1 Ecosystem development as a metaphor for sustainability of economic and industrial 
systems. Note: As life increases, the diversity and interdependency in material cycles 
and energy cascades (waste energy utilisation) between ecosystem actors or organisms 
increase. The global ecosystem relies entirely on the (infinite) solar energy input. In 
local ecosystems, wastes do not exist in the human economic sense of the term, because 
waste serves as a resource. An economic/industrial ecosystem that could move toward 
this vision could reduce its environmental burden, resource use and waste and emission 
generation and is termed as the industrial ecosystem. The industrial ecosystem develops 
material cycles and energy cascades through cooperation and networking between firms, 
processes and other societal actors, and relies on sustainable use of renewable  
natural resources. 
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When there was little life on Earth, the diversity of the ecosystem was low. The flows of 
matter were into a direction of a linear throughput. When life increased, diversity of the 
actors involved in the ecosystem begun to increase. Internal material recycling between 
the actors increased. The mature Type III system is a global materially closed system 
using only infinite solar energy and emitting only waste heat (infrared radiation to space). 
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In order for industrial systems to evolve away from the current unsustainable state of 
linear material flows and fossil fuel dependence, the theory proposes that the system 
diversity, internal recycling of matter, use of renewables according to their sustainable 
yield and use of waste energy should increase. It has been suggested that in the industrial 
ecosystem vision, ecological, and also economic and social gains are possible (Korhonen, 
2004b) (Figure 2).  

Figure 2 Industrial ecosystem. Environmental, economic and social ‘wins’ in the vision of a 
successful local/regional industrial ecosystem (Korhonen, 2004b). Note: A local or 
regional industrial system is encouraged to move towards an interactive system based on 
the metaphoric system model of an ecosystem (Type III ecosystem in Figure 1), i.e. a 
‘roundput system’ of material and energy flows and a system with diversity in the actors 
involved. Through cooperative waste material and waste energy utilisation (recycling of 
matter, cascading of energy) and sustainable use of local renewable natural resources of 
matter and energy between the industrial actors (industrial processes, firms, other 
private and public organisations, agriculture and consumers) A, B, C and D, the virgin 
material and energy input as well as the waste and emission output of the system as a 
whole are reduced (virgin resources substituted with wastes and nonrenewables with 
renewables). The arrows within the system boundaries are bigger than the arrows to the 
system and from the system. By reducing the waste management costs, emissions 
control costs, raw material and energy costs, transportation costs, costs resulting from 
the implementation of measures required in environmental legislation and by improving 
the environmental image as well as the ‘green market situation’ of the system, the 
economic gains are possible. Banks, financial organisations or other funding 
organisations may be attracted to invest to this ‘risk-free’ regional system. In this highly 
idealised picture of the local/regional industrial ecosystem vision, the social win arises 
through increasing the utilisation of local/regional resources and increasing the self-
reliance of the local economy, which can offer employment opportunities for the 
regional inhabitants. Local material and energy flow management can also yield new 
areas of business and economic activity, e.g., recycling or waste management firms. 
Corporate Social Responsibility (CSR) and Local Agenda 21 can benefit through 
networking, cooperation, participation, stakeholder dialogue and democratic  
decision making.  
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3 The industrial ecosystem at Uimaharju forest industry park, Eastern 
Finland 

3.1 The success of the case industrial ecosystem in terms of the theory of 
industrial ecology 

A case study on the Uimaharju forest industry park in Eastern Finland, the ‘Uimaharju 
Industrial Ecosystem’, is described.2 The park is located in the region/province of North 
Karelia that includes 19 municipalities. Uimaharju is part of a small municipality of Eno 
that has 5000 inhabitants. In Figures 3a to 3c, the evolution and development over time of 
the industrial ecosystem is presented. We have used the above ecosystem and industrial 
ecosystem theory of Type I – Type III as the basis of our analysis. To the author’s 
knowledge, the Types I, II and III theory have only been applied to a practical industrial 
ecosystem case study in Korhonen and Snäkin (2003) and in Korhonen and Snäkin 
(2004). This article is the third application of the theory. 

Figure 3a Roundput and diversity at the Uimaharju industrial park: the Type I system. The park 
area is depicted with a square drawn with a thick line. The system boundary follows the 
industrial park area. Type I means simply that this is the first stage in the development 
of the case system over time. A circle indicates an actor operating in the park and 
diversity is defined as the number of different actors in the system. Arrows with number 
show IE-type roundput flows, where waste materials (or by-products) and/or waste 
energy (cascading) are recovered/utilised in the park, when wastes from outside the park 
are used within the park or when wastes from the park are used outside the park. We 
have numbered the most important flows. The opposite of roundput flows are 
‘throughput flows’ that is material and energy flows such as fossil fuel use – fuel used 
as input and CO2 emissions as output. With this conceptual picture, throughput means 
flows that are derived from nature and dumped back without recycling or cascading 
(cascading meaning using the lower quality, remaining exergy or higher entropy of the 
energy flows since energy cannot be recycled). Because no fuel data for the power used 
by the mill are available for the time of Type I, the power may be either renewable or 
nonrenewable type energy flow (or something in between depending on the fuel mix in 
power generation of the national grid). All wastes directed to the landfill may be 
characterised as throughput. At the time in the park, there existed only one actor 
(sawmill), which was able to generate one roundput flow, in which the bark waste from 
saw logs was combusted for energy. 
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Figure 3b Uimaharju industrial park 1967 – 1992 illustrating the second major phase in the 

system development over time: Type II ecology. There existed three actors in the 
industrial park. The pulp mill and the power plant (co-production of heat and power, 
CHP that is waste heat utilisation for industrial steam and heat) were built alongside 
the sawmill. According to our definition, the number of roundput flows is now six. 
This increase is due to the two additional actors. Diversity has increased by two 
amounting totally to three actors. Wood waste derived heat is used in the sawmill, the 
first of the system roundput flows (1), waste wood chips serve as raw material for 
pulping (2), and pulping wastes, in turn, as fuels in energy production in the new 
power plant providing the pulp mill with (waste fuel derived) power (3), steam (4) and 
heat (5). The CHP plant was not efficient enough to produce the required power in the 
mills for all the required time and this need was met by purchasing power from the 
national grid. Some sawdust (6) was supplied to other mills outside the park as 
resources with value. The pulp mill needed pulping chemicals and some industrial 
gases (O2, CO2) for bleaching the pulp. These were derived from outside the system 
boundaries. Also plenty of water is needed in the pulp-making processes. Some 
roundwood was procured abroad, mainly from the former Soviet Union. The increase 
in the diversity by two has created an increase in the roundput flows totalling now to 
number of six. 
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Figure 3c Uimaharju industrial park in 1992 – 2003: Type III industrial ecosystem. In the present 
situation, the Uimaharju industrial system has evolved to include three new actors 
within its area, amounting altogether into the diversity number of six (actors). The new 
actors are the waste ash treatment plant, the wastewater treatment plant as well as the 
gas plant. The new IE roundput flows are the waste ash utilisation (9) for fertiliser, 
waste water sludge (11) use as fuel, bark use (7) as fuel in the power plant that (as in 
Type II) applies CHP, recovery and reuse of pulping chemicals (10), and industrial gas 
recovery (8) in the gas plant. In addition to these new actors inside the original park 
area, the park now generates or uses new IE roundput flows that are increasingly 
spreading outside or coming from outside the park area. First, the municipality of Eno 
runs its municipal wastewaters (12) into the Uimaharju Park to be treated efficiently in 
the park’s wastewater plant. The industrial park is selling some of the unused wood 
wastes outside the park (13). Finally, some surplus (green) electricity is sold to the 
international grid (14). New roundput flows in the park (coming from within the park 
and used within the park) are now five and the total number of roundput flows within 
the park system boundaries is ten. Three additional actors have emerged, and the 
number of new roundput flows (within the park) has increased by five. This indicates 
that the new roundput flows have been created because of technical development, not 
only because of the emergence of new actors. This technical development or efficiency 
has made it possible to use the already existing waste flows of bark and sawdust more 
efficiently or create a first opportunity to use them in the first place as in the case of 
chemical recovery, industrial gas recovery and waste ash recovery (sawmill wastes have 
already been used earlier in the old boiler as well as in pulping, but not in CHP). 
Through increased fuel and energy efficiency, the surplus electricity, which is a form of 
green electricity as 95% of the fuels in the CHP plant are renewable, is now sold to the 
international grid for the first time in the history of the case industrial ecosystem. The 
total number of the roundput flows either derived from within the industrial park or 
utilised within the park is now 14, and as can be seen from the figure, we have only 
included the most important roundput flows. 
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The focus is on two properties or characteristics of industrial ecosystems, ‘roundput’ and 
‘diversity’ (Korhonen, 2001a; 2004a; Korhonen and Snäkin, 2003; 2004). Their change 
over time is shown in Figures 3a to 3c and Figure 4. The Types I, II and III are defined as 
divided according to the basic factor time and the most important development events of 
the system evolution. ‘Roundput’ denotes recycling of matter (material cycles) and 
cascading of energy (waste energy use) that is in metaphoric terms, how nature works. 
Diversity means the number of the different actors involved (i.e. derived from the 
metaphor of biodiversity in nature). The presence of many different actors in the system 
shows high diversity. Only few actors show low diversity. If there are many flows that 
are recycled or cascaded (e.g. Co-production of Heat and Power, CHP), roundput is high. 

Figure 4 Number of actors involved and the number of roundput flows have increased in  
the Uimaharju industrial ecosystem evolution over time. The number of roundput 
flows would be higher if all the minor waste flows that are utilised would be taken  
into account 
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Like in the classic industrial ecology theory above, the relationship of diversity  
and roundput can, in general terms, be determined as linear in this forest industry  
park. But note that this is only possible if we adopt the same kind of way to define the 
system evolution as in the classic industrial ecology theory. In line with the ecosystem 
evolution over time, the diversity of the actors involved increases when the system gets 
older or matures. The number of different recycled flows and flows that show waste 
energy use increases.  

The development of the CODcr (chemical oxygen demand) and BOD7 (biological 
oxygen demand) emissions of the system indicate improved environmental performance 
in the change from Type II to Type III. The pulp production has increased from 
approximately 160 000 tonnes (t/a) to approximately 620 000 tonnes. The absolute COD 
and BOD emissions have decreased, from 50 tonnes CODcr (t/d) to 20 tonnes (t/d) and 
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from 15 BOD7 (t/d) to under 1 (t/d). More energy is produced than consumed by the park 
and it sells surplus electricity to the international grid (Table 1). Ninety-five percent of 
the fuels used in the park’s energy production are park’s own waste flows, e.g. black 
liquor from pulping, bark from the sawmill and from the pulp mill as well as waste water 
sludge from the waste water treatment plant. When 80% of the world’s energy production 
relies on nonrenewable and emission intensive (often imported) fossil fuels, this forest 
industry park is a fruitful example for sustainable development. 

Table 1 Fuel used and energy produced in Type III of the Uimaharju industrial ecosystem. The 
industrial ecosystem produces more energy than it needs for its operation and relies 
almost entirely on local wastes, that is, bark, black liquor and waste water sludge derived 
from within the system boundaries 

Fuel input Energy produced Surplus energy to the grid 
368 000 MWh electricity and 955 000 GJ 

steam for the pulp mill 
95% black liquor, 

bark, sludge 
5% of heavy and 

light fuel oil 
14 000 MWh electricity and 159 000 GJ steam 

for the sawmill 

278 000 MWh electricity 

If energy is produced by using renewable resources as fuels and their reproduction 
capacity is maintained, CO2 emissions are zero. In Finland, the annual cuttings of the 
forests and the natural drain are lower than the annual growth. The forests are able to 
bind more carbon in CO2 form into their growth than what is released through cuttings 
serving as a carbon sink (Kauppi et al., 1992; Korhonen et al., 2001). The cuttings of 
forests in Russia are below the growth rate. Table 2 considers the CO2 emissions of the 
energy production within the industrial ecosystem comparing Type II and Type III. In 
Finland, the use of wood-derived fuels is determined as carbon neutral. Because 95% of 
the fuels used in the energy production at Uimaharju forest industry park are renewable 
(or waste derived) and because this extensive use of wood derived fuels has made the 
surplus electricity possible, we assume that the electricity supplied to the grid has no CO2 
emissions. The possible savings when compared to coal use and to the average emissions 
of grid power are given. 

Table 2 Fossil fuel derived CO2 emissions for Uimaharju pulp production in Type II and Type III 

Pulp production Fuel oil use 
CO2 

emissions2 CO2/pulp 
Electricity 

to grid 
CO2 reduction 
potential, Mg 

Year Mg1 Mg1 Mg Mg GWh A4 B5 
1991 136095 9828 29599 0,217 – – – 
2002 608588 30308 91279 0,150 277.83 236130 57227 

Notes: 1. Enocell Oy (2003)3 
  2. Fuel oil: 74,1g CO2/MJ 
  3. 1999 (Enocell, 2000)4 

  4. Condensing power with coal: 850 kg CO2/MWh 
 5. Purchased electricity from the grid: 206 kg CO2/MWh5 
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Potential emissions reductions are calculated in cases where the surplus electricity sold to 
the grid (277.8 GWh) compensates condensing power with coal (A) and average grid 
power in Finland (B). As 95% of the fuels used in the energy production are renewable 
(or waste derived) and because this extensive use of wood derived fuels has made the 
surplus possible, we assume that the electricity supplied to the grid has no CO2 emissions. 

Consider the most often-cited industrial ecosystem case of the Kalundborg industrial 
network in Denmark, the key actors of which use fossil resources (coal and crude oil, see 
Ehrenfeld and Gertler, 1997). The Uimaharju case demonstrates some remarkable and 
very advanced industrial ecology-type features. It is amazing how many citations and 
references the Kalundborg system has received in the literature.  

4 Challenges and difficulties when evaluating the environmental 
performance of the Uimaharju industrial park 

Figure 3c and Figure 5 show that the Uimaharju evolution over time has led to an 
expansion of the system. Strong economic growth has taken place, consider the evolution 
from Type II to Type III. The system is increasingly connected to activities outside the 
immediate system boundaries. Sixty-four percent of the pulp mill raw materials are 
imported wood from Russia and the exports of pulp are 40%. Pulp is material for paper 
manufacturing. Ninety percent of paper produced in Finland is exported to other 
countries such as Germany. Sixteen percent of the sawmill raw materials are imported 
wood and 85% of the sawmill products are exported.6 

Figure 5 The locality of the roundput flows has decreased during the Uimaharju industrial 
ecosystem evolution over time. The park now engages in recycling and waste 
utilisation relations with actors and processes outside the immediate system boundaries 
of the industrial park. This makes it more difficult to evaluate the environmental 
performance of the system because of the definition of system boundaries. In this 
figure, all the roundput flows are calculated (including those that have a ‘minor’ 
importance). 

 

0
1
2
3
4
5
6

Type I Type II Type III

Decreasing locality of the Uimaharju
industrial ecosystem: the number of
external roundput flows in increasing

    
 
 

   

   
 

   

   

 

   

       
 



   

 

   

   
 

   

   

 

   

   48 J. Korhonen    
 

Municipal wastewaters from Eno are run into the Uimaharju Park system boundaries to 
be treated in the park’s wastewater plant. Such production of public services is  
not common for private companies and is a good example of the principles of Corporate 
Social Responsibility (CSR). In CSR, firms have responsibilities for the larger  
society, for all stakeholders, not only shareholders (Welford, 2002). It should also be 
highlighted that there are 5000 inhabitants in the Eno Municipality and the Uimaharju 
industrial park employs 500 people, another example of CSR principles in practice.7 The 
industrial park is selling some of the unused wood wastes outside the park. Other 
activities that link the system outside its immediate system boundaries include the selling 
of the surplus (green) electricity to the international grid. Sawmill wastes from nearby 
areas are inputs in the system.  

One of the principles of industrial ecosystem theory in the literature is locality 
(Korhonen, 2001a; Benyus, 1997; Allenby and Cooper, 1994). Locality is defined in 
terms of how much of the product life cycle, from ‘cradle to grave’, it is possible to 
maintain within the local system boundaries. Locality may reduce energy use and 
emissions generation (e.g. through reduced transportation). With local life cycles, it may 
be easier to monitor and control the product life cycle and its environmental effects. More 
of the life cycle and its environmental effects are kept within the system, not spread 
around the world in a scattered manner. Because the Uimaharju industrial ecosystem is 
expanding beyond the system boundaries when the system evolves over time, the locality 
of the system is decreasing. The evaluation of the environmental performance of the 
system becomes a very difficult, if not an impossible, task.  

One should be able to assess not only the activities taking place within the park. 
Already these are very complex. Consider the allocation questions regarding the 
environmental burden of different products (and processes). During the last 50 years, the 
Uimaharju Park has changed from a sawn timber producer to a kind of a conglomerate, 
which now produces timber, pulp, tall oil, turpentine, wood fuels, green electricity, 
fertilisers, and wastewater cleaning services (Korhonen and Snäkin, 2004). Now, one 
should also be able to evaluate the effects the park generates outside the immediate 
system boundaries. This is critically important in the modern global market economy, 
where products are produced for international markets. Effects outside the system 
boundaries of the Uimaharju industrial park can include, for example, waste management 
challenges at the landfills of Germany, biodiversity of Russian, Finnish and North 
Karelian (the region in which Uimaharju is located) forests. We should know how to 
assess the environmental effects of transportation associated to imports and exports. 
Moreover, how does the question, ‘who uses the green energy from the international grid 
produced by Uimaharju?’ affect the environmental performance of the system. This is an 
indirect effect, yet potentially very important. Is the energy used as input in production 
processes which produce products or releases harmful to the environment? How are the 
products that are produced by using the energy generated in the Uimaharju industrial park 
used and for what purposes and how is the end or waste management of these conducted? 

The relation between economic growth and its environmental impacts is another 
complex issue in question. The growth of production at Uimaharju, that is, the pulp 
production has grown from Type II’s 160 000 tonnes to Type III’s 620 000 tonnes, 
contributes to the economic growth of Finland and also to the global market economy and 
its economic growth. History tells that globalisation and global economic growth increase 
the absolute environmental burden of economic systems. Paper production and paper 
industry is a very energy-intensive activity. One could even ask, whether the success and 
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the economic growth of an inherently unsustainable industry is simply making the 
unsustainable global economic system stronger? The question is even more relevant in 
the industrial ecosystem case of Kalundborg. Kalundborg relies on two key actors using 
fossil resources and so contributes to the global fossil fuel economy. The use of fossil 
fuels is at maximum 5% of the energy production of Uimaharju. In light of the possibly 
most important environmental question of our time, climate change, the kind of examples 
as in Uimaharju, are very important. Examples of large industrial systems, which rely on 
renewable natural resources for their energy production are needed for the fossil fuel 
dependent world energy system to be able to find sustainable and less CO2 intensive 
alternatives for its energy production.  

5 The difficulties and limitations in the definition and measurement of 
diversity 

5.1 Definition of diversity 

In literature on industrial ecology and industrial ecosystem, the concept of diversity has 
not been defined in a clear manner although many authors have argued for its importance 
and great value. In this section, the many difficulties and limitations in the definition and 
understanding of the concept in the case study of the Uimaharju system are described. 
The way diversity is defined affects the way it is measured and the way it is interpreted 
for policy planning, decision making and for corporate environmental management. 
Following difficulties and limitations are observed: 

Relative vs. absolute diversity 

One of the reviewers of the manuscript wrote that industrial ecologists have not defined 
the difference between absolute and relative diversity. Absolute diversity means that 
diversity is measured simply by calculating the number of actors, firms or processes in 
the system; when there are many, diversity is high, when there are few, diversity is low. I 
have chosen this simplified way to define diversity in the case study, i.e. the number of 
actors. This is, because this is an initial attempt to go deeper into the analysis of the 
concept of diversity in industrial ecosystems. In human industrial systems, every 
individual, organisation, firm or actor differs from each other. Even though firms would 
come from the same industrial sector, employ same production technologies, apply very 
similar production processes and utilise same material and energy flows, they can still be 
very different from each other.  

The reviewer produced an example with two industrial systems. One has 60 actors but 
only six different kinds of actors, that is, six groups of ten actors. The absolute diversity 
is six if diversity is defined according to the criterion ‘different kind’. This criterion 
‘same kind’ is fulfilled if the firms come from the same sector, use same material and 
energy flows, produce same products and with same production technologies and 
processes, etc. As noted above, although the list of these similarities can go on and on, it 
is impossible to find a 100% ‘perfect match’. Every human being and every organisation 
with its own culture, management style, routines, experiences and history, stakeholders 
and personnel, is always unique and different.  
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Let us continue with the argument of this reviewer and, for now, accept his/her 
position that same kinds of organisations, indeed, do exist. The other system would have 
only six actors but all of them would be of ‘different kind’. Both systems would have the 
same absolute diversity. But the first system would clearly have much lower relative 
diversity. Relative diversity is measured as the number of different actors divided by the 
number of all the actors.  

Despite the fact that there are no 100% similar organisations and firms, which would 
be exact copies of each other, there is value in the reviewer’s argument. Some 
organisations are more alike than others. Certain two organisations or firms can be much 
more similar to each other than certain other two firms. Indeed, more work is needed for 
defining industrial ecosystem diversity more thoroughly than simply by calculating the 
number of actors. It will be a very challenging task to decide the criteria with which 
diversity is defined. How similar is ‘the same kind’ and how different and based on what 
measures can we conclude that two firms are of ‘different kinds’?  

Perhaps, after more work, the definition of the diversity of the organisational cultures 
of firms in a local or regional network system could start with a study that shows which 
firms have an Environmental Management System (EMS) and which do not. One could 
even go on to suggest a hypothesis that asks, does diversity enhance interorganisational 
learning? Can the companies that do not have an EMS learn from those that do, e.g. 
learning about the benefits of environmental work? Could those that have an EMS learn 
about the difficulties and obstacles of corporate environmental management from those 
firms that do not have an EMS? 

Diversity vs. the ability of the system to recover or to be resilient 

A very highly diverse industrial ecosystem, where every firm is clearly different from 
every other, may not possess the ability or capacity to recover or to be resilient in case of 
disturbance, turbulence and changes in the external or internal environments. This would 
point to an opposite argument than that in industrial ecology theory (see the above quotes 
in the literature analysis). Consider a network of firms consisting of several similar actors 
with similar production processes and technologies. It would seem that, in fact, the 
capacity or the ability of this system to recover and be resilient can be better than in a 
system with far higher diversity values. In case of the low diversity network, when one 
actor leaves the recycling network, there are others for which it is not that difficult to 
fulfil the role of the missing actor. There are alternative waste processing and utilisation 
technologies and production processes in the system that still are not too different from 
the waste exchange and recycling relations that existed prior to the disturbance. Could we 
then make an argument that, actually, it is the less diverse industrial systems or firm 
networks that are more capable to maintain the supply and demand and the continuous 
operation of the industrial recycling activities? Again, the definition of diversity will 
decide what is the answer to this question. Is diversity defined by the number of actors 
(which are always different in human cultural and economic systems) or do we use some 
definition that measures how different the actors are (‘different kind’)?  
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Intra vs. interorganisational material recycling and energy cascading 

It is possible to speculate on the effects of diversity with the question of the difference 
between intraorganisational vs. interorganisational decisions to undertake waste 
utilisation. Picture a scenario where all the firms are similar in the industrial network with 
similar resource, material and energy requirements, and with similar waste and emission 
outputs. There is no rationale for inter-firm recycling or waste utilisation. The single firm 
would recycle the wastes it produces by itself. It makes no sense to transport (using 
energy and generating emissions, paying transportation costs) the wastes to another 
company if the internal production processes and technological capacity already make it 
possible to recycle the wastes internally and if these waste flows are suitable for the firm.  

Could we suggest, that, in fact, interorganisational recycling is only the secondary 
option for industrial ecosystems? Should priority be assigned to the cleaner production 
approach of source reduction? I think that despite the production technologies and 
material requirements and wastes are very similar between actors in a network, there can 
still be many motivations to engage in interorganisational recycling and waste utilisation. 
For example, although the quality of the flows would be suitable for the firm to utilise, it 
might have surplus quantity of these flows. Due to overabundant quantity, the flows 
would still be dumped to landfills despite their quality would be suitable for utilisation. 
Through interorganisational recycling strategies, it is possible to identify economic uses 
for these flows; some other firms in the network might lack sufficient quantities of the 
waste flows that can be utilised as raw materials and energy. These other organisations 
might produce qualitatively similar waste flows themselves, but the quantity of the 
wastes they themselves generate might be insufficient. This creates a demand for wastes 
coming from external sources. Furthermore, because all human activities produce wastes 
and because all human actors, firms and processes are different from each other, there 
will always be opportunities to consider interorganisational waste utilisation activities.  

The cause-effect chain of diversity, roundput and environmental performance 

Clearly the analysis and measurement of the environmental performance of such a 
complex industrial park as the Uimaharju forest industry system, which has extensive 
linkages to regional, national and global economy, is a very difficult, if not an impossible 
task. Correspondingly, it is very difficult to identify whether there is a causal relationship 
between diversity and roundput. The system process and production technologies, 
scarcity or abundance of resources, demand for energy in an energy-intensive industry 
and in a cold country, governmental policy, regulation, prices, costs, or cultural and 
social situational factors might be the main actual cause of the utilisation of renewable 
resources and wastes in an industrial system, instead of the number of the actors 
involved. The values, interests and preferences (e.g. attitude toward wastes), can also 
play a role. We have not studied these in Uimaharju. In fact, such issues are practically 
nonexistent in the research in the field of industrial ecology, which mainly consists of 
researchers that have a background in engineering or natural sciences, not in cultural 
studies, social sciences or organisational theory, management studies and policy studies, 
etc. We also find it very problematic to determine the cause-and-effect chain between 
recycling and reduced emissions, wastes or energy use. Recycling does not necessarily 
reduce the environmental burden of an activity, because of the laws of thermodynamics 
(e.g. energy use and entropy generation).  
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Size of the organisation/firm 

One additional criterion that could be important to take into account in the definition of 
diversity of an industrial ecosystem is the size of the individual actor operating in the 
system. This has not been measured in any precise quantitative manner in our case study. 
In future work, I believe it is fruitful to measure different industrial ecosystems in terms 
of the size of the firms and organisations taking part in the system, e.g. large or small or 
small- and medium-sized firms. Could a high diversity value be assigned to those systems 
where many different sizes of actors and organisations exist, and a low value for those 
systems which only include companies of similar size? Interesting hypotheses for 
corporate environmental management could arise. For example, small- and medium-sized 
companies (SMEs) often face difficult resource, time, money and know-how constraints, 
when they decide whether to engage into such a new and unfamiliar territory of business 
strategy as environmental management. SMEs could greatly benefit from cooperation 
with larger firms. Could these larger firms, in turn, benefit by finding new users for their 
waste flows in SMEs (Geng and Cote, 2002)? Could there be new business opportunities 
near large industrial firms for SMEs that specialise in decomposing, scavenger and 
recycling activities (Geng and Cote, 2002)?  

Ownership of the organisation/firm 

Increasingly, in today’s global market economy, processes, production plants, sites and 
firms are units belonging to a large international concern/conglomerate or company. The 
ownership might be located in a different country and continent than where the actions 
take place. One dimension in the definition of diversity of the industrial ecosystem actors 
could be the diversity of the ownership structures and ownership relations of the 
participating firms. What different kind of owners and shareholders the different 
industrial ecosystem firms have? Surely the environmental or corporate social 
responsibility demands of local stakeholders are taken into account in a different way in a 
firm that has foreign owners than in a firm that has local owners? 

Industrial sector of the firm 

We have decided not to measure diversity in terms of the diversity of the industrial 
sectors involved in the network. Cooperative recycling linkages might be more realistic 
within a certain industrial sector, e.g. forest or pulp and paper industry, because the actors 
might share some kind of a common culture and history, than in a system where there are 
many different sectors involved (e.g. also chemical industry, food industry, textile 
industry, steel and metals processing, car industry, electronics industry, etc). 

Diversity of the organisational culture of the firms/plants 

We have not studied the diversity of the internal organisational cultures of the actors  
in the Uimaharju case system. This would require qualitative research methods such as 
in-depth interviews, group discussions, participatory observation and other methods used 
in sociology and cultural studies (social sciences). Obviously, one cannot determine the 
success or failure factors of a human industrial system without considering the 
organisational cultures of the actors, the values, preferences, interests and the different 
ways that the different firms perceive and interpret the sustainable development 
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challenges. A big polluter might feel more pressure from its stakeholders to develop and 
practice environmental management than an individual SME with small material and 
energy flows.  

Diversity of the organisational culture of the suppliers or customers of the 
firms/processes within the park 

It is very likely that the results of social science analysis would have shown considerable 
diversity in the organisational cultures, when the entire life cycle, supply chain and value 
chain of the products produced and consumed in Uimaharju is considered. Some of the 
suppliers are in Russia while some of the customers are in Germany. The actors operate 
from within those national cultures. Organisational cultures, routines and management 
styles affect the organisational decision making including sustainability and 
environmental decision making. This dimension of diversity would need methodologies 
from social sciences, which are outside the scope of our case study. 

Diversity of the workforce and employees (e.g. their gender, age, their 
nationality, their educational, professional and career background) 

This is another dimension of diversity left out from our definition of diversity in the 
Uimaharju industrial ecosystem. The question who and what kind of actors work inside 
the plants and firms affects how the different individuals from different firms can work 
together for sustainability issues and industrial recycling network activities. How can one 
ensure that the human actors from different organisations understand each other and get 
along with each other? Are there any common hobbies or leisure time activities that could 
shorten the ‘mental distance’ of workers from different firms? Could we utilise such 
platforms also in environmental or sustainability education, awareness raising and 
planning? There exists research literature that touches similar challenges as these kinds of 
topics in business studies, management and organisational studies for instance in 
organisational sociology.  

The connectance values of different actors: dominance vs. evenness (equitability) 

Another difficulty in defining the diversity of industrial ecosystems is the earlier 
mentioned species evenness/equitability. Suppose an ecosystem has ten species and 100 
individuals, if 91 belong to a single species, and the remaining nine individuals represent 
the nine other species, then, the diversity is low. It is difficult to use this measure in 
industrial ecosystem diversity. Nevertheless, the question can be formulated: what are the 
dominant actors in the system and what are the weaker ones having less influence and 
power in/over the system? One study exists on the quantitative connectance values of 
industrial ecosystems (Hardy and Graedel, 2002), but this study did not compare the 
connectance values of individual actors within industrial ecosystems. Several studies on 
ecosystem connectance exist in ecology and biology (Ulanowicz, 2004; Warren, 1990; 
Briand, 1983; Pimm, 1984). The systems level connectance could be measured by 
dividing the number of direct roundput links, that is, links between the actors in waste 
material or waste energy utilisation, with the number of all possible links.  
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Matutinovic (2002) has used the analogy/metaphor of natural ecosystems in economic 
systems and discussed the meaning of connectance in both of these systems. He notes the 
analogy between keystone species in ecosystems and those industrialised countries that 
are the leaders in the system of world trade. The leading countries are connected to many 
other countries. They dominate the international trade. Due to the magnitude of their 
connections to other countries in the world and their share of the world GDP, 
perturbations in USA or EU would have strong implications in the rest of the world. The 
most serious of these would be the effects on those partners with which the connectance 
strength is highest.  

Industrial ecologists have discussed the importance of an ‘anchor tenant’ or a ‘key 
actor’ in an industrial ecosystem (Chertow, 1998; for a review, see Korhonen, 2001c). 
Such an actor would be the driver of the cooperation in waste material and waste energy 
utilisation in the firm network. The anchor tenant has the capacity to utilise many 
different wastes from many different actors. It is also able to produce many different 
products including usable wastes and by-products for the other industrial ecosystem 
actors. In this way, the argument in the literature goes that the anchor tenant enhances the 
success of the industrial ecosystem. It facilitates the emergence of new recycling and 
waste energy utilising linkages, because it can cooperate in this way with many different 
suppliers and customers. It links new actors to the industrial ecosystem. When it 
cooperates with two different actors, it is able to communicate to the actors and give an 
example to them. An additional link between those two actors may emerge. Anaerobic 
Digestion (AD) is an example of a technique with which it is possible to use many 
different kinds of wastes, e.g. manure from agriculture, food industry biowastes, 
consumer biowastes, biomass from forestry and wood wastes from pulp and paper 
industry and other renewable flows. AD can produce electricity, waste heat derived 
industrial process steam and waste heat derived district heat as well as fertiliser for 
agriculture, industry and consumers (Niutanen and Korhonen, 2003).  

In Figure 6, the connectance of the Type III Uimaharju industrial ecosystem 
individual actors is measured. Connectance is calculated as the roundput flow links  
to which each actor is associated divided with all the potential links this actor could  
have. Because in Type III, the diversity number is six, all possible links that a single  
actor can have are five. Of course, the ‘all possible’ is very problematic to define in 
cultural systems, because technical complementarities, trust, organisational culture, 
information flows, communication, history of the firms, e.g. in terms of its trading 
partners, economic or social considerations, etc. are critical issues of the ‘human 
dimension’ of the industrial ecosystem. These are decisive and make certain links 
possible and certain links impossible. 

A distinction can be made between ‘topological connectance’ and ‘effective 
connectance’ (Matutinovic, 2002, with reference to Ulanowicz and Wolf, 1991; 
Ulanowicz, 1997). In topological connectance, all exchanges are equal in magnitude 
within the network. In contrast, in effective connectance, the flows are heavily skewed 
towards only a few nodes. We do not have data on the quantities of all the material and 
energy flows used or produced by each individual actor in a way that would enable 
quantitative comparison in the Uimaharju industrial ecosystem. But Figure 5 shows that 
there is a tendency toward effective connectance in the Uimaharju industrial ecosystem. 
That is, if we define effective connectance based on the number of roundput flow links 
each individual actor has. The CHP plant and the pulp mill dominate the number of the 
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links. If the condition of topological connectance would prevail, the different actors 
would have more equal numbers of roundput links with others. 

It is tempting to speculate on an alternative interpretation of the importance of an 
anchor tenant or key firm for industrial ecosystem development. Clearly, if the keystone 
species departs from the system, the stability and the continuation of the system may be 
threatened. Then, a question arises, is it beneficial for the system continuation, stability 
and long-term continuous improvement to have a one key actor or anchor organisation 
‘driving’ the system development? Furthermore, CHP plants, for example, are heavy 
investments and require long payback times. Actors who have invested in them may 
prefer to wait for the paybacks rather than innovate (e.g. toward more environmentally 
benign innovations).  

Connectance of the individual actors is an indication of the power, dominance and 
influence of different actors in the industrial ecosystem. If only few actors dominate the 
system, the diversity of the allocation of power within the system is low. But again, the 
definition of diversity determines this argument: Do we measure diversity by the number 
of actors or by the relative power/size/influence of the actors or by the equitability of 
resources among different actors? 

Figure 6 Connectance of the individual actors in the Uimaharju industrial ecosystem. The CHP 
plant and the pulp mill are the keystone species of the industrial ecosystem at 
Uimaharju. We have calculated only the most important flows and the most important 
actors. Not calculated here, are the roundput flows that relate to CHP plant; surplus 
power sold to the grid, incineration ash utilised for landfill building and recovered 
cardboard and packaging wastes used as fuel in the CHP plant. The roundput flows 
relating to the pulp mill and are not calculated here include tall oil and turpentine used 
by chemical industry outside the system boundaries and wood wastes used as fuels in 
the city of Joensuu energy system located 50 kilometres away as well as sawmill 
wastes coming from nearby mills and used as raw materials in pulping. The wastewater 
treatment plant uses the wastewaters from the residential area of Eno municipality. 
Some sawmill wastes are used in the Joensuu City energy system. If the minor 
importance roundput flows within the system boundaries and the roundput flows to or 
from outside the system boundaries would be calculated the connectance values of the 
CHP plant and the pulp mill would increase more than those of the other actors  
of the system. 
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6 Evaluating six arguments for the importance of diversity: literature 
analysis 

Six arguments that have been presented in favour of the concept of diversity arguing for 
its high value for sustainability are identified and assessed. 

Argument 1: diversity improves eco-efficiency and this contributes to 
sustainability 

One of the definitions of eco-efficiency is “the ratio of resource inputs and waste outputs 
to final product” (Schmidheiny, 1992,p.98; cited in Welford, 1998). Templet (1999; 
2004a–b), drawing from the ecosystem analogy/metaphor, measured diversity of an 
economic system as measured by the number of economic sectors using energy and the 
equitability of flows between them. Developed countries were more diverse and more 
energy efficient. The developing countries were less diverse and less energy efficient. 
Accordingly, to move towards sustainability, we should increase the economic system 
diversity and enhance economic system energy and eco-efficiency. Energy required for a 
certain amount of mileage driven or emissions produced per unit of economic output 
should be reduced. There is value in this message. Furthermore, it is certainly true that 
the economies of third world countries are vulnerable because of low diversity in their 
economic systems and production structures. Developing countries have to concentrate 
on producing only few key products such as coffee, tea or sugar, etc., and this results in 
immense pressures for them to use their natural resources in an unsustainable manner 
(Korhonen, 2002).  

Severe problems surround the question of resource and energy efficiency and its 
relation to sustainability. The “Jevon’s paradox” (Mayumi et al., 1998; Jevons, 1990)8 or 
the “rebound effect” (Berkhout et al., 2000) serve to illustrate the point (Korhonen, 
2004a–b). Jevon’s paradox means that the efficiency in the use of a resource leads to 
increased rather than decreased use of the resource. A rebound effect has occurred, when 
the efficiency of production reduces production costs, and eventually prices of end 
products and increased demand and consumption follow. Economic growth’s negative 
environmental effects more that offset the positive environmental gains of eco-efficiency. 
In USA, more fuel-efficient cars were manufactured. But people started to drive more 
with some even having two or three or more cars. The absolute fuel use and emissions 
went up. In Finland (and in the western world), the land of high technology, internet use, 
emails and cellular phones, I assume (without having done actual research on this 
question) the paper consumption has not decreased despite higher internet and email use, 
etc. Another problem in the argument is that we all know that the per capita consumption 
of fossil energy is much higher in western industrial or developed countries than in the 
developing countries. When reflected upon the above conclusion of Templet’s study, it 
can be argued that not only quantity (i.e., efficiency) but also quality (i.e., the type of 
energy and type of fuels used), should be taken into account when the contribution of 
diversity to sustainability is measured.  

Further problems can be identified in the definition of diversity. Matutinovic (2003) 
defines socioeconomic and cultural diversity: “as the vector of different socioeconomic 
systems coexisting in the global environment that can be grouped together to the extent 
they share similar patterns of economic activity, technology and per capita energy 
consumption – a similar pattern of making a living” (p.1). The last 35 years show 
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decreasing diversity (that is, the indigenous, traditional and rural cultures are loosing out 
while the western urban, industrialised and developed world cultures are winning in the 
world). The reduced diversity has led to an increase in those cultures and socioeconomic 
forms that depend on fossil fuels, while the village, rural or indigenous cultures using 
biomass and renewables for energy are vanishing from the world. Western cultural traits 
of western socioeconomic systems have been imposed on alien environments and 
cultures. The result has been abandonment of traditional agricultural practices, because of 
new monocultures, destruction of habitat and the ways of life of traditional hunting and 
gathering type cultures and tribes, and fast urbanisation.  

Concerning sustainability, we can identify two opposing arguments in the case of 
diversity and the energy question. Templet observed that diversity has increased and this 
can be desirable for sustainability, because energy efficiency has increased. Matutinovic, 
in turn, found that diversity has decreased. The reduced socioeconomic diversity and  
cultural diversity make it more difficult to make progress in sustainable development, 
because the fossil fuel dependent forms of cultures and socioeconomic systems dominate 
in the world.  

Argument 2: diversity is the precondition of economic networks, which stimulate 
cooperation and innovation 

Michael Porter’s theory of economic clusters suggests that the existence of many 
companies and their cooperation creates possibilities for innovation (Porter, 1990; 1998). 
Clusters imply that different complementary industries coevolve in the same locality or 
region in a mutually beneficial manner to the participants. Clusters are defined as 
“geographic concentrations of interconnected companies and institutions in a particular 
field” (Porter, 1998,p.78). Clusters enhance competition and the business performance of 
the participating firms. They allow companies to operate more productively in sourcing 
inputs, create opportunities for innovation by making new technologies accessible to 
different actors, because of ongoing relationships, and provide avenues for new 
companies to emerge which can gain from the cooperation benefits in the cluster. A 
region that has actors in the same particular field is a fertile ground for the emergence of 
a cluster. In energy sector or forest industry sector or wine production, when firms 
complete each other, an ‘energy cluster’ or a ‘forest industry cluster’ may emerge.  

The Joensuu City industrial recycling network gave some signs of local/regional 
industrial ecosystems being able to create similar benefits to the participating actors as in 
the vision of economic clusters (Korhonen et al., 2002). For sourcing inputs, under 
certain circumstances, it is economic to use local cheap (or free) waste flows as 
resources. Wastes can serve to substitute for imported and expensive natural resources or 
for more scarce or harmful resources that carry the environment, energy or CO2 tax 
burden or are targeted by environmental policy and legislation. In a successful industrial 
ecosystem, a firm is able to utilise, for example, wood derived wastes from local partners 
to substitute for fossil fuels and this can even result in economic opportunities in terms of 
the international emissions trading schemes.  

Consider the innovation potential of industrial ecosystems. One can think of a  
co-production technique of heat and power and wood or biomass utilisation for fuels. 
Perhaps, when companies work together in wood waste utilisation, e.g. sawmill waste 
utilisation in pulping, the ongoing cooperation relation and the mutual need for energy 
inspire the actors to innovate and jointly invest into a CHP plant equipped with the 
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technique of Fluidised Bed Burning (FBB). FBB enables the CHP plant to utilise low 
grade heterogeneous fuels, such as wastes and biomass, in its production of power, steam 
and district heat. In such a scenario, the firms utilise each other’s wood wastes both as a 
raw material, as a fuel for energy, and utilise the waste heat from electricity production to 
produce industrial process steam. The Uimaharju industrial park could perhaps be 
considered as an example of an innovation process with similar features. The evolution 
over time in Uimaharju created another innovation related to this wood waste – energy 
production link; the waste ash treatment plant processing the wood-originated 
incineration ash from the CHP plant to pellets utilised as fertiliser in forests. This seems 
to indicate that cooperation has enhanced innovation and the diversity in the actors 
involved in the system has increased in the process.  

Industrial ecologists tend to agree (Chertow, 2000; Cote and Hall, 1995; Cote and 
Cohen-Rosenthal, 1998; Boons, 1998; 2004; Boons and Berends, 2001). The exchange of 
tacit knowledge, personal relations and cooperation in general helps firms  
to ‘think out of the box’. Thinking beyond the problems and constraints of the current 
situation is fruitful for innovation, such as eco-innovation. If a firm produces paper 
wastes, it may place these wastes at landfills, paying the waste management costs  
(e.g. landfill charges, transportation costs). Possibly, its green image in the eyes of the 
stakeholders, investors, etc. suffers. If the firm now starts to cooperate with a nearby 
energy-producing plant, it may learn, through personal relations, about the production 
processes and technologies in this plant. The firm may learn to direct its wastes as 
resources with positive economic value to this plant.  

However, there are many problems and limitations in cooperation and 
interorganisational relations. The difficulties may actually make it more difficult to 
innovate, accept new visions and goals and implement these goals in practice (Dimaggio 
and Powell, 1983). Cooperation and inter-firm relations may lead to reduced efficiency 
and economic performance. Dimaggio and Powell (1983; Fennel 1980; Hawley, 1968) 
have come up with the concept of ‘institutional isomorphism’. ‘Today, however, 
structural change in organisations seems less and less driven by competition or by need 
for efficiency’ (p.147). When an organisational field is established, there can be high 
diversity in the firms participating in the field. But as the field becomes more established, 
the internal diversity begins to decrease. Homogenisation of the organisations in the field 
as well as of the new entrants to the field is taking place when the organisational field 
evolves over time. ‘By organisational field, we mean those organisations that, in the 
aggregate, constitute a recognised area of institutional life: key suppliers, resource and 
product consumers, regulatory agencies, and other organisations that produce similar 
services or products’ (p.148). Examples cited include American college textbook 
publishing, legal education, public schools, hospital field, radio industry, etc. Obviously, 
the organisational field concept can cover energy industry, forest, pulp and paper 
industry, agricultural and food industry sector, chemical industry, metals manufacturing, 
entertainment industry or the university system of a certain country, etc.  

The concept of institutional isomorphism captures the process of homogenisation: 
“isomorphism is a constraining process that forces one unit in a population to resemble 
other units that face the same set of environmental conditions” (Dimaggio and Powell, 
1983,p.149). The early adopters of innovations are driven by the motivation to improve 
efficiency and economic performance. But when an innovation spreads, legitimacy and 
acceptance by peers or other organisations in the same particular field become more 
important as motivations. Political power and institutional legitimacy and social ‘fitness’ 
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are very important drivers of the development of organisational and business strategies. 
Such drivers and influences are exerted on organisations by those other organisations and 
firms on which they depend. Other stakeholders, such as the state, influence firms, for 
example, through regulations. Firms imitate or mimic other successful firms in their 
particular field, especially in times of uncertainty. The more customers an organisation 
serves, the stronger is the pressure for the organisation to provide the same services as the 
other organisations in the same field provide their customers with.  

“The ubiquity of certain kinds of structural arrangements can more likely be credited 
to the universality of mimetic processes than to any concrete evidence that the adopted 
models enhance efficiency” (Dimaggio and Powell, 1983,p.152). Trade associations and 
professionalism are vehicles for the definition and promulgation of normative rules about 
organisational and professional behaviour and actions: 

“Organisational fields that include a large professionally trained labour force 
will be driven primarily by status competition. Organisational prestige and 
resources are key elements in attracting professionals. This process encourages 
homogenisation as organisations seek to ensure that they can provide the same 
benefits and services as their competitors.” (p.154) 

The institutional isomorphic processes are expected to continue despite the absence of 
evidence that they improve organisational efficiency.  

Should we then ask the question, is there a risk that cooperation and networking in 
industrial ecosystems or interorganisational strategies can create institutional 
isomorphism and a homogeneous system unable to innovate? Does cooperation and 
interorganisational work actually make it more difficult to innovate and create new 
solutions by reducing the network diversity? Does the innovation potential of industrial 
ecosystems occur only when the participating firms represent different organisational 
fields? When does ‘industrial ecology’ become an organisational field or when does it 
become the strategy of firms to establish an ‘industrial ecology cluster’? Do institutional 
isomorphic processes reduce the innovation potential of economic clusters? 

Path dependency and technological ‘lock in’ describe similar limitations hampering 
innovation (Salmi, 2003; Norton et al, 1998; Boons, 1998; Boons and Berends, 2001; 
Korhonen, 2001c; 2004a–b). When path dependency occurs, the ‘survival of the first’ 
rather than the ‘survival of the fittest’ is the prevailing cause of industrial and economic 
development. It would seem unlikely that the Uimaharju system would suddenly change 
its activity completely, e.g. stop producing timber or pulp and specialise only as a service 
provider, e.g. of environmental education services. The magnitude and the importance of 
the pulp mill and the CHP plant have determined the evolutionary (development) 
direction of the park for many years to come even though the system diversity has 
increased (according to our definition).  

Many of the above-mentioned industrial ecologists (e.g. Ehrenfeld, 2000; Korhonen, 
2001a, Baldwin et al., 2004; Geng and Cote, 2002) maintain that diversity is the 
precondition of cooperation. Such cooperation can actualise in industrial ecosystems in 
recycling wastes. Cooperation is good for and desirable in terms of sustainability. I want 
to argue that, yes, diversity may enhance the emergence of cooperative partnerships, but 
it can also make cooperation much more difficult to achieve. The answer depends on the 
case specific situational factors and conditions, and the scale of the system. In an 
industrial system in which there are diverse actors involved –private and public sectors, 
different organisisational fields and industrial sectors – of course, there are also diverse 
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values, worldviews, interests and preferences. If the dominating modernity and 
neoclassical economics paradigm is competition (Korhonen, 2002), it is clear that one 
cannot argue that diversity will always generate cooperation. The conflicting interests and 
preferences of the actors may prevent the emergence of cooperative relations.  

It is very difficult, if not impossible, to know what are the relations and cause-effect 
chains between diversity, networking, cooperation and innovation. It can be argued that 
the industrial ecology concepts of diversity, networking, cooperation and 
interdependency have been defined and interpreted in rather loose and vague fashion. 
More theoretical, empirical and case study work is needed to learn about their meaning 
and value for industrial ecosystem planning and management.  

Argument 3: diversity makes it possible for local self-reliant and sustainable 
systems to emerge 

References in the literature point that high diversity in the actors involved enhances  
the opportunities to achieve a locally self-reliant industrial system (e.g. Benyus, 1997). 
Some may interpret the Porter hypothesis on regional clusters to support the idea. Local 
or regional firms can complement each other in various ways. Cooperation and ongoing 
relationships among the actors may enhance the establishment of local and regional  
self-reliant systems within the economy. Industrial ecologists promoting diversity seem 
to propose that the local self-sufficiency is only possible if there are, for example, many 
suppliers and many customers within the local/regional economy working together. 
Otherwise the system is not able to produce its products or find customers for  
the products over the long term. If the system only produces a single product, it is much 
more vulnerable to external and internal changes and disturbances than a system, where 
the diversity of the products and producing actors is higher. In the Uimaharju system,  
the existence of plentiful renewable natural resources, wastes that can be used,  
energy-intensive industrial activity and industrial activity-demanding resources (and 
perhaps the fact that Finland is a cold country) have contributed to the emergence of an 
advanced and efficient local industrial recycling and waste utilisisation network. The 
network is very valuable for the local economy through the jobs it provides.  

But a counter argument can be derived. Increasing diversity in terms of the number  
of different actors involved has resulted in a situation where the local park is increasingly 
connected to the global market economy (e.g. Russia and Germany). In today’s  
market economy, if a system increases the number of its different producers and the 
products, such system simultaneously tends to increase its globalisisation. Today, it rarely 
makes economic sense to produce products having only a local market. Matutinovic 
(2001; 2002; 2003) interprets these kinds of tendencies as evidence of ‘cultural 
maladaption’. Modern culture is unable to adapt to the limits posed by the natural 
ecosystem. Markets and their information flows operate in a different manner than 
ecosystems do. The temporal and spatial scales of ecosystem evolution are not capable of 
adapting to a much more rapid human cultural evolution. Because of technology and 
transportation systems, the human economic systems have been able, up to now, to 
expand their level of activity beyond the local limits of the ecosystem. Local renewables 
are substituted with imported nonrenewables. Should we ask, does the increased number 
of actors involved in a local system also increase the likelihood of that system to become 
subject to attraction to connect to the global market economy? What does this imply for 

    
 
 

   

   
 

   

   

 

   

       
 



   

 

   

   
 

   

   

 

   

    Theory of industrial ecology: the case of the concept of diversity 61   
 
the direct and indirect environmental effects and the environmental performance of a 
local industrial ecosystem? 

The global market economy tends to expand and include more and more regions and 
cultural systems under its influence reducing the system diversity in the process 
(Matutinovic, 2001; 2002; 2003). The pulp and paper production of Finland, a small 
export dependent country, is heavily dependent on the global market economy and the 
Finnish industry contributes to the global market economy. Despite improvements in 
recycling and eco-efficiency of the Finnish pulp and paper industry, the industrial sector 
has very large environmental impacts. The forest industry of Finland (and forestry) 
correspond to 30% of total exports and 25% of all energy used in Finland (Verkasalo, 
1993; Korhonen, 2001b). To change the world toward sustainability, and to create what 
Ehrenfeld (2000) calls a “radical paradigm shift” toward sustainability, requires that also 
the continuous growth and operation of such systems over the long term must be 
questioned and alternatives for their evolution considered. Otherwise, there is a danger 
that incremental efficiency improvements in systems that are inherently unsustainable 
only support the dominance of the unsustainable global market economy and culture of 
modernity to which it contributes.  

Again, more work is needed to understand the relation of diversity and locality.  
More research is required to determine the influence that industrial ecosystem diversity 
has on the vision of locally self-reliant industrial ecosystems that would utilise local 
material and energy flows including wastes and by-products in a sustainable manner and 
would reduce transportation maintaining the system within the carrying capacity of the 
local natural ecosystem.  

Argument 4: diversity is a powerful metaphor contributing to a new paradigm of 
sustainable development culture  

The dominant economics paradigm and the dominant worldview of modernity culture 
dictates that economic systems should specialise in producing those goods in which  
they have the comparative advantage and those they can produce rapidly with minimised 
costs and maximised profits (Weitzman, 2000; Korhonen, 2002). A growing amount of 
literature asserts that the efforts to ‘economise’ ecosystems reduce the life-supporting 
biodiversity of those ecosystems. Commercialisation of forests may turn natural forests  
of high diversity into commercial or economic forests, and may reduce their biodiversity. 
The aim is to maximise the production of a single species. Modern economics  
science seems to ‘equip’ economic systems, such as those related to fishing, to target 
single species. Such a targeted and specified approach creates a risk of extinction  
due to economic growth and maximisation of production of the specialised product 
(Norton et al., 1998).  

Diversity is an important metaphor for more sustainable economics and for a  
more sustainable culture (Ehrenfeld, 2000; Korhonen, 2002; Matutinovic, 2001; 2002). 
The dominant economics paradigm and worldview has been very influential in many 
sectors outside the traditional realm of economics science (Lazear, 2000). Economics is 
the ‘language of modernity’. Economics science’s logic of individuals that maximise 
their rational behaviour and the concentration on the concept of efficiency and 
quantification has influenced many different disciplines in social sciences. Economics 
science’s capacity to simplify and quantify complex problems contributes to the success 
of the discipline.  
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The power and influence of the economics paradigm has reduced the perceived 
importance of more qualitative or emotional aspects of social development, of culture and 
human life. Economists even quantify and rationalise the decisions the spouses make on 
whether to divorce or stay in a marriage (Lazear, 2000). In this line of thinking, the 
decision is rational and its efficiency implications can be calculated, and it is not a 
decision that is emotional, and not a kind of a decision intangible for mathematical 
methods. Lazear describes how the concept of ‘marriage specific capital’ has been used 
in economics and influenced social sciences normally deemed outside the economics 
discipline’s realm, (e.g. sociology, cultural studies or psychology). The number of years 
spent in a marriage and the number of children the husband and the wife have decide 
whether it is a rational decision to stay married or not, whether it ‘pays of’. In a marriage 
with lot of these forms of marriage specific capital, it is more likely that the actors decide 
to continue the marriage when compared to a situation where the time the spouses have 
spent in the marriage is short and the number of children is lower or zero. With many 
children and many years, the return on investment is sufficient.  

A risk exists that the dominant economics paradigm of efficiency, quantification and 
rational individuals and firms has reduced the complexity and the diversity of culture, 
human life, and social and community systems. Has the reduction of cultural and 
socioeconomic diversity affected social, economic and environmental sustainability of 
the global economic system? Is it less resilient than before? Is it more vulnerable? The 
long-term sustainability of the economies in the developing countries must benefit from 
increasing economic system diversity. When developing countries sell their raw materials 
or raw-material intensive key products they produce to developed countries at a low price 
they get more sophisticated (refined) products back at high prices. The ongoing cycle 
creates a pressure on the developing world to further increase the mass production of the 
key (export) product of its national economies, and there is no possibility to invest in 
more developed economic system diversity in the poor country. The trend is likely to 
increase the environmental burden (e.g. forests are exploited in ever more rapid rates and 
the natural ecosystem diversity is sacrificed for economic specialisation and mass 
production of the specialised products).  

Social scientists have called for a new social paradigm for sustainability (Ehrenfeld, 
2000; Kuhn, 1962). Mere incremental, instrumental or small change is not enough. A 
fundamental and radical shift in our values, worldviews and ideas is required. The 
paradigm shift has two stages. The first stage is the metaphoric, paradigmatic and 
normative; the second is positive, descriptive and analytic. On the first stage, social 
construction takes place. Issues such as our culture, values, worldviews, norms and basic 
ideas and concepts are addressed. On the second stage, metrics, instruments and practical 
measures and tools are the focus. These are used to implement the existing visions and no 
social construction takes place on the second stage. According to Ehrenfeld’s argument, 
in a situation, where only the second stage experiences change, there is no paradigm shift, 
rather continuation of the existing paradigm with slightly different tools and metrics. 
Such an incremental change is not enough in today’s unsustainable world.  

The majority of the attempts to deal with unsustainability belongs to the normal 
practice stage, the second of the paradigm shift. Challenging and critical approaches to 
the dominant paradigm and worldview are missing. 
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“The reflexive consciousness that signals a shift of paradigms seems missing  
in the political and economic systems of modern industrial nations. Perhaps  
it is due simply to the inertia of social systems. Or perhaps it is due to a form  
of insanity as defined by some as continuing to act in the same manner  
but expecting the outcome to be different.” (Ehrenfeld, 2000,p.236) 

Metaphors are fruitful for innovative thinking, for creativity and as sources of inspiration 
(Korhonen, von Malmborg, Strachan and Ehrenfeld, 2004). Metaphors can be used on the 
first stage of the paradigm shift for sustainability, for example, for brainstorming new 
visions and concepts and for challenging the dominant unsustainable culture of 
modernity. Arguably, the ecosystem metaphor of diversity is important for such efforts to 
challenge the dominant economics paradigm of specialisation and mass production. The 
point is supported in Matutinovic (2001), who argues that modernity and the dominant 
culture of today is self-referential. I interpret this as in the quote from Ehrenfeld as 
continuing to act in the same manner as before but expecting the outcome to be different 
than before. When a social or cultural system is self-referential, it is not capable to 
challenge the fundamental and basic paradigm. Self-referential cultural and social 
systems operate according to the old and existing concepts, visions and world-views. 
Self-referential systems seek to reproduce themselves and increase their power. The 
change happening is small and incremental. New metrics, tools and instruments may be 
created but they are used for the underlying paradigm. 

It is necessary to provide some examples to illustrate the point. To overcome  
traffic problems, the culture of modernity constructs more lanes and delays the inevitable 
problem (Oliver et al., 2002). Could it be important to consider how to situate the 
workers closer to their workplace? We try and find solutions to problems we have  
created within our western culture by using norms and practices from within this  
same culture. Matutinovic (2001) refers to the solutions for household waste problems 
that concentrate on technology (e.g. waste incinerators or recycling techniques, machines 
and infrastructure). Could the real solution be a fundamental change in personal values 
and behaviour in the culture of our consumer society instead? Consider tackling the 
failure of industrial ecosystem recycling efforts with new waste processing or fuel use 
techniques and machines, while the real problem lies in the lack of trust and lack of 
culture of cooperation between the network actors (Gibbs, 2003). Waste paper problem at 
landfills is dealt with increasing the recycling rates and this leads to de-inking sludge 
with heavy metal or cadmium content. But one could perhaps also consider the product 
planning and design phase in which the adding of the ink to the product is determined 
(Korhonen, 2004a). Environmental policy and management have addressed ‘downstream 
problems’ instead of ‘upstream problems’, where the real cause of the downstream 
problems lies (Robèrt et al., 2002). Cleaning, purification and end-of-pipe techniques are 
applied to deal with harmful substances and flows in the downstream, but new harmful 
flows and substances are established in the upstream to substitute the old flows. In 
industrial ecosystems, “Knowledge of kinds of waste streams can provide a means to 
determine potential linkages. But this does not link them; decisions by people do” 
(Cohen-Rosenthal, 2000,p.245). 

Metaphors drawn from sources outside dominant social and economics paradigms can 
be valuable sources for creativity and inspiration on the first stage of the required 
paradigm shift for sustainability. Metaphors are valuable in terms of their transformative  
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power and as ‘eye-openers’. They can help in radical innovation. Diversity along with 
other metaphors derived from nature is fruitful for these kinds of purposes. Nature 
includes such characteristics as locality, cooperation and community, which are 
contrasting to the prevailing neoliberal paradigm that emphasises specialisation, mass 
production, globalisation, competition as well as unlimited economic growth. 

Argument 5: diversity of the system should be taken into account in 
sustainability and environmental performance analysis 

The system under consideration, the system that must be the focus in sustainability 
analysis and sustainable development processes is “society within the ecosphere”  
(Robèrt et al., 2002). It includes ecological, environmental, thermodynamic, social, 
cultural and economic principles. Evidence in the literature suggests that the diversity of 
this system has not been taken into account properly in public policies or in corporate 
environmental management.  

Because of single media-focused policy and legislation, airbourne emissions have 
been transferred to sludge disposed of to landfills that, too, emit emissions into the air 
through decay processes (Ayres, 1994). Material and energy flow analysis and models 
concentrating on an individual substance for instance in applications of Substance Flow 
Analysis (SFA), risk that the diversity of the material and energy flow system is ignored. 
Use of forest residues from cuttings as fuels can substitute for fossil fuels, but nutrient-
rich forest residues (twists, bark, branches, needles) are removed from the forest 
ecosystem nutrient cycle. When wood-originated incineration ash is returned to the forest 
to serve as fertiliser the risk of heavy metal and cadmium concentrations must be taken 
into account (Ranta et al., 1996; Korhonen, 2004a–b). The Uimaharju case shows that in 
today’s global market economy, production is often geographically separated from 
consumption. Pento found severe problems in the landfill and waste paper management 
in Germany (Pento, 1998a–b; Korhonen, 2004a). The success in controlling production 
emissions has come at the expense of shifting the emissions and wastes to consumption, 
which may be more scattered and dispersed, i.e., more difficult to monitor and handle 
(Andenberg, 1998; Rejeski, 1997). The achievements in the Uimaharju pulp production 
system in reducing COD and BOD emissions does not take away the fact that there can 
be de-inking sludge, heavy metal and cadmium problems at the landfills and paper 
recycling processes in Germany.  

Life cycle thinking and LCA have contributed to addressing this challenge of 
diversity. The entire life of the product is considered, when, previously, environmental 
management concentrated on an individual production process. However, LCA also 
employs system boundaries and needs to be improved. The social and economic 
dimensions are neglected in the environmental analysis of LCA, an approach to a single 
product life cycle can neglect other products’ life cycles, the focus on mainly known, not 
on unknown environmental aspects, reduces the potential of LCA and the sustainable 
development requirements of future generations have been left to a lesser attention 
(Robèrt et al., 2004; Welford, 1998). There are limitations in the spatial and temporal 
detail of LCA (Udo de Haes et al., 2004). 
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Argument 6: diversity determines the limits of economic growth 

John Harte argues that the natural ecosystem model in industrial ecology can alert us to 
the limits and set of constraints the global ecosystem poses on economic and industrial 
systems (Harte, 2001). Biodiversity belongs to natural capital. Natural capital cannot  
be substituted with human-manufactured capital, or such substitution is very difficult 
(Daly, 1996; Wackernagel and Rees, 1997). The role of natural capital for economic 
production processes is qualitatively different from human-manufactured capital’s role. 
Human-manufactured capital is produced by using natural capital. Natural capital or the 
functions/services it yields is not man-made (Daly, 1996; Costanza et al., 1997). Natural 
capital provides the source and the sink functions (resources and waste assimilation 
capacities) as well as the life-supporting services ecosystems are offering to economic 
systems. Biodiversity is essential in providing these functions and services. In the ‘full 
world’, with increasing growth of the economic subsystem within the parent ecosystem, 
the limiting factor of economic development is no longer man-made capital, rather 
natural capital. Biodiversity is a limit that must be taken into account in policy and 
management of societal systems. There is a scientific consensus in that biodiversity 
presents thresholds and limits to economic growth that cannot be exceeded without 
irreversible damage.  

7 Conclusion and discussion 

The concept of diversity has received enormous attention in the literature on sustainable 
development. The concept is one of the key features of those very few existing theoretical 
and conceptual contributions to the young field of industrial ecology. For industrial 
ecology’s continuous development as a scientific field, the distinct theoretical and 
conceptual aspects of the specific concept of industrial ecology should be developed. 
Unfortunately, up to now, the theoretical aspects have received only little attention in the 
literature. The technical tools, instruments or metrics (e.g., material flow analysis, life 
cycle assessment, substance flow analysis or eco-efficiency) are studied more intensively. 
This article attempted to contribute to the theory with a case of the concept of diversity. 
The paper expanded on Theory of Industrial Ecology (Korhonen, 2004a).  

A case study from energy and forest industry, its material and energy flows including 
wastes and by-products was analysed. Inter-process or inter-firm linkages among the 
actors involved were considered. Initial steps in quantifying the concepts of diversity and 
roundput were taken. It was found that the industrial ecology literature has simplified the 
concept of diversity and its relation to recycling, energy cascading and waste utilisation. 
The cause-effect-chains between the concepts of diversity and roundput and the 
sustainability or environmental performance of industrial ecosystems were found to be 
very difficult, if not impossible, to define and measure. Nevertheless, it is clearly very 
important to study the diversity and roundput of industrial ecosystems. These 
characteristics strongly influence the sustainability performance of industrial ecosystems. 
Many dimensions of the concept of diversity were identified, which need to be taken into 
account in future development of this industrial ecosystem concept.  

The article’s literature review addresses six arguments surrounding the concept of 
diversity. All of these arguments have been presented in favour of the concept (that it is 
valuable for sustainability). There are great difficulties in the use of the concept of 
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diversity in sustainable development research. The questions that, more or less, determine 
whether diversity can be used or not, or when and how, include the basic definition of the 
concept, the temporal and spatial scales in its application, other system boundaries and 
the focus system of the application of the concept. We also found those aspects that 
support the use of the concept of diversity for making progress in industrial ecology and 
sustainable development. The article contributes by identifying and analysing the many 
different dimensions that the concept of diversity has. 

The main finding is that the definition, understanding and perception of the concept 
greatly affect its value. There seems to be no limit to the way in which diversity is 
understood as a concept and many ways for measuring the concept exist. This, in turn, 
creates a situation, in which the recommendations derived from analysis of diversity in 
economic, industrial and ecological systems and used for policy and management can 
vary a lot. The finding is important for industrial ecology, a discipline that, up to now, 
has mainly been developed by scholars who have a background in engineering and 
natural sciences. Those preconditions and situational factors that decide the way in which 
an individual, an organisation, a firm or a policy decision maker perceives the concept of 
diversity in different situations are important research questions for industrial ecology.  

An individual actor interpreting a certain concept in a certain situation is always 
affected by his or her own personal ‘situation’.9 The situation is constructed from  
his or her history, culture and community. For example, the concept of ‘waste’, which is 
of central importance for the concept of industrial ecology, is defined in a different way 
in different cultures (i.e., in the developing and developed countries). The definition is 
also dependent on the time or the era in which it is made (Korhonen, von Malmborg, 
Strachan and Ehrenfeld, 2004; Desrochers, 2002; 2004; Pongracz, 2002). The situation 
from which an individual interprets the world is affected by social and cultural factors, by 
the networks an individual has, or, for example, by the educational and professional 
background the individual has. For investigating this question of situationality, 
methodologies from philosophy, anthropology, social sciences, cultural studies, business 
studies, management studies, organisational studies and from political studies are 
required. These must be brought alongside the dominant engineering and natural science 
aspects in industrial ecology. I hope this article has provided some potential research 
directions along these lines.  
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4 Other source for the Uimaharju case study: Enocell (2000) 
5 Other source for the Uimaharju case study: Siitonen and Ahtila (2002) 
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