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Abstract 

Many of the sustainability challenges our society currently face have arisen as unanticipated side effects of our 

own modern developments. This thesis investigates if unintended consequences and perspectives are fully 

addressed by traditional methods for providing decision-making support within the sustainability domain. For 

that purpose, Systems Thinking is utilised in three cases: in the first, Systems Thinking is used to analyse 

sustainability issues relating to the current product design paradigm. In the second case, Systems Thinking is 

applied to two product systems – household washing machines and conventional passenger vehicles. The third 

case discusses different stakeholder perspectives in environmental decision-making and proposes a way to 

combine the ESA tools LCA, LCC and CBA in order to consider the different stakeholder perspectives. 

Results of the first case point out that the practices within the current design paradigm are focused on 

innovations and improvements in material and energy efficiency. These practices have led to the following 

unintended consequences: consumption rebound effects, increased waste, pollution, negative externalities, 

economic inequalities and other environmental and social negative impacts. These unintended consequences 

are represented in a Causal Loop Diagram (CLD). The diagram graphically illustrates how these unintended 

consequences influence one another and interact by means of cause-effect linkages and reinforcing feedback 

loops. A novel conceptual framework named Sustainability-Driven Systems-Oriented Design is proposed to 

work within broader system boundaries in order to address possible negative side effects that micro-level gains 

could have on macro-level losses. In the case of the two product systems, a CLD for household washing 

machines and conventional passenger vehicles is developed. The CLDs represent how selected variables 

interact by means of cause-effect associations to affect environmental impacts of the products. The CLD 

technique appears to be a useful way to connect quantitative assessment (from Life Cycle Assessment) with 

qualitative analysis (from Systems Thinking). In the third case it is argued that stakeholders tend to adopt 

different system boundaries and make assumptions according to their perspective when they use ESA tools in 

environmental decision-making. A way to combine ESA tools is suggested to facilitate the observation of the 

environmental decision from different viewpoints. It concludes, to some extent, that traditional methods for 

providing decision-making support can handle certain parameters that may result in unintended consequences. 

Systems Thinking may assist in the process of performing qualitative analyses of what is important to consider 

in order to strengthen the robustness of, and improve on the recommended actions from, quantitative detailed 

analyses. 

Keywords: Systems Thinking, Sustainability, Product Design, Product Systems, Stakeholder Perspectives; 

Unintended Consequences 
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1. Introduction 

The innumerable gains in human well-being that our modern society has experienced are the results of 

developments in science and technology. However, these developments have resulted not only in gains but 

also in large losses, such as, ozone depletion, garbage accumulation, climate change, deforestation, pollution 

and decreasing biodiversity, resource depletion and resource wars (Skyttner, 2005). In an attempt to respond to 

these challenges, the concept of sustainability has emerged.  

According to Swilling and Annecke (2012), there are three main schools of thought within the domain of 

sustainability. The first is ‘doom and gloom’ environmentalism. These environmentalists have fundamentally 

given up on technological development, blaming it for the mess which our society is in. They claim that earth 

has already passed the tipping point in terms of the environment’s carrying capacity and resilience; hence, the 

efforts now should be placed on adapting our society to the negative consequences to come (Lovelock, 2009). 

The other extreme is ‘ecological modernisation’. Ecological modernisation premises its belief in technological 

fixes to conciliate environmental improvements with economic growth. 

A third alternative is to acknowledge that with modern developments comes the responsibility of unintended 

consequences. In this respect, great effort has been made by the field of Industrial Ecology to assess 

unforeseen consequences in environmental analysis and decision-making (Lifset and Graedel, 2002, Graedel 

and Allenby, 2003). The emphasis is placed on the accounting of the flows of materials and energy in industrial 

and consumer activities and the quantification of the impacts of these flows on the environment (Allenby and 

Richards, 1994). The efforts to account and quantify material and energy flows and environmental impacts are 

reflected in the extensive use of formal Environmental Systems Analysis (ESA) tools: Life Cycle Assessment 

(LCA), Material Flow Analysis (MFA), Substance Flow Analysis (SFA), Input-Output Analysis (IOA), Cost-

Benefit Analysis (CBA) and Life Cycle Costing (LCC). The purpose is to avoid narrow analyses that could 

overlook important variables that lead to unintended consequences (Lifset and Graedel, 2002) in different 

geographical areas and time scales (Andersson and Råde, 2002). 

Differing from the previous efforts which aimed at quantifying variables that can potentially cause adverse 

environmental impacts, this thesis contributes to the endeavour to qualitatively analyse unintended 

consequences of the design, production and consumption of physical consumer goods from a Systems 

Thinking viewpoint. The justification for intentionally deviating from the quantitative approach is that there are 

variables which are not easily quantified but that can play an important role in influencing environmental 

impacts. 

Although the term, unintended consequences, may seem self-explanatory, the setting in which this term is used 

demands further specification1. In the first place, unintended consequences are not the direct outcomes of 

purposive action. The intended and anticipated outcomes of purposive action are always relatively desirable 

                                                      
1 Based on the paper ”Marton, R. K. 1936. The unanticipated consequences of purposive social action. American Sociological 
Review, 1, 894-904.” 
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from the perspective of the actor of the action. However, those intended and anticipated outcomes may cause 

negative and undesirable later effects from the perspective of an outside observer (stakeholder). These later 

effects, which the actor of the purposive action did not address and are deemed to be negative to an outside 

stakeholder, are treated in this essay as unintended consequences. 

The so called consumption rebound effect is an example of this cause-effect chain of events. Put simply2, 

improvements in material and energy efficiencies (purposive action of a company) lead to associated cost and 

price reductions and increased consumption by consumers and profit for the company (intended and 

anticipated outcomes of the purposive action). Increasing consumption may, in turn, result in increasing raw 

material extraction, production, waste/pollution and environmental impacts (later effects undesirable from the 

perspective of an outside observer). These later effects are unintended consequences of efficiency 

improvements. 

1.1 Aim and objectives 

The aim of this licentiate thesis is to investigate if and which unintended consequences and perspectives are 

fully addressed by traditional methods used for providing decision-making support within the sustainability 

domain. Different possibilities for addressing the unintended consequences and perspectives with Systems 

Thinking techniques are discussed. A conceptual framework to facilitate the inclusion of such unintended 

consequences and perspectives during the process of product design is proposed. 

To this end, Systems Thinking is utilised in three different cases and reported in three papers (attached in the 

appendices), on which the thesis is based. Utilising Systems Thinking, the objectives of the thesis are to: 

i. Investigate and illustrate the unintended consequences of the current paradigm of product design 

ii. Identify variables which may not typically be considered in LCA studies but may have significant 

influence upon environmental impacts through cause-effect chains in product systems 

iii. Discuss different stakeholder perspectives in environmental decision-making and propose a way to 

combine the ESA tools LCA, LCC and CBA in order to consider the different stakeholder 

perspectives 

iv. Develop a conceptual framework to facilitate the inclusion of potential unintended consequences 

during the process of product design 

 

                                                      
2 For a more detailed explanation and examples on rebound effects see “Maxwell, D., Owen, P., L, M., Muehmel, K. & 
Neubauer, A. 2011. Addressing the Rebound Effect. A report for the European Commission DG Environment.” 
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materials, production and assembly of parts, utilisation, material recycling, incineration and land filling, 

including the electricity production required in all phases of the life cycle of the product. On an intangible 

level, consumer behaviour, design paradigms, purposes, function and objectives, processes, performance 

measures, stakeholder perspectives, cultural values, economy, etc. can also make up a product system. 

A model, diagram or graph of a product system is a particular worldview of what constructs are important to 

describe the product system. Keeping in mind the constructivist idea of systems, aspects of Systems Thinking 

can now be examined. 

2.3 Systems Thinking 

Systems Thinking is a wide term used to represent a set of methods and ways of thinking that focus on 

systems – rather than parts – as the context for defining, framing and solving complex problems (Sweeney and 

Meadows, 2010, Meadows, 2008). Systems Thinking helps to understand how localised issues have causes and 

consequences that have a much wider impact (Reynolds and Holwell, 2010). 

Two central principles of Systems Thinking are used within this thesis to examine sustainability challenges 

from multiple perspectives and to expand the boundaries of mental models in order to consider the long-term 

consequences and ‘side effects’ of environmental decisions. The purpose of using Systems Thinking here is to 

pursue a robust environmental decision. A robust environmental decision means to avoid future movements 

from one problem to another, from one time scale to another, from one stakeholder group to another, from 

one phase of the life cycle to another, from one resource to another, and from one material to another.  

2.4 Stakeholder perspectives 

In environmental decision-making not everyone’s objectives are the same. A stakeholder perspective denotes 

the interest that a stakeholder has upon the environmental decision. Different stakeholder positions cause the 

pursuit of diverse interests and sometimes divergent objectives, thus resulting in taking different actions. 

2.5 Consumption rebound effects  

The problematic issue of consumption rebound effect was first identified in the middle of the 19th century, 

during the industrial revolution, by the British economist William Stanley Jevons (Polimeni et al., 2008). Jevons 

affirmed that technological improvements, increasing the efficiency of coal use in engines doing mechanical 

work, were actually increasing the overall consumption of coal, iron, and other resources, rather than saving 

them, as many claimed (Alcott, 2005). The debate on this so called rebound effect has recently been re-opened 

and extensively discussed in the field of energy economics (Barker et al., 2007, Greening et al., 2000, Herring 

and Roy, 2007, John, 2007, Mathias, 2001, Ruzzenenti and Basosi, 2008, Sorrell and Dimitropoulos, 2008). 

Maxwell et al. (2011 p.6) define consumption rebound effect as “increases in consumption due to environmental 

efficiency interventions that can occur through a price reduction (i.e. an efficient product being cheaper and hence more is consumed) 

or other behavioural responses.” According to the authors, there are three types of price-induced rebound effect: 
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1. Direct Rebound Effect – an improved efficiency and associated cost reduction for a product results in 

its increased consumption because it becomes less expensive 

2. Indirect Rebound Effect – savings from cost reductions empower more income to be spent on other 

products 

3. Economy wide Rebound Effect – improved efficiency increases overall economic productivity 

stimulating economic growth and consumption at a macroeconomic level 

An interesting and more comprehensive definition is provided by Weidema (2008). He defines rebound effect 

as “derived changes in production and consumption when the implementation of an improvement option liberates or binds a scarce 

production or consumption factor”. According to him, these factors are: 

• Money – when the improvement is more or less costly than the current option 

• Time – when the improvement is more or less time consuming than the current option 

• Space – when the improvement occupies more or less space than the current option 

• Technology – when the improvement affects the availability of specific technologies or raw materials 

2.6 Sustainability 

Sustainability is both a vague and politicised term (Lant, 2004). It has different meanings for different persons 

(Graedel and Klee, 2002), ranging from short- to long-term visions, from individual to communities’ 

perspectives, from technological innovations to changes in people‘s attitudes, behaviours and preferences 

(Partidario et al., 2010). It has been estimated that some three hundred definitions of 'sustainability' exist 

broadly within the domain of environmental management and the associated disciplines linked to it, either 

directly or indirectly (Johnston et al., 2007). Due to this lack of objectiveness, one can define sustainability 

either narrowly or broadly enough to suit particular interests. 

Like other fields, Industrial Ecology has struggled in the practical application of the concept of sustainability. 

Ehrenfeld (2007) affirms that sustainability is not merely the opposite face of unsustainability. “[…] reducing 

unsustainability, the objective that is the driving force behind dematerialization, efficiency improvements, and other strategies 

associated with sustainable development, will not automatically produce sustainability […]” (Ehrenfeld, 2007). Concurring 

with this logic, Swilling and Annecke (2012) suggest that sustainability will not result from causing less damage 

over time, but rather by finding ways of living that restore those eco-systems upon which we depend. 

This is the sense of sustainability that is adopted in the present licentiate thesis. 
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3. Methodology 

A combination of methodological techniques and the Systems Thinking approach were applied in order to 

achieve the objectives of this thesis. In the next subsections, there is a description of the procedures adopted 

in each of the 3 Papers on which this thesis is based. 

3.1 Systems Thinking applied to product design 

Literature review and brainstorming sessions were used in an iterative process to ‘investigate and illustrate the 

unintended consequences of the current paradigm of product design (objective i)’ and to ‘develop a conceptual 

framework to facilitate the inclusion of potential unintended consequences during the process of product 

design (objective iv)’. The literature review was mainly used during the analysis of sustainability issues related 

to and practices of the current product design paradigm. The brainstorming sessions were predominant in the 

processes of (1) defining how these issues relate to each other and representing them in a Causal Loop 

Diagram (CLD) and (2) developing the conceptual framework. 

A short description of how to interpret a CLD is necessary at this point. In a CLD, the interactions between 

the variables are either positive or balancing. In a positive relation (“+” sign) both variables change in the same 

direction; that is, ‘the more one, the more the other one’ or ‘the less one, the less the other one’. Yet, in a 

balancing relation (“-” sign) the variables change in the opposite direction; ‘the more one, the less the other 

one’ or ‘the less one, the more the other one’. The causal relationship between the two variables is an arrow 

together with a “+” or a “-” sign. The variable at the arrow’s tail is supposed to have a causal effect on the 

variable at the arrow’s point. For more on CLD see chapter 5 of Sterman (2000). 

3.2 Systems Thinking applied to product systems 

Literature review, workshops and individual interviews with experts served the purpose of ‘identifying 

variables which may not typically be considered in LCA studies but may have significant influence upon 

environmental impacts through cause-effect chains in product systems (objective ii)’. Household washing 

machines and conventional passenger vehicles (using gasoline or diesel) were chosen as case studies. Firstly, a 

literature review was conducted for each case study to identify the variables, system boundaries and functional 

units that are commonly adopted in LCA studies on washing machines and road vehicles.  

Subsequently, two parallel workshops were organised to build a first version of Causal Loop Diagrams. The 

workshop on washing machines was organised at the Polytechnic of Turin (Italy). There were five participants 

from the Department of Architecture and Design with backgrounds in industrial design and systemic design. 

The workshop on conventional passenger cars took place at KTH Royal Institute of Technology, Stockholm. 

There were five expert participants with backgrounds in environmental economics, transport and LCA. 

The purpose of the workshops was to gain a first view of the: 

• large system where the studied products are embedded 
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• variables that may influence the environmental performance of the product through cause-effect links 

within that system 

• nature (positive or negative) of the relationships between these variables in order to get a better 

understanding of how the chosen variables may affect the environmental impact of the studied 

product through the cause-effect links 

During the two workshops, experts were asked to brainstorm variables related to environmental impacts of the 

two product systems and to discuss their connections. Due to time constraints during the workshop, only a 

preliminary version of the Causal Loop Diagrams was developed for each of the product systems. There were 

still missing links between variables and even between important variables to the systems.  

The diagrams were further developed by experts together with the authors of the paper using individual 

interviews to advance the level of completion. Three interviews were conducted for each case. In each 

interview the first version of the Causal Loop Diagram was presented to the expert. Then, variables, links and 

their polarity were discussed. Special attention was also given to the naming of the variables. The expert and 

the interviewee verified the consistency of the cause-effect linkages and the relevance/importance of each 

variable to the system represented in the diagram.  

This process of developing the Causal Loop Diagrams followed the Group-Model Building method (Vennix, 

1996). 

3.3 Systems Thinking applied to different stakeholder perspectives 

Literature review and brainstorming sessions were used in the ‘analyses of different stakeholder perspectives in 

environmental decision-making and the proposal of combining the Environmental Systems Analysis (ESA) 

tools LCA, LCC and CBA in order to consider the different stakeholder perspectives (objective iii)’. The 

literature review was utilised to investigate stakeholder perspectives described in studies; then, the perspectives 

described in Sexton et al. (1999) was adopted and the Stakeholders Opinion Assessment (SOA) method 

(Frostell et al., 2005, Frostell, 2006) was used to define the stakeholder groups – Industries, Authorities, 

Academia and Public. Finally, the brainstorming sessions were conducted to discuss and delineate the 

implications of these perspectives to the applications of ESA tools.  

The Swedish case of attempting to lower the environmental impact of buildings by using lignin powder in 

concrete production, instead of burning it on site for energy recovery, was chosen as a case (Back, 2012). To 

date, the Swedish pulp and paper industry has been using lignin mainly for energy recovery (Axelsson and 

Berntsson, 2012, Laurijssen et al., 2012, Joelsson and Gustavsson, 2012). In this scenario, the downstream and 

upstream effects of producing and using lignin powder in concrete as well as the different perspectives of the 

stakeholders in this decision-making situation were explored. 
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4. Results 

4.1 Unintended consequences of the current product design paradigm 

Product design determines most of the environmental impacts that a product will potentially have during its 

life cycle. Design choices specified in the design plan, such as, type of materials and manufacturing processes, 

strongly influence the rate of material or energy input per unit of the service offered by the product. Therefore, 

to date, considerable research in product design has been devoted to innovation and improvements on 

material and energy efficiency in the design of consumer goods.  

The practice of adopting environmental considerations into product design has been termed ‘Ecodesign’ 

(Lagerstedt and Luttropp, 2006, Lofthouse, 2006, Luttropp and Lagerstedt, 2006, Spangenberg et al., 2010, 

Vezzoli and Manzini, 2008). The aim of Ecodesign is to integrate in a ‘life cycle perspective’3 environmental 

attributes early into product design, together with more traditional values such as production costs, 

functionality, aesthetics, etc. (Nielsen and Wenzel, 2002, Lagerstedt and Luttropp, 2006, Yarwood and Eagan., 

2001). Ecodesign strategies can be summarised as follows: 

• Transmaterialisation: substitution of materials for others with less environmental impact 

• Dematerialisation: minimising material use per unit of service output through substituting products for 

services, reducing weight, volume and packaging 

• Modularisation: optimisation of the product lifespan with repair and upgrade strategies 

• Reduction of energy use in all stages of the product life cycle 

• Intensification of use by product sharing 

• Closing material loops with recycling and remanufacturing strategies 

Product designers and engineers have been utilising Ecodesign tools4 in industry for decision-making support. 

From an industry perspective, great progress has been made in attaining environmental gains that yield parallel 

economic benefits. Indeed, individually, refrigerators, washing machines, cars, computers, mobile phones and 

other industrial appliances have consumed less and less material and energy during their life cycles (Vezzoli 

and Manzini, 2008).  

Nevertheless, rather less attention has been paid to the overarching unintended consequences of such 

innovations and improvements (Paper 1). From an outsider’s perspective, innovations and efficiency 

improvements have been acting in a counterproductive manner as they have encouraged an increase in 

consumption due to associated price reductions. Consequently, increased consumption promotes increased 

                                                      
3 Detailed information about life cycle perspective can be found on ”Unep 2005. Life Cycle Approaches. The road from 
analysis to practice. Paris: UNEP/ SETAC Life Cycle Initiative.” 
4 For a list and classification of Ecodesign tools see “Bovea, M. D. & Pérez-Belis, V. 2012. A taxonomy of ecodesign 
tools for integrating environmental requirements into the product design process. Journal of Cleaner Production, 20, 61-71.” 
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economic growth, thereby restarting the loop through further innovation. This reinforcing feedback loop of 

the consumption rebound effect is represented in the Causal Loop Diagram (CLD) of Figure 2 by R1. 

The self-perpetuating cycle of design, production and marketing of cheaper, newer and exciting products is 

vital to keep the economy growing (Partidario et al., 2010). Associated with this is the perpetual desire for 

novelty, strongly linked to the role that consumer goods play in people‘s lives (Jackson, 2009a). The collective 

desire for novelty is captured by and drives the engine of growth.  

To keep the vicious cycle of innovation-consumption running, products have been designed to have a shorter 

and shorter lifespan (Chapman, 2009). Two strategies can be used for that purpose: planned obsolescence and 

perceived obsolescence (Leonard, 2010, Guiltinan, 2009, Chapman, 2009). The objective of planned 

obsolescence is to encourage replacement purchasing by consumers. According to Guiltinan (2009), the most 

direct way to speed replacement demand is to shorten the usable life of a product by limiting functional life 

through design, designing for limited repair, and/or designing aesthetics that lead to reduced satisfaction. 

Perceived obsolescence is a strategy used to convince people to throw away goods that are still perfectly useful 

(Leonard, 2010, Guiltinan, 2009, Chapman, 2009).  This strategy facilitates the launch of a new model into the 

market. Since the things we have tend to define our identity in society, we do not feel good having an old 

model (Leonard, 2010). 

The cycle of innovation and ‘creative destruction’ and the consumption rebound effect are two reinforcing 

feedback loops spinning in the same direction to feed economic growth. In the former, product innovation 

leads to a shorter product lifespan, which leads to more consumption. Greater consumption fosters economic 

growth. The greater the economic growth, the more financial capital that is available to reinvest back into 

further innovation. This reinforcing feedback loop of the engine of growth is represented in the CLD of 

Figure 2 by R2. 

This globalised commercial system makes the social and environmental negative impacts - depletion of natural 

resources, loss of clean air along product chains, and negative health impacts due to pollution – occurring in 

the phases of extraction of raw material, production and waste management to go unnoticed in the 

consumption phase. That is, it is difficult to notice and value social and ecological negative externalities in the 

consumption phase (Leonard, 2010, Bilancini and D'Alessandro, 2012, Bithas, 2011, van den Bergh, 2010). A 

negative externality occurs when an activity or transaction by some party causes an unintended loss in welfare 

to another party, and no compensation for the change in welfare occurs (Daly and Farley, 2010). 

The ability to extract raw materials and produce goods in one part of the world and ship them around the 

planet has accentuated the use of negative externalities and accelerated the negative impacts. According to the 

Organisation for Economic Cooperation and Development (OECD, 2011), the use of undervalued natural 

resources and human capital has not only polluted the planet but has also drastically accentuated economic 

inequalities - referring to inequalities in the distribution of incomes and other economic factors such as wealth, 

employment or human capital. As the true costs of consumption, production and extraction of raw material 
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Waste and pollution and economic inequalities can generate a broad range of other undesirable consequences 

with different spatial (local, regional and global) zones and time scales. The activities undertaken during the 

extraction of raw material, production, consumption and final disposal – fossil fuel combustion, emissions of 

toxins, use of herbicides/pesticides/fertilizers, biomass burning, disposition of toxins in landfills, etc. – lead to 

environmental impacts – climate change, loss of biodiversity and resource depletion (Graedel and Allenby, 

2003). These environmental impacts in turn affect the ecosystem services upon which our society depends – 

nutrient cycling and supporting of soil formation; freshwater, food and wood and fibre provisioning; climate, 

flood and disease regulating; water purification; aesthetic, spiritual, educational and recreational cultural related 

services (Millennium Ecosystem Assessment, 2005). 

Economic inequalities negatively influence social cohesion (Wilkinson and Pickett, 2010), physical and mental 

health (Wilkinson and Pickett, 2006, Thorbecke and Charumilind, 2002, Kawachi et al., 2010), civic and 

political participation (Lancee and Van de Werfhorst, 2012, Uslaner and Brown, 2005, Solt, 2008), solidarity 

(Paskov and Dewilde, 2012), homicide and violent crime (Thorbecke and Charumilind, 2002, Elgar and 

Aitken, 2011),  drug abuse (Wilkinson and Pickett, 2010), education (Thorbecke and Charumilind, 2002, Costa-

Font and Gil, 2008), obesity (Costa-Font and Gil, 2008), life satisfaction (Delhey and Kohler, 2011), 

imprisonment (Wilkinson and Pickett, 2010), social mobility (Esping-Andersen and Wagner, 2012), social trust 

(Uslaner and Brown, 2005, Rothstein and Uslaner, 2005), and child well-being (Cunha and Heckman, 2009) 

and malnutrition (Larrea and Kawachi, 2005). 

Furthermore, many environmental impacts produce stresses on the social impacts and vice-versa. Changes in 

the ecosystem services ultimately affect constituents of the human well-being – security, basic material for 

good life, health, good social relations and freedom of choice and action (Millennium Ecosystem Assessment, 

2005), and alterations on the social structure further increase environmental degradation. 

The mental model of Figure 2 is still incomplete (as all models always are). One could add many more 

feedbacks. For example, the increase of material and energy efficiency decreases the extraction of raw material 

and the generation of waste and pollution below what it would otherwise have been, easing the environmental 

impacts. The model does not explore other positive effects of the development of innovation, including 

recycling and remanufacturing strategies and removal of environmentally harmful substances from the material 

streams. 

Nonetheless, the model has implications for macro-economics, industry and a derived logical consequence to 

the design process of consumer goods. The macro-economic implication corroborates with two of the most 

fundamental claims of the ecological-economics field: (i) to assign an economic value to ecosystem services 

and biodiversity and (ii) to replace the out-dated economic indicator of gross domestic product with broader 

human-welfare metrics (Daly and Farley, 2010, Costanza et al., 1997b, Costanza et al., 1997a, Wijkman and 

Rockström, 2013). The implication for industry concurs with the concept of Industrial Ecology – to take a 

wider perspective on manufacturing systems’ improvement in order to successfully impact overall 
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environmental performance (Despeisse et al., 2012, Ayres and Ayres, 2002, Baas, 2008, Graedel and Allenby, 

2003). 

Finally, the logical consequence for the design process of consumer goods is to adopt a Systems Thinking 

perspective in order to address possible effects that micro-level gains may have on macro-level losses. 

Applying Systems Thinking in product design is a possible future direction to be developed to address 

unintended consequences. Section 4.4 presents a conceptual framework named Sustainability-Driven Systems-

Oriented Design to be utilised for that purpose. 

4.2 Causal Loop Diagrams to identify sources of environmental impacts 

The Life Cycle Assessment (LCA) method is commonly used to quantitatively assess the potential 

environmental impacts that a product could have during its life cycle (cradle to grave). However, a product is 

not part of an isolated life cycle. On the contrary, there are connections between other variables in the product 

systems. Hence, these important variables can also influence the environmental impacts of the product 

through cause-effect linkages. 

The improvement actions based on the LCA results should be adopted taking those important variables and 

linkages also into consideration in order to avoid the “solutions”, based on the LCA results, creating further 

problems. The Causal Loop Diagram (CLD) technique was utilised to identify variables which may not 

typically be identified and considered in LCA studies but may have significant influence upon environmental 

impacts through cause-effect chains (Paper 2). The CLDs obtained represent the product system of washing 

machines (Figure 3) and the product system of passenger vehicles (Figure 4).  

As can be seen by the different colours in Figures 3 and 4, the variables identified were divided in five main 

categories. The categories Design/Production (green), Use (purple) and End-of-life (blue) group variables are 

connected to the life cycle stages of the products. The category named Context/Territory (orange) 

encompasses variables related to the context or territory of the products, and are strictly dependent on local 

characteristics e.g. the organisation of the society, the infrastructure, the cultural and traditional identity. The 

fifth category, Consumer Behaviour (pink), consists of variables connected to the behaviour of users of the 

washing machines or vehicles.  

The diagrams also show the links and relationships between the variables and the nature of some of these 

relationships (positive or negative). It can be noticed in the Causal Loop Diagrams a complex 

interconnectedness between the variables in the groups Design/Production, Use and End-of-life (variables 

which are connected to the life cycle stages of the products) and the variables which belong to the other two 

groups, Context/Territory and Consumer Behaviour. In fact, Design, per se, already is an extremely complex 

domain with a lot of variables needing to be considered (e.g. ergonomics, dimensions, functionality, and 

aesthetics). 



.

Results 
Applications of systems thinking within the sustainability domain: 

product design, product systems and stakeholder perspectives 

 

13 

The variables marked in bold text were found in the LCA studies (vide Paper 2 attached) – ‘detergent use’, 

‘energy use’, ‘natural resource use’ and ‘transportation’ in Figure 3; ‘material recovery’, ‘vehicle 

lifespan/obsolescence’, ‘reuse’ and ‘direct vehicle energy use’ in Figure 4. 

It is important to emphasise that the CLDs are mental models thus they represent the participants’ beliefs 

about the networks of causes and effects as well as which variables are judged important to be included or 

excluded.  

The Causal Loop Diagrams, represented in Figures 3 and 4, encompass primarily “soft” or qualitative variables 

(user behaviour, market demand, government policies, etc.). Such variables seemed particularly important to 

assist in structuring the system of which the studied products are part. Most notably, the diagrams suggest that 

these soft variables may also influence environmental impacts through cause-effect linkages. 

For instance, in the case study on road vehicles, the environmental impact per passenger car over its lifetime or 

per km travelled (functional units usually considered) can be directly influenced by ‘material recovery’, ‘vehicle 

lifespan/obsolescence’, ‘reuse’ and ‘direct vehicle energy use’  (variables identified in the LCA studies – vide 

Paper 2). As shown in Figure 6, these variables can be influenced by ‘vehicle design development’, which in 

turn, are affected by ‘government policies and taxes’; ‘material recovery’ and ‘reuse’ are affected by ‘secondary 

material and spare parts market demand and infrastructure’; this clear example of cause-effect linkages is: the 

more the ‘public transport development’ is, the less the ‘car ownership’ becomes, decreasing ‘vehicle travel’; 

the less the ‘vehicle travel’ is, the less the ‘traffic volume’ exists, causing the ‘direct energy use to decrease’. 

Similarly, in the case study on washing machines, the variables identified in the workshops also influence the 

functional unit of the washing machine through cause-effect linkages. The ‘amount of clothes washed per year’ 

(functional unit) can be influenced, for example, by the ‘cultural identity’. ‘Cultural identity’ may refer, for 

instance, to cultural traditions of washing clothes often/seldom. As can be seen in Figure 5, ‘cultural identity’ 

influences ‘user washing habits’ which in turn impacts ‘energy use’, ‘water use’, ‘detergent use’ and ‘washing 

machine lifespan/obsolescence’. 
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industry (potential users of lignin) 

3. “Does substituting cement for lignin in concrete decrease the environmental impacts of the concrete used in buildings?” (a) 

concrete industry, (b) authorities, (c) academia, (d) public 

4. Does using lignin in concrete instead of burning it for energy recovery diminish the overall environmental impacts? (a) 

pulp and paper industry, (b) authorities, (c) academia, (d) public 

The ESA tools Life Cycle Assessment (LCA) and Life Cycle Costing (LCC) can broaden system boundaries of 

pulp and paper production and concrete production to a life cycle perspective. The Environmental Cost-

Benefit Analysis (CBA) tool (Hanley and Nick, 1993, Atkinson and Mourato, 2008) should capture 

environmental costs and benefits outside the scope of the life cycle stages. 

The logical implication proposed to deal with this bounded rationality is to merge the agendas of the 

stakeholders whilst adopting a systems perspective. In this way, separate information is restructured and bound 

together to improve the chances for agreement among the different stakeholders. Particularly, methods that 

focus on just economical or environmental aspects can work together and thereby balance the monetary 

efforts with the best environmental practices. How this is done and in what order the different tools are 

applied depends on the priorities of the decision-makers. This attempt to merge agendas would allow for a 

broader set of upstream and downstream consequences in environmental decision-making. 

A way to combine the ESA tools LCA, LCC and CBA (Life Cycle Assessment, Life Cycle Costing and Cost-

Benefit Analysis) is proposed to include the various stakeholder perspectives and facilitate observation of the 

problem from different points of view. Environmental impacts identified in LCA may be used as 

environmental costs in LCC. While LCA allows for the identification of energy inputs and emissions, the 

application of LCC estimates the initial and future expenses of the project. In addition, CBA could be used as a 

scale to consolidate and to compare the results given by the LCA and LCC. The LCA and LCC results can 

serve as inputs in terms of costs for the CBA. The CBA would then act as “a scale”, weighing up costs and 

benefits in order to provide a final output for the environmental decision.  

In the case discussed in paper 3, benefits considered are the revenues from selling the lignin powder to the 

concrete industry and also possible subsidies, an eventual eco-labelling of the company and improvement of its 

public acceptance profile. All the costs and benefits are then translated into monetary terms and the CBA is 

used to evaluate and compare all the data provided (see Figure 6). 
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Goals which promote sustainability should be set. These goals are function requirements for the system itself. 

The function of a system is often the most crucial determinant of the system’s behaviour (Meadows, 2008). 

Therefore, these function requirements should help to translate renewed world-views and convictions into a 

series of events over time, defining the structure of the system, which in turn is, in fact, the source of the 

system behaviour. Renewed societal goals invite renewed world-views and convictions, which are the strongest 

possible interventions in complex systems (Meadows, 1999, Meadows, 2008). 

With the holistic understanding of how the chosen system works – the system boundaries, inputs and outputs, 

important stocks and flows, interrelations among the entities of the system, etc. – the boundaries are shrunk to 

a manageable size and goals as functional requirements for the product are formulated.  

In addition to the goals, objectives and constraints are determined and performance indicators are identified, 

whereby one can assess whether and to what extent the objectives and constraints are met. Techniques such as 

stakeholder involvement and participatory design (Bowen, 2010, Luck, 2003, Vink et al., 2008) and scenario 

visualisation can be applied. 

The new solutions generated are then selected for implementation. If performance indicators are well- defined 

(i.e. they are measurable and unambiguous), simulations can be executed. These can assess the performance of 

the design alternatives. An alternative to simulations is to perform qualitative assessments. The goals and 

objectives are assessed against performance indicators. The performance indicators as well as the assessment 

processes should be developed together with stakeholders. 

Further research phases can deepen the understanding of customer behaviour, market acceptance, economic 

feasibility, environmental impacts, and positive impacts on economic equity. Finally, the new solution is 

implemented and adequate follow-up is set. 
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5. Discussion 

Previous efforts aimed at promoting sustainability in industrial and consumer activities have been focused on 

improving material and energy efficiency (Ecodesign). From the perspective of the actors, (industries) these 

endeavours have been relatively successful in meeting targets. The material and energy requirements of 

physical consumer goods – household appliances, vehicles, computers, mobile phones, etc. – have decreased as 

new product models and generations are launched into the market. In addition, high toxic materials have been 

replaced by less toxic ones. 

Nonetheless, from the perspective of an outsider, these improvements might act in a counterproductive 

manner. As industrial production becomes more efficient, the lower energy or materials requirements per-unit 

of product have been translated into lower consumer costs, which in turn is encouraging consumption to 

increase. As a result, the efficiency gains have been recurrently cancelled out by overconsumption. 

Whether this consumption rebound effect occurs or not depends very much on the marginal expenditures of 

consumers (Weidema, 2008). If the money saved is then spent on a product that carries a higher environmental 

impact intensity, the overall environmental burden is worsened; if the money saved is alternatively spent on a 

product that carries a lower environmental intensity, then the environmental gains are assured. A ranking of 

environmental intensity of products can be found on Tukker et al. (2006)and Weidema et al. (2005). 

Traditionally, Life Cycle Assessments (LCA) do not consider marginal consumption when comparing product 

alternatives (Thiesen et al., 2008). However, the conclusions of comparative LCAs may be significantly 

influenced by price differences and the consequent effects of marginal consumer expenditure (Thiesen et al., 

2008). Thiesen et al., 2008 (2008) demonstrate that the rebound effect of price differences can be considered in 

comparative LCAs by using statistics on private consumption and by modelling the marginal consumption 

pattern. The authors argue that the LCA results could provide an estimate of the potential impact relating to 

price differences between product alternatives. Nevertheless, great uncertainty would be present due to the 

difficulty in measuring how people spend the money saved from buying a cheaper alternative product and also 

due to the use of average data. 

In paper 1, it was demonstrated how the consumption rebound effect is also linked to generation of waste and 

pollution, as the rates of production and raw material extraction vary, and how these – waste and pollution – 

can influence social and environmental negative externalities, economic inequalities and other broad 

unintended consequences in our society. It is, therefore, important to optimise not only the environmental 

attributes of a single product and influence the purchase choices, but also to take into consideration in 

environmental analysis those broader unintended consequences. Unintended consequences are interwoven 

with each other, come about by means of feedback loop mechanisms at different time and space dimensions 

from their original causes and affect different stakeholders.  

For example, attributes like context/territory and consumer behaviour could also have a significant role in 

determining environmental impacts. In paper 2, despite the different backgrounds of the experts, two main 
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concerns were underlined in both case studies. The first concern is the relevance of the context as a factor of 

influence for several variables, including user washing habits, driver behaviour, cultural identity, infrastructures 

and government policies. The experts stressed how user behaviour is strictly dependent on the characterisation 

of the context where they live. In both cases the experts highlighted that variables of the Context/Territory 

category also play a significant role in influencing environmental impacts. During the workshops, the experts 

suggested the possibility of including a “parameter of locality”, different for every territory, through which the 

quantitative data from the LCA should be critically used in different contexts. 

The second concern is the necessity of including qualitative aspects in the analysis of potential causes of 

environmental impacts in product design. This was especially noticed in the washing machine case, where the 

experts were not fully familiar with the LCA methodology. For instance, they pointed out that different types 

of obsolescence are essential qualitative factors to be considered. 

Furthermore, variables deemed to be important in environmental analysis can vary considerably and, in certain 

cases, even be contradicting as different stakeholders have different perspectives and interests. In Paper 2, 

despite both Causal Loop Diagrams showing the same categories (Design/Production, User, End-of-life, 

Context/Territory, Consumer Behaviour), the variables deemed to be relevant were not the same. This fact is 

probably due to the non-homogeneous background of the experts, which is, in fact, a key element of 

multidisciplinary workshops. Probably for this reason, experts from the design field in the washing machine 

workshop were particularly focused on the environmental impact caused by the product itself. They were 

concerned for instance about the shape and about the relationship that the washing machine has with other 

products in the home. Yet the experts in the road vehicles workshop were more concerned with much broader 

issues, e.g. traffic volume or public transport development, and did not consider, for example, the possibility of re-

building the vehicle in a different way. 

The different perspectives in environmental decision-making were exemplified with the Swedish case of using 

lignin powder in concrete production towards lower environmental impacts of buildings instead of burning it 

for energy recovery on site (Paper 3). The Swedish pulp and paper industry may look at (1) whether it is 

economically beneficial to produce lignin powder and (2) what the environmental impacts are of the new 

production compared to the base line scenario (current production). The concrete industry might also be 

interested to know (1) whether it is economically beneficial to use lignin powder in the concrete mixture and 

(2) what are the environmental impacts of the new practice compared to the current practice. The authorities 

and academia may be concerned with the possibility of increased deforestation due to the possible increase in 

demand for the lignin. The public may want to know what the short- medium- long-term environmental 

consequences (timber supply, energy supply, etc.) are from producing lignin powder. 

Despite these differences, a common characteristic among ESA tools is that, depending on assumptions made, 

one can arrive at contrasting conclusions. The perception of the stakeholders influences where they draw the 

system boundaries (boundary selection) and which assumptions they make when utilising tools for decision 

support. Therefore different results could be obtained and different actions taken. This may be called bounded 
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rationality (Meadows, 2008, Sterman, 2000, Simon, 1996, Jones, 1999). Bounded rationality could also cause 

unintended consequences upstream or downstream in a product life cycle. To solve this methodological issue 

the different stakeholders are required to be involved in the process of applying those tools. A first step 

towards this level of integration involves acknowledging the diverse viewpoints of the stakeholders. 

Perhaps taking into account the variations of the boundary selection and the attributes of context/territory, 

consumer behaviour could also be included in LCAs. These variations could be treated as sources of 

uncertainty in sensitivity analysis for the recommended improved options (Moberg, 2013). For example, 

different “personas” (types of user) could be created to simulate different consumption patterns (Moberg, 

2013). 

In fact, the actors (industries) should be equally concerned with improving efficiency of their products as with 

addressing unintended consequences in the product system and with the different stakeholder perspectives. 

The conceptual framework of Sustainability-Driven Systems-Oriented Design presented in Section 4.4 could 

serve the purpose of binding environmental analysis and stakeholder perspectives into the overall design 

process. The framework may help to incorporate qualitative attributes and include macro rather than only 

micro effects in the environmental analyses. The tools for information visualisation and stakeholder 

involvement may assist the boundary selection, the communication and the agreement between/across 

stakeholders. 

5.1 Limitations and opportunities for future research 

There is a trade-off between compassing a broad range of issues and deeply analysing just a few. In this thesis, 

the choice was to be general, broad, and qualitative and to cross different disciplines. This purposive choice led 

to three research constraints: (1) limited in-depth analysis of an issue in a discipline; (2) risk of overlooking 

something regarded as important from an expert in a field; (3) non-quantification of research findings. 

A deeper analysis of specific issues could be considered for future investigation. In-depth case studies could be 

carried out performing qualitative analysis to firstly identify important aspects that influence environmental 

impacts. This approach is especially valid in the early stages of product design when the product characteristics 

have not been fully specified. Quantitative analysis of aspects identified would follow the screening process. The 

systematisation of this approach that combines qualitative and quantitative analysis would substantially add 

breadth to the current practices in the field of Industrial Ecology when considering unforeseen unintended 

consequences of industrial and consumer activities. 

In conclusion, efforts to promote sustainability have been concerned with lessening environmental impacts of 

industrial and consumer activities. Considerable progress has been achieved in this direction yet positive 

interventions are also necessary. Thus, sustainability efforts should be as concerned with repairing the damage 

as with promoting the current and future good. This may be called Positive Sustainability. 
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6. Conclusions 

The aim of the thesis was to investigate if and which unintended consequences and perspectives are fully 

considered in traditional methods for providing decision-making support. In the pursuit of this aim, Systems 

Thinking was utilised to: 

i. Investigate and illustrate the unintended consequences of the current paradigm of product design. The current 

paradigm to promote sustainability was showed to be based on innovations and improvements in 

material and energy efficiency. These improvements have been causing unintended consequences to 

occur – consumption rebound effects, increased waste, pollution, negative externalities, economic 

inequalities and other environmental and social negative impacts (as shown in Figure 2). These issues 

influence one another and interact by cause-effect linkages and reinforcing feedback loops. 

ii. Identify variables which may not typically be considered in LCA studies but may have significant influence upon 

environmental impacts through cause-effect chains in product systems. Two Causal Loop Diagrams of product 

systems were developed: one of household washing machines (Figure 3) and the other of conventional 

passenger vehicles (Figure 4). The diagrams represent how selected variables interact by means of 

cause-effect linkages to affect environmental impacts of the products. They also indicate that variables 

selected by experts may tend to be more soft (qualitative) variables, dependent for instance on 

context/territory and consumer behaviour. Although not traditionally done, these variables could also 

be considered in LCAs through sensitivity analyses or by using “personas” to describe different 

profiles of users. Causal Loop Diagrams would still be interesting to consider when used for the 

purpose of a first screening towards the incorporation of qualitative attributes and as a tool to 

facilitate the communication and agreement on assumptions among stakeholders. 

iii. Discuss different stakeholder perspectives in environmental decision-making and propose a way to combine the ESA 

tools LCA, LCC and CBA in order to consider the different stakeholder perspectives. Stakeholders tend to adopt 

different system boundaries and make assumptions according to their perspective when using ESA 

tools for decision-making support. The logical implication proposed to cope with this bounded 

rationality was to merge the agenda of the stakeholders whilst adopting the systems perspective that  

ESA tools offer. For that purpose, a way to combine ESA tools was suggested (Figure 6). 

iv. Develop a conceptual framework for the purpose of facilitating the analysis of possible unintended consequences during the 

process of product design. The novel framework was named Sustainability-Driven Systems-Oriented 

Design (Figure 7). The concept behind the framework is to zoom out from a single product to the 

system where the product is embedded, perform a qualitative analysis of what variables, stocks, flows 

and agents are important to consider and then to zoom in on these details to perform quantitative 

analysis. The framework may help to include macro rather than only micro effects and assist boundary 

selection, the communication and agreement between/across stakeholders in environmental analyses. 

Efforts directed towards sustainability have been concerned with lessening environmental impacts of industrial 

and consumer activities by using traditional methods for providing decision-making support. From the 

perspective of an outsider, the results of these endeavours may cause unintended consequences. A holistic and 

robust understanding of the negative effects of design, production and consumption is necessary. Stakeholder 

perspectives (bounded rationality) and other qualitative parameters such as context/territory and consumer 

behaviour (purchase choices) seem to have a particularly important role in determining the unintended 
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consequences. To some extent, certain parameters that may result in unintended consequences could be 

handled by the traditional methods for providing decision-making support. Systems Thinking may assist in the 

process of performing qualitative analyses of what is important to consider in order to strengthen the 

robustness of the recommended actions from quantitative detailed analyses. 
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