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SUMMARY  

Engineering research and development work is undergoing a reorientation from focusing on 
specific parts of different systems to a broader perspective of systems level, albeit at a slower 
pace. This reorientation should be further developed and enhanced with the aim of organizing 
and structuring our technical systems in meeting sustainability requirements in face of global 
ecological threats that have far-reaching social and economic implications, which can no longer 
be captured using conventional approach of research. Until a list of universally acceptable, clear, 
and measurable indicators of sustainable development is developed, the work with sustainability 
metrics should continue to evolve as a relative measure of ecological, economic, and social 
performance of human activities in general, and technical systems in particular. This work can be 
done by comparing the relative performance of alternative technologies of providing the same 
well-defined function or service; or by characterizing technologies that enjoy different levels of 
societal priorities using relevant performance indicators. In both cases, concepts and methods of 
industrial ecology play a vital role.    

This thesis is about the development and application of a systematic approach for the 
assessment of the performance of technical systems from the perspective of systems analysis, 
sustainability, sustainability assessment, and industrial ecology.   

The systematic approach developed and characterized in this thesis advocates for a 
simultaneous assessment of the ecological, economic, and social dimensions of performance of 
technologies in avoiding sub-optimization and problem shifting between dimensions. It gives a 
holistic picture by taking a life cycle perspective of all important aspects. The systematic 
assessment of technical systems provides an even-handed assessment resulting in a cumulative 
knowledge. A modular structure of the approach makes it flexible enough in terms of comparing 
a number of alternatives at the same time, and carrying out the assessment of the three 
dimensions independently. It should give way to transparent system where the level of quality of 
input data can be comprehended. The assessment approach should focus on a selected number 
of key input data, tested calculation procedures, and comprehensible result presentation.  

The challenge in developing and applying this approach is the complexity of method 
integration and information processing. The different parts to be included in the same platform 
come in with additional uncertainties hampering result interpretations. The hitherto tendency of 
promoting disciplinary lines will continue to challenge further developments of such 
interdisciplinary approaches.  

The thesis draws on the experience from ORWARE, a Swedish technology assessment tool 
applied in the assessment of waste management systems and energy systems; and from the 
EcoEffect tool used in the assessment of building properties; all assessed as components of a 
larger system. The thesis underlines the importance of sustainability considerations beginning 
from the research and development phase of technical systems. The core message of this thesis is 
that technical systems should be researched as indivisible parts of a complex whole that includes 
society and the natural environment. Results from such researches can then be transformed into 
design codes and specifications for use in the research and development, planning and 
structuring, and implementation and management of technical systems.  

Key words: technology assessment, interdisciplinarity, sustainability, sustainability assessment, 
industrial ecology, substance flow analysis, material flow analysis, life cycle assessment, social 
impact assessment, built environment analysis, uncertainty analysis, ORWARE, EcoEffect 
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PREFACE  

If I would choose only three concepts as key words to describe the content of this thesis, one 
of them would be the concept of technology assessment (you will hopefully recognise the other two 
concepts if you bear with me until the end of the last chapter).  

More than thirty years ago, a kick-start for technology assessment was possible after the 
establishment of the Office of Technology Assessment in the US Congress. That was in 1972, 
the year I was born. 1972 is peculiarly one of the years that have seen the unfolding of many 
events, the effects of which are as relevant today as they were then.  

To name a few:  

 The last Apollo Mission - Apollo 17.  
 Only One Earth was written by Rene Dubos and Barbara Ward.  
 United Nations Conference on Human Environment was held in Stockholm. The conference 

leads to the establishment of numerous national environmental protection agencies and the 
United Nations Environment Programme (UNEP).  

 The Values Party was formed in New Zealand as the world's first national green party. 
 Club of Rome published Limits to Growth.  
 OPEC oil crisis fuelled the Limits to Growth debate. 
 The first e-mail program was developed by Ray Tomlinson of BBN Technologies. Tomlinson 

designated the "@" sign. 
 The "C" programming language, one of the primary languages used to develop software and 

operating systems for the years to come, was developed. 
 MIPS, a calculator company in New Mexico introduced the first "micro-computer", the Altair.   
 Bill Gates dropped out of Harvard, moved to New Mexico to develop software for MIPS’s 

Altair, under the name MicroSoft™.  

Some of these events have, one way or another, changed the life of many people in view of 
contemporary challenges and opportunities.  

To say technology plays a vital role in different areas of all human activities that involve 
production and consumption is to say the obvious. Let us conceptually look upstream along the 
line of development of all the technologies around us, and ask ourselves: how are all these technologies 
developed? Yes, the obvious answer goes - they are developed through hundreds or perhaps 
thousands of research and development works that have been going on in different institutions 
all over the world with large amount of funding both from the public and private sector.  

The tradition in many of these research and development institutions, mainly engineering 
institutions, working at laboratory scale and pilot scale has been focusing on individual technical 
units, often with a weak link to the systems level. It is my conviction that the research and 
development works that bring about all these technologies should be scrutinized as to whether or 
not they deliver technologies that contribute to sustainability. This scrutiny should and can only 
be done thoroughly within a context of a broader perspective, if it is to give the “whole truth.”  

This thesis is an attempt to take such a broader perspective by covering all relevant aspects in 
making technologies and technical systems ecologically sustainable, economically viable, and 
socially acceptable.  

As the end of the writing-up period was approaching, finding a title that would best suit this 
thesis was not as easy as many people would think. At my disposal was to formulate the title 
either in such a way that it explicitly captures all issues covered, thus, ending up with a very long 
title; or to formulate a shorter title that can easily be remembered while risking being too general 
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to really reflect its content. After hovering between these two ends, different preliminary titles 
have evolved to finally precipitate the current wording of the main title - On sustainability assessment 
of technical systems and a specific subtitle – Experience from systems analysis with the ORWARE and 
EcoEffect tools. The main title reflects one area of research, namely sustainability assessment of 
technologies and technology chains, which was identified as one of the focus areas of the host division, 
i.e. the Division of Industrial Ecology (DoIE) at Royal Institute of Technology (KTH) in 
Stockholm.  

Whether or not this thesis belongs to a traditional department of chemical engineering, under 
which DoIE is structured, is open for discussion. As one of the major target groups of this thesis, 
its message is believed to add value to the world of engineers and technologists working with 
research and development of technologies, by providing a broader perspective of assessing 
technologies and technical systems. During the writing-up of the dissertation, efforts are, thus, 
made to make it intelligible within the domain of their excellence.  

It is perhaps worth concluding this preface using two remarks made by Professor Anders 
Flodström, President of KTH, in his foreword to KTH in Your Pocket of 2003 and 2004.  

On the use of concepts and methods from multiple disciplines in engineering:  

“An engineer must not only be an excellent engineer in the classical sense but also be equipped to grasp many 
other disciplines and be able to think critically about the role of technology.” 

KTH in Your Pocket, 2003 

On the role of the social dimension of technology research and development:  

“Research and development within science and technology critically depend on the acceptance of the public and as 
a consequence the priorities of politicians.” 

KTH in Your Pocket, 2004 

 

 
Getachew Assefa 

December 16, 2005 

Stockholm 
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1 INTRODUCTION 

1.1 Background 
The origins of the ideas of utilising resources at a sustainable rate can be traced back to 

different ancient literatures including the Scripture where a twofold command says:   

And the LORD God took the man, and put him into the Garden of Eden to dress it and to 
keep it.                                                                                                                      Genesis 2:15 

Man seemed to have complied with the dress dimension of the command so well that far-
reaching progresses have been witnessed through the agricultural revolution of some 10 000 
years ago, the industrial revolution of the 18th century, and now the digital revolution of the 
last decade of the 20th century.  

In going from fire and hand tools to steam power and powered machinery, large-scale 
industrial production in factories became possible. The shift from home-based production to 
technical systems where machines, capital, and human labour force were concentrated has led 
to the development of different technologies.  

Although technologies have been in use since long ago, their application has been 
intensified since the beginning of the industrial revolution. With the growth of world 
population and the limited resources available, the utilization of technologies will continue to 
increase in line with the quest for a commensurate carrying capacity of the earth.  

The intensified use of technologies has been accompanied by increased energy and 
resource consumption, and environmental pollution. However, these negative impacts of 
technologies or technical systems were not widely recognised until some time later. 
Specifically, after the first UN Conference on Human Environment held in Stockholm in 
1972, undesirable impact of technologies gained significant recognition. This shows that the 
keep dimension of the command in the Scripture is what is regaining recent attention after 
having been lost for more than two centuries since the dawn of industrial revolution 

In the areas of priority identified for action, the Stockholm conference emphasized, the 
need for understanding and controlling the changes man produced in the major ecological 
systems; the need for accelerating the dissemination of environmentally sound technologies 
and for developing alternatives to existing harmful technologies; the need to avoid 
commitment to new technologies before adequately assessing their environmental 
consequences1.  

Complying with both the dress dimension and the keep dimension is necessary in realizing 
and sustaining human well-being.  

During the last three decades, different approaches in the form of methods, frameworks, tools, 
etc. have been used to assess different impacts of technical systems. One of such tools is 
Technology Assessment (TA), which enjoyed an institutional backing since its inception. The 
Congressional Office of Technology Assessment (OTA) in the US as a pioneering and 
influential body of TA exercise was founded in 1972 with the aim of studying technological 
change and providing early indications of the probable positive and negative impacts of the 
applications of technology (Kunkle, 1995). 

                                                 
1 Stockholm 1972 - Brief Summary of the General Debate 
   (http://www.unep.org/) 
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In face of the complexity and dynamics of current problems and challenges, there have 
been endeavours of developing new ideas and redefining the approaches and concepts 
developed during the formative years of OTA. Such developments and redefinitions can lead 
to different revitalisation efforts at the level of the discussions involved, and the instruments 
required for action. Two major events of interest, in this regard, are the closure of OTA, 
twenty-three years after its establishment by the US Congress, and the second UN Conference 
in Rio de Janeiro on Environment and Development in 1992, twenty years after the 
Stockholm Conference. 

One of the reasons for OTA's closure by its originator, the US Congress, was related to 
methodological issues. According to insider to OTA, the exercise had difficulty in developing 
and sharing successful approaches of assessment (Wood, 1997). This methodological 
difficulty was at both the conceptual level and the tactical level. The conceptual level, also 
called the mid-level methodology, provides a common conceptual frame of reference for 
many assessment studies. The tactical level refers to specific data collection and research 
methods.  

The 1992 UN Conference on Environment and Development, also called the Rio Summit, 
institutionalised the theory and practice of sustainable development which was first coined in 
1987 in the Brundtland's report (WCED, 1987). Since then, sustainable development has been 
discussed and debated from the perspective of the ecological, economic, and social 
dimensions of sustainability. In making sustainable development operational, human activities 
at different levels should be checked for compliance with different societal goals in view of 
the fulfilment of the needs of present and future generations. Ten years after Rio Summit, the 
World Summit on Sustainable Development (WSSD) was held in Johannesburg. A number of 
stakeholders with the task of mapping out a sustainable path for all countries of the world 
were gathered. The Johannesburg Plan of Implementation (JPOI), which identifies how states 
are to comply with the WSSD commitments, was developed.  

Checking compliance requires compilation of different types of information. A variety of 
decision support (i.e. everything from methods and procedures to checklists and computer 
models) can be used for gathering and analysing the information required for assessing human 
activities in general, and technical systems in particular. Enhancing the scientific basis of 
these assessment approaches will increase their reliability and applicability.  

Engineering research and development work has traditionally been narrowly focused on 
specific parts of different systems. On the other hand, it is currently undergoing a 
reorientation to a broader perspective on the way to a systems level view, albeit at a slower 
pace. This reorientation should be developed further with the aim of organizing and 
structuring technical systems in meeting sustainability requirements in face of global 
ecological threats that have far-reaching social and economic implications that can no longer 
be captured using conventional approaches of research. In this development The field of 
Industrial Ecology, to which this thesis belongs, draws on a range of concepts and theories 
from different fields of science for use in sustainability assessment of technical systems. For 
its capability in serving this purpose, the field is referred to as a science of sustainability 
(Allenby, 1999)  

In working out an effective assessment approach, the need for systems perspective is 
recognized in two areas, namely the concepts and methods used, and the units of analysis.  

1) From the perspective of the concepts and methods used, addressing the methodology 
problem of OTA requires concepts and methods from multiple disciplines due to the variety 
of areas covered in TA. At the conceptual level, a systematic framework for carrying out the 
assessment is vital. Now with the concept of sustainable development popularised and playing 
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a big role in framing up different discussions, the three dimensions of sustainability can be 
used for this purpose. In other words, the number of areas of TA that are normally expressed 
in the form of multiple categories can be re-categorised into ecological, economic, and social 
dimensions thereby revitalizing TA as a Sustainability Assessment. Furthermore, one possible 
and cost-effective way of addressing the methodological problem of TA at the tactical level, is 
bringing well-established methods of systems analysis together in an integrated fashion.  

A general research topic of interest is, thus, developing and using a systematic approach 
for sustainability assessment in light of the possibility of integrating concepts and methods 
from different areas of science. Integrated tools provide a framework for cross-fertilisation of 
underlying concepts and methods. This cross-fertilisation reinforces the capacity of each 
component in structuring, analysing, and partially or fully assessing different aspects of 
technologies and technical systems. Working on systems analysis concepts is useful in 
avoiding problem shifting, and compensating for the weaknesses in singular concepts and 
method in a given decision-making situation (e.g. Wrisberg et al., 2002).  

The implementation of the integration of concepts and methods is better carried out 
through the development of computer-based models and tools, taking advantage of the 
capability of mathematical modelling. Hitherto efforts of developing such models suffer from 
incompatibility with the broader perspective of systems analysis.  

2) From the point of view of units of analysis, the systems perspective calls for a holistic 
view of the sustainability of different technical systems as a whole that will lead to the 
understanding of crucial factors and issues in optimising the performance and minimizing the 
negative impacts of the technical systems at a systems level.  

In this thesis, three technical systems, namely waste management system, energy system, 
and building properties are assessed. The reason for selecting these three systems can partially 
be attributed to the research context, in which the author has been working.  

1.2 Research context  
This thesis is an outcome of research projects carried out at two divisions of the Royal 

Institute of Technology in Stockholm, namely the Division of Industrial Ecology (DoIE) and 
the Division of Built Environment Analysis (DoBEA).  

In 1999, the author started working with a Masters of Science thesis at DoIE. Then after 
working for six months as a research engineer in the same division, the author continued to 
work with 50% of the research time on environmental assessment of building properties at 
DoBEA. During the remaining 50% of the time, the author researched on environmental 
systems analysis of waste management systems at DoIE.  

1.2.1 The work at DoIE  
DoIE in collaboration with Swedish Environmental Research Institute (IVL), Swedish 

Institute of Agricultural and Environmental Engineering (JTI) and Swedish University of 
Agricultural Sciences (SLU) carried out a number of systems analysis research projects on 
different options of waste management. During the course of these projects, a tool for systems 
analysis of waste management called ORWARE was developed. The development and 
application of the tools started and continued as chronologically outlined as follows.  

It all started in 1992 as a project on management of organic waste. The first development 
of the computer-based analysis tool under the name ORWARE was started in 1993. The tool 
covered only biodegradable waste until 1996, when its scope was expanded to cover 
household waste (i.e. both biodegradable and non-degradable waste).  
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A shift in focus was made in 1998 toward carrying out assessment that considered energy 
as a function from waste management systems through a project dubbed Energy from Waste.  

As mentioned earlier, the author joined the research group at DoIE in 1999. In 1999/2000, 
studies that were new in terms of both the energy carrier and the end use were carried out. 
Part of these studies was the author’s work on hydrogen from waste for fuel cell buses.  

Assessment work at different levels of systems and aggregations continued including a 
work on tri-generation (power, heating, and cooling), which was carried out in 2001.  

New technologies of power generation including catalytic combustion won attention in the 
assessments undertaken in 2002.  

2003/2004 witnessed the assessment of new technologies with a focus on stationary fuel 
cells.  

Depending on the financial and temporal scope of the research projects, some had a focus 
on ecological assessment whereas some included an economic assessment.  

Since 2000, the research focus has shifted from systems analysis of waste management 
systems to emphasizing on technology assessment through the research work carried out by 
this author.  This shift has surfaced in terms of developing ORWARE submodels for a number 
of units of technical systems as well as in terms of the type of research questions that were 
defining specific research projects.  

In the effort to avoid sub-optimisation between different dimensions of interest in the 
assessment of the technologies, the development of an approach for assessment of the social 
dimension by this author was a recent addition to the holistic package advocated in this thesis.  

1.2.2 The work at DoBEA  
The starting point for the research on environmental assessment of building properties at 

DoBEA was the recognition of the diversity and complexity of environmental problems 
associated with the built environment and the conviction that there is a need to develop a tool 
that reflects on this diversity and complexity in a better way than previous tools.  

The development of tools for assessment of the built environment started in England 
during the end of the 1980s with development of the BREEAM system (Anderson et al., 
2002). This system consisted of a number of simple environmental criteria with the help of 
which buildings could be environmentally classified. This has, since then, inspired researchers 
and consultants to develop something that can better reflect the diversity of the environmental 
issues.  

In 1999, the first life cycle assessment (LCA) based system by the name EcoQuantum 
came up in the Netherlands (Mak et al., 1997).  

However, the LCA dealt with only the environmental problems related to material and 
energy use and, thus, cannot be directly considered as a replacement to the criteria-based 
systems that can cover all potential environmental issues that can be quantified.   

The recognition of such shortcomings of contemporary tools has led to the development of 
the EcoEffect tool at DoBEA in collaboration with the University of Gävle in Sweden.  

EcoEffect includes both an LCA part and a criteria-based part. By doing so, it covers the 
whole problem from assessment of indoor and outdoor environment to the impact of the built 
environment on the local, regional, and global environment.  



On Sustainability Assessment of Technical Systems      Getachew Assefa    2005  

INTRODUCTION 5

During 1997-98, the first version of a tool dubbed the EcoEffect-method for assessment of 
environmental impacts of buildings and connected area of land was worked out.  

The author joined the research group at DoBEA in 2000.  

Since then works on development of normalization values; assessment of impacts of 
material and energy uses; assessment of indoor and outdoor environments; documentation and 
valuation of toxic substances embedded in different parts of the building properties; 
development of a method for assessment of new building properties; and development of a 
weighting method for environmental impact categories have been carried out.   

The author has been specifically engaged with the works on normalization values, 
assessment of impacts of material and energy use, and the development of the weighting 
method.   

The EcoEffect method covers five assessment areas, namely material use, energy use, 
indoor environment, outdoor environment, and life cycle costs. 

The ambition has been to use its computer-based tool to calculate the contribution to local 
and global environmental impacts of building properties and the risk that the physical 
environment of building properties negatively affects human health and ecosystem.  

A development has been made toward presenting the results of assessment in the form of a 
desirable balance between lower impact on the external environment and high level of 
satisfaction of the occupants with the indoor and outdoor environment.  

1.2.3 Technology as an organizing concept  
In the case of ORWARE, different options of delivering the same service such as managing 

waste, generating power, delivering district heat, recovering nutrients, etc. are essentially 
done by selection of scenarios of technology chains.  

In EcoEffect, the quality of the indoor and outdoor environment in relation to the impact of 
the building properties on local to global environments can be attributed, largely, to the choice 
of the technologies. These technologies include supplying the power and district heat to the 
property as well as to the type of technical solutions on material production and selection 
during construction and management of the building property in question.  

Hence, the concept of “technology” is used as an organizing concept for systems analysis 
of the technical systems assessed and the tools used in this thesis.  

1.2.4 Technical systems as objects of study  
Technical systems as physical representation of different technologies are used as objects 

of study. The technical systems that are, directly or indirectly, covered in this thesis include 
waste management systems, energy systems, building properties, agricultural systems, 
transport, and manufacturing. The major and explicit focus is, however, on the first three 
systems.  

1.3 Aim of the thesis 
The centre of gravity of this thesis is the development and use of a systematic approach for 

sustainability assessment of technical systems in relation to the concept of conventional 
technology assessment drawing on the experience from systems analysis with the ORWARE 
and EcoEffect tools.  

Within the domain of this larger scope, the thesis will: 
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o Define, delimit, and categorize the concepts of technology and technology 
assessment (chapter 3). 

o Identify and discuss concepts and methods related to the assessment of the 
ecological, economic, and social dimensions of technical systems from the 
perspective of sustainability and industrial ecology as a core part of a systematic 
approach for sustainability assessment (chapter 4 and 5).  

o Present the experience from assessment of the three technical systems, namely 
waste management system, energy system, and building properties as components 
of a larger system using the ORWARE and EcoEffect tools (chapter 6 and 7). 

o Expand and test the capabilities of ORWARE and EcoEffect to include the social 
dimension and broaden their basis of analysis (chapter 6 and 7). 

o Indicate ways of using sustainability considerations in research and development, 
planning and structuring, and implementation and management of technical 
systems (chapter 8). 

o Show the relevance of such assessments to knowledge creation and decision-
making efforts and point out areas of future research (chapter 8).  

1.4 Research questions  
The following research questions mainly form the basis for this thesis:  

1. What features should a systematic approach for sustainability assessment of technical 
systems exhibit in comparison to conventional technology assessment?  

2. What types of technologies or technical systems can be discriminately assessed using 
the same approach? 

3. What are the opportunities and challenges of combining concepts and methods from 
social science and natural science in the same approach?  

4. What are the sources of data uncertainty in the ecological dimension of sustainability 
assessment of new technologies; and how can this uncertainty be handled? 

1.5 Contribution 
The overall contribution of the research presented in this thesis is provision of a better 

picture of assessment of technical systems in improving the basis for discussion and the basis 
for decision-making by generating comprehensive information. It improves the way 
technology assessment is done. In doing so, the thesis dwells on three components, namely 
setting perspective, analysis, and communication (Figure 1).    

Setting perspective includes problem discussion and conceptual synthesis using systems 
analysis approach in terms of the tools used and the systems assessed in carrying out a 
simultaneous assessment of the ecological, economic, and social dimensions. The three 
dimensions give more and better information than one of them in providing the full picture of 
the reality. The perspective that leads to a systematic approach for sustainability assessment 
addresses the problem associated with excluding the social dimension from the engineering 
work of technological research and development.    

The analysis component involves method development, model development and 
implementation, and assessment case studies. Method development includes development of 
weighting, normal values, and an approach for assessment of social indicators. Examples of 
models developed by the author are the submodels for stream reforming, gasification, 
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catalytic combustion, proton exchange membrane (PEM) fuel cells, and solid oxide (SO) fuel 
cells. 

 

 

 

 

 

 

 

 

 

Figure 1 The three components of the research presented in this thesis.  

The author carried out four assessment studies. The first assessment was a comparison 
assessment between incineration and large-scale composting for household waste. The second 
one was comparison of four alternatives using vehicle km as a function. The alternatives were 
anaerobic digestion of waste for use in biogas vehicles; steam reforming of biogas from 
waste; thermal gasification of waste for use in fuel cell vehicles; and incineration of waste. 
The third assessment was a comparison of catalytic combustion; flame combustion of gasified 
waste with incineration of waste for stationary applications. The fourth one was on 
comparison of catalytic combustion, and fuel cells of gasified waste with incineration of 
waste for stationary applications.       

The communication component implies presenting all three dimensions quantitatively at a 
comprehensible level and at the same time. It also provides an approach for carrying out 
input-data uncertainty analysis, whenever it is required. The quantitative results will be 
presented in the terms of the three dimensions, namely ecological, economic, and social 
dimensions.  

The assessment approach and the result presentation are applicable in assessing the 
performance of both new technologies and existing technomass. In the latter case, a good 
assessment work can possibly facilitate different measures of incremental improvement in 
operating the technical systems.      

1.6 Disposition of the thesis  
Excluding the introduction part, the thesis is divided into seven chapters. 

2. Paradigms and research methodology  

3. Technology and assessment tools  

4. Sustainability  

5. Systems Analysis, Industrial Ecology, and Built Environment Analysis    

6. Technical systems assessed and tools used   

7. Summary of appended papers 

8. Discussion and conclusion. 

Setting  
Perspective 

Analysis  

Communication  

Assessment of 
technical systems 
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Chapter 2 presents shortly the theoretical and conceptual framework of the thesis and the 
research methodology.  

Chapter 3 presents materials from the literature regarding anthroposphere, technology, 
assessment tools at a general level and technology assessment.  

Chapter 4 discusses the three dimensions of sustainability, namely ecological dimension, 
economic dimension, and social dimension. It also has a discussion on sustainability 
indicators and sustainability assessment.  

Chapter 5 presents the areas of systems analysis, industrial ecology, and built environment 
analysis. 

Chapter 6 is the empirical part of the thesis with a discussion on the three technical 
systems assessed, namely waste management systems, energy systems, and building 
properties. Moreover, it describes the ORWARE and EcoEffect tools.  

Chapter 7 briefly summarizes the seven papers appended to the thesis.  

Chapter 8 contains a precipitation of ideas and major points with answers to the research 
questions in the form of discussions and conclusions. The chapter closes with a highlight on 
issues of interest for future research. 
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2 PARADIGMS AND RESEARCH METHODOLOGY 

If the answer to major scientific problems lay  

within the present scientific belief systems, they  

would have already been solved. [Alcorn, 2003] 

 

The research tradition at DoBEA has a focus on social science methodologies whereas the 
research at DoIE has natural science dominance. This thesis benefits from these two traditions 
and explores the opportunities and challenges of using different aspects from both traditions. 

2.1 Natural science versus social science  
The search for knowledge and understanding is the common denominator of both sciences. 

The difference lies in issues such as what to know and how to know. Can we know what is 
true? Should we know not only what is true but also what is good? What is the relationship 
between the reality we would like to know about and the knowledge we acquire about it?  

Such questions are the underlying frames behind the current structure of knowledge 
represented by the natural sciences, social sciences, and humanities. These are referred to as 
the three branches of human knowledge and trimodal division of knowledge (Wallerstein, 
1999). Within the context of this thesis, the natural sciences and the social science are of 
interest. Common to both these sciences is their use of or their effort to stick to the scientific 
method.  

In natural science, there is always a predominant paradigm. Thus, as long as there are no 
anomalies that call for a scientific revolution and thereby for a paradigm shift, scientists tend 
to work by sticking to the scientific method (Kuhn, 1965). There is no much discussion about 
the ontology aspects.  

In the social sciences, it is a different situation where there is a room for different 
paradigms to co-exist at the same time. Common to each paradigm is the scientific exercise 
that consists of four major categories, namely ontology, epistemology, theory, and 
methodology (Ardebili, 2002). In this exercise, a given ontological assumption dictates the 
corresponding epistemological aspect, which in turn determines the theory to be used and 
which again generates the methodology to be employed in empirical observations. Thus, the 
different paradigms can be characterized using the difference in the content of the four 
categories.  

In contrast with what is held as the universal truth in the natural sciences, contextual 
diversity and social change are two important parameters in all social sciences (Nowotny et 
al., 2001). 

2.2 Quantitative and qualitative methods 
Many discussions have been made on whether to use quantitative or qualitative methods in 

such researches. The choice is not as simple as an either-or one. Depending on the type and 
scope of the research involved, there is a need to combine both, albeit to a different extent. 
The need for the quantitative option arises from the interest of measuring something. 
Measurement is the means by which number can be assigned to different things to be able to 
compare them based on some property common to all of them (Crump, 2002). In assessing 
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the social dimension in this thesis, a quantitative approach is advocated due to its capacity of 
simplifying comparability.  

2.3 Disciplinary Issues  
Strong affiliations to the structure of contemporary university systems and social systems 

that promote specialization tendencies have kept research and education in disciplinary lines.  

New developments that consider possibilities beyond disciplinary affiliations are emerging 
in different areas. The use of concepts and methods from multiple disciplines has been 
discussed as a methodology, concept, process, way of thinking, philosophy, and a reflexive 
ideology. It has been linked with attempts to expose the dangers of fragmentation; re-establish 
old connections; explore emerging relations; and create new subjects adequate to handle our 
practical and conceptual needs. This development has been valued as a means of solving 
problems and answering questions that cannot be satisfactorily addressed using single 
methods or approaches (Klein, 1990). 

Approaches that make use of the perspectives and methodologies of multiple disciplines 
include interdisciplinary, multidisciplinary, pluridisciplinary, cross-disciplinary, 
transdisciplinary, and metadisciplinary.  

In her work focusing on education entitled “Interdisciplinarity: History, Theory and 
Practice”, Klein discusses the following approaches that extend beyond singular concepts and 
methods confined to one discipline (ibid.). 

Interdisciplinary work is defined broadly as inquiries which critically draw upon two or 
more disciplines and which lead to an integration of disciplinary insights.  

Multidisciplinary courses arrange in serial fashion the separate contributions of selected 
disciplines to a problem or issue, without any attempt at synthesis. 

Pluridisciplinary courses also bring multiple disciplines to bear on a topic and make an 
effort to compare and contrast methodologies and content, and convey an implicit awareness 
and discussion of disciplinary methodologies. Nevertheless, there is no explicit attempt at 
integration in a pluridisciplinary course.  

Cross-disciplinary work, in contrast, emphasizes one disciplinary perspective in particular 
where the second discipline becomes a passive object of study rather than an active system of 
thought. Klein gives a course on the physics of music as an example of cross-disciplinary 
work where the principles of physics are applied to music. The actual discipline of music is 
shuffled to the background with many important issues central to an understanding of music 
go unexplored (ibid.).  

Transdisciplinary work takes the underlying unity of all knowledge as a starting point in 
the search for a superdiscipline.  

Metadisciplinary seeks for interaction between knowledge bases from different 
disciplinaries.  

The contribution of Burce et al. (2004) focusing on research differentiates between 
interdisciplinary, multidisciplinary, and trandisciplinary in the following way. 

In interdisciplinary research, an issue is approached from a range of disciplinary 
perspectives integrated to provide a systemic outcome. In multidisciplinary research, each 
discipline works in a self-contained manner. In transdisciplinary research, the focus is on the 
organisation of knowledge around complex heterogeneous domains rather than the disciplines 
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and subjects into which knowledge is commonly organised. Transdisciplinary, implies that 
the final knowledge is more than the sum of its disciplinary components. 

The issue of bringing multiple disciplines together is much more needed in engineering 
science researches in line with the push for science to open up and assume a new dimension 
of knowledge production, i.e. production of a socially robust knowledge generated in the 
context application (Nowotny et al., 2001). This is a shift from the hitherto dominant 
emphasis on producing a reliable knowledge (Ziman, 1978). One implication of this shift is 
the necessity to use of concepts and methods from natural sciences and social sciences in the 
same context of problem solving. How these concepts and methods are used should be 
decided based on the specifics of each problem.  

2.4 Systems theory and Systems analysis  
Traditionally conventional scientific research has had a focus on piecemeal analysis. The 

current approach is a holistic approach in the form of systems analysis where the analysis 
focuses mainly on systems as a whole and their interaction. This approach gives the advantage 
of avoiding problem shifting from place to place, from time to time, from media to media, 
from part of a life cycle to another life cycle and from dimension to dimension.  

Systems theory derived from the General System Theory (GST) calls for analysing systems 
as a whole as a reaction to the Newtonian science of reductionism.  

Ossenbruggen (1994) defines a system as an organized, integrated unit that serves a 
common purpose and systems analysis as the use of mathematics to determine how asset of 
interconnected components behave in response to a given set of input.  

A system is an entity that maintains its existence through the mutual interaction of its parts. 
A system exists and operates in time and space. 

GST's Composition Law states that the whole, a system, is greater than the sum of its parts 
(Miller and Miller, 1993). The systems thinking advocated in this thesis embrace the 
reductionisms feature of understanding the parts and the holistic strive to understand the 
whole.  

2.5 Industrial Ecology and Built Environment Analysis 
The foundation of Industrial Ecology is the recognition of the interaction between human-

made systems and natural systems. It emphasises understanding these two systems and their 
interaction as well as their respective sub-systems as a whole. This prevents sub-optimization 
that can lead to ecological, economic, and social  inefficiency at both firm and farm level. It 
uses thermodynamics and systems approach as its two basic pillars. Built Environment 
Analysis shares the same notions of industrial ecology where the firm and farm is the built 
environment with users' perspective in focus.  

2.6 Research methodology  
The research was carried out under the research field of industrial ecology.  

Overall, the research can be viewed as an evolving part of the systems analysis research. 
The systems analysis research comprises systematic studies of the interactions between 
technical, economical, social, and ecological systems and processes. Its main objective is to 
describe and understand how different human-made systems depend on and have impact upon 
their environment. The resultant knowledge will serve as an input to decision-making and 
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planning for a more ecologically adapted and sustainable behaviour at individual, 
organisational, and societal levels. 

Concerning methodology, literature survey was used as a means of setting the framework 
and context for discussing the tools and concepts. The literature survey was done on impact 
assessment, technology assessment (TA), industrial ecology, systems thinking, sustainability, 
sustainability assessment, material/substance flow analysis (MFA/SFA), life cycle assessment 
(LCA), life cycle costing (LCC), and social impact assessment (SIA). 

Mainly, quantitative approach is adopted while at the same time accounting for the 
importance of qualitative methodologies of descriptive and explorative approaches.  

Quantitative methods involving computer modelling and simulation using MATLAB® 
SIMULINK® in ORWARE and Microsoft Access® in EcoEffect are the major parts of the 
research methodology.  

The ideas, concepts, and methods that make up the approach for assessment of technical 
systems as exemplified by waste management system, energy system, and building properties 
are codified into computer models and simulations.  

2.6.1 Modelling 
Models are simplifications of reality intended to support understanding and production of 

knowledge that can be used as a decision support. Models facilitate comprehension with the 
hope to make study of real systems simpler. However, viewing models as real representations 
of real systems may lead to uncertain conclusions. The most important issue is the extent of 
the relation between the models and the systems modelled, showing the tradeoffs and the 
simplifications made in excluding parts of the systems from a representation in the model. A 
clear and explicit expression of this relation, in turn, determines the type of information that 
can be produced from the models. This is the basis, from which models should be evaluated 
as useful and useless, instead of as right and wrong.  

The question of avoiding too much oversimplification vis-à-vis that of too detailed level of 
incomprehensible complexity is what lies behind the art of good modelling.  

Byrd and Cothern (2000) distinguish between different kinds of models as representations 
of objects and processes, namely physical, conceptual, biological, and mathematical models 
According to Alcorn (2003), models can also be classified as analogue, iconic, verbal, and 
mathematical.  

An analogue model is a model that behaves in some way similar to the reality that it is 
designed to represent. Iconic model is designed to resemble a physical reality though not 
necessarily to behave in analogous manner. Verbal model is designed to convert thoughts or 
concepts into language, establish relationships and restrictions of real-world systems, and 
organize them in an understandable form. Mathematical model is a symbolic manipulative 
representation of reality designed to describe relationships among certain factors of reality 
that it is designed to represent.   

Mathematical model, which is at the core of this thesis, draws on the merits of 
mathematics. Alcorn (2003) underlines that mathematics is exact and is therefore valuable as 
a diagnostic tool since one can be certain of unvarying answers to formulas if the information 
sought can be quantized. He gives an example saying that a reduction of a picture, say, Mona 
Lisa, to mathematics with a computer scan can ensure absolute identical reproduction if 
translated into the original medium.  
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Mathematical models can be classified into quantitative or qualitative, probabilistic or 
deterministic, general or custom constructed, and descriptive or optimizing (ibid.). The 
difference between quantitative and qualitative models is the ability of the user to accurately 
define information numerically. In the case of quantitative models, the measurements used to 
determine the values of dependent and independent variables in the formulas are accurate and 
discrete. On the other hand, a qualitative model is a method of encoding inexact concepts 
numerically with the purpose of indicating the general results of behaviour rather than the 
exact results (Alcorn, 2003).  

One important application area for mathematical models is the area of simulation.   

2.6.2 Simulation 
In systems analysis, two types of knowledge are sought. The first type is the knowledge 

about the systems as a whole. The second type of knowledge is about the interactions between 
the subsystems making up the systems. The interactions in reality often occur at different 
temporal or spatial coordinates. This makes comprehending the system as a whole and the 
interactions between the subsystems difficult. Simulation is working with models in such a 
way that these interactions and the modelled system as a whole are treated in a temporally 
and/or spatially comprehensible manner. In both ORWARE and EcoEffect through this 
capability of modelling and simulation, for example emission and energy consumption 
occurring at spatially and temporally distant points are captured.  

Alcorn (2003) defines simulation as a model that copies the behaviour of some aspect(s) of 
reality in an attempt to describe and test patterns of interactive systems and then to be 
predictive and descriptive of changes in the systems that may result from changes in one or 
more specific elements (subsystems) within that system.   

Simulation gives a powerful way of advancing understanding through a dialogue between 
data and the model.  

Advantages of simulation models include: 

1. Reproducibility in the hands of different assessors  

2. Coping with large amounts of data  

3. Integrate different kinds of data 

4. Represent the knowledge of experts 

5. Deal with complexity  

6. Yield practical “real world” answers 

Models in general and simulations in particular offer features such as organization, 
structure, cause-and-effect relational concentration, and predictability that are important in the 
study of technosociological systems (Alcorn, 2003).   
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3 TECHNOLOGY AND ASSESSMENT TOOLS   

The objects of interest in this thesis are technical systems or technologies. Before going 
into discussing technologies, it is imperative to put them into context. The role of 
technologies in society can be discussed from the perspective of their place in relation to the 
different spheres of the environment.  

One possible characterization of the environment is a conceptual model consisting of five 
spheres each with several sub-categories (Manahan, 1999):  

1. Hydrosphere  

2. Atmosphere 

3. Geosphere (includes both pedosphere and lithosphere)  

4. Biosphere   

5. Anthroposphere  

Generally, while the first four spheres constitute the natural environment, the 
anthroposphere is a man-made environment. For Ayres and Simonis (1994), even the 
anthroposphere is part of the biosphere, which itself is in a continuing dynamic equilibrium 
with the sun, the atmosphere, the hydrosphere, and the lithosphere. The hydrosphere, 
atmosphere, pedosphere, and the biosphere are sometimes collectively known as the 
ecosphere.  

There is a slow natural exchange of materials (and energy) between the lithosphere and the 
ecosphere (e.g. through volcanoes). On the other hand, mining activities and extraction of 
fossil fuels for example results in flow of geological and litospherical materials to the 
ecosphere.  

The composition and dynamics of each compartment of the environment is important, as is 
the interaction between them. Specifically the health of the natural spheres depends much on 
the interaction between them and the anthroposphere. Even though it has a short history of 
existence in comparison with the others, the anthroposphere through its wide-ranging 
interventions has had a determining influence on different parts of the biosphere, hydrosphere, 
atmosphere, and geosphere.   

3.1 The anthroposphere 
According to Manahan (1999), different components of the anthroposphere are associated 

to different structures listed below and depicted on Figure 2. 

1. Dwellings and other buildings and building properties.  

2. Facilities used for transportation, including roads, railroads, airports and waterways 
constructed or modified for water transport. 

3. Manufacturing, commerce, education and other activities. 

4. Food production such as fields for growing crops and water systems used to irrigate 
the fields.  

5. Energy production and distribution systems. 

6. Water production and distribution systems. 

7. Communications such as telephone line or radio transmitter towers. 
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8. Mines or oil wells associated with extractive industries. 

9. Collecting, treating, and disposing wastewater and solid wastes. 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Different components of the anthroposphere. 

The anthroposphere is a result of technology (Manahan, 1999). In other words, technology 
creates the different components of the anthroposphere. It is through this function of 
technologies that the role of engineering in constructing and operating the various 
components of the anthroposphere becomes obvious (Manahan, 1999).  

The anthroposphere encompasses society, economy, and technosphere. Society uses 
structures, flows, and functions in nature to build, operate, maintain, and change the material 
side of anthroposphere called the technosphere. Engineers working with the development of 
technologies shoulder the responsibility of developing technologies of lower impact on the 
environment and on the society.   

How can technology be defined for the purpose of this thesis? What about engineering? 
Going to the basics offers a new perspective of looking at a new direction reorientation 
towards a systems thinking.  

Merriam-Webster Dictionary defines the term technology, in use since 1859, as the 
practical application of knowledge especially in a particular area (Merriam-Webster, 2005). It 
defines the term engineering, in use since 1720, as the application of science and mathematics 
by which the properties of matter and the sources of energy in nature are made useful to 
people (Merriam-Webster, 2005).  

As can be seen explicitly in the above definition of technology, the social dimension is 
included in terms of usefulness to people.  

According to Encyclopedia Britannica (2005), technology is the application of scientific 
knowledge to the practical aims of human life or, as it is sometimes phrased, to the change 
and manipulation of the human environment.  

The term "technology" in this context implies any technical system that can result in and/or 
be well described in terms of energy and material flows in line with the photosynthesis 
analogy. As materials (i.e. water and carbon dioxide) and energy (i.e. solar radiation) produce 
the biomass in the biosphere through photosynthesis, different types of materials and energy 
produce the technomass in the anthroposphere through technology. Any technical system for 
which the energy and material flows within the system or/and from and to its surrounding 
environment are not insignificant enough to be neglected is part of the technology domain in 
this thesis. 
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Technology in this case covers hard and soft means of transfer, transport, and 
transformation of materials and energy in a given economy. The same line of technology 
discussion can be found in the different contributions. Manahan (1999) in a contribution on 
industrial ecology discussed technology as the ways in which humans do and make things 
with materials and energy. Elsewhere in a book from a professor of architecture, the act of 
designing is expressed as the process of deliberately giving shape to matter and energy to 
achieve given objectives and requirements (Van der Ryn and Cowan, 1995).This common 
view of technology is what related the field of industrial ecology and built environment 
analysis. On the other hand, Turner et al. (1994) took a more general perspective, and viewed 
economic activity as a process of transforming materials and energy. Recent economic 
discussions took a broader view of economic activity that expands on the role of technology 
from a processing of material and energy to a processing of all forms of capital.  

According to Hawken et al. (1999), in employing technology, four types of capital are 
required for the proper functioning of the economy.  

1. Human capital,  in the form of labour and intelligence, culture and organization  

2. Financial capital, consisting of cash, investments and monetary instrument  

3. Manufactured capital, including infrastructure, machines, tools and factories  

4. Natural capital, made up of resources, living systems and ecosystem services  

The industrial system uses the first three forms of capital to transform natural capital into 
different components of the anthroposphere, namely cars, highways, cities, bridges, houses, 
food, medicine, hospitals, and schools (Hawken et al., 1999).  

Technology transforms materials (e.g. fuels, forest products, minerals, water, etc. including 
waste) and energy into finished products and services (e.g. buildings, manufactured goods and 
financial systems, etc.). The resultant effect of these transformations is on the global material 
flows such as carbon, nitrogen, sulphur, and phosphorus flows, which are technically, 
ecologically, economically, and socially important. 

This activity of processing materials and energy is in concurrence with shaping, forming 
and manufacturing, and producing or generating a product or a service of an economic value. 
Good examples in this regard are the technologies used in the production and manufacturing 
of different chemicals, waste management, fuel and energy production, operating transport 
systems, etc. 

There is a possibility to influence the performance of technologies by acting at different 
entry points along the different phases of their development. For the purpose of this thesis, 
three combined phases of technological development, namely research and development, 
planning and structuring, and implementation and management (including demolition or 
decommissioning) are adopted.  

The performance issues of a given technology and technical systems can also be of interest 
at different scales: 

 Micro – site specific  
 Meso – regional (industry, technological field and network-level) 
 Macro – national to global (national level, sector level and system level)  

The scales are determined by, among other things, perspective of analysis and geographic 
span of the life cycle of the primary inputs used.   

The last three decades have witnessed many endeavours of assessing the impacts of 
different human interventions from the perspective of a variety of factors.  
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3.2 Assessment tools  
Merriam-Webster Dictionary defines the term assessment, in use since 1534, as the action 

or an instance of determining the importance, size or value of something (Merriam-Webster, 
2005). This definition has an implication of both qualitative and quantitative 
characterizations.    

The different impacts of technologies were recognised before the concept of sustainable 
development was coined in the growth-development discussions. Hence, a variety of methods 
has been developed for qualitatively and quantitatively assessing the impacts of technical 
processes and products on a number of aspects of human well-being and the environment.  

The International Association of Impact Assessment (IAIA) has a list of around eighteen 
different types of impact assessment as cited by the Global Development Research Centre, 
(GDRC, 2004). 

These are grouped based on their area of focus as follows:   

 Climate Impact Assessment  
 Environmental Auditing  
 Environmental Impact Assessment  
 Environmental Management Systems  
 Ecological Impact Assessment  

 
 Demographic Impact Assessment  
 Health Impact Assessment  

 
 Economic and Fiscal Impact Assessment  

 
 Public Consultation  
 Public Participation  

 
 Risk Assessment  
 Strategic Impact Assessment  

 
 Social Impact Assessment  

 
 Development Impact Assessment  
 Integrated Impact Assessment  
 Project Evaluation 
 Policy Assessment   
 Technology Assessment  

All the tools listed above can be viewed as part of a toolbox for systematic prospective and 
retrospective assessment of efforts of maximizing benefits and minimizing negative effects of 
human activities. These different types of impact assessments are developed under many 
different contexts. The impact assessment tools have different levels of function, namely 
analytical, indicator, and management.  

Life Cycle Impact Assessment (LCIA) or its parent tool Life Cycle Assessment is not in 
the aforementioned list as it enjoys its own institutional development outside the IAIA. 
Another explanation for its exclusion from the above list could be that LCIA is considered as 
an analytical component of the first group that focuses on the environment. 
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In other literatures and practices, the following types of impact assessment can also be 
found: Privacy Impact Assessment, Community Impact Assessment, and Regulatory Impact 
Assessment.  

Some impact assessments have a focus on a procedure whereas others are of the 
operational tool type. There are those that are used well before things happen on the ground 
(the ex-ante group) and those used at a later stage during the planning and implementation 
process (the ex-post group).  

Some of these assessments focus on hard systems (i.e. technical systems) while some 
others on soft systems (i.e. institutional systems). There are those that focus on the natural 
systems and those on the man-made systems. There are some that specialize on the role of 
public participation and some on the scientific method. The degree of integration of different 
aspects into the same concept is also an important factor in discriminating between the 
different types. Some have significant policy relevance than others. Some are broader in scope 
while others concentrate on few aspects. Technology assessment, broadest in scope, has been 
a core part of the author’s research (Assefa, 2003).   

3.3 Technology Assessment  
The conventional technological assessment (TA), as exercised in OTA, has been criticised 

for, among other things, its lack of methodology at the tactical level and for its being “non-
paradigmatic" and non-cumulative (Brooks, 1994). This criticism together with its vague 
scientific and methodological status and relatively poor co-ordination, integration, and overall 
balance calls for a need to develop a systematic TA approach.  

More often, the TA studies involved vast qualitative analyses of different aspects of 
technologies that often end-up in thick documents that contain information inputs from 
different sectors of the society that influence and can be influenced by the new technologies. 
The process of compiling these information inputs was time consuming. The quality of the 
TA documents was hampered by the lack of simplification and structured methodology. 

Nevertheless, carrying out TA remains to be more important than ever before in the new 
world order as the journey to sustainable development can be directed with the help of 
systematic TA tools of assessing the ecological, economic, and social dimensions of 
technologies and technical systems. As sustainable technological innovation can be realised 
by overcoming a situation where conflict between different performance parameters prevails, 
TA tools capable of showing the ecological, economic, and social pros and cons of 
technologies are important. In line with the need to live up to the requirements of the notion 
of sustainable development, a framework for sustainability assessment of different technical 
systems is necessary.  

The combination of different concepts and tools of systems analysis within the framework 
for a sustainability assessment is advocated. For this purpose, tools such as material flow 
analysis (MFA), life cycle assessment (LCA), life cycle costing (LCC), and social impact 
assessment (SIA) work under the same platform. This gives the possibility for 
interdisciplinary fertilization of concepts and methods. The impact of the technology used in 
different systems can be assessed at various phases of its maturity depending on the purpose 
of the assessment and the end-user of the information processed.  

Traditionally the assessment of effects of introducing new technologies was related to cost 
benefit analyses and political relevance. However, since the effects have a lot to do with many 
factors other than mere cost benefit analyses and political orientation, the assessment 
approach advocated in this thesis recognizes the need to consider the ecological, social, and 
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economic consequences in our quest for sustainable development. Technologies (i.e. new, 
future, and existing technologies) should be subjected for assessments that provide forum for 
looking into these three spheres of influence on the society.  

The society in general and decision-makers in particular need information about the 
performance of technological systems that are either totally newly introduced to the 
anthroposphere or used for the first time in new application areas. There has been no clear-cut 
rule on how these technology assessments are and can be done. A major contribution of this 
thesis is related to the need for a systematic approach involving structured analysis of 
different parameters that creates a scientific basis for sustainability assessment in capturing 
the ecological, economic, and social implications of technologies used in technical systems at 
the same time.  

Assessment of the impact of a technical system requires a prior characterization of the 
systems. A given technical system can be characterized using the following aspects:  

System-side:   

 Societal stakeholders involved 
 Buildings needed  
 Infrastructure required  
 Equipments required 
 Size of land required 

 

Input-side:  

 Energy used  
 Materials used  
 Costs involved  
 Transport involved 

 

Output-side:  

 Effluents created  
 Emissions created  
 Employment generated  
 Products/services produced 
 Revenues generated  
 Energy generated  

 

Miscellaneous:  

 Occupational health associated  
 Number of people affected 
 Risks involved  
 Relevance to development goals  

 

Depending on its type and scope, the assessment can then be carried out using different 
units of assessment such as emissions, cost, revenue, product/service, etc.  

One important issue is the whether a knowledge-based decision-making can lead to 
research and development, planning and structuring, and implementation and management of 
technical systems in their best ecological, economic, and social context. One conceptual 
framework for setting this context is the concept of sustainability.   
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4 SUSTAINABILITY  

Different terms have been used to describe improvements in actions involved in 
minimizing or reducing the impacts of human activities on the natural environment. Two 
important performance jargons in this respect are the term green and the term sustainable.   

The term green is often used as a relative qualifier for any level of achievement above 
conventional performance whereas the term sustainable tends to imply an absolute assertion 
of a kind of maximum possible level of performance although there is a difficulty of locating 
or characterizing this level. Besides, sustainable unlike green implies more than the natural 
environment.  

Merriam-Webster Dictionary defines the term sustainable, in use since circa 1727, as being 
to continue without interruption (Merriam-Webster, 2005). It further associates it to being a 
method of harvesting or using a resource so that the resource is not depleted or permanently 
damaged. 1727, the year Isaac Newton died coincides with the starting period of the industrial 
revolution when human beings had the chance to develop technologies with due consideration 
the issue of sustainability.    

Despite the controversies around it, the concept of sustainability has triggered a concerted 
effort of visualizing different scenarios regarding the future. Graedel and Allenby (2003) 
painted the future as full of dramatic increase in global population; population concentration 
in Mega cities; and a demographic state of low birth rate and low death rate. It will also be 
featured by increase in income; increased demand on services/resources; rapid societal 
transformation; dramatic environmental degradation; dysfunctions in planetary processes; 
vigorous response from human governance systems; and vigorous reliance on technology 
(ibid.).   

During the course of transition to a future saturated with dynamic characteristics, the 
desired goal is a move towards sustainable development trajectories and ultimately to a 
position of global sustainability (Williams, 2003). It is, thus, pragmatic to create a room for 
discussing sustainability in terms of both incremental and transformational changes. In its 
broadest level, sustainability is associated with keeping “something” constant across time and 
connotes a constancy-like property of “something” (Weitzman, 2003). 

Different schools of thought show a varying degree of flexibility regarding the contents of 
the “something” to be sustained. Tietenberg (1996) captures three alternative interpretations 
of sustainability:  

1. Sustainability as non-declining well-being 

2. Sustainability as non-declining value of natural capital 

3. Sustainability as non-declining physical service flows from selected resources 

The first two interpretations focus on maintaining the value of the total capital and the 
natural capital respectively while the third one considers the physical flows rather than the 
value. The third interpretation is based on a recognition of critical natural resources that 
should be preserved intact while leaving other forms of natural capital open for possible 
substitution.  

The discussions in the literature about sustainable development range from conceptual 
level to efforts of making it operational. There is a widely accepted feeling that the concept is 
not clear enough in providing indications for those who develop guiding principles. Our 
Common Future leaves the eventual destiny of sustainable development at the mercy of 
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political will (WCED, 1987). Capitalising on this indication, there are people who argue that 
what we need is not a science of sustainability but rather a politics of sustainability. The 
author recognizes that the issue is not as simple as choosing between these two extremes. 
Both a science of sustainability and a politics of sustainability are required with the former 
providing a basis in the form of improved information to the latter in realizing goals or 
strategic principles that can be outlined. The task of the science is to outline the necessary 
adjustments that the society should make to develop sustainably. These can be a set of criteria 
to be fulfilled associated with physical, chemical, biological, and socio-economic mechanisms 
and performance. This, in turn, is related to knowledge about the interaction between society 
and nature, i.e. societal metabolism.  

The three dimensions of sustainability (also referred to as the three spheres of 
sustainability) corresponding to ecological, economic, and social systems are described 
briefly as follows. For businesses that measure their performance based on these three 
dimensions (i.e. not only based on profit), their approach is commonly known as the triple-
bottom-line (TBL) approach.  

4.1 The ecological dimension  
For ecological systems, sustainability is defined by a comprehensive, multi-scale, dynamic, 

and hierarchical measure of resilience, vigour, and organization (Munasinghe, 2002). 
Resilience is the ability of an ecosystem to persist despite external shocks. Vigour is 
associated with the primary productivity or growth of an ecosystem. Organization depends on 
both complexity and structure of the system (ibid.).  

In this context, natural resource degradation, pollution, and loss of biodiversity increase 
vulnerability and undermine systems health thereby reducing resilience. Some aspects of 
ecological sustainability correspond to one of Socolow’s (1994) six perspectives of industrial 
ecology, namely overwhelming of natural systems (see section 5.2 of this thesis).  

It is important to note that the attempts made in different sectors of science have provided 
valuable insights into the complexities of ecosystems. However, their contribution has not 
been successful so far in empirically defining and measuring sustainability (Munasinghe and 
Shearer, 1995). According to Huber (2000), contemporary research on ecosystems is hardly 
able to determine critical, maximal, and minimal limits for carrying capacity and regenerative 
capacity of the ecosystem clearly.  

The ecological dimension plays a central role in the challenges and opportunities 
associated with the development and use of technologies.  

4.2 The economic dimension 
The modern concept underlying economic sustainability seeks to maximize the flow of 

income that could be generated while at least maintaining the stock of assets (or capital) that 
yields these beneficial outputs (Munasinghe, 2002). 

Problems arise in identifying the kinds of capital to be maintained (e.g. manufactured 
capital, natural capital, human capital, and social capital), and their substitutability.  

Weitzman (2003) discusses aspects of formalizing and operationalizing the basic economic 
ideas underlying the concept of sustainability.  

Based on the degree of specificity (level of abstraction) of the “something” to be sustained 
Weitzman discusses three levels, namely micro specific approach, Rawlsian maximin utility 
approach, and the most abstract formulation approach.  
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It is argued that sector specific or use specific, or micro-specific definition of sustainability 
is problematic in several ways (ibid.). The maximin principle or maximin criterion states that 
the goal of economic policy should be to maximize the well-being of the worst off, i.e. 
maximize the minimum. The rule was especially developed by John Rawls in his major work 
on “Theory of Justice” (Rawls, 1999).  

At the most abstract level of formulation, a broader and more economically meaningful 
definition of sustainability should focus on sustaining well-being or utility (Weitzman, 2003). 
Sustainability applied to an economy, economic situation, or economic program stands for 
and is measured by the corresponding level of “sustainable-equivalent utility.” Sustainability 
as an overall guiding principle of economic development should be based on generalized 
well-being at a very high level of abstraction (ibid.).  

4.3 The social dimension  
Social development usually refers to improvements in both individual well-being and the 

overall welfare of society resulting from increases in social capital (Munasinghe, 2002).  

The quantity and quality of social interactions underlying human existence including levels 
of mutual trust and shared social norms help to determine the stock of social capital. Thus, 
social capital grows with greater use and erodes through disuse unlike economic and 
ecological capital, which are depreciated or depleted by use (ibid.). 

It is argued that social sustainability parallels ecological sustainability, as human 
settlements such as cities and villages are the social versions of habitats. Reducing 
vulnerability and maintaining the health (e.g., resilience, vigour, and organization) of socio-
cultural systems and their ability to withstand shocks are also important (ibid.). Enhancing 
human capital (e.g. through education) and strengthening social values, institutions, and 
governance are key aspects.  

Further discussion on the social dimension can be found in Paper VI.   

4.4 Sustainability indicators and Sustainability assessment 
The challenge in sustainability is the trade off between the three dimensions (see Figure 3). 

The interaction between the socio-economic systems and the ecological systems has been a 
subject of many discussions. The sustainability of the interactions between economic and 
ecological systems is addressed as a core problem in ecological economics (Costanza et al., 
1997a). 
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Figure 3 Trade-offs among the three main objectives of sustainable development (Young, 
2001). 
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The ecological, economic, and social dimensions should be seen as indivisible parts of a 
complex whole. For example, as shown in Figure 4, the biophysical and the social 
environment are inseparable (Slootweg et al., 2003).  

 

 
Figure 4 Main settings in function evaluation (Slootweg et al., 2003).  

A coupled ecological–socioeconomic system can evolve while maintaining levels of 
biodiversity that guarantee resilience of ecosystems on which future human consumption and 
production depends (Munasinghe, 2002).  
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as clean air and water upon which humankind depends (Baskin, 1997). Society utilizes 
products and services that are provided by the biophysical environment. In economic terms, 
society constitutes the demand side while the environment constitutes the supply side. From 
this perspective, sustainability can be seen as a conceptual framework for a development that 
deals with the relationship between supply and demand, now and in the future.  

Munasinghe (2002) argues that for both ecological and socio-economic systems, the 
emphasis should be on improving systems health and its dynamic ability to adapt to changes 
across a range of spatial and temporal scales, rather than on conserving some "ideal" static 
state. On the other hand, Holmberg et al. (1996) outlined socio-ecological principles for 
developing a sustainable relation between society and ecosphere, and maintaining 
development within the boundaries of sustainable relation. Sustainable relation, in this case, 
implies sustainable material exchange between the society and the ecosphere as well as 
limitations on society's manipulation on nature.  

This interconnectedness and interdependence of the ecological, economic, and social 
subsystems is widely recognized at least at an intellectual level (Parto, 2004). Nevertheless, a 
reflection of such recognition by organizations and institutions is absent due to a belief in an 
economic system that downplays the ecological imperative and the most root causes of social 
and economic inequity (ibid.). 

The notion of sustainable development carries with it a demand for a condition of a long-
term mutual coexistence of the physical economy and the natural environment. According to 
Tennenbaum (2005), the concept of physical economy puts aside the financial and monetary 
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aspects of economy and treats the economy of the world, a nation, or region as a single, 
integrated, and self-reproducing physical process.  

The metabolism of the physical economy encompasses the totality of the physical 
processes organized by man, by which the human population maintains its continued 
existence on this planet. The concept of metabolism was born at the same time in biology and 
in social theory as applied to organisms and to human social systems respectively (Fischer-
Kowalski, 1997). The processes involved in the metabolism of the physical economy are the 
generation and distribution of energy, the vast network of interconnected productive processes 
of agriculture, mining, industry, construction, transportation, distribution, and consumption of 
goods. Moreover, non-productive activities such as education, medical care, scientific 
research, state and cultural activities, etc. are also part of this metabolism.  

In making sustainable development operational, all these human activities within the 
domain of societal metabolism should be assessed at different levels for compliance with 
some kind of quantified goals. Different approaches can be used for gathering, processing, 
and analysing information required in the assessment of the technical systems that make up 
the physical economy.  

As an interdisciplinary enterprise, the assessment of the metabolism of societies links 
several social and natural science disciplines together (ibid.). The role of this interdisciplinary 
enterprise is important in interpreting the results of assessments and using them to influence 
the development of different human arrangements and systems. Considering the current level 
of knowledge, interdisciplinary initiatives should be siphoned toward developing and 
enhancing concepts and methods of structuring and analysing data and information on 
ecological, economic, and social performances. The product of these initiatives can be utilized 
in the development of sustainability indicators that are important in making better choices at 
individual, institutional, and community or society level.  

The role of sustainability indicators can be discussed from the perspective of the challenge 
posed by the concept of sustainable development. The challenge is developing technologies 
that produce services from less materials and energy that can meet the needs of a growing 
population while decreasing the impact of technical systems on the natural systems.  

The ecological side of the challenge calls for indicators that can serve as metrics of 
dematerialization and transmaterialisation. While dematerialization is producing more service 
from reduced material input, transmaterialisation is making material flows cleaner. More 
recycling is also part of the challenge. The economic sustainability indicators are meant to 
measure and characterize benefit or wellbeing. The social sustainability indicators can be 
designed to characterize governance (e.g. rights, responsibilities, tenure, equity, etc.); social 
structure and values (e.g. public perceptions, opinions regarding satisfaction, dissatisfaction, 
levels of knowledge, interest, etc.); and adaptation and resilience (i.e. the ability to positively 
adapt to change). 

As discussed earlier the conceptual controversy around sustainability and sustainable 
development is far from being settled. On the other hand, without waiting for a universally 
accepted articulation of these concepts, different types of sustainability-related assessments 
are under way in practice at the operational level.   

Pope et al. (2004) differentiates between three approaches that are related to the 
assessment of different forms of sustainability. The first one based on environmental impact 
assessment (EIA) known as EIA-driven integrated assessment is reactive as it is applied after 
a proposal has already been conceptualized. It compares ecological, economic, and social 
impacts with baseline conditions. The second one, which is known as objective-led integrated 
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assessment is proactive and inspired by objective-led strategic environmental assessment 
(SEA). It is applied as ex-ante or as part of the processes of decision-making.  

According to the literature reviewed by Pope et al. (2004), both EIA-driven integrated 
assessment and objective-led integrated assessment are referred to as “sustainability 
assessment.” In both approaches, the position of a sustainable state is unknown. They are 
based on the notion of minimizing “unsustainability” or achieving TBL objectives. Eriksson 
and Frostell (2002) used the same terminology of sustainability assessment in the context of 
TA where the three dimensions are assessed (cf. Assefa and Frostell, 2005). The third 
approach, which has a more ambitious aim, is termed as “assessment for sustainability.” This 
approach seeks to determine whether an initiative is actually sustainable (Pope et al. 2004). 
To assess sustainability based on such definition of a sustainable state requires a paradigm 
shift of its own. On a similar line of thought, Munasinghe (2002) emphasizes the need for a 
new discipline termed as sustainomics. The assessment for sustainability approach is outside 
the discourse of this thesis. 

One major entry point for the version of sustainability assessment promoted in this thesis is 
well before any planning is considered, i.e. as part of the preparation for the basic research 
and development. The results of the assessment can be used as inputs to the next phases e.g. 
design and planning with regard to different technical systems.  

In addition to the use of the assessment results, such quantitative sustainability assessment 
of technical systems can also be applied during all phases of technological development, 
namely the research and development, planning and structuring, and implementation and 
management phases. One way of characterizing a sustainable technical system is to look at its 
overall systems health as a sustainably functioning system (see Figure 5). 
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Figure 5 Systems health of a sustainably functioning technical system. 

In Figure 5, this systems health is portrayed in the form of a “societal being” representing 
the processing feature of technical systems as its abdomen, the function and balance feature 
of ecological sustainability as its head, and the relevance and context feature of social 
sustainability and the driving feature of economic sustainability as its two legs.  
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5 SYSTEMS ANALYSIS, INDUSTRIAL ECOLOGY, AND BUILT 
ENVIRONMENT ANALYSIS  

5.1 Systems Analysis  
Systems analysis deals with different levels of complexity in different types of systems. Its 

origin can be traced back to some works on cybernetics (Heims, 1991), general system theory 
(Davidson, 1983), and systems dynamics (Forrester, 1971).  

Some concepts and terms related to systems analysis include systems thinking, systems 
approach, systems perspective, system theory, general system theory, the whole, holistic 
approach, etc. (e.g. Germana, 2000). All of these concepts can be seen as different versions 
and forms of institutionalized and non-institutionalized holistic thinking.  

There are also other conceptual and operational frameworks with some kind of systems 
approach, through which the sustainability of technologies or technical systems can be 
assessed, depending on the scope and goal of the assessment. Three of such concepts of 
systems analysis are Natural Capitalism, Natural Step, and Industrial Ecology.   

Natural Capitalism as a theory of energy and material efficiency has four central strategies, 
namely radical resource productivity, biomimicry, service and flow economy, and investing in 
natural capital (Hawken et al., 1999).  

Natural Step as a framework for socio-ecological sustainability has four system conditions 
(Holmberg et al., 1996 and Burns, 1999). These are: 

1. Substances from the Earth’s crust must not systematically increase in the ecosphere. 

2. Substances produced by society must not systematically increase in the ecosphere. 

3. The physical basis for productivity and diversity of nature must not be systematically 
diminished. 

4. Fair and efficient use of resources with respect to meeting human needs must be 
achieved. 

A discussion on Industrial Ecology as a field of research continues as follows.  

5.2 Industrial Ecology (IE)  
Commonly in the literature, the term industrial ecology (IE) is presented as being first 

coined by Robert A. Frosch and Nicholas E. Gallopoulus in their article entitled Strategies for 
Manufacturing that came out in a special issue of Scientific American (Frosch and 
Gallopoulus, 1989). However, there were at least two precedents: one from Japan in 1972; 
and another one from Belgium in 1983 (Erkman, 1997). The first one was about studies aimed 
at directing the Japanese economy towards less dependence on materials. It used the term 
industrial ecology in the official title of the research/planning group doing the work. The 
second one was a book by a small group of Belgians. The term industrial ecology was used to 
describe a view of the Belgian economy in terms of material and energy flows, instead of the 
usual economic monetary flows.   

A closer look at the component terms of industrial ecology, namely industry and ecology 
provides an insight into the scope of the field of Industrial Ecology.  

The term industry, first recorded in 1475, is defined by Encyclopædia Britannica (2005) as 
a group of productive enterprises or organizations that produce or supply goods, services, or 
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sources of income. Due to this extensive definition, it is common nowadays to see the term 
industry associated even with different social activities. The three technical systems studied, 
namely waste management system, energy systems, and building properties meet this 
definition of industry as a group of productive systems (see Chapter 6 of this thesis). In this 
line, the word industrial in industrial ecology is not confined to “pertaining to manufacturing 
firms”, but rather refers to the activities of Homo economicus, including the energy and 
materials transformations in households, and through consumption (den Hond, 2000). 

The term ecology, coined by Ernst Haeckel in 1869, comes from Greek Oikos (means 
house) and ology (means study), therefore the term literally means study of the house. Haeckel 
defined the term ecology as the economy of nature (Costanza et al., 1997b).  Hence, IE has a 
mission of striving for matching the performance of productive systems with the economy of 
nature.   

The current status of IE as a field can be shortly described in terms of the scientific 
journals, scientific society, conferences, research, and education related to the field 
(Ehrenfeld, 2004).  

There are two journals entirely dedicated to the field of industrial ecology, namely the 
Journal of Industrial Ecology issued since 1997; and Progress in Industrial Ecology: An 
International Journal (PIE) issued since 2004. There is an association of IE professionals and 
practitioners called the International Society of Industrial Ecology established in 2001. 
Gordon Research Conferences on Industrial Ecology is being held since 1998. Besides, there 
is a conference of the International Society of Industrial Ecology under way since 2001. This 
conference labelled as Industrial Ecology for a Sustainable Future was held for the third time 
in June this year, with the Division of Industrial Ecology of the Royal Institute of Technology 
in Stockholm as the host of the conference. The conference covered different topics related to 
the ecological dimension (e.g. MFA/LCA), the economic dimension (e.g. Eco-effciency), and 
the social dimension (e.g. Corporate Social Responsibility). Green buildings, transportation, 
urban development, agriculture, and energy were also major areas in the conference (ISIE, 
2005a). 

Wider areas of research are being conducted in different institutions all over the world in 
collaboration with industries. More than 75 graduate programmes worldwide identify 
themselves with the field of industrial ecology (ISIE, 2005b).  

IE deals with different interactions that can be expressed at three levels, namely economy-
environment, industry-environment, or technology-environment interactions. Graedel and 
Allenby (2003) maintain that IE has a technological face and sociological face. The 
technological face in manufacturing contexts involves design of industrial processes, 
products, and service from the perspective of both product competitiveness and environmental 
concerns. The sociological face of IE recognizes the role of human culture, individual choice, 
and societal institutions in defining the interaction between the technological society and the 
environment.  

IE provides six perspectives (Socolow, 1994): 

Long-term habitability: This implies identifying and dealing with long-term loss of 
habitability due to chemical, physical, and biological degradation of the environment.   

Global scope: IE integrates over all individuals and all nations with a global perspective 
for everyone and everywhere. 
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The overwhelming of natural systems: This is directed towards understanding that natural 
systems are particularly sensitive and therefore likely to be overwhelmed, and how they are 
affected by particular human activities.  

Vulnerability: Vulnerability analysis has a focus on a capacity of a country or community 
to protect against and cope with both acute disasters and continual incremental environmental 
changes.  

Mass-Flow Analysis: IE through material flows analysis has an integrative role between 
sources, transport media and receptors of material flows.  

Centrality of the firm and the farm: The industrial firm and farm are treated as active 
stakeholders.  

This treatment of these six perspectives provided by IE, gives a balanced view of the 
natural environment and human environment.  

IE is more than biomimicry, which refers to learning principles of designing and operating 
industrial systems from nature. The project for IE is transformation of technology with a goal 
of creating a substantially more sustainable world leading to global sustainability with human 
prospect at the centre (Graedel and Allenby, 2003).  

There is a transformation of IE going on from being a field centred rather narrowly on 
product design to one defining the parameters and pathways towards sustainable 
development. Sustainability is a new insight provided by industrial ecology into systems 
thinking. Pertaining to this insight, the field of industrial ecology has been referred to as the 
science of sustainability (Allenby, 1999). 

At the operational level, current IE exercise is employing different sets of approaches, 
processes, sketches, lists, and quantitative and qualitative tools that are under continual 
development. According to Graedel and Allenby (2003), the users of these sets of tools and 
approaches are product and process designers, corporate managers, service providers, systems 
analysts, and policy makers. It is worth noting that consumers are not considered as a group of 
their own, as there have been no such tradition within the IE domain. However, recent 
developments show that consumption studies are attracting attention within the IE research 
and practice.    

According to the International Society for Industrial Ecology (ISIE, 2005b), the field 
encompasses a variety of related areas of research and practice, including:  

o Material and energy flow studies ("industrial metabolism")   

o Dematerialization and decarbonization   

o Technological change and the environment   

o Life-cycle planning, design and assessment   

o Design for the environment ("eco-design")  

o Extended producer responsibility ("product stewardship")   

o Eco-industrial parks ("industrial symbiosis")   

o Product-oriented environmental policy  

o Eco-efficiency   

Other related areas of research for IE identified by Graedel and Allenby (2003) include 
resource consumption (i.e. including trends and impacts); human cultural systems; operational 
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and quantitative definition of sustainability; and scenario description of technology-
environment futures. It is of paramount importance for IE to establish the physical, biological, 
and societal framework of these futures in avoiding sub-optimisation between the ecological, 
economic, and social dimensions of sustainability. Efforts should be made to quantify 
performance and measure progress both at the industrial level and societal level while paying 
attention to the trade-offs between micro and macro, short-term and long-term strategies as 
the IE field evolves in the future.   

The past, present, and future of IE as a field can be viewed on a temporal and spatial scale 
as depicted in Figure 6.  

 
Figure 6 The Evolution of industrial ecology (based on Graedel and Allenby, 2003). 

The research carried out in ORWARE is based on an industrial ecology perspective of 
different systems of waste management system and energy systems. In EcoEffect, where the 
focus of analysis is on buildings and building properties, the concept of built environment 
analysis (BEA) is used, albeit using the same analytical and contextual concepts of IE.    

5.3 Built environment analysis (BEA) 
The field of built environment analysis (BEA) is discussed as follows both at the general 

level and from a Swedish perspective.  

As an object of study of BEA, the built environment in addition to manifesting concrete 
physical form, space, and a period’s technology; it reflects the users’ cultural, social, and 
functional attributes. At the core of BEA’s studies is, thus, the relationship between people 
and the built environment. The field of built environment analysis through its people-
environment studies helps improve design concepts that reflect the interest of the users 
(Vestbro, 1998).  

Some studies in BEA focus on historical perspective as a multidisciplinary investigation of 
the processes that produce buildings and landscapes (Harvard University, 2005). Unlike 
architectural history, the field of BEA does not focus on the evolution of styles (ibid.). It 
analyses the complex processes behind construction and reception of ordinary buildings and 
their settings.  

In Sweden, BEA, as a field earlier known as Building Function Analysis, has its origins at 
the Swedish Home Research Institute of the 1940s, the Swedish Institute of Building 
Research of the 1960s and the earlier divisions of housing at Swedish schools of architecture 
(BEA, 2005). It had a focus on analysis of functions of buildings. 

According to Thiberg (1975), Building Function Analysis, re-named to Built Environment 
Analysis in 1994, can be characterized by: 

o Establishment of independent platform for research, studies, and debate about 
society's physical form and organisation from the users' point of view.  
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o Showing that environmental design is a question of how society's resources are 
distributed. 

o Discussion of the balance between state control and freedom of choice in 
environmental design.  

o Formulation of quality requirements.  

o Application of a point of view regarding humans that should provide the basis for 
environmental design and is based on the assumption that users are active and 
conscious in the relationship between them and the environment where both may 
be  influenced by each other. 

o Development of working relationship for the co-operation between users and 
planners.  

The meaning and scope of Thiberg’s environmental design can open-up for different levels 
of discussion. Van der Reyn and Cowan (1995) use the term ecological design as a title for 
their book, in which they define ecological design as a design that minimizes the destructive 
impact on the environment by integrating itself into natural processes. At a broadest level, the 
term ecological design is used to describe making natural systems as the basis for design in 
order to create a more efficient, less toxic, healthier, and more sustainable buildings, 
landscapes, cities, and technologies (Van der Ryn and Cowan, 1995). 

Typical studies during the years of evolution of the subject in Sweden include critical 
analysis of built environment in general (e.g. residential buildings, building types, and 
working environment); and theories on lifestyle and built form (e.g. role of the user in the 
planning process, sustainable urban development and housing in the developing world) (BEA, 
2005). Research areas that have been part of BEA all the time are the ones related to design 
for people with disabilities, and alternative forms of housing. 

BEA deals with relations between people, society, and the built environment with the aim 
of acquiring knowledge for physical planning, and the design of built environment (ibid.). An 
important perspective in all research within the field is to see the built environment as 
expressions of social, cultural, and ecological aims. In BEA, analysis of functional, spatial, 
and aesthetic qualities of houses is done in the context of societal and cultural changes in 
society (ibid.). Since 1990s, BEA at the Royal Institute of Technology in Stockholm has 
incorporated research areas focusing on environmental assessment of the built environment, 
under which part of the research in this thesis is carried out.  

Although not under the same name of built environment analysis, a global conference 
series held every three years known as World Sustainable Building Conference covers all the 
aspects that BEA is dealing with. The last conference of this series was held at the end of 
September this year in Tokyo, with over 1 700 participants from 82 countries. Unlike the 
previous conference held in 2002 in Oslo, the conference in Tokyo had a new session entitled: 
Applying industrial ecology to construction industry: Win-Win scenarios for sustainable 
construction.  

The description of the session reads: 

Although the definition of sustainable construction does refer to ecological principles, the 
problem is that this intent is not being met in today's green buildings because the employment 
of ecological principles in building design is not well understood. The purpose of this session 
is to explore the connection of building design and construction to ecology as a science and 
the new science of Industrial Ecology to assist in guiding the development of a true ecological 
design. In particular, the materials cycles of the built environment will be explored to 
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determine how ecology and industrial ecology can assist in attaining the ideals of ecological 
design in the built environment (Kibret and Schultmann, 2005).  

This clearly indicates the close relationship between BEA and IE where the latter is taking 
over as an umbrella field covering assessment of different technical systems including 
buildings and building properties as witnessed in the IE conference recently held in 
Stockholm (ISIE, 2005a).  

The built environment in BEA consisting of buildings and building properties, and 
surrounding nearby and remote utility systems, and the interaction between them can be 
paralleled with the firms and farms in IE and their interaction. The objects of study considered 
as well as the overarching principles involved in both fields of IE and BEA have common 
features. These features will manifest in the next chapter in terms of the technical systems 
assessed and the tools used. In doing so, the term IE is used to imply concepts that normally 
are characterized under IE, and concepts that lie under the traditional domain of BEA.  
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6 TECHNICAL SYSTEMS ASSESSED AND TOOLS USED    

This chapter is dedicated to a discussion about the three technical systems studied and the 
two tools used for the assessment of these systems based on the experience from different 
researches carried out by the author and other members of the two research groups in which 
the author participated. Towards the end of the chapter, research works on an approach for 
parameter uncertainty analysis and on assessment approach for social indicators are briefly 
presented.  

Technical systems, in this context, imply constructed systems where different technology 
units are used to assemble chains of technologies for different applications. Waste 
management systems, energy systems, and building properties are the three technical systems 
discussed here. These three systems are composed of chains of technology units that can also 
be used in other technical systems such as larger industrial systems.  

It is obvious that the research environment in which the author was involved has 
predetermined the inclusion of these three systems as object of studies. However, it is the 
conviction of the author that these systems have an outstanding position in the overall 
metabolism of materials and energy. This outstanding position can be appreciated by looking 
at some of the distinctive features of these systems.   

Research on different aspects of the waste management system is important in view of the 
current projection of increase in amount of waste generated associated with increasing 
consumption. There is a need to develop and apply technologies that can deal with this 
increase in amount of waste and the changing complexity in composition.  

The energy system is vital in its unique role in the economy and in its contribution to the 
global problem of climate change and other ecological problems.  

The buildings and building properties are important since the building and construction 
sector as broadly defined (including production and transport of building materials) consumes 
25-40% of all energy used (as much as 50% in some countries) (UNEP, 2003).  

Hence, these three technical systems are considered to start with for transferring lessons 
learned from the study of these systems to future researches with regard to the sustainability 
of other technical systems. 

In the assessment of these technical systems, two computer-based tools, namely the 
ORWARE tool and the EcoEffect tool have been in use. The potential application of ORWARE 
and EcoEffect in other technical systems will benefit from the experiences in these three 
systems.   

6.1 Waste management systems  
As a technical system, the waste management system is conceptualised in such a way that 

it includes the quality of waste, the type of processes used, and the quality of products 
recovered.  

As one important component of the material flows in urban areas, solid waste management 
has evolved in terms of its focus. Its early motive was getting rid of the waste for the sake of 
hygiene. Landfilling has served as a core strategy during this early period. We are currently 
witnessing a transition where waste is being viewed as a temporary attribute to a resource 
from which energy, nutrients and materials can be recovered. This view would gain 
momentum in face of the need to close material cycles. This would decrease the amount of 
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waste going to landfills. The challenge in employing alternative technologies for household 
waste for example depends very much on the degree of control over the waste flow, which in 
turn depends on source separation in households.  

Technologies are required at different levels across the network of production-consumption 
systems. At the product and process development level, products should be produced in such 
a way that they facilitate both source separation and recycling. Technologies should be 
available to maximize the recovery of energy and nutrients as well as the recycling of 
materials.  

A conscious action of both producers and consumers is required in minimizing the 
generation of waste as much as possible, and if produced in enhancing its traits for further 
processing. For the remaining part of the waste after energy and nutrient recovery as well as 
material recycling, technologies that return the materials in the waste into bio-geo-chemical 
cycles are very important. In the interim until such technologies are well developed and 
become widely available, well-designed and well-managed landfills will continue to be 
useful.   

Management of the quality and quantity of the materials going into products and services is 
very important in attaining an environmentally friendly management of waste and a 
sustainable management of natural resources.  

In this regard, three important questions related to the quantity, destiny and nature of the 
substances are asked and thereby answered. 

o How much of the incoming amount of each substance does make its way into the 
flows of materials and substances through the technology units before leaving the 
system? This is about the quantity of different flows.  

o Where in the environment does each substance leaving the system end up? This is 
concerned with the destiny of different flows.  

o Since different forms of the same substance behave differently in terms of 
affecting the environment, in what form does each substance leave the system and 
make its way to the environment? This deals with the nature of the different 
flows.  

Knowledge and quantitative data associated with these questions not only facilitates the 
calculation of the environmental impacts of the different technology chains but also enables 
thorough understanding of the metabolism.  

6.2 Energy systems 
An energy system as a technical system is conceptualised in such a way that it includes the 

type and quality of fuel, the conversion process used, and the quality of energy produced.   

Different energy technologies have been in use ever since man has started using fire. Open 
fireplaces had a big role to play as contemporary energy technologies during the centuries 
before industrialisation. The tile stoves were improvements that replaced open fireplaces.  

Depending on the nature of specific time of the post industrial revolution era, energy 
technologies have passed through various phases of discrete and continuous development. 
Energy technology in the context of this thesis implies the technology involved in the areas of 
energy resources, conversion, transmission, distribution, and efficient use of energy in 
industrial processes and household consumption as well as in space heat and transportation.  
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The early users of the energy technologies were the energy consumers themselves, namely 
the households. With firewood as a fuel and the natural forest as a resource base, households 
were able to meet their energy need for heating, cooking and lighting all using open fireplace. 
When energy supplies and other utilities started to assume a centralised form through huge 
investments on urbanisation, the material and energy flow associated with production and 
distribution of energy has become increasingly enormous.   

The first centralized energy supply was gas pipelines from gasworks for heating, cooking 
and lighting in the streets. Then with introduction of electric grids from electric works 
burning diesel or gas, electric power was used for lighting before its use for other domestic 
purposes. Then came connections to remote power plants. District heating through hot water 
distribution became available replacing individual boilers and furnaces in households. 
Production and distribution of district cooling is the latest development.   

Throughout this development of energy supply different types of energy technologies with 
generation, storage and distribution of heat, electricity and liquid or gaseous vehicle fuels 
have been used. Some of these include flame combustion, pyrolysis, thermal gasification, 
catalytic combustion, steam turbine, gas turbine, incineration, nuclear fission reactor, 
biogasification (anaerobic digestion), steam reforming, transmission and distribution systems, 
fuel storage, and transportation and distribution infrastructures. 

The search for alternative energy resources and technologies is currently driven by the 
depletion of global petroleum and natural gas reserves and the potentially damaging 
environmental impacts of continued use of fossil fuels. This search should be supported by a 
thorough assessment of alternative technologies.   

6.3 Buildings and building properties  
Buildings and building properties as technical systems are conceptualised in such a way 

that the type and quality of building materials, the manufacturing process, the quality of the 
indoor and outdoor environment, the energy and water consumed, as well as the wastewater 
and solid waste generated are included.   

The type of structure and associated functions in satisfying the need for “shelter” has 
evolved with time assuming different dedicated and specialized functionalities including 
residential functions and workplace functions. With regard to communal infrastructures the 
shift from own heat and water supply and sanitation works to centralized utilities including 
power and water as well as waste and wastewater facilities connected group of buildings to 
gradually constitute towns and cities.  

The expansion and construction of the buildings and the centralized facilities did not go on 
without problems. At different times concerns developed from the perspective of resource 
depletion and environmental pollution.  

Alternatives for building materials, fuels for energy supply, source for water supply and 
options for wastewater and waste handling and disposal have always been available. The 
choice people make in differentiating between alternatives has often been dictated by 
differences in prices, aesthetic values, and comfort. A new important dimension in 
discriminating between different alternatives is the ecological dimension. This dimension is 
important as it considers buildings as one of the spatially significant man-made additions into 
the natural environment. Buildings and building properties in general are one of the most 
lasting and continuous parts of a society that consume a lot of materials and energy during 
their long lifetime. 
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In the literature, the term real estate is used in the same way the term building property is 
used in this thesis. Real estate implies the legal delimitation of a land along with its anything 
permanently affixed to it. The term real estate itself was originally meant to be royal estate 
(Real in Spanish means royal) as all land was considered as the property of the king. Through 
out the remaining part of the thesis the term building property is used instead to include 
residential, office or school buildings and associated land with a specific focus on residential 
buildings and building properties. 

Residential buildings are the hubs around which the use of material and energy turns. They 
are also, where occupants most easily and uncontroversially may influence their lifestyle and 
resource use (Andersson, 1997).  

The current global demographic trend implies increased demand for buildings and 
infrastructure. The important issue is about a planning that results in reduced consumption of 
energy and materials while supporting recycling of materials. Besides, the concern for 
comfort within the residential space that has existed since long ago should be combined with 
the demand for reduced impacts on immediate and remote environments. The comfort 
dimension includes subtle components of comfort and indoor health concerns. 

The International Energy Agency estimates that, on average, one-third of energy end-use in 
the developed world goes for heating, cooling, lighting, appliances and general services in 
non-industrial (i.e. residential, commercial and public) buildings (UNEP, 2003). 

6.4 ORWARE  
In ORWARE, fully described in Paper I, the object of study has been technical systems with 

a process character including waste management systems and energy systems. As an evolving 
systems analysis based tool, ORWARE is used to assess the performance of different 
technology options. In waste management context, the tool consists of different submodels for 
transport, treatment, and disposal of different types of liquid and solid waste and recycling of 
materials. Flows between submodels are described by a vector of several substances of 
different relevance to the system. The separate submodels can be combined with a high 
degree of flexibility for the design of a wide variety of waste management options. Different 
processes or their chains make up the scenarios that are the core features of all ORWARE 
studies. 

Assessment of technical systems according to the ORWARE tool is characterised by: 1) 
material and substance flow modelling of the technology system, 2) life cycle methodlogy, 
and 3) quantification of potential environmental and economic impacts.  

Assefa (2003) describes extensively how material flow analysis, substance flow analysis, 
life cycle assessment, and life cycle costing can be combined to address the ecological and 
economic dimensions of technology assessment. The following part presents the ecological, 
economic, and social dimensions in the assessment of technical systems using ORWARE.   

6.4.1 The ecological dimension  
A material flow analysis (MFA) describes the static situation of different material flows 

between different subsystems in a defined system. Since ORWARE handles a large number of 
physical flows, it can be seen as a multidimensional material flow analysis (MFA) and 
substance flow analysis (SFA) (for SFA cf. Van der Voet et al., 1995). It covers a range of 
flows from total solids and Polycyclic Aromatic Hydrocarbons (PAH) to single elements such 
as chlorine and copper. In the current form of the model, it is possible to evaluate the results 
from over 50 parameters simultaneously. In practice, however, the number of parameters that 
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are usually used is lower due to lack of data or poor data quality. The MFA carried out in 
ORWARE generates data on emissions from the system, which is aggregated into different 
environmental impact categories using life cycle assessment (LCA) methodologies (e.g. ISO, 
1997).  

LCA has a systematic procedural framework consisting of 1) goal definition and scoping, 
2) inventory analysis, 3) impact assessment, and 4) interpretation (ibid.). The inventory 
analysis results in a list of quantitative inputs and output to and from the system under 
assessment resulting in an inventory table made up of material and energy requirements, 
products, co-products, waste and emissions that cross the system boundary. The third step in 
LCA referred to as impact assessment consists of selection and definition of environmental 
impact categories, classification, and characterization of impacts. Impact valuation, a part of 
the third step, involves normalization, grouping, and weighting.  

This makes it possible to compare the impacts of different alternatives of technical system 
in terms of, e.g. the greenhouse effect, acidification, eutrophication, and other impact 
categories. 

6.4.2 The economic dimension  
Life cycle costing (LCC) is used as a tool that looks at the entire life cycle of a product, 

process or activity and calculates the entire life cycle costs, which include internal costs and 
plus external costs incurred throughout the entire life cycle (Wrisberg et al., 2002). Generally, 
the internal cost includes conventional costs (capital cost and operational cost) and less 
tangible and hidden indirect costs. The external cost is the cost for which a company at a 
specified time is not responsible in the sense that neither the marketplace nor regulations 
assign such costs to the firm. It addresses emissions and resource use, and their environmental 
and human health effects. LCC places a monetary value on such impacts. 

Environmental impacts in comprehensive LCC can be translated into monetary metrics at 
three stages, namely initial interventions, midpoint effects, and endpoint damages. Different 
costing approaches and techniques can be used depending on where in the impact chain the 
impacts are assessed. In ORWARE studies, a number of methods are used to convert the 
environmental impacts into monetary terms and evaluate their contribution to the total cost in 
each scenario.  

6.4.3 The social dimension  
Inspiration from social impact assessment (SIA) is used in ORWARE in order to incorporate 

the social dimension of technology development and use. Social impact is conceptualized as 
“changes” (Vanclay, 2003) to, among other things, one or more of people’s:  

o Way of life –how they live, work, play and interact with one another on a day-to-
day basis; 

o Community – its stability, cohesion, services and facilities; 

o Health and well-being – where health is as defined by World Health Organization 
as “a state of complete physical, mental, and social well-being and not merely the 
absence of disease or infirmity” 

o Fears and aspirations – their perceptions about their safety, their fears about the 
future of their community, their aspirations for their future and the future of their 
children.  
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This work on the social dimension is part of an ongoing effort to develop an approach for 
sustainability assessment of technical systems based on ecological, economic, and social 
performance.  

In Paper VI, three indicators of social aspects in relation to four technology scenarios of 
energy production are used as a starting set of indicators. These are knowledge, perception, 
and fear. Questionnaires are used to assess these indicators in a small Swedish municipality 
with a population of around 12 000.  

The results of the questionnaires can be used as a basis for assessment of social acceptance 
for different technological options. Social acceptance is recognized as one ingredient of social 
sustainability.  

6.4.4 System boundary  
As in all other similar studies, the choice of system boundary is important. The system 

boundary has three dimensions, namely time, space, and function. The temporal system 
boundaries vary between different studies, depending on the scope, and between different 
submodels. Most of the process data used is as an annual average for a specific year. 
However, in two submodels of the waste management systems, namely the landfill model and 
the arable land model, for example, long-term impacts are also included.  

There is a geographical boundary delimiting the system under assessment although 
emissions and resource depletion are also included regardless of the spatial coordinate of their 
occurrence. The system boundaries in ORWARE are chosen with an LCA perspective, thus 
including in principle all processes that are connected to the life cycle of the product or a 
service of the system in question (e.g. waste management system). The life cycle impacts 
under consideration cover impacts due to raw material extraction, refinery, production, and 
use. The impact of construction, demolition, and final disposal of capital equipment is not 
included under the ecological dimension (i.e. energy consumption and emissions) while it is 
included under the economic dimension.  

Up-stream material flows associated with the use of energy carriers in the core system are 
also included. In a similar way, down-stream flows associated with, for example, the 
spreading of organic fertiliser from biological treatment or biogas utilisation can also be 
included in the analysis. The core processes cause emissions in a defined area while upstream 
and downstream processes may cause emissions at undefined locations. 

Another aspect of the LCA perspective in ORWARE is the use of functional units. In the 
ISO standard (ISO, 1997) a functional unit is defined as “the quantified performance of a 
product.” It is, thus, a measure of the function of a product (or a system). It is important to 
define explicitly the functional units in comparing different systems. In the case of a waste 
management system, for example, the main function is to treat a certain amount of waste from 
a defined area. Other functions, e.g. recovery of different kinds of products and services, are 
also possible since a waste management system can provide energy in the form of electricity 
and district heating. In other cases, it can also provide fertilisers, recycled products, or 
materials. 

In the waste management case, ORWARE is not dealing with a building per se but rather the 
processes that are housed in the building. Hence, the contribution of energy and material use 
and relevant emissions associated with the operation phase is in focus. This focus on the 
operation phase was based on a study done on the contribution of the building phase of the 
waste management system as an infrastructure producing and consuming energy. The study 
showed that except for two cases the energy and emissions during the building phase are 
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relatively insignificant when compared to the operating phase. These two cases manifest in 
systems with high capital cost where: 

1) the process involved in operating the plant is less energy intensive 

2) the technology used is emission free. In both cases, the building phase becomes worth 
considering.  

6.4.5 System comparability   
In order to achieve a just comparison between different alternative systems, functions not 

present in a certain system have to be compensated for. The compensation of functional units 
in ORWARE is achieved by expanding the system boundaries of the core system to include an 
external compensatory system (Figure 7). 
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Figure 7 The core system and the compensatory system with alternative production of 

energy and material (based on Sundqvist (2003)).  

Like the core system, compensatory systems also have up-stream and down-stream 
processes. Therefore, each alternative system under assessment in ORWARE has its own 
unique design of core system as well as different compensatory systems. 

The total system comprises the core system and the compensatory system together with 
their respective up-stream and down-stream systems. The compensatory systems, up-stream 
systems, and down-stream systems constitute the external system. In creating a functional 
equivalence in such an enlarged system, a given functional unit can be provided by one of 
three possible ways:  

o The core system: for the alternative (s) that set the maximum amount of the 
functional unit under consideration  

o The compensatory system: for the alternative (s) that cannot produce the 
functional unit under consideration at all. 

o Both the core system and the compensatory system: for the alternative (s) that 
produce the given functional unit with an amount lower than the maximum. 

In striving for functional equivalence, two approaches are used. First, scale-up is used in 
order to increase the magnitude of an existing function (e.g. increasing the effect of a power 
plant). Second, expansion is used to include a new function (e.g. producing district heat in a 
power plant).  
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Through the system expansion, a big picture composed of four clusters of technologies 
unfolds into the scene. These are technologies:  

o under assessment making up the core system (tech-core) 

o for producing inputs, utilities and others (tech-inpt) 

o for producing additional magnitude of exiting functions(tech-magn) 

o for producing additional function (tech-func) 

In tech-core, parameters used are at local level while in tech-inpt, tech-magn and tech-func 
parameters range from local to global.  

In the situation where tech-core is completely the same in all the alternative technology 
chains being compared in magnitude and type (quantity and quality), the contribution of both 
tech-magn and tech-func to the big picture becomes zero.  

6.4.6 Procedure of assessment   
Assessment of technical systems using the ORWARE tool involves a range of interactive 

steps both before and after a simulation of the technology chains. 

In principle, the overall essence of Figure 8 is valid for the three dimensions of the 
sustainability assessment of technical systems while the details outlined below are directly 
related to the ecological dimension.   

The number of steps and the time spent in each one depends on the scope of the assessment 
and on the degree of contribution of previous ORWARE studies towards the technologies 
under studies.  

The first step is gathering knowledge. Knowledge about the technologies, about the 
possibilities and challenges associated as well as the knowledge about the external system, 
e.g. the type of system in heat and power generation is gathered.  

Data collection needs all types of sources from literature to expert consultation. Data 
processing makes the data into a format that is usable for the next steps.  

Scenario construction usually directly uses the material from the original project document 
prepared in consultation with researchers of different expertise. The data collection and data 
processing steps give the opportunity to trim and refine the scenarios sketched in the project 
document. Once defined scenarios are constructed, the next step is modelling. Modelling is 
carried out on MATLAB™ platform using its SIMULINK™ graphic interface.  

An extended step after modelling is the validation step. This is a vital step that demands a 
thorough check-up of the data and variables used and the calculations involved. This 
validation step aims at error finding and identifying unconnected flows and unregistered 
variables, etc. in the model. Even in the next steps of pre-simulation and simulation the 
simulation results are checked for both errors related to the model validation and to erroneous 
relationships during the course of the calculations. During the three steps of model validation, 
pre-simulation, and simulation, an answer is sought to the question: Does the model do what it 
should?  

Result presentation involves the processing of the large amount of data output produced in 
a relatively manageable format. This result presentation is done in Microsoft Excel®.  

After additional steps of data analysis and reporting, the knowledge produced and 
exhibited in the form of quantitative and qualitative data and information is stored in the 
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ORWARE model libraries, for future retrieval for use in other researches or result 
disseminations.   
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Figure 8 Cyclic and interactive procedure of the systems analysis in sustainability 

assessment of technical systems. 

6.4.7 Application areas - illustration  
One of the dominant areas of applications for assessing technical systems using the 

ORWARE tool is the comparative assessment of existing and new heat-power generation 
technologies for small municipalities.  

The fact that systems analysis researches within ORWARE bring both existing and new 
technologies in the same platform for comparison is to meet the demands of temporal 
relevance and foresight at the same time.   

The Swedish government is carrying out a nuclear phase-out program based on a Nuclear 
Phase-Out Act adopted seventeen years after the referendum of 1980. This has so far led to 
the closure of the first nuclear reactor in November 1999 and the second reactor in May 2005 
at Barsebäck, in southern Sweden. The second reactor accounted for three percent of the 
country's total electricity output. Renewable energy resources will replace this lost nuclear 
energy in short term, as they make their way to contribute to the overall energy system in the 
long term (e.g. Haegermark, 2001). Various kinds of basic and applied research activities are 
underway for this to be achieved.  

One of the focus areas is to investigate the possibilities of increasing the generation 
efficiency, within economically reasonable boundaries. Some of the technologies that won a 
wide range of attention for research and development are biomass combustors or biomass 
gasifiers, fuel cells and small-scale prime movers (e.g. gas turbine and steam turbines). These 
are important parts of small-scale combined heat and power (CHP), and combined cycle 
plants for future de-centralized power generation with electric outputs of less than 25 MW.  
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Gasification of waste or biomass followed by fuel cell technologies and the catalytic 
combustion technology are appropriate for sparsely populated areas that benefit from own 
small-scale power supply systems. Whether future plans for the implementation of these 
technologies based on gasified waste and/or biomass will gain widespread applications in 
small to middle-sized municipalities and communities in Sweden as well as the rest of Europe 
depends on different factors.  

Some factors of interest that are of paramount importance with regard to waste-based 
systems include, among other things:  

o The potential of industrial waste, household waste and other waste in terms of 
quantity and quality of waste.  

o Future plans and trends in waste management and energy policies at municipality, 
regional, national and European level.  

o National and regional perception of the risk for another oil crisis. 

6.4.8 Implementation platform 

The ORWARE model is built on MATLAB® with its graphical interface SIMULINK®. The 
advantage of this graphical model implementation is provision of an insightful picture of the 
modelled system. The same basic principle offers a generic structure of a sustainability 
assessment tool for modelling and analysis of other technical systems. 

The results of simulation are transferred to Microsoft Excel® for generating appropriate 
result presentations in different formats.  

6.5 EcoEffect  
As in all other societal sectors, within the building sector there is a need for metrics and 

indicators that describe environmental impacts that would thereby simplify decision-making 
in the quest for sustainability.  

A number of methods, which characterize or “measure” the contribution of environmental 
improvements to ecological sustainability of the built environment, have been under 
development. The EcoEffect method is one such method developed at the Royal Institute of 
Technology in Stockholm and the University of Gävle in Gävle, Sweden with a support from 
a number of companies and organizations within the Swedish building sector.  

The method primarily targets decision-makers within the planning, designing and 
management of the buildings and building properties. The EcoEffect tool together with an 
input data sheet constitutes a tool for using the EcoEffect method in practice.  

The objective of the EcoEffect method is to: 

o Quantitatively describe environmental and health impacts from building 
properties  

o Provide a basis for comparison and decision-making that can lead to reduced life 
cycle environmental impact of the building properties while maintaining a higher 
level of occupants’ satisfaction with aspects of the indoor environment and 
outdoor environment of the building properties. . 

In achieving these objectives as presented Paper VII, the EcoEffect tool utilizes different 
methods and concepts from both natural science and social science.  
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6.5.1 Focus areas 
The EcoEffect method addresses two major classes of impacts, namely external impacts 

and internal impacts. Besides, it includes approaches and methods to assess toxic chemicals 
and life cycle costs. The external environmental impacts are associated with energy and 
material uses. The internal environmental impacts involve the indoor environment and the 
outdoor environment. The internal impacts show the risk that users will be affected negatively 
by the environment within the boundary of the building property. The external impact shows 
the risk that people outside the building property would be affected through impacts such as 
climate change and acidification.    

One aspiration has been to make the EcoEffect results easy to understand and to make the 
underlying assumptions and conditions accessible. The method is currently developed for 
multi-family residential houses, offices, and schools. The assessment has primarily been 
delimited to building property-related environmental impacts. In other words, it is the 
characteristics of the building and its connected outdoor area, i.e. the physical environment 
that is assessed. The building is assumed to be managed as intended and the occupants of the 
building property are assumed to use the building and its fixtures in a pre-determined manner 
and will behave “normally.”  

6.5.2 External impacts – ecological dimension    
In the EcoEffect method, a life cycle assessment methodology is used for calculation of 

environmental impacts from the use of energy and material in the building 
properties/buildings. The functional unit is defined differently depending on the type of 
building property (family residential house, office, or school), e.g. for a family house: “the 
provision of a shelter for a family of 5 persons for 50 years". The lifetime of the building is 
taken into account assuming a steady state condition through out the whole 50 years, for 
example.  

The total environmental impact from inflow of materials and energy to the building 
property under a certain lifetime is expressed as an environmental load of the building 
property.  

The environmental impact calculated for energy and material use is of three types: 
emissions, waste, and natural resource depletion. The EcoEffect tool contains a database with 
environmental data for different energy types, selected material groups and reference values, 
etc. that are used in the calculations.  

It is possible to add new life cycle data into the existing EcoEffect database for use in the 
calculation of environmental impacts. There is also a system for explicitly describing the 
quality of the data.   

Emission of substances toxic to the environment and human health occurring during the 
manufacturing of building materials are included under the material use with the help of LCA 
methodology. These emissions are accounted for in the form of the impact categories of 
human toxicity and ecotoxicity. On the other hand, toxic substances that are embedded in the 
different parts of the building property are accounted for in terms of amount and location. The 
input data sheet provides with a simplified approach to control such occurrence of chemical 
substances that are being phased out within the building sector.  

6.5.3 Internal impact – social dimension   
This part is concerned with the quality of life of the occupants measured using detectable 

conditions throughout the year.  
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The internal environmental impact consists of the indoor environment and the outdoor 
environment within the boundary of the properties. For the indoor environment, the impact on 
human health and wellbeing is assessed. The assessment of the indoor environment is 
concerned with the healthiness of the buildings from within. Its scope includes mould, 
bacteria, chemicals, allergens, etc. that can affect people's health. Besides indoor air quality, 
thermal comfort, etc. are also assessed.  

For the outdoor environment, both the impact on human health as well as the impact on the 
ecosystem/biological diversity is included. For both areas, it is the actual characteristics and 
the circumstances of the indoor and outdoor environment that are essentially assessed. The 
input data for the assessment are calculated to load values according to established criteria 
that are based on relevant norms, threshold values, etc.   

Using tree structures depicting higher and lower levels of problems/factors, the input data 
is processed to environmental loads for lower level health problems and indoor and outdoor 
environmental factors that contribute to a higher-level problem. The higher the load value is 
the larger the risk that the problem would occur.  

In addition to these aspects, the assessment of social indicators of energy technologies is 
useful to characterize the energy supply to the building properties. Such an assessment carried 
out in terms of three indicators, namely knowledge, perception, and fear is important in 
extending the existing social dimension of the comparisons between different building 
properties in EcoEffect (Paper VI, Paper VII).  

6.5.4 Life cycle costs – economic dimension 
The sum of investment, service (i.e. power, heating, water, and wastewater, cleaning) and 

maintenance costs aggregated over 50 years or some other defined period is used as an 
environment-related cost indicator.  

The environment-related cost indicator can, for example, be used to study how investments 
accompanied by lower operation costs and environmental impacts result in different returns 
with different price scenarios. Costs that have no evident or obvious connection to the 
environmental impacts of a building property are excluded from this indicator. Although there 
is a recognition that this is only part of the total economy, the interest is to simplify the 
discussion around investments on environmental improvement measures.    

It is practically important to point out that the life cycle cost consideration of both 
investment cost and running cost is short of playing its important role due to current market 
structures. When construction companies invest on energy-efficient solutions, companies 
managing the property gain from the resultant lower operating costs. Contemporary 
institutional and market structures are not able to transfer over a part of this gain to the 
construction company that made this gain possible.  

In other words, when planning is made for new buildings, decision is done based on 
comparison between the investment costs of the different alternatives not on the life cycle 
benefits and costs associated with the alternatives. The current institutional set up does not 
allow a deviation from this tradition.  

Despite this traditional inertia, the EU directive on energy performance of buildings 
effective since summer 2003 attaches some unprecedented requirements on new buildings. 
The requirements to be taken into account before construction starts demand the inclusion of 
feasibility of alternative systems such as decentralized energy supply systems based on 
renewable energy (EU Parliament, 2003). In this directive, buildings are viewed from the 
perspective of the context into which they are put in.   
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6.5.5 Weighting 
In order to present an aggregated result that simplifies comparisons, a weighting method 

has been developed based on the assessment of direct and indirect impacts on health and well-
being of people due to the environmental impacts using calculated damage values. The 
weighting method is related to how severe different environmental problems are expected or 
estimated to be for people now and in the future. 

The damage value in terms of group damage value and personal damage value is the basis 
for the calculation of weights in both the external and internal environmental impact parts.   

In the case of external impact, the damage value describes the severity of a given 
damage/nuisance (also called end-problem), if it occurs, to the group of people considered to 
be exposed to the damage. It is, thus, called a group damage value. The sum of group damage 
values of all end-problems within a certain impact category results in the total group damage 
value for that category.  

In the case of internal impact, damage value refers to individual’s exposure to a given 
damage/nuisance. One of the major components in both the individual damage value and the 
group damage value is the description of how people’s way of life is affected by different 
types of disabilities using the concept of DALY (Disability Adjusted Life Years) (Murray and 
Lopez, 1996). One difference in the calculation basis of the internal impacts and the external 
impacts is that in the case of the external impacts, data on the number of people affected 
within a certain area and during an estimated impact period is required.   

Eriksson et al. (2005) fully describes the weighting method.  

6.5.6 Application areas  
In the EcoEffect method there is a direct association of the characteristics of buildings or 

activities to environmental impacts. A change in the material and energy flow or the physical 
environment can directly be shown as a change in environmental impact. This feature enables 
the formulation and follow-up of quantitative environmental goals.   

Companies working with management of building properties by implementing 
environmental management systems according to ISO 14001 or EMAS (i.e. eco-management 
and audit scheme of the EU) can specifically use the tool. The tool is developed so that it can 
be used in the early phases of planning and design as well as during the operation phase.  

In the planning phase, goals for a reduced environmental impact associated to the building 
property or a satisfying level of quality of indoor environment and outdoor environment (from 
occupants’ perspective) is formulated. In some cases, the goals can be formulated in terms 
that can clearly be connected to societal goals, e.g. the national environmental goals.  

During the design phase, a more precisely defined requirement is developed on the type 
and performance of different building components, etc. Using the goals put up during the 
planning phase as a starting point, the EcoEffect tool can be used to check if the different 
performance requirements and system solutions can help achieve the goals. 

If the results obtained are worse than expected, one can go further behind the 
environmental profiles and understand the causes that led to these results. Thereby the flows 
or the characteristics of the building property that worsen the results can be located. There are 
possibilities for testing how the results can be improved through different types of 
interventions and measures, e.g. selecting a different type of energy source or reducing energy 
consumption.  
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There are two major potential application areas for EcoEffect during the management 
phase of a building property. First, it can be used as a follow-up to check if the goals set up 
during the planning phase are achieved. Particularly, the goal for indoor environment can be 
assessed using the EcoEffect-Questionnaire one year after the occupants of the building have 
moved in. Second, the EcoEffect method enables to compose or produce different 
performance declarations for existing buildings that show both the internal and external 
performance of building properties. Performance declarations are useful for different external 
stakeholders such as potential buyers, creditors, owner or clients, etc. Such information can be 
used not only for formulating goals for environmental management by managers of building 
properties but also for introducing a dialog with tenants for initiating improvement measures. 

If performance declarations for different buildings and building properties are produced in 
a similarly consistent procedure, the buildings/building properties can be compared with each 
other in terms of their performance. As more environmental assessment of buildings/building 
properties are carried out, more experience is gained about the significance of the physical 
features to the environmental impacts.   

Within an internal environmental management process, the EcoEffect method with some 
additional development can be used to facilitate an environmental review of measurable 
environmental goals for a building stock. This can then be broken down to individual goals 
for building properties and buildings.   

The goals to be assessed that are formulated in the environmental management can directly 
be expressed in terms of contributions to different problems and types of environmental 
impacts. As an example, a goal for energy consumption can be expressed as “the contribution 
of a certain building property to the problem of climate change would be reduced by 20% in 5 
years” instead of saying that a corresponding reduction in energy consumption in kWh or 
joule would be made. The earlier formulation brings with it the significance of the 
environmental impact of the type and quality of energy source used. This opens up for several 
possible measures that can be worked out including energy saving and choice of energy 
source in order to achieve the goal.  

The current level of development in EcoEffect does not provide a complete solution. It 
instead leads to an improved understanding of the problem on which further development can 
be made that ultimately results in a better solution.  

6.5.7 Implementation platform  
The EcoEffect tool is developed in such a way that any one who has a certain computer 

skill can use it. It is not necessary to turn to an expert or a consultant to carry out an EcoEffect 
assessment.  

The advantage of running the tool is obviously the possibility of getting a better 
understanding of how the different features and measures in the physical environment 
contribute to different environmental problems and health risks. The EcoEffect computer 
program is developed using Microsoft Access® as a platform with accompanying input data 
sheets in Microsoft Excel®.  

6.5.8 Current and future developments  
The methodologies for including areas such as toxic substances and the outdoor 

environment are already developed but not implemented in the EcoEffect tool. The same is 
true for the weighting methods for indoor environment as well as outdoor environment.  
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Assessment of aspects related to water use and handling of solid waste and wastewater 
during the operation phase will be developed using appropriate approaches including LCA. . 

The current version of the EcoEffect tool does not include construction phase as it is 
relatively insignificant in comparison with the operation phase.  

A full account of the EcoEffect method and tool is available in Glaumann and Malmqvist 
(2004).  

6.6 Compare and contrast: ORWARE and EcoEffect  
For both the waste management system and the energy system, ORWARE has been used as 

a tool for calculation of economic and physical flows. Once fully developed or integrated with 
ORWARE, EcoEffect represents a tool for calculation of material flows in buildings and 
building properties and an upstream system (the energy system) and a downstream system 
(the waste management system). 

The features included in the assessment of technical systems in ORWARE and EcoEffect 
are shown in Table 1.  

ORWARE has merits of locating the weak points or weak links along the chain of material 
and energy intensive technologies. The whole line of processes is assessed using LCA 
methodology. In the assessment of a given technical system, material and energy consumed 
are followed upstream and the emission and waste is followed downstream as it passes 
through different unit processes. 

A life cycle approach in EcoEffect on the material and energy modules is backed by a 
database of life cycle data. The manufacture and transport of the building material are parts of 
the material use module. In the energy use module, the consumption of electricity and district 
heat by the building property are assessed from a life cycle perspective. 

EcoEffect’s material use, energy use and some parts of the outdoor environment module 
correspond to the ecological dimension of sustainability. The material use module in principle 
takes care of natural resource consumption, release of emissions and waste and energy 
consumption.  

Energy use associated with the construction and demolition of a building is not considered 
yet. The amount of energy consumed in this phase is much less than the amount of energy 
consumed during the operation phase. The latter is calculated in EcoEffect. 

In ORWARE, in addition to material and energy turnover, financial turnover is also 
included. The impact of the technical system on the natural environment is considered in 
terms of both natural resource depletion (in the form of primary energy) and impacts due to 
emissions that end up in different parts of the environment. The tool calculates emissions to 
water and air, and the amount of residues returned to arable land. 

In principle, EcoEffect calculates a life cycle cost of the building property with possible 
scenarios of change in price. 

The economic dimension is addressed in ORWARE by differentiating between financial 
costs consisting of capital costs and operating costs of the processes and welfare costs that 
additionally take economic valuation of the environmental burden shouldered by society. 

Considering the graphic interface of the tools, EcoEffect is better suited for a user-friendly 
application. Only researchers with programming and modelling capability can use the current 
version of ORWARE.  
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Table 1 Features assessed in both EcoEffect and ORWARE. 
EcoEffect ORWARE 

 Indoor comfort  
o Indoor air quality  
o Indoor thermal climate 
o Indoor comfort (e.g. noise and 

light) 
 Indoor health   

o Joint pain (due to draft and 
cold) 

o SBS1 (Irritation in nose, eye, 
throat, skin, coughing) 

o Sleeping difficulty (noise) 
o Allergy 

 Outdoor environment quality 
 Outdoor comfort (e.g. noise) 
 Outdoor health   
 Emission from material production  
 Chemicals embedded in the building 

property   
 Emission from external energy 

production 
 Life cycle cost 

 Energy recovery  – heat, power, biogas, 
hydrogen 

 Nutrients recovery – phosphorus, nitrogen  
 Material recovery – plastic, paper 
 Amount of primary and secondary waste 

going to final disposal  
 Emission from waste management  
 Emission from external energy production  
 Life cycle cost 

 

1 SBS= Sick Building Syndrome 

As models, both tools serve as learning tools for the actors in the system. Designing and 
implementing models together with the actors enables integrating a learning loop into a 
modelling structure (Josefsson et al., 1996). EcoEffect has benefited from this unique feature. 

The substance flow analysis feature in ORWARE makes it well suited for accounting of 
physical flows such as pollutant and heavy metal flows outside conventional impact 
categories. The possibility of processing a very large amount of input data and transforming 
the output information into a manageable result presentation is another positive feature of the 
ORWARE tool. 

ORWARE has an enviable modular structure. Modularity as defined by Schilling (2000) 
cited in Hall and Kerr (2003) is the degree to which a system’s components can be separated 
and recombined, as well as the degree to which the “rules” of the system architecture enable 
or prohibit the interchanging of components. Modular feature of the tool offers flexibility, 
transparency and simplicity. The modular structure of the tool enables scenario construction 
that, in principle, makes a comparative assessment of indefinite number of chains of 
technologies possible. 

ORWARE gives the possibility to compare more than two objects at the same time. 
Although EcoEffect is for a comparative assessment of two building properties at a time, at  
the most aggregated level it can also show all building properties for which assessment results 
exists in the database.  

One of the advantages of ORWARE is making more even-handed assessment in comparison 
with what has been featured by conventional technology assessment. 

Different applications of the results that can be generated from the tools include research, 
bench marking, knowledge enhancement, decision-making, etc. The tools are useful for 
different communities of users. 

Architects, designers, owners, and managers of building properties can use EcoEffect for 
assessing and comparing existing and planned properties. ORWARE is useful for research 
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institutions, municipal and private owners of waste management, energy production and other 
similar utility infrastructures. Its application includes comparison of existing and new 
technologies in research and development, planning and structuring, and implementation and 
management of technical systems. For instance, the ORWARE modules can be used as an aid 
in the design of a waste management system for a city, municipality or other politically or 
geographically defined area.  

In terms of applications made so far, both EcoEffect and ORWARE have been used in 
different contexts.  

The EcoEffect tool has been used for assessment of three buildings in the 2001 European 
housing exhibition, BO01 in Malmö, Sweden. It has also been used in a number of assessment 
studies carried out on different buildings including a building in the new district of 
Hammarby Sjöstad in Stockholm known for its Hammarby Model of integrating different 
technical supply systems (Hammarby Sjöstad, 2005).  

ORWARE has been used in assessing different scenarios of waste management systems of 
the municipalities of Stockholm, Uppsala, Älvdalen, Värmdö, Växjö, Falun, Borlänge and 
Jönköping. It has also been used in other application areas such as comparing an organic 
fertiliser plant against synthetic fertiliser plant by Norsk Hydro and comparing large-scale 
waste incineration against large-scale composting by Birka Energi. 

6.7 The Whole: the systems, the tools   
The relationship between the three technical systems and the two tools are discussed from 

analytical perspective as follows.  

The waste management system, the energy system and the building properties can be 
viewed as component parts of a “whole” of reservoir of materials in the anthroposphere. They 
are three material containers in a network of reservoirs with different sizes and residence time. 
There is different turnover of materials and energy exchange between them and with the 
surrounding environment composed of other technical systems and the natural environment.  

One institutional inspiration in viewing the three technical systems as components of a 
bigger system is the Integrated Product Policy (IPP). IPP is an initiative aiming at provision of 
a strategy for reduction of the environmental impact of products and services throughout their 
entire life cycle by addressing both the “supply-side” and the “demand-side”(CEC, 2001).   

In this case, the energy system can be seen as the” supply-side” while the building 
properties constitute the “demand-side” with energy being the product or service linking the 
two sides. A building property is a meeting node between a waste management system and an 
energy system. Building properties are reservoirs of materials with significantly longer 
lifetime. Some materials contain embedded chemicals that are toxic to human health. 

Waste management system and the energy system meet at more than one point. In fact, the 
waste management system is evolving and assuming the role of an energy supply system. On 
the other hand, existing energy systems are utilising a variety of fuels including waste.  

From the perspective of assessment using ORWARE and EcoEffect, the energy system is 
part of the system under assessment in both EcoEffect and ORWARE since the quantity and 
quality of the energy consumed in the core systems is included in both tools. The energy 
produced by the core system is included in the case of ORWARE. The waste management 
system as a downstream system to the building properties is a specialization of ORWARE.  

Connecting EcoEffect and ORWARE and thereby make them work consecutively gives the 
chance of assessing a wider system that links a building property with a local waste treatment 
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plant, a drinking water plant and a heat and power generation plant. The total system as a 
whole can then be optimised using different parameters of optimisation.  

As a contribution to efforts of going towards sustainable development, optimisation of the 
“whole” that includes performance of energy system, waste management system, and the 
operation of the building property is important. This optimization can be achieved both using 
different measures with technical character and non-technical character.  

Table 2 depicts the technical aspects that are important in optimising the three technical 
systems. The concept of optimisation implied in this context is not as a standalone absolute 
metrics of attainment of minimum and maximum values of individual aspects. It is the 
optimization of the whole with due considerations of the goals to be maximised and the 
impacts to be minimised (compare with Table 5). This table considers mainly the ecological 
dimension and to some extent, the economic dimension.  

Table 2 Examples of technical aspects for optimisation of the three technical systems.  
System Technical aspects  

Energy system  Cleaner fuel 
 Cleaner technology – less emission and less effluent  
 Higher efficiency  

Waste management system  Degree of energy recovery  
 Degree of nutrient recovery 
 Degree of material recycling  
 Cleaner technology - less emission and less effluent  
 Less waste to landfilling  

Building properties   Degree of source separation  
 Energy saving construction 
 Material saving construction  
 Water saving fittings  

The major non-technical aspects that can be associated with optimising the performance of 
the three technical systems are related to the contribution of the life style of the occupants to 
the efforts of realization of waste minimization, cleaner waste fraction due to high source 
separation, less wastewater, and less energy consumption. This life style component is not yet 
included in both the EcoEffect and ORWARE tools. The building property is unique in terms of 
the role of its occupants. The occupants can influence the performance of the building 
property while being influenced by the performance of the building property (Table 3).    

Table 3 Unique features of the building property in relation to its occupants. 
Features of building properties influenced by 

occupants 
Features of building properties influencing 

occupants 
 Energy use 
 Amount of waste generated 
 Quality of waste generated – source 

separation  
 Water use  
 Amount of Wastewater generated  
 Outdoor environment quality  

 Indoor air quality  
 Indoor thermal quality  
 Noise  
 Poor lighting  
 Poor layout and design  
 Outdoor environment quality  
 Chemicals embedded in the building 

materials  

The different stakeholders who have vital roles in improving the ecological, economical, 
and social performance of the three technical systems are listed in Table 4.  
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Table 4 Examples of stakeholders of importance in the optimisation of the three technical 
systems.  

System Stakeholders 
Energy system  Government  

 Local authorities   
 Energy companies  
 Researchers  

Waste management system  Government   
 Local authorities   
 Waste management companies  
 Researchers 

Building properties   Government 
 Local authorities  
 Construction companies  
 Building owners  
 Occupants   
 Researchers 

Looking at the three technical systems simultaneously at the level of analysis helps in 
optimising both the quantity and the quality of material flow; its economics as well as the 
interest and value of the people (the society) using relevant metrics and tools. The essence of 
looking at the whole system at analytical level is to investigate all the possibilities of reducing 
the life cycle impact of energy and waste. Reducing the life cycle impact of energy implies 
reducing consumption in the building property and making the technology cleaner in the 
energy system. Reducing the life cycle impact of waste implies reducing the amount of waste 
leaving the building property and managing the waste in a cleaner way.    

This exercise of looking at the whole system as a part of industrial ecology and as a bottom 
line in this thesis calls for a systematic approach of gathering, processing, structuring, 
analysing and presenting appropriate information and necessary data. Hence, a logical 
prerequisite in promoting innovations in research and development, planning and structuring, 
and implementation and management of technical systems, is the development and use of a 
systematic approach to the assessment of their performances. The desired innovations can 
focus on minimising the negative impacts and enhancing the positive ones. 

To concretely articulate the implication of this call for systematic approach a look at 
dictionary definition provides with an insight. Merriam-Webster Dictionary defines the term 
systematic, in use since circa 1680, as presentation or formulation as a coherent body of ideas 
or principles; methodical in procedure or plan; marked by thoroughness and regularity 
(Merriam-Webster, 2005). The word approach, in use since 15th century, is defined as the act 
of taking preliminary steps towards accomplishment or full knowledge or experience 
(Merriam-Webster, 2005).  

Hence, a systematic approach for a simultaneous assessment of the ecological, economic, 
and social dimensions of technical systems advocated in this thesis literally implies 
preliminary steps towards knowledge about sustainability assessment through a procedure 
marked by thoroughness and regularity.  

In such a systematic approach, carrying out technology assessments with the possibility of 
dealing with enlarged boundaries is of great benefit. The LCA in both ORWARE and 
EcoEffect provided this possibility of enlarging system boundaries to the extent of 
considering cradle-to-grave assessment of major inputs to the technical system under 
assessment. 
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6.8 Parameter uncertainty analysis   
When working with modelling work at different levels, one of the most important issues is 

the handling of the uncertainty involved.  

The first work pertaining to uncertainties within the ORWARE research is from Björklund 
(2002) that came in the form of a survey of different approaches to improve reliability in 
LCA.   

A specific attempt made to address uncertainty within ORWARE studies was the 
identification of important parameters at different levels and then assign the minimum and 
maximum values in consultation with relevant experts whenever possible or use a +/-10% 
where it was not possible to consult with an expert (Eriksson and Baky, 2003). Linearity is 
assumed when determining data for unknown variables based on data for known variables, 
e.g. on percentage improvements.  

The work of Eriksson and Baky (2003) is a kind of sensitivity analysis with “what if” 
implications where the model variables are varied and the output data are studied. It is an 
interval approach that does not provide statistical parameters that characterize the changes in 
output associated with the changes in input variables.  

This approach does not give the possibility of explicit presentation of the uncertainty 
involved. The disadvantage of using this interval-based approach is that it does not measure 
the spread of the majority of the values of the output variables. It only measures the spread 
between highest and lowest values.   

Depending on the scope of the assessment, there is a need for explicit presentation of the 
information about the uncertainty associated with the assessment results in order to give a 
better picture of the spread of the output data.   

To this end, a systematic approach for analysing input data uncertainty or parameter 
uncertainty for use in the ORWARE tool is developed (Paper V). The uncertainty analysis, in 
principle, can be used in the EcoEffect tool also, although the discussion focuses on aspects 
relevant to the ORWARE tool.  

The statistical analysis using Monte Carlo simulation is adopted since it gives the 
possibility of enhancing the results from being simply a group of possible values of output 
parameters by clearly showing the probability of values of crucial output parameters. In 
selecting the input parameters to be subjected for uncertainty analysis and in determining 
ways of presenting the uncertainty information, expert judgement is included as one major 
component of the systematic approach. 

6.9 Assessment approach for social indicators  
Inspiration from the field of social impact assessment (SIA) is used in broadening the 

comparison of the different technical systems. This broadening leads to an assessment 
approach covering the ecological, economic, and social dimensions at the same time. The 
assessment approach does not tell decision-makers which technology they should prioritize. 
Instead, it provides information on the ecological, economic, and social dimension of the 
various available options so that they can make a more informed decision. Such a broader 
comparison gives a new facet to the area of decision-making. 

The work on the assessment of social indicators of technological chains reported in Paper 
VI is the first attempt within the ORWARE research to use social science methodologies 
employing questionnaires in the form of a case study.  
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The approach for assessing social indicators, however, can also be used in the case of 
EcoEffect, which has already a social dimension component in the form of the occupants’ 
view with regard to their experience of the indoor and outdoor environment of building 
properties.   

The aim of the case study was to develop and test an approach for assessment of indicators 
of social acceptance as one ingredient of social sustainability within the context of 
sustainability assessment of technical systems. Such an approach is useful in gathering 
information about the social challenges of new technologies prior to their introduction. 

The case study area is the municipality of Kil in west central Sweden. The case study 
systems are four energy technology chains, namely gasification followed by proton exchange 
membrane fuel cell; gasification followed by solid oxide fuel cell; gasification followed by 
catalytic combustion; and incineration for energy recovery.  

In the case study, three major indicators of social acceptance, namely knowledge, 
perception, and fear are selected for assessment.  

The essence of the questions included in the questionnaire related to the three indicators 
and overarching aspects can be summarized using one question each as follows.  

Knowledge: What percent of the respondents has knowledge about what? 
Perception: What percent of the respondents has what type of perception for what? 
Fear: What percent of the respondents has fear for what? 
Overarching: What aspects do respondents prioritise both at the level of consumption and at 
the level of decision-making?  

At the consumption level, respondents were asked to rank five aspects, namely supply 
reliability, environmental friendliness, price, and other aspects from the perspective of their 
role as consumers. At the level of decision-making, ranking was done among three aspects, 
namely environmental, economic, and social aspects by respondents based on what they 
consider serves a good decision-making for a sustainable power production.  

Results of this case study are reported in Paper VI.  

A pragmatic approach in assessing the social indicators can be to start with the obvious and 
continue to the less obvious depending on the circumstance. Once the assessment approach 
and metrics for social indicators are established to a level that allows reliable assessments, the 
results can be used to develop follow-up measures that target the technical system (e.g., 
giving birth to a new or an improved system) or the society (e.g., influence the attitude) 
depending on the type and magnitude of the indicator.  

Previous works on the ecological and economic dimensions and this work on the social 
dimension have shown that a simultaneous assessment of ecological, economic, and social 
dimension is possible using concepts and methods of material flow analysis (MFA), substance 
flow analysis (SFA), life cycle assessment (LCA), life cycle costing (LCC), and social impact 
assessment (SIA).  
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7 SUMMARY OF APPENDED PAPERS  

The seven papers appended to this review reflect the different experiences and results from 
researches that involved the application or development of the ORWARE and EcoEffect tools. 
The kind of assessments done and the type of the results obtained during the years are 
summarised as follows. 

7.1 Paper I  
Eriksson, O., Frostell, B., Björklund, A., Assefa, G., Sundqvist, J-O., Granath, J., Carlsson, 

M., Baky, A., Thyselius, L. (2002) ORWARE - A simulation tool for waste management. 
Resources, Conservation and Recycling 36(4), 287-307. 

This paper is a result of an effort to describe the ORWARE model. It is an updated version of 
an earlier description by Dalemo et al. (1997). 

General description of the model is given with an explanation on how MFA/SFA is used in 
the model, and an extended discussion on LCA's role in the model with important aspects, 
such as systems boundary and system expansion, functional unit, etc. A presentation of other 
waste management models is also given. The major submodels of the core system that make 
up the ORWARE model are described. These are transport, incineration, thermal gasification, 
landfill, material recycling, anaerobic digestion, composting, sewage treatment, gas 
utilisation, spreading of residues, and arable land. Besides, the input sources and fractions are 
also described together with the upstream and compensatory systems.  

As illustration of applications, two major ORWARE applications are included in this paper. 
These are comparison of organic fertilisers with mineral fertilisers, and comparison of 
composting and incineration. 

In its discussion part, the paper reflected on the credibility, applicability, and usefulness of 
the ORWARE model. Most important in this regard is the uncertainty in some model choices 
such as compensatory heat and system boundaries. The model has been useful in assessment 
of existing waste management systems in the municipalities or evaluation of waste 
management plans. A simplified version of ORWARE with a user-friendly interface has also 
been developed in order to bring the knowledge from research to students. The third and 
recent application has been to use it in pure research work related to technology assessment 
with no immediate stakeholder involved at the local level.  

7.2 Paper II 
Eriksson, O., Carlsson Reich, M., Frostell, B., Björklund, A., Assefa, G., Sundqvist, J. -O., 

Granath, J., Baky, A., Thyselius, L. (2002) Municipal Solid Waste Management from a 
Systems Perspective. Journal of Cleaner Production 13(3), 241-252. 

The results from systems analysis of different scenarios of waste management using the 
ORWARE tool are presented in this paper. The benefits and drawbacks of employing each 
alternative is shown in the results from the studies done in three municipalities, namely, 
Stockholm (496 000∗), Uppsala (186 000), and Älvdalen (8100). 

                                                 
∗ Figures in brackets show coverage of the study in terms of number of people. 
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The scenarios were different combinations of incineration with recovery of energy in terms 
of district heat, biological treatment with nutrient recycling and energy recovery, materials 
(i.e. plastic and cardboard) recycling, and landfilling with energy recovery. 

The scenarios were constructed based on the suitability to different fractions of waste that 
are of interest from the perspective of the planners in respective municipalities. With regard to 
the result from the assessment, the difference between the alternative scenarios can be seen 
from the point of view energy turnover as well as environmental and economic performance. 
The results are presented in terms of global warming potential, acidification potential, 
eutrophication potential, consumption of primary energy carriers, financial costs, welfare 
costs, and other impact categories.   

Source separating plastics (70 % of HDPE from households, and 80 % of HDPE and LDPE 
from businesses) for material recycling and incinerating the balance with the rest of the waste 
showed less environmental impact and lower energy use than incineration of the total amount 
of waste. This is valid on the condition that recycling plastic replaces virgin plastic. While the 
scenarios with plastic recycling appeared to be the most expensive one in terms of internal 
(financial) costs, from welfare economic (including both internal and external cost) point of 
view, the recycling and incineration alternatives were within a comparable interval. 

The scenarios with 70 % of the biodegradable waste source-separated and treated in 
anaerobic digestion, and taking the balance with the rest of the waste to incineration showed a 
higher welfare economic cost than incinerating the total amount of waste. While the 
environmental performance varied from impact category to impact category, the comparison 
regarding energy use appeared to be dependent on how the biogas was used. 

There were major similarities between the results of the three municipalities despite their 
differences in size and other structural features.  

7.3 Paper III 
Assefa, G., Björklund, A., Eriksson, O., Frostell, B. (2002).ORWARE: an aid to 

Environmental Technology Chain Assessment. Journal of Cleaner Production 13(3), 265-
274. 

This paper presents discussions on TA from different literatures and identifies the 
methodology problem of TA as exercised between 1972-1995 under the auspices of the US 
OTA. A range of tools and instruments that are considered to have similarities with different 
aspects of TA are also given from the literature. A model concept where tools such as 
MFA/SFA and LCA are intertwined is proposed as a possible improvement of TA. This is 
illustrated by the use of the Swedish model ORWARE.  

This paper argues that principles of substance and material flow modelling, life cycle 
perspective, and graphical modelling features in the ORWARE tool makes it an appropriate TA 
tool with an environmental focus for chains and networks of technical processes.  

The illustration aims at showing the type of result that can be obtained from ORWARE and 
the TA-related information it gives. The research used as an illustration was an assessment of 
prospects of hydrogen production from waste for use in fuel cell vehicles (FCV). In this case, 
the waste management system was linked up with the transport sector.  

The technology chains assessed in the form of scenarios were incineration with internal 
combustion engine vehicle, anaerobic digestion with biogas vehicle, anaerobic digestion 
followed by steam reforming with fuel cell vehicle, and thermal gasification with fuel cell 
vehicle. The input to all the scenarios was the biodegradable waste from Stockholm. The 
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transport part was limited to the fuel component and associated issues of energy and transport 
work, not to the vehicle it self.   

Results of transport work in vehicle km, energy turnover, and environmental impacts in 
terms of global warming were used as illustrations. Economic assessment was not included. 
The results showed that it is better to use biogas to produce hydrogen for FCV compared with 
the less efficient direct use of biogas in cars. Despite high recovery of hydrogen in the 
scenario with thermal gasification, which is efficiently used in FCVs, the typically high 
electricity consumption in the thermal gasification modelled resulted in overall poor energy 
efficiency of this scenario.  

That was why the term Environmental Technology Chain Assessment (ETCA) was 
tentatively coined at that time to describe what could be done using ORWARE at that time. As 
could be seen from Paper VI, the ORWARE tool is later developed to cover the three 
dimensions, namely the ecological, economic and social dimensions of sustainability.   

The systems perspective, even-handedness, quantitative, and cumulative features of the 
model were discussed as advantages in its application as a TA tool.  

7.4 Paper IV 
Assefa, G., Eriksson, O., Frostell, B. (2002) Technology assessment of thermal treatment 

technologies using ORWARE. Energy Conversion and Management 46, 797-819. 

In the research that led to this paper, full ecological and economic assessment of thermal 
technologies was carried out.  

The scenarios of chains of thermal technologies assessed were: gasification with catalytic 
combustion, gasification with flame combustion, incineration, and landfilling. The landfilling 
scenario was used as a reference in the comparison. 

The results are presented in terms of global warming potential, acidification potential, 
eutrophication potential, consumption of primary energy carriers, and welfare costs. From the 
simulations, gasification followed by catalytic combustion with energy recovery in a 
Combined cycle appeared to be the most competitive technology from an ecological point of 
view. On the other hand, this alternative was more expensive than incineration. A sensitivity 
analysis was done regarding electricity prices to show which technology wins at what value of 
unit price (SEK∗/kWh) of electricity. Besides, uncertainty analysis on three types of inputs 
was included.  

The discussion part contains a review of the difference between this study and two 
previous studies done using ORWARE. Within this study, it was possible to make a comparison 
both between a Combined Cycle and a Rankine Cycle (a system pair) and at the same time 
between flame combustion and catalytic combustion (a technology pair). To use gasification 
just as a treatment technology is not more appealing than incineration but the possibility of 
combining gasification with a Combined Cycle is indeed attractive in terms of electricity 
production.  

This research was unique in that it was carried out in the presence of closer consultation 
between researchers working with systems analysis and researchers working with empirical 
R&D work on gasification of waste and catalytic combustion of the gasified waste. The 

                                                 
∗ SEK: Swedish currency (1 SEK= 0.12 US $ based on exchange rates on 
   October 20, 2005). 
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consultation feature included setting up the scenarios for assessment, type of data to use, and 
result discussion.  

In going from the study in Paper III to that in Paper IV, a new type of interest group, 
namely the researchers working with R&D work at the laboratory and pilot scales came into 
the scene. Such a study addresses a perspective normally lacked by technology developers, 
i.e. a systems perspective of looking at the broad implications of their R&D.  

7.5 Paper V 
Assefa, G., Frostell, B. (2005) A systematic approach for addressing input data 

uncertainties in technology assessment of new technologies: the case of ORWARE. Manuscript 
submitted to The International Journal of Life Cycle Assessment.  

This paper takes up the reliability of the assessment results in face of uncertain input data 
through an approach for handling parameter uncertainty.  

A systematic approach combining expert judgement and Monte Carlo Simulation is 
developed. The expert judgement involves the participation of experts from relevant fields in 
identifying input parameters that should be subjected for further analysis, depending on the 
specific technologies under assessment. The role of the expert judgement step is indispensable 
in cases where sustainability assessment of new technologies is carried out in the absence of 
sufficient data. This step helps in saving both time and resource that would otherwise be spent 
on testing all input parameters in addition to the enhanced quality of the assessment work. 
This emphasis on the expert judgement component emanates from the recognition of the 
complexity of system analysis in which different types of expertise are required.  

The approach through its Monte Carlo Simulation step upgrades the single-point value of 
the input parameters from possible values to probable values, thus indirectly converting the 
results obtained from just one of the set of the possible results to one set of the most probable 
results. For a given uncertainty introduced with the input data, this approach generates 
information about the probability of getting an output data within a certain range of values.  

A full implementation of this approach for uncertainty analysis in technology assessment 
puts a demand on researchers and engineers working with technology development and 
operation to generate and characterize data using a probability density function with mean and 
standard deviations in the case of normal distributions or using minimum and maximum in the 
case of uniform distribution. Data sources should include information on distribution and data 
quality indictors. The risk in including uncertainty information in the result presentation is an 
increase in the result produced, thus, adding to the complexity of the results.  

7.6 Paper VI 
Assefa, G., Frostell, B. (2005) Social sustainability and social acceptance in technology 

assessment: a case study on energy technologies. Manuscript submitted to Technology in 
Society – an International Journal. 

In this paper social sustainability is approached from the perspective of social acceptance. 
For the purpose of illustration and pertaining to the scope of the study, three indicators, 
namely knowledge, perception, and fear are selected for analysis. In the future depending on 
the specific area under consideration and the specific technologies of interest other relevant 
indicators can be assessed using the same conceptual framework.  

The case study has showed that the respondents are faced with two levels of knowledge-
related problems that appeared as hindrances in responding to the questions in the 
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questionnaire. The first problem is related to the knowledge about the three dimensions, i.e. 
the ecological, economic, and social dimensions. The second problem is related to the object 
of study, namely the energy technology chains to which the assessed indicators are related. 
The technology chains include technologies at different levels of development (i.e. established 
technology, new technology, and future technology). 

The important part as it is now is its use as a learning tool in accounting for the role of the 
public in the research and development, planning and structuring, and implementation and 
management of technical systems.   

The approach gives the possibility of capturing the magnitude of different social indicators 
as measured by members of the society. Even as a first attempt, it provides a room for 
understanding and starting up discussions around the opportunities and challenges of carrying 
out assessment of social aspects of technical systems.   

In such a study low response rate and a number of missing data can be a problem. The 
quality of information produced depends on the magnitude of time and resources expended.   

7.7 Paper VII 
Assefa, G., Glaumann, M., Malmqvist, T., Kindembe, B., Hult, M., Myhr, U., Eriksson, O. 

(2005) Environmental assessment of building properties – where natural and social sciences 
meet: The case of EcoEffect. Manuscript submitted to Building and Environment. 

This paper describes the EcoEffect method of assessing external and internal impacts of 
building properties briefly. In EcoEffect, the object of study is a building property with a 
juridical boundary defining the building (i.e. residential or office premises) and its immediate 
connected plot. A comparative assessment is done where a property is assessed for its merits 
and demerits against a reference property. The computer-based tool of EcoEffect can be used 
for assessment of five areas that can be assessed independently. These are material use, 
energy use, indoor environment, outdoor environment, and life cycle cost. The material use 
and energy use are assessed for their contribution to local, regional, and global environmental 
impacts, collectively known as the external environmental impacts. The impacts associated 
with the indoor environment and the outdoor environment, are collectively known as the 
internal environmental impacts.  
The external environmental impacts of manufacturing and transport of the building materials, 
the generation of power and heat consumed during the operation phase are assessed using life 
cycle methodology. In general, emissions and waste, natural resource depletion, and toxic 
substances in building materials are accounted for. In all these, methodologies from natural 
sciences are dominantly employed.  
The internal environmental impacts involve the assessment of the risk for discomfort and ill-
being due to features and properties of both the indoor environment and the outdoor 
environment within the boundary of the building property. This risk is calculated based on 
data and information from questionnaires, measurements, and inspection where 
methodologies mainly from social sciences are used.   
Life cycle costs covering investment and utilities costs as well as maintenance costs summed 
up over the lifetime of the building are also calculated.  
The result presentation offers extensive layers of diagrams and data tables ranging from an 
aggregated diagram of environmental efficiency to quantitative indicators of different aspects 
and factors. The environmental efficiency provides a relative measure of the internal quality of 
a building property in relation to its external impact vis-à-vis its performance relative to other 
building properties.  
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8 DISCUSSIONS AND CONCLUSIONS  

Current knowledge is not capable of defining the path or the position of sustainable 
development. It can, however, be used to discern unsustainable performances.  

ORWARE and EcoEffect can be used to assess the unsustainability of technical systems. 
This application is part of the tools and indicators currently in use as navigational aids for a 
sustainability transition (Parris and Kates, 2003). Results from assessment studies that use 
these tools provide useful information in strategic endeavours of identifying unsustainable 
trends with the aim of adjusting development efforts toward a sustainable development path.  

8.1 Recapitulating work done  
The life cycle consideration in both tools captures all parallel and serial processes that 

connect the waste management system, the energy system, and the building properties. 
Looking at a life cycle reduction of emissions from a building property, for example, puts a 
requirement not only on the upstream energy system and the downstream waste management 
system, but also on the manufacturing of building materials. Moreover, the waste 
management can be functionally connected to the agricultural sector and the transport sector. 

Figure 9 shows the network of technical systems linked within ORWARE and EcoEffect 
analyses using LCA perspective. The building property serves as a system hub in a network of 
processes and systems that involve flows of material and energy.  

The ecological, economic, and social performance of the whole network of systems can be 
improved through incremental measures and progresses on component systems. EcoEffect 
and ORWARE can be used to monitor the progress in the different parts of the component 
systems.  

 

 

 

 

 

 

 

 

 

Figure 9 Network of technical systems analytically linked using LCA perspective within 
ORWARE and EcoEffect.   

Aspects defining ecologically, economically, and socially desirable energy system, waste 
management system, and building properties are depicted in Table 5. In the table, the terms 
“minimum” and “maximum” are used as relative qualifiers that are associated with optimum 
energy recovery, nutrient recovery, and material recycling, not as absolute assertions that can 
be accomplished at the same time (cf. Table 2).   
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Table 5 Desired ecological, economic, and social performances of the three technical 
systems. 

 Ecological – minimum 
ecological impact  

Economic – minimum 
life cycle cost and 
maximum life cycle 
revenue    

Social – maximum 
social acceptance and 
benefit 

Energy 
system  

 minimum emission  
 minimum effluent  
 minimum primary 

energy use  
 maximum conversion 

efficiency  
Waste 
management 
system  

 minimum emission  
 minimum effluent  
 minimum energy use  
 optimum energy 

recovery  
 optimum nutrient 

recovery  
 optimum material 

recycling   

 minimum negative 
social impact  

 maximum social 
acceptance  

 positive social image  
 maximum 

consideration to 
society’s concerns  

 

Building 
property  

 minimum emission  
 minimum effluent  
 minimum waste  
 “clean” waste  
 minimum  impact on 

biodiversity in 
outdoor environment 

 minimum  impact on 
biological 
productivity in 
outdoor environment 

 minimum investment 
cost  

 minimum running 
cost  

 minimum 
environmental cost  

 maximum revenue 

 minimum negative 
social impact  

 maximum 
satisfaction of 
occupants  

 minimum health 
impact  

 minimum discomfort   
 positive social image  
 maximum 

consideration to 
society’s concerns  

 minimum 
embedment of 
chemicals 

The current capabilities of the two tools in covering the ecological, economic, and social 
dimensions of assessment of technical systems are discussed as follows.  

Ecological  

Both tools allow comparison of different alternatives in terms of different aspects of 
ecological performance.  

The ecological part in EcoEffect refers to environmental impact categories in the same way 
as in ORWARE. ORWARE’s ecological dimension additionally covers assessment of energy 
turnover. Besides, flow of environmentally important substances and technically important 
substances can also be presented. 

 The presentation of energy turnover shows both the quality and quantity of energy 
recovered from the technical systems under consideration coded in the form of scenarios. The 
result is presented in three ways:  

1) The amount of heat, power, and fuel consumed and produced in the core system 

The consumption and production of energy in terms of heat, power, and vehicle fuel during 
the operation phase of the core system in the different scenarios are presented. This 
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presentation of energy consumption and production is in actual terms, not in the form of 
primary energy carriers.  

2) The aggregated amount of all primary energy carriers 

This is shown in three distinct parts: 

i) Total primary energy consumed for producing heat, power, and vehicle fuel for 
consumption in the core system.  

An important question here is what should be the basis for calculating the amount of, for 
example, hydropower required for producing the power consumed internally. Is it appropriate 
to use the actual amount of power consumed, or the net amount required after subtracting the 
amount of power produced internally? The second option seems logical, with the assumption 
that it is technically possible to use the power produced internally for operating the core 
system.  

In that case, the total primary energy consumed will be above zero for all scenarios where 
the core system consumes more power and/or heat than internally produced and/or when some 
fuel is consumed, e.g. in terms of oil. If both heat and power are produced internally in an 
amount equal to or more than the consumed amount and if there no fuel is consumed, the total 
primary energy consumed will be zero.  

ii) Total primary energy consumed for producing compensatory heat from, for example, 
biomass. 

The total primary energy consumed for producing compensatory heat will be non-zero for 
all scenarios that produce district heat at a lower magnitude than the magnitude in the 
scenario(s) that set the maximum. 

iii) Total primary energy consumed for producing compensatory power from, for example, 
natural gas. 

The total primary energy consumed for producing compensatory power has a non-zero 
value for all scenarios that produce power at a lower magnitude than the magnitude in the 
scenario(s) that set the maximum. 

3) The amount of each type of primary energy consumed in the total system 

This is a presentation of the amount of primary energy carriers, namely hydropower, 
biomass, nuclear, natural gas, oil, and coal required for producing all the inputs to the core 
systems (power, heat, and fuel) plus for producing all the compensatory functions (e.g. 
compensatory district heat from biomass and power from natural gas). In other words the total 
amount of primary energy presented above under 2i), 2ii) and 2iii) is depicted in terms of the 
amount of each type of primary energy.   

In addition to absolute indicators, relative indicators where different parameters are related 
to one another can also be produced. The indicators in the case of ORWARE are presented by 
relating different environmental impacts and economic parameters to, for example, the 
amount of energy produced by each alternative. In the case of EcoEffect, the indicators (e.g. 
kg of CO2-equivalents) are related to different references such as number of occupants, area 
of indoor environment, etc. 

The number of impact categories considered and the level of aggregation of the output in 
the two tools differ.  

The time dimension of sustainability comes in EcoEffect in the form of duration aspect of 
different impacts, which is incorporated in the weighting method.  
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Poor quality of data on some environmental impacts, such as human toxicology for well-
established technologies and lack of data on the performance of new technologies are 
important areas that should be addressed using different mechanism, e.g. the approach for 
handling uncertainty analysis developed here.  

Better sustainability indicators such as impact on ecosystem’s resilience and impact on 
biodiversity at large cannot be done in the current versions of both the ORWARE and 
EcoEffect tools. 

Economic  
Costs and revenues are calculated in ORWARE. This is done at the firm level. Fixed and 

running costs of the core system are considered. The costs calculated include the costs 
associated with emissions to air, water and soil. Unlike in the ecological dimension, the 
external system is excluded from the economic dimension.  

In EcoEffect, with the purpose of facilitating discussions related to investments on 
environmental improvement measures, costs that have no evident or obvious connection to 
the environmental impacts of a building property are excluded from the cost equation.     

The short-term future is taken into consideration in the form of the change in prices and the 
depreciation of equipments, etc. It does not go further to a point of characterizing what is to 
be sustained, e.g. the level of income per capita across generations, etc.   

In ORWARE, the results from the ecological and economic dimensions of the assessment 
can be presented either as total amount or as per unit of function. The latter is one way of 
showing the pollution intensity as well as the financial and welfare cost per unit of function 
(e.g. energy) produced in a given scenario. 

Social  
Due to the recognition of the difficulty in defining and determining parts of the social 

dimension that should be sustained, social sustainability is approached from the perspective of 
social acceptance, which in turn can be assessed using a selected number of indicators. 

Generally, the social indicators can be assessed from the perspective of a given community 
clearly defined by a spatial and temporal context. Another perspective with a limited scope 
can also be obtained from the experience of a specific group of people consisting of one or 
more persons, such as occupants of a given building property.   

Both of these perspectives are included in this thesis. An approach is developed for 
assessment of the social indicators based on the broader perspective. It is based on a case 
study where energy technologies are assessed using social indicators with the help of 
questionnaires sent to a randomly selected number of people in a small Swedish municipality.  

The social dimension in EcoEffect can be seen as occupants' valuation of building 
properties gathered through questionnaires based on what they feel and experience and a few 
technical measurements.  

Features that focus on occupancy experience of occupants are used to socially characterize 
a building property. Although health impacts are sometimes defined as an extended part of the 
cause-effect chain of ecological impacts in the characterization, in this thesis it is considered 
under the social dimension.   

The social dimension provides an opportunity for members of the society in a given 
geographical area where the core system of technologies is located (either in reality or 
theoretically) to express their thoughts, ideas, feelings, and perception regarding the system 
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under consideration. It is, in a way, a mechanism to listen to what the public has to say on the 
performance of current and future technical systems.   

The success of this exercise depends on the quality of information retrieved. There are 
different factors that play a role in this regard, such as quality of questionnaire, time, financial 
resource, and response rate.  

Results presentation  
Although a large amount of data output can be produced from both ORWARE and 

EcoEffect, a limited number of indicators should be prioritised for presentation depending on 
the scope and goal of the assessment. It is the conviction of the author that including more 
than ten indicators in the final presentation of the data output can pose difficulty in 
comprehending the results.  

To this end, in the case of ORWARE, a result presentation format consisting of three 
dimensions, namely ecological, economic, and social dimension made up of three indictors 
each is developed as shown in Figure 10.  

 
Figure 10 A radar diagram presentation of the ecological, economic, and social dimensions 

consisting of nine indicators.    

The three dimensions are interdependent but different in feature (e.g. different time 
frames). Full knowledge does not exist as to how to integrate them into one index. Further 
development is required with regard to the weighting of component indicators and a 
comparative analysis between the results from the ecological dimension and the results from 
the social dimension as well as the results from the economic dimension of the assessment. 
One area that should be explored further in this case is the applicability of the concept of 
DALY in weighting component indicators.  

Indicators for assessment and presentation under each dimension can be selected based on 
the scope and goal of each assessment study. In the case of the ecological dimension, local to 
global problems are used as indicators. The inclusion of the environmental cost component 
under the economic dimension plays a vital role in trade-off situations where there is a 
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tendency of favouring a given alternative based on a mere analysis of conventional cost-
benefit at the expense of the ecological dimension and the social dimension.  

Individual output data tables can be accessed and a variety of diagrams can also be worked 
out for presenting different levels of ecological and economic indicators within the ORWARE 
analysis. The social dimension is a recent development to this presentation package.  

The results in EcoEffect can be presented in the form of nested layers that enable 
comparisons between different building properties/buildings; producing environmental 
profiles; and generating indicators.  

The most aggregated result presentation shows the indoor and outdoor environment 
together with the impact on the external environment from emissions in the same diagram 
(Figure 11). This presentation captures the relative status of a given building property in the 
form of a desirable target that combines a quality internal environment and a lower external 
environmental load. The quality of the internal environment is measured in terms of the 
degree of satisfaction of the occupants with the room temperature, air quality, noise and 
daylight of the indoor environment. The outdoor environment is also included in this value. 
For the purpose of illustration all are assumed to have the same weight and an average is 
taken.  
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Figure 11 Summarized presentation of internal and external environmental impacts (Each 
diamond represents a certain building).  

This way of presenting the result enables to control that lower external environmental 
impact is not accompanied by a lower indoor quality; and a high level of indoor quality is not 
achieved at the expense of higher external environmental impact.  

Clicking on the aggregated result, leads to environmental profiles in the form of bar 
diagrams where each bar shows a certain type of impact from a given building. There are un-
weighted and weighted profiles of each impact category or grouped up under three areas, 
namely emissions, waste, and natural resources. Going further down through the profiles step-
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by-step enables to access the underlying data and to test the contribution of different 
improvement measures for reducing the environmental impacts of the building properties.  

In addition to the bar diagrams, the result output can also be presented in the form of list of 
indicators such as CO2-equivalents/m2 or SEK/user. 

In both ORWARE and EcoEffect, different concepts and methodologies of natural sciences 
and social sciences are used. In ORWARE, both the physical economy and financial economy 
are dealt with, using scenario construction. EcoEffect provides a menu of issues for 
discussion. The work on developing weighting within the EcoEffect draws on different 
disciplines and goes one-step closer to decision-making relevance both in facilitating 
discussions and in striving for simple indexes.   

8.2 Reflecting back on Research Questions  
What features should a systematic approach for sustainability assessment of technical 

systems exhibit in comparison to conventional technology assessment?   
From the experience with the ORWARE and EcoEffect tools, the following features of a 

systematic approach for sustainability assessment are distilled.  

The systematic approach includes the simultaneous assessment of ecological, economic, 
and social dimensions of technical systems and the technologies involved. Each dimension 
should be represented with three relevant indicators. While facilitating comprehensibility, this 
gives a possibility to avoid problem shifting between dimensions that will, otherwise, lead to 
sub-optimization. 

It gives a holistic picture by taking a life cycle perspective of all important aspects in all 
the three dimensions. The life cycle perspective helps avoid problem shifting between 
different places.  

It makes use of concepts and methods from established tools such as MFA, SFA, and LCA 
for the ecological dimension; LCC for the economic dimension; and SIA for the social 
dimension. It is possible to carry out the assessment of the three dimensions independently.  

The systematic approach provides an even-handed assessment. It has also a cumulative 
feature. The modular feature makes the approach flexible enough in terms of comparing a 
number of alternatives at the same time. 

The assessment approach should focus on a selected number of key input data to be 
processed using tested calculation procedures for a comprehensible result presentation. It 
should give way to transparent system where the level of quality of input data can be 
communicated by including uncertainty analysis, whenever it is required. It should enable a 
best way of structuring and presentation of information pertaining to the three dimensions and 
the interface between them.  

Some of these features manifest at the level of the implementation platform, in this case a 
computer-based platform. Some of the aspects should surface in both the description of the 
method underlying the implementation platform as well as in the reporting of result from case 
studies. Of paramount importance is also a clear and full documentation of assumptions made 
during the course of the assessment.  

What types of technologies or technical systems can be discriminately assessed using 
the same approach? 

In principle, the approach is applicable to all kinds of technologies or technical systems 
depending on where the emphasis lies in terms of the ecological, economic, and social 
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dimensions of sustainability. For example, the ecological dimension is important in technical 
systems that involve significant level of flows of materials and energy. Significance implies 
both quantity and quality of the flows. Good examples of such technical systems include the 
waste management system, energy system, building properties, manufacturing systems, 
transport systems as well as agricultural systems.    

On the other hand, the social dimension starts to gain significance from the very beginning 
of giving the first information to the public in a geographically defined area about a potential 
or possible implementation of a technical system in that area or some other area. This is true 
even in the absence of any actual flow of materials and energy. From the perspective of the 
social dimension, the domain of relevant technical systems may include technologies 
associated with genetically modified organisms, stem cells, etc.    

What are the opportunities and challenges of combining concepts and methods from 
social science and natural science in the same approach?  

Using technology as an organizing concept offers a picture of the “Whole” where relations 
between different aspects of the impact assessment can be studied using concepts and 
methods from social science and natural science.  

Holistic approach, in which concepts and methods from natural sciences and social 
sciences are employed, helps avoid oversimplification and, thus, improves the quality of 
description.   

There is no doubt the quantitative approach, well known in the natural sciences, has been 
successful wherever it is applied. Quantification, wherever possible, simplifies comparison, 
aggregation and follow-up. Quantification has, thus, the potential of aiding and simplifying 
decision-making. The success story of quantification in enabling exchanging and 
communication between financial markets (i.e. the economics of materials and energy) should 
and can be translated to the quantification and standardization of the physics and social 
“footprints” of materials and energy.   

On the other hand, at the end of the day, it is worth recognizing that not everything can be 
quantified without losing valuable information as maintained in the social sciences. The 
inclusion of social dimension within the same quantification of sustainability risks 
undermining the variety and diversity of social values both from intragenerational and 
intergenerational perspectives. In addressing this disadvantage of quantification, descriptive 
and other qualitative techniques are necessary to complement the quantified results. 

Current way of doing business in the scientific community is strongly attached to the 
traditional divisions of science. This will pose a challenge in the effort of working with 
concepts and methods from different disciplines.  

Research works from the natural science domain have difficulty in recognising the 
practicality of integrating the social aspects. Such a problem can be seen in the remarks made 
by Udo de Haes et al. (2004) on issues associated with the integration, development of a 
toolbox and extension of LCA and other tools. According to these remarks, any effort of 
including social dimension in LCA that goes further than injury frequencies and other health 
impairments, relating, for example, to a large number of employment implies inefficient 
production. They claim that this is not something that LCA should promote (Udo de Haes et 
al., 2004). This argument is biased in that it emanates from assigning more weight to 
economic efficiency than to the social implications of increase in employment.  

The instrumental role of ecological sustainability and economic sustainability should not 
override the finality feature of social sustainability. Both ecological and economic dimensions 
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have an instrumentality feature although current structure of society and the economy has 
made it otherwise. 

Decision-makers should always recognize the finality feature of the social sustainability of 
technical systems thereby consider the social dimension in the choices they make during 
research and development, planning and structuring, and implementation and management of 
technical systems.  

Another big challenge of using concepts and methods from natural science and social 
science in the same domain of problem solving is the increase in complexity and intrusion by 
different levels of uncertainties.  

Despite existing institutional and financial inertias, the author sees a future where factors 
and forces working against real interdisciplinary researches and practices will be weakened as 
the endeavour of operationalizing the notion of sustainability continues. 

What are the sources of data uncertainty in the ecological dimension of the 
sustainability assessment of new technologies; and how can the uncertainty be handled? 

Generally, the analysis of data uncertainty should be done in coordination with analysis of 
model uncertainty and other types of uncertainties. However, the focus here is on input data 
uncertainty also known as parameter uncertainty.  

Data uncertainty is unavoidable even in the cases where there are a lot of data available, 
for which there are tools for handling these uncertainties. In view of the pursuit for a 
systematic approach for sustainability assessment, lack of data is the biggest source of 
uncertainty. This, in most of the cases, leads to estimation of data points in consultation with 
experts. This estimation usually results in single values of input parameters with no 
information on important statistical parameters (e.g. standard deviation). This leaves the 
whole picture with a difficulty of incorporating the uncertainties involved in the assessment 
results and, thus, hampering result interpretations. Even worse, the degree of availability of 
data in the comparative studies varies a lot between alternatives. For some technology chains, 
large-scale data is available. For some only pilot-scale data can be retrieved. For others 
laboratory scale data is the best available data. Even for some, nothing is available. This 
difference in data availability poses a difficulty in carrying out comparative assessment of 
new and existing technologies. 

From the outset, people working in research and development of new technologies and in 
operating existing technologies have a strategic role to play in data generation and processing 
in the effort of tackling uncertainty problems. Generated and processed data should be made 
available in a workable format and with at least the minimum information required to 
determine the degree of uncertainty. Hence, there is a need to pay attention to production and 
processing of primary data.  

In the meantime reducing uncertainties can be the first step, which can be tried by 
“minimizing” the number of input data. A kind of micro "backcasting" can be adopted. The 
"backcasting" starts by determining the type and number of output data relevant for the scope 
and goal at hand. This enables identification of the type of input data necessary for calculating 
these output data. After doing this, the remaining input data uncertainty, where needed, can be 
addressed using a systematic approach that combines Expert Judgement and Monte Carlo 
simulation as discussed in Paper V.  
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8.3 Looking ahead  
Now it is worth identifying what has not been accomplished during the course of the 

research in ORWARE and EcoEffect from the perspective of sustainability and sustainability 
assessment. Sustainability is used as a conceptual guidance of discussing and framing up the 
dimensions of assessment in this research.  

Achieving a sustainability assessment with full integration of the three dimensions and 
assessment for sustainability (Pope et al., 2004) should be a subject for future research. Lack 
of knowledge about issues related to the future and a consensus on what is to be sustained 
should be overcome in this regard. 

At the operational level, some developments can be envisaged in ORWARE with regard to 
introducing a parameter of “future” in its current scenario based modelling. In principle, a 
scenario in ORWARE is about the future although the question of how long from now is the 
future varies from case to case. A given scenario can be constructed as a combination of 
existing technologies and future technologies (new technologies and future currently non- 
existing technologies). 

In its current form, the ecological part of ORWARE represents a static modelling of 
performances of technical systems during a certain year. This particular year is characterized 
by a defined: 

o amount of material feedstock  

o composition or quality of feedstock 

o quantity and quality of energy input, etc.  

The technical systems are, thus, emulated as processing the material and energy input into 
functions and accompanying emissions and waste.  

Dynamic components can be introduced into the modelling by introducing a time variable 
in one or more of the characterizing features mentioned above. In the case of a waste 
management system, for example, varying amount of waste and composition over time can do 
this.  

In appreciating the transition from static to dynamic aspects in ORWARE, inspirations can 
be drawn from the transition from taking a standstill picture to filming a video (see Figure 
12).  

In addition to capturing an image, video film has two additional features, namely the 
mobility feature and the audio feature. The transformation from taking a standstill picture to 
filming a video was possible is attributable to the integration of different components and 
technologies into the same unit. Similarly, knowledge from different disciplines should and 
can be combined to fully develop a tool for sustainability assessment.  
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Figure 12 An inspirational parallel between picture/video and static/dynamic modelling. 

Hitherto efforts in different spheres of science have so far produced a lot of pictures of 
technological performances but the sustainability assessment of technical systems deserves 
more than that. These pictures represent only individual images of some parts of the reality. 
They also lack additional features that are relevant to decision-making processes at societal 
and institutional level. Current knowledge is not capable of filming the future of technical 
systems from the perspective of sustainability.   

In the following section, the author deploys analytical arsenals in order to explore future 
areas of research from the perspective of sustainability and sustainability assessment of 
technical systems.  

Channelling the right material to the right flow  
In order to achieve higher efficiency as well as high level of ecological and other technical 

performances, the type (quality) and amount (quantity) of material implicated is what matters 
most. One key difference between the ecological performance of fossil-based energy, wind 
energy, solar energy, hydropower energy, and nuclear energy is the quality and quantity of the 
material content involved in producing and using the energy. While material content 
determines the quality of energy use, the quantity of the energy is also very crucial in 
optimising different levels of technical systems.  

The current efficient communication by snail-mail and e-mail has largely made sending the 
right packet to the right address possible. Nevertheless, in the e-mail world, for example, there 
is still a problem associated with junk mails. There are, however, technologies of filtering out 
these junk mails. A knowledge-rich control of material flows in the future should enable us to 
control technological developments that have so far been coupled with sending wrong 
substances and materials to the wrong parts of the human and natural environment. The 
“spams” and “junks” in material flows in technical systems should be filtered out. This will 
pave the way for future technical systems to process high quality materials leaving minimum 
or no emission or effluent to nature. The importance of full control of the content of material 
stocks and flows can be seen from the role genome sequencing is expected to play in 
increasing the quality of material transformation in different industries (e.g., Poplar tree in 
forest industry).  

Producers should provide the society with products and services that do beyond satisfying 
the needs akin to our current knowledge. Production technologies should be developed in 
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such a way that high standard traits can be injected into products and services, and make them 
meet a range of requirements in line with ecological, economic, and social sustainability.   

The industrial ecology of technical systems  
Industrial ecology of technical systems both at micro and macro level should be worked 

out. At the micro level, technical systems in the same geographical location should be 
operated based on the recognition of the symbiosis of connecting them. If we take the 
hydrosphere, it consists of different components, namely oceans, streams, groundwater, ice in 
polar icecaps, and others. Since the components are connected via the water cycle, when one 
deals with the global water issue it is clear that one looks at the whole picture through the 
interaction between these components. Analogously, at the macro level sustainability of 
technical systems requires looking at the interaction between the various component systems 
of the anthroposphere and with the other four spheres namely the hydrosphere, atmosphere, 
geosphere, and the biosphere.  

As an illustration, one can think of a time in the future when occupants of building 
properties will be able to choose the different facilities (e.g. water supply, wastewater 
treatment, and solid waste management) to connect to. Today this choice is possible with 
respect to power suppliers, albeit to a limited extent. Realizing this freedom of choice would 
require acquisition of knowledge about the performances of such facilities in quantitative 
terms. With the help of such quantitative performance metrics, it would be possible to assess 
building properties based on, among other things, the facilities to which they are connected. 
The information and data concerning the performance of the building properties and the 
different types of facilities would lead to the development of a database of performance 
metrics of larger systems composed of different technical systems. Once such a database is 
available, it can be used to define an ecologically, economically, and socially acceptable 
standard or benchmark of a "sustainable" facility as a part of a large optimized system.  

Knowledge and decision-making dimension  
The information provided from sustainability assessments will not and cannot replace the 

basis for decisions made at different levels. It can only improve decisions. In order to gain 
acceptance, the provision of this information support should be made in such a way that it 
does not make the situation even more complex while providing comprehensive picture of all 
the issues and factors involved.   

In this regard, we need knowledge to understand the components that will lead us to 
different levels of sustainability (component knowledge). Moreover, we need also the 
knowledge to understand the linkage between the different subsystems (architectural 
knowledge).  

The systematic approach for sustainability assessment characterized in this thesis involves 
different levels of knowledge processing and information aggregation, depending on the level 
of complexity of the technical systems under consideration. This systematic approach will 
hopefully produce an improved knowledge about the ecological, economic, and social 
dimensions of sustainability that can be used in the research and development, planning and 
structuring, and implementation and management of technical systems. Figure 13 depicts the 
relationship between the two ends of assessing the ecological, economic, and social 
performances of technical systems. These are the knowledge-end and the action-end 
represented in the figure in the form of three clouds of knowledge hanging over there bowls 
of action.  

As more knowledge about the three dimensions of sustainability is gained through 
empirical applications of this approach in a wide range of technical systems, the empirical 
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barrier between the knowledge-end and the action-end diminishes. At a certain critical mass 
of knowledge, the barrier disappears leading to knowledge-watered actions that render 
technical systems a sustainable way of processing materials and energy into products and 
services. Once this process of applying the knowledge from sustainability assessments gains 
momentum, the experiences from the action-end again serve as feedback to the knowledge-
end.  

 
Figure 13  The relationship between knowledge and action in research and development, 

planning and structuring, and implementation and management of technical 
systems.  

In the journey towards this stage, lessons can be drawn from the financial sector. The 
success of working with economic data in the financial sector can be attributed to, among 
other things, the employment of econometrics where the application of mathematical statistics 
to economic data is involved to lend empirical support to the models constructed by 
mathematical economics and to obtain numerical estimates. There is a need for a 
corresponding area working with data on material and energy flow to evolve within the field 
of industrial ecology in assessing the performance of technical systems and guiding 
incremental improvements and transformational changes. Within the capabilities of such area 
of industrial ecology will be laying the foundation for a successful production of a blue print 
of technologies at each level of their development (i.e. laboratory scale, pilot scale or large 
scale) in an inspirationally similar way as the success of the fields of Bioinformatics and 
Genomics in the Human Genome Project (HGP).  

The issues at stake within the scope of this thesis and on the way ahead in the development 
of industrial ecology in general and sustainability assessment of technical systems in 
particular can be visualized by drawing a modest parallel with a typical activity of listening to 
an analogue radio. To clearly listen to a radio broadcasting from a certain station and thereby 
comprehend the broadcasted information, a listener does three things, namely setting the right 
band, tuning, and fine-tuning.   

Setting the right band 

Although being in the right band would not automatically enable the listener to listen to 
the programme of interest, it is necessary to start on that. If one is in the wrong band, it is 
meaningless to search for the right frequency.  
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In a similar way, in the effort of working with development of approaches for 
sustainability assessment with strong scientific basis, the first important step should be to 
clearly establish the ontology, epistemology, theory, and methodology of the research 
framework on which different theoretical and empirical researches can be based. If real 
interdisciplinary researches are to advance and to contribute to the production of scientific 
knowledge, there is a need for a paradigm shift. Developing and characterizing this shift in 
paradigm is crucial in view of the dynamics and complexity of contemporary challenges.  

Tuning  

Within the right band, tuning is done in search of the closest vicinity of the frequency 
sought. In areas with weak reception, the maximum one can achieve by tuning is to start to 
discern the language of broadcasting while it is still difficult to listen to meaningful words 
and sentences. 

Carrying out sustainability assessments using available data of different levels of quality 
and scale without addressing the problem of quality of data and information through, for 
example, appropriate tools of uncertainty analysis corresponds to the tuning activity of the 
listener. The assessment is carried out under a condition of incomplete knowledge and 
incomplete data thereby generating uncertain results. This step is where as far as many of our 
contemporary systems analysis studies could go.    

Fine-tuning  

A good use of the fine-tune knob for fine-tuning makes finding the narrowest frequency 
interval possible so that meaningful words and sentences can be heard thereby full 
information can be obtained.  

This stage reflects a stage in the assessment work, where complete and quality data is 
available, and uncertainties are well addressed. In this case, decision-makers are provided 
with full information on the assessment work. The information can then be used in different 
contexts of analysis or intervention. 

Considering the lack of full knowledge and associated uncertainties, the systematic 
approach for sustainability assessment characterized in this thesis can only be considered as 
the beginning of the beginning. Nevertheless, it is a beginning in the right direction of 
developing a basis for concepts of design for ecological sustainability, economic viability, and 
social acceptance within the engineering fields of working on research and development of 
new technologies and products of technologies. 

In a nutshell, the basic message of this thesis can be rephrased as: engineering research and 
development on technologies and technical systems should be founded on a broader 
perspective that views them as indivisible parts of a complex whole that includes society and 
the natural environment. This broader perspective enables thorough and simultaneous 
assessment of the ecological, economic, and social performances of the technologies and 
technical systems. Results from this type of assessment can then be transformed into design 
codes, planning guides, and management specifications for use in the research and 
development, planning and structuring, and implementation and management of technical 
systems. This will be possible if we can dare to look beyond current constraints of knowledge 
and institutional inertias. As to the action-end of sustainability assessment, renewal of the 
existing technomass stock should go hand in hand with the task of developing new 
technologies that meet higher levels of sustainability goals.  
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