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Abstract 
Waste management is something that affects most people. The waste amounts are 
still increasing, but the waste treatment is changing towards recycling and 
integrated solutions. In Sweden producers’ responsibility for different products, a 
tax and bans on deposition of waste at landfills implicates a reorganisation of the 
municipal solid waste management. Plans are made for new incineration plants, 
which leads to that waste combustion comes to play a role in the reorganisation of 
the Swedish energy system as well. The energy system is supposed to adapt to 
governmental decisions on decommission of nuclear plants and decreased use of 
fossil fuels. 

Waste from private households consists of hazardous waste, scrap waste, waste 
electronics and wastes that to a large extent are generated in the kitchen. The latter 
type has been studied in this thesis, except for newsprint, glass- and metal 
packages that by source separation haven’t ended up in the waste bin. Besides the 
remaining amount of the above mentioned fractions, the waste consists of food 
waste, paper, cardboard- and plastic packages and inert material. About 80-90 % 
of this mixed household waste is combustible, and the major part of that is also 
possible to recycle. 

Several systems analyses of municipal solid waste management have been 
performed. Deposition at landfill has been compared to energy recovery, recycling 
of material (plastic and cardboard) and recycling of nutrients (in food waste). 
Environmental impact, fuel consumption and costs are calculated for the entire 
lifecycle from the households, until the waste is treated and the by-products have 
been taken care of. 

To stop deposition at landfills is the most important measure to take as to decrease 
the environmental impact from landfills, and instead use the waste as a resource, 
thereby substituting production from virgin resources (avoiding resource 
extraction and emissions). The best alternative to landfilling is incineration, but 
also material recycling and biological treatment are possible. 

Recycling of plastic has slightly less environmental impact and energy 
consumption than incineration. The difference is small due to that plastic is such a 
small part of the total waste amount, and that just a small part of the collected 
amount is recycled. Cardboard recycling is comparable to incineration; there are 
both advantages and disadvantages. Source separation of food waste may lead to 
higher transport emissions due to intensified collection, but several environmental 
advantages are observed if the waste is digested and the produced biogas 
substitutes diesel in busses. Composting has no environmental advantages 
compared to incineration, mainly due to lack of energy recovery. The recycling 
options are more expensive than incineration. The increased cost must be seen in 
relation to the environmental benefits and decreased energy use. If the work with 
source separation made by the households is included in the analysis, the welfare 
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costs for source separation and recycling becomes non-profitable. It is however 
doubted how much time is consumed and how it should be valuated in monetary 
terms.  

In systems analyses, several impacts are not measured. Environmental impact has 
been studied, but not all environmental impact. As the parts of the system are 
under constant change, the results are not true forever. Recycling may not be 
unambiguously advantageous today, but it can be in the future.  

Despite the fact that systems analysis has been developed during 10 years in 
Sweden, there are still many decisions taken regarding waste management without 
support from systems analysis and use of computer models. The minority of users 
is pleased with the results achieved, but the systems analysis is far from easy to 
use. The adaptation of tools and models to the demands from the potential users 
should consider that organisations of different sizes have shifting demands and 
needs. 

The application areas for systems analysis and models are strategic planning, 
decisions about larger investments and education in universities and within 
organisations. Systems analysis and models may be used in pre-planning 
procedures. A potential is a more general application (Technology Assessment) in 
predominantly waste- and biofuel based energy processes, but also for assessment 
of new technical components in a systems perspective. The methodology and 
systems approach developed within the systems analysis has here been 
transformed to an assessment of environmental, economic and technical prestanda 
of technical systems in a broad sense. 
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Sammanfattning 
Hanteringen av hushållsavfallet är en fråga som engagerar människor världen 
över. Det ständigt växande sopberget - som är en direkt följd av ökad befolknings-
mängd och ökad levnadsstandard - är ett miljöproblem, såväl som ett ekonomiskt 
och socialt problem. Även om avfallsmängderna fortsätter att öka globalt sett, så 
har det under de senaste decennierna skett förändringar i avfallets omhänder-
tagande. I en ökad utsträckning sorteras och återvinns avfall, till fromma för 
människors hälsa och miljö. I Sverige pågår just nu genomgripande förändringar 
av hanteringen av hushållens avfall. Till följd av producentansvar för 
förpackningar, skatt på deponering (att lägga avfall på soptipp) och förbud att 
deponera vissa typer av avfall, ställs avfallshanteringen om mot en ökad 
återanvändning av material och näringsämnen och återvinning av energi. Mer 
energi från avfall är också en del i omställningen av det svenska energisystemet, 
som omfattar en ökad andel energi från flödande och förnybara källor1, 
energibesparing m.m. Omställningen görs för att möta den planerade avvecklingen 
av kärnkraften, och en minskad användning av fossila bränslen i enlighet med 
nationella miljömål. 

Hushållens avfall består av farligt avfall2, grovavfall3, elektronikavfall och det 
avfall som till stor del uppstår i köket hemma och slängs i soppåsen. Det är 
hantering av den senare typen som har studerats, frånsett glas, tidningar och 
metallförpackningar som genom källsortering inte hamnar i soppåsen. Det 
blandade hushållsavfallet består till stor del av organiskt material4 och papper. 
Förutom kartong, plast, metall och glas innehåller sopan också material som inte 
är brännbart. Sammantaget är 80-90 % av avfallet brännbart och en betydande del 
av den mängden går även att återvinna. 

I ett antal systemanalyser har olika sätt att ta hand om hushållsavfallet jämförts 
med varandra. Deponering har jämförts mot såväl förbränning med energi-
utvinning, återvinning av material (plast- eller kartongförpackningar) som 
återvinning av näringsämnen (som finns i t.ex. matavfall). Analyserna beaktar 
miljöpåverkan, energiförbrukning samt kostnader för hela hanteringskedjan från 
hushållen ända till dess att avfallet är behandlat och alla restprodukter har blivit 
omhändertagna.  

Det absolut viktigaste idag, är att upphöra med att lägga sopor på tipp. Det är det 
bästa vi kan göra eftersom vi både minskar miljöpåverkan från hanteringen av 
avfallet, samtidigt som vi istället kan tillvarata avfallet som en resurs. Men för att 
klara det krävs att vi satsar på ett ökat resursutnyttjande genom främst förbränning, 
men även genom materialåtervinning och biologisk behandling.  
                                                      
1 T.ex. vindkraft (elektricitet) och biobränsle (elektricitet och värme). 
2 Olika kemikalier, rengöringsmedel, mediciner m.m. 
3 Trädgårdsavfall, skrot m.m. 
4 Rester från matlagning, växtdelar m.m. 
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Återvinning av plast ger en något mindre miljöbelastning och energiförbrukning 
än förbränning. Att skillnaden är liten beror främst på att det är lite plast i avfallet, 
samt att endast en mindre del av den insamlade mängden verkligen återvinns. För 
kartong är återvinning i princip jämförbar med förbränning; det finns både för- och 
nackdelar. Utsortering av matavfall kan leda till ökade emissioner för transporter 
till följd av tätare hämtning, men uppvisar flera miljömässiga fördelar om avfallet 
rötas och den producerade biogasen ersätter diesel i bussar. Kompostering 
uppvisar inga fördelar miljömässigt jämfört med förbränning, framförallt beroende 
på att energin inte tas tillvara. Hanteringssystem som bygger på sortering med 
biologisk behandling och materialåtervinning är företagsekonomiskt dyrare än 
förbränning. Den ökade kostnaden får dock vägas mot de miljövinster och 
energibesparingar som görs. Om hänsyn tas till den tid som hushållen spenderar 
för sin avfallsåtervinning, så är det samhällsekonomiskt olönsamt att sortera 
avfallet. Det är dock omtvistat hur mycket tid som läggs ner och framför allt hur 
den tiden i så fall skall värderas i kronor och ören.  

Avfallshanteringens utformning baseras dock inte uteslutande på resultat från 
systemanalyser. Det finns många andra aspekter som inte går att mäta i utsläpp 
eller i kronor och ören. I studierna har miljöpåverkan undersökts, men inte alla 
former av miljöpåverkan. Resultaten är dessutom en färskvara; Nya kemikalier, 
miljögifter och föroreningar upptäcks varje dag som kan kullkasta alla resultat, 
avfallet kan komma att förändras till sin karaktär och teknikutvecklingen kan leda 
till förbättrade och nya behandlingstekniker. Även om återvinning inte är entydigt 
fördelaktigt idag, så betyder det inte att det gäller för all framtid. Om man tror på 
kretsloppsprincipen och dess betydelse för ett mer hållbart samhälle, så skall man 
fortsätta sortera sitt avfall eftersom renare materialströmmar in i behandlings-
processerna ger renare materialströmmar ut ur dem. 

Även om systemanalys av avfallshantering har utvecklats under 10 år i Sverige, så 
fattas fortfarande många beslut inom avfallshanteringen ute i kommuner och 
företag utan stöd av systemanalys och utan användning av datormodeller. De fåtal 
som använt sig av systemanalys har i regel varit nöjda med resultatet, men det är 
fortfarande en bit kvar innan systemanalysen är lättanvänd. Anpassningen av 
verktyg och modeller till verklighetens krav bör ta hänsyn till att organisationer av 
skiftande storlek har olika krav och behov. Generellt är användningsområdena för 
systemanalys och modeller strategisk planering, beslut om större kapital-
investeringar samt utbildning på universitet och inom organisationer. 
Systemanalys och modeller kan användas i förstudier och förprojektering och 
därmed i viss mån ersätta beräkningar som idag utförs mer hantverksmässigt. En 
utvecklingspotential är en mer generell tillämpning inom främst avfalls- och 
biobränslebaserade energiprocesser, men även för bedömning av nya 
teknikkomponenter ur ett systemperspektiv. Den metodik och den systemsyn som 
utvecklats inom systemanalysen av avfallshantering har här överförts till en 
bedömning av tekniska systems ekonomiska och tekniska miljöprestanda i vid 
mening. 
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Preface 
To me, becoming a researcher was something that happened by pure coincidence. 
As a newly graduated M.Sc. (civilingenjör) from mechanical engineering, I 
tumbled into the systems oriented environmental research that is focused on waste 
management, without really knowing what I was doing. This was certainly not 
what I have intended to do! As many of my friends from the masters program I 
wanted to vanish out into the “real world”, work in a private company, make a 
fortune and become stinking rich. I have become neither rich nor stinking (even if 
I work with waste). 

Sometimes when I introduce myself to new persons, telling my profession, I am 
often met by questions like: Is it really worth the effort sorting out the milk 
packages (and should I wash them)? How am I supposed to store everything under 
my kitchen sink? In which fraction should I put my broken flower pots and 
gallows? This is perhaps what waste management means to most of us. Waste 
affects everyone and the subject is often put attention to in media. This thesis will 
however focus on the fact that recovery of energy from waste is positive from 
many aspects. Some day, perhaps, I will communicate this statement to the wide 
public. Maybe I will do it in the form of a television docu-soap like “Flame 
Factory”? 

What have I achieved then, during these just more than five years? Many things 
not mentioned here of course, but the red thread has been waste management, life 
cycle assessment and simulations of a computer model. Nevertheless, these glory 
days have come to an end, and it is time to sum up what I have found out and put 
it on a sheet of paper. I sincerely hope that you, dear reader, find this thesis, if not 
thrilling, at least informative and perhaps even interesting. I would be much 
delighted if you have any comments or issues of concern after reading this thesis 
that you want to discuss with me.  

Now let’s get down to business, there is no time to waste. You see, waste is a 
many splendid thing… 
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1 Introduction 

1.1 Sustainable development 
In Sweden, as well in the rest of the world, the awareness of pollutions from 
human activities and their impacts on the environment has increased dramatically 
during the past decades. Sweden was one of the first countries in the world to 
establish an authority specially focused on environmental protection (Persson & 
Nilson, 1998), and the consciousness about the nature and its positive values for 
mankind has always been high in Sweden. As the concern about the environment 
has evolved, the couplings to the economic and social welfare of the society have 
become inevitable to most people. The fact that 20 % of the world population in 
the highest-income countries accounts for 86 % of total private consumption 
expenditure (UNDP, 1998) has also contributed to that issues like justice, equality 
and a fair distribution of responsibility and rights have had an immense impact on 
the discussion that is maintained under an umbrella called sustainable 
development. Sustainable development is about how to change the society of 
today to a state, where future generations have the same possibilities and rights as 
we have today, without damaging the ecosystems, or the socio-economic systems 
(WCED, 1987). 

1.2 The climate issue 
International negotiations on the climate have continued since the 1992 Rio de 
Janeiro UN Framework Convention on Climate Changes. The Kyoto Protocol, 
which was signed in 1997, became a first step in quantifying the measures 
necessary to achieve the objectives of the 1992 Convention. The Protocol calls for 
a 5.2 % reduction in emissions by the industrialised countries between 1990 and 
2008-2012, referred to as the first commitment period. Implementation of the 
Protocol required it to be ratified by at least 55 parties to the Convention, 
responsible for at least 55 % of emissions. As the USA has withdrawn from the 
negotiations, it was necessary for the EU, Japan and Russia to ratify the Protocol 
before it could come into force. The EU ratified the Protocol on 31st May 2002, 
followed by Japan on 4th June 2002. At the World Summit on sustainable 
development in September 2002, Russia stated that it intended to ratify the 
Protocol, which would enable it to come into force. (Swedish Energy Agency, 
2002) 

The EU has established a target for the proportion of its total energy use from 
renewable resources to have been increased from the present 6 % to 12 % by 2010. 
In March 2002, Parliament approved the Government’s proposal for a formal 
Swedish climate strategy, in the form of a strengthening and more precise 
definition of the environmental quality objective of limited effects on climate. 
Limited effects on climate have now become one of fifteen environmental quality 
objectives, of which others include clean air, natural levels of acidification only, a 
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non-toxic environment, a protective ozone layer and sustainable lakes and 
watercourses. The overall purpose of the environmental quality objectives is to 
pass on a society to the next generation in which Sweden’s major environmental 
problems have been solved. Expressed as a mean value over the period from 2008 
to 2012, Swedish emissions of greenhouse gases are to be at least 4 % lower than 
they were in 1990. This objective represents a Swedish commitment over and 
above the country’s undertakings in accordance with the Kyoto Protocol. Strictly, 
under the terms of the apportionment within EU countries, Sweden is permitted to 
increase its emissions by up to 4 % (Swedish Energy Agency, 2002). By the year 
of 2050, the emissions of climate gases in Sweden should amount to less then 4.5 
ton CO2-eq. per year and capita (which corresponds to a 50 % decrease from the 
level of today) and then further decreases. (Sveriges Miljömål, 2003) 

1.3 Swedish waste management 
Of course a sound waste management is a vital part of a sustainable development. 
The problems with waste management are of different character in different parts 
of the world. In Sweden the general quality of waste management is high, seen in a 
global perspective, but nevertheless there are still problems left to solve. 

1.3.1 Mixed household waste 
In this thesis the management of the municipal solid waste is in focus. In Sweden 
the total amount of household waste was 3,929,200 tonnes in 2001 (RVF, 2002). 
This amount includes the mixed household waste which is collected in private 
households, scrap waste, garden waste and waste from offices and private 
enterprises (shops). The waste types covered by producers’ responsibility are also 
included. Waste from industries (as e.g. the pulp- and paper industry and the steel- 
and mining industry) represent large amounts but are not exactly measured 
(national waste statistics will be introduced during 2004) and are not included in 
the analyses performed and discussed in this thesis. More than 90 % of the 
industrial waste is collected and transported by private entrepreneurs. (RVF, 2002) 

Mixed household waste is heterogeneous and the variation from time to time and 
place to place is large, but generally speaking the fractions are as in Table 1: 

Table 1 Composition of mixed household waste (Sundqvist et al, 1999b-d). 
Waste fraction Weight% Combustible 
Organic 30-50 Yes
Dry paper 20 Yes
Cardboard 5-7 Yes
Plastic 4-5 Yes
Metal 2-3 No
Glass 6-8 No
Inert 1-3 No
Remainder 4-32 Yes
Total 100
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The dominating fraction is organic waste (easy biodegradable waste, to a large 
extent food waste) with 30-50 % of the total amount of mixed household waste. 
Dry paper amounts to about 20 %. Cardboard is often between 5-7 % and plastic 
4-5 % where plastic bags and other low density plastic is at least half of the total 
plastic amount. The remaining part consists of 2-3 % metal, 6-8 % glass and 1-3 % 
inert material which is non-combustible. The remainder (4-32 % depending on the 
intervals given above) is combustible, but impossible to define more exactly. 

About 86-91 % of the mixed household waste is combustible and consists of 
fractions that are potentially recyclable (organic, dry paper, cardboard and plastic). 
Organic waste can be recycled by composting or anaerobic digestion. Dry paper in 
mixed household waste is also potentially recyclable, but the paper is either 
contaminated with organic waste, or a type of paper that isn’t suited for recycling 
(paper used for wrapping, cleaning etc.). The dry paper is however a good fuel as 
it has quite high energy content and it is also renewable. Cardboard and plastic are 
possible to material recycle to a large extent, for plastic more than 50 % of the 
products that are manufactured, see Table 2. 

Table 2 Plastic products in Sweden (Plastkretsen AB, 2003). 
Type of plastic Part of total amount Possible to recycle 
Lids 
Cell plastic 
Trays, boxes 
Bottles, cans, barrels 
Shrink- and stretch film 
String-bags 
Bags, sacks 
Other film 
Other 

  6 % 
  1 % 
14 % 
16 % 
18 % 
10 % 
16 % 
13 % 
  6 % 

Yes 
Yes 
Yes 
Yes 
Yes 
No 
No 
No 
No 

 
This leaves us with a non-combustible part (metal, glass and inert) between 9-14 
%. Recycling of metal and glass has not been included in our studies as recycling 
is found in a number of LCA:s5 to be the most favourable alternative for these 
fractions. The glass and metal present in the household waste is due to that people 
do not sort out glass bottles and cans from the mixed household waste, and also 
metal and glass which are integrated in other products than packages covered by 
producers’ responsibility. The non-combustible parts are not welcome in the 
incineration process as inert material will end up in the slag from incineration. The 
slag is then disposed of at the landfill with emissions (e.g. leakage of metals) and 
no or low resource recovery. The non-combustible fractions cause mechanical 
problems in the pre-sorting in the material recycling processes, and contribute to a 
lower degree of resource recovery and a lower quality of the end product. 

                                                      
5 Metal: SOU 2001; Bäckman et al, 2001; Swedish EPA, 1998;  
  Glass: Nordesjö & Sundqvist, 1990; Bäckman et al, 2001 
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1.3.2 Treatment methods 
The waste described in the previous chapter can be treated in different ways, 
depending on which fraction that is discussed. The different waste management 
processes are described in general terms in this chapter, with respect to Swedish 
conditions. 

Transport is not a treatment method, but still a part of the waste management 
system. There is a great variety of different types of vehicles for collection of 
municipal solid waste in Sweden. The collection is often carried out by private 
entrepreneurs. Collection and transports are often put attention to in media. 
Transports is a environmental problem in the society, and transports of waste are 
sometimes stated as less motivated than other types of transports of e.g. food or 
export products. Import of waste from abroad is by the same reasons criticised by 
e.g. Greenpeace in Sweden. There is also a discussion about a development 
towards kerbside collection also for the fractions covered by producers’ 
responsibility. Another discussion is about mutual use of vehicles. The idea is to 
for example deliver mail and newspapers and at the same time collect waste. This 
has so far remained as an idea but in a current project (Short-Circuit, 2002) 
delivery of vegetables and collection of compost simultaneously is being tested on 
a pilot scale. 

Landfilling is often a process under almost no control with high emissions. For a 
mixed waste, landfilling should be avoided (for specific waste fractions and 
certain emissions, landfilling may be a feasible option). Therefore the landfill as a 
waste treatment method will be phased out in Sweden under the force of new 
legislation (SFS 2001:1063). Due to new restrictions a large number of old 
landfills have been closed during the recent years (RVF, 2002). Modern landfills 
in Sweden have collection systems for the landfill gas and control programmes 
and local treatment of the leachate (RVF, 2002). On a landfill the resources are not 
taken care of, except for a less efficient energy recovery at modern landfills. 
Landfilling is a cheap method if environmental costs are not taken into account. 
The landfill will however remain as a sink for secondary wastes (ashes and slag) 
for a long time. Other waste types than municipal solid wastes, as e.g. waste from 
mining, will continue to be disposed of at a landfill in the future. 

Incineration is the only existing method besides landfilling that can treat mixed 
household waste. It is a large scale method, and it has to be as it then becomes cost 
efficient. No advanced source separation is needed, but inert materials as metal 
and glass should be sorted out as they are (1) impossible to combust, (2) makes the 
combustion less efficient and (3) are problematic to sort out and recycle from the 
slag (STOSEB, 1998). Incineration plants are built where the waste production per 
square kilometre is relatively high, and also where the energy is needed. Much of 
the pollutants in the waste are combusted or cleaned in the flue gas cleaning. 
Heavy metals are concentrated to the ash and the slag, and much effort is made to 
dispose of these in a secret manner. Incineration in Sweden always means 
recovery of energy, mostly as heat but also as electrical power (RVF, 2002). The 
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degree of efficiency varies from plant to plant, but is within the range 85-90 % 
based on lower heat value (RVF, 1998). Flue gas condensation is quite common 
and raises the efficiency. 

Composting is often pointed out as a simple and environmentally friendly type of 
waste treatment. The most common type is windrow composting where energy is 
not recovered. An alternative is “high-tech” composting in a reactor. With this 
method it is possible to recover e.g. heat, but often the process consumes just as 
much energy (or even more) than it generates (Eriksson et al, 2001). The energy 
consumption is mostly electricity, which makes the process even more polluting if 
coal condense power is used for power production (Eriksson et al, 2001). If 
composting is used, the value of the compost is hard to valuate. If it is spread on 
arable land, there are reasons to believe that mineral fertiliser is saved. But private 
composting in gardens is hard to valuate. The compost earns as soil conditioner, 
but in some cases there is no alternative to the compost. 

Anaerobic digestion is almost emission free when only the biogas process is 
considered. Spreading of the digestion residue tends to increase the release of 
nutrients, compared to usage of mineral fertiliser. Much research is therefore 
focused on “smart spreading” that decreases the emissions both to air (ammonia) 
and water (nitrogen). The functions delivered from an anaerobic digester are easier 
to valuate. The digestion residue is often of a higher quality than compost, as 
household waste is co-treated with e.g. manure and other wastes from the 
agriculture. It is fair to suppose that mineral fertiliser is replaced (RVF, 2002). In 
addition biogas is also produced, replacing other fuels like petrol, diesel oil or 
energy (heat and/or power). 

Recycling of cardboard takes place at two plants in Sweden; in Örebro where 
well is recycled and gypsum board is produced, and at Fiskeby in Norrköping 
where cardboard packages are recycled and the pulp is used in new cardboard 
products (Sundqvist et al, 1999a). Due to quality demands on the end product 115 
grams of recycled cardboard substitutes 100 grams of virgin cardboard (Sundqvist 
et al, 1999a). 

Recycling of plastic is made in Arvika in Sweden. Today only 15 % of the plastic 
in the total waste (both private households and enterprises) is recycled. For 2002 
preliminary figures points at 17 % recycling of plastic. The target is set to 30 % 
(expressed as the part of the total plastic amount that is material recycled or energy 
recovered) but theoretically more than 50 % of the plastic is recyclable (Table 2). 
Within EU a practical feasible target of 22.5 % is now discussed. There are three 
main problems with the recycling of plastic in Sweden: 

1. The quality of plastic waste. 
2. The time dependant generation of plastic waste. 
3. The market for products made of recycled plastic. 
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There are big problems with error sorting in the households. In a certain container 
at a recycling station up to 70 % of the plastic waste has to be sorted out of the 
recycling system. On the total, about 30-35 % of the waste is sorted out. With 
increased information to the households, the figure can be decreased to 10-20 %. 
(Plastkretsen AB, 2003) 

1.4 Circumstances that calls for changes 

1.4.1 Changes in Swedish waste management 
Waste management in Sweden is rapidly changing due to political decisions. More 
actions are taken by the society towards a more sustainable waste management: 

 In Sweden producers’ responsibility for packages and tires was introduced 
during the late 90’s (SFS 1997:185; Naturvårdsverket, 2002a).  

 From 2000 there is a tax on all waste that is landfilled (SFS 1999:673). 
According to the national Waste ordinance (SFS 2001:1063) landfilling of 
combustible waste is prohibited from 2001 and landfilling of organic 
waste is prohibited from 2005. From 2001 there is a new national 
ordinance on landfilling (SFS 2001:512), based on the EU Landfill 
Directive 1999/31/EC (Council of European Union, 1999).  

 On the European level there is a new directive on incineration of waste 
(European Parliament and the Council of the European Union, 2000), 
which was implemented in a national ordinance in the end of 2002.  

All these actions will cause changes in the waste management, now and in the 
future. A turn from landfilling into more incineration and different kinds of 
recycling (recovery of materials and nutrients) is expected. As an example it could 
be mentioned that at the moment, Sweden has 25 incineration plants (RVF, 2002) 
and 25 more are now planned for (Sahlin, 2003). In Sweden the public opinion 
concerning incineration is relatively tolerant compared to other European 
countries. There is however a debate whether an increased incineration capacity 
was the aim of the imposed legislation, and suggestions about an incineration tax 
has been raised (SOU 2002:9). 

1.4.2 Reorganisation of the Swedish energy system 
As energy can be recovered from waste as district heating and/or electrical power, 
Swedish waste management systems are also parts of the energy system and 
thereby affected by changes in the energy system. The Swedish energy system is 
bound to gradually change as nuclear power reactors are decommissioned in line 
with a parliamentary decision. Today, one nuclear power reactor has been shut 
down and the government’s aim is to close more reactors as renewable energy 
sources (like e.g. wind power and an increased power production in the municipal 
district heating systems) are introduced on the market. The use of fossil fuels is 
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supposed to decline, which demands for other energy sources of which waste is 
one. 

The country’s energy taxation system is being reviewed, with the aim of making it 
easier to understand and of linking it more closely to environmental effects. As 
part of this latter purpose, the Government decided in the spring of 2000 to 
restructure taxation to encourage a trend towards environmental improvements, 
starting in 2001.This involves raising taxes on environmentally undesirable 
activities, while at the same time reducing taxes on work. This gradual transfer of 
taxation is intended to continue over a ten-year period, to a value of about SEK 
30 000 million. (Swedish Energy Agency, 2002) 

Changes in the 2002 energy policy agreement are concerned primarily with the 
thrust of the guide measures intended to influence developments in the shorter 
term. A new guide measure, aimed at increasing the use of electricity from 
renewable sources by 10 TWh between 2002 and 2010, is intended to encourage 
the production of electricity from low-environmental-impact and renewable 
sources. This will be done by means of a system based on the issue and trading of 
certificates determined by the source of the electricity. (Swedish Energy Agency, 
2002) 

1.5 Problem 
Besides the regulations in waste management enforcing energy recovery from 
waste, the need of fuels for generation of heat and power will also influence the 
planning of future waste management. However, it is not only by incineration that 
waste can be used for energy recovery. Recycling of nutrients and materials 
reduces the need for energy intensive extraction and production of these resources, 
and the biogas obtained from anaerobic digestion can be used as vehicle fuel. All 
together this means, that the treatment capacity for incineration and biological 
treatment, as well as material recycling, are supposed to increase in order to meet 
the new restrictions. This gives rise to the question:  

Which treatment options are preferable from an environmental, energy and 
economic point of view?  

The current recommendation from Swedish authorities to municipalities and 
others is formulated as the waste hierarchy (EU 1999): 

1. Waste prevention 
2. Re-use of products 
3. Recycling of material 
4. Recovery of energy 
5. Final disposal 

This guideline seems impressive and attractive but has not been constructed on a 
solid scientific ground. After the hierarchy was constructed, a number of research 
studies have been performed that confirm the hierarchy as a rule of thumb 
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(Björklund and Finnveden, 2002). The changes in the legislation are meant to 
support the waste hierarchy, but until now this movement has been suffering from 
a lack of systematic approach. 

1.6 Aims of the thesis 
Three other Ph. D. theses about ORWARE have been published so far. Two 
agronomists and one engineer have written theses where ORWARE has been used; 
Sonesson (1998, p. 9) was focused on organic waste management:  
“The basic hypothesis was that introducing systems that facilitated use of organic wastes 
as fertilisers in agriculture was beneficial for the environment. The general objective of the 
project was to construct a simulation model that could be used in simulation experiments 
studying management of organic waste, both solid waste and sewage.” 

The same area of interest is found in the second thesis Dalemo (1999, p.8): 
“The objective of the present work was to develop a method, based on a simulation model, 
for evaluating the environmental impacts of organic waste management activities in 
different geographical areas.” 

The most recent thesis Björklund (2000, p. 3) widened the scope to waste in 
general, but still the thesis focused on development of the tool: 

“The aim of my thesis is to prove /…/ the usefulness of ORWARE in improving 
understanding of the system-wide environmental impacts of waste management, preparing 
data for decision-making about waste management, and promoting systems thinking in 
general in waste management planning.” 

These theses, in particular Björklund 2000, have however not been focused on the 
relation between waste management and energy recovery. This thesis can be seen 
as a stand-alone continuation of my licentiate thesis (Eriksson, 2000) where the 
connections between waste management and energy management were shown. 
Instead of discussing the model, this thesis tries to survey the results from several 
case studies performed and say something about: 

1. How should the municipal solid waste be treated in the best way for the 
benefit of the society? 

2. Which parameters have a great influence on the result? 

Some conclusions about why the models are not used and what can be done to 
solve that problem are drawn. The discussion continues with some of the 
experiences from case studies where ORWARE was used to analyse energy 
processes in a systems perspective. Eventually future research needs are 
brought up. 
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2 Method 

2.1 Systems Analysis 

2.1.1 What is a system? 
There are many definitions in the literature that declare the identity of a system. 
Many of them are similar to each other. Some general points extracted from many 
sources have been brought up by Ingelstam, 2002 (p.19): 

 A system consists of two types of quantities: some kind of components 
and connections between them. (My insertion: In a technical description of 
a waste management system, components are for example waste sources, 
collection trucks and treatments facilities, while the connections are 
material flows.) 

 There should be reasons for why a certain amount of components and 
connections have been selected to comprise the system; they form some 
kind of entirety. 

 It should be able to distinguish the system from the rest of the world; there 
is a system boundary. Only in exceptional cases the system is closed, in 
the sense that it doesn’t have anything to do with the rest of the world. 

 The part of the rest of the world that doesn’t belong to the system, but in 
some way has implications for it, is called environment. The connections 
to the environment can be of different types. To clarify these connections 
is as a central task for the systems analysis, as the identification of itself. 
(My insertion: A waste management system is connected by material and 
energy flows to its environment, which consists of e.g. the energy system, 
the agriculture, air, water and soil.) 

It is also possible to describe a waste management system as a web of different 
players (components) connected by different kinds of information flows 
(connections). This type of system definition is not further described as it does not 
relate to the conceptual model of ORWARE. 

2.1.2 Different system approaches 
During the 20th century the system oriented research has evolved from many 
different sources. Methods and theories have been borrowed from one scientific 
area into another; from engineering science to biology, from mathematics to 
industrial economy, from operations research to political science, from ecology to 
financial economy and more. In descriptions of the ORWARE model, it is often 
stated that methodology has been borrowed from material flow analysis and 
substance flow analysis, as well as life cycle assessment. These have in turn 
borrowed their methods from chemistry, physics, mathematics etc. 
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2.1.3 What is systems analysis? 
As a logical consequence of the broad definition of a system, a systems analysis is 
an analysis of a system. The analysis is on one hand focused on the system itself, 
i.e. the components and the connections, and on the other hand the systems 
connection to the environment. This simple explanation ought to be fair and 
precise, but still the explanations are very broad and general. Another way to 
understand the meaning is to investigate when systems analysis is used. The 
international Institute for Applied Systems Analysis (IIASA) explains that  
“systems analysis is the multi-disciplinary problem-solving activity that has evolved to 
deal with the highly complex problems that arise in public and private enterprises and 
organizations” (Miser & Quade, 1985) 

For more information to the interested reader, I recommend the earlier published 
theses (see Appendix I) and Ingelstam, 2002. 

2.1.4 What is a model? 
Models are often used in systems analysis. The model is a simplified version of 
the system, and research within natural science often includes some kind of 
modelling. Good references in this aspect are Gustafsson et al, 1995 and Glad & 
Ljung, 1991. From the latter one, the use of models is that questions about the 
system can be answered without performing any experiments. Such experiments 
can be either impossible (as in astronomy or studies about the future), too 
expensive (as for nuclear power plants or jet planes) or ethically doubtful (as in 
medicine or politics). In practise all technical analytical- and construction work is 
dependant upon models.  

Four general types of models can be constructed: 

 Mental models. 

 Verbal models. 

 Physical models. 

 Mathematical models. 

ORWARE is an example of a mathematical model. Mathematical models of today 
are often computerised, so even ORWARE. A mathematical model is (Glad & 
Ljung, 1991 (my translation))  
“a collection of equations where quantities which can be observed in the system (as 
distances, currencies, flows etc) are given as mathematical quantities and relations. The 
base for a models’ applicability is to what extent it is in accordance with the “real” 
system. One has to state clear what the model covers: i.e. which area of validity it has. The 
model must also be verified. This should in principle be made in the way that the 
behaviours of the model and the real system are compared. In reality the principles 
(simple, earlier tested connections, sometimes “natural laws”) have to be trusted in the 
model construction (deductive method), meanwhile the real verification of the model 
against the real system has to be made by experiments and “trial and error”. In many 
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cases possibilities of adjusting the model is built in gradually. But it is stated from the 
beginning within the technique that “models and simulations can never substitute 
observations and experiments”. 

A simple description of how a mathematical model is constructed is depicted in 
Figure 1.  

 
Figure 1 Model construction loop (adapted from Lundqvist, 2002). 

The aim of the systems analysis, and thus the construction of a model, has its 
origin in some kind of problem. The problem can be real or at least possible in the 
future. The problem relates to the reality, a real system. As the real system often is 
too complex, or experiments impossible (as described above), a model is 
constructed. The transition from reality to model is often scrutinised and the 
assumptions, simplifications and equations used are discussed thoroughly (e.g. in 
previous dissertations of ORWARE). When the model is built, it is used for 
calculations. The model is then simulated with input data and a result is produced. 
The simulations can also be made as optimisations. The result must however be 
compared to the behaviour of the real system, the model must be validated. If the 
result doesn’t agree with the real system, the model has to be adjusted and 
simulated again. The loop continues to the point where model and reality ideally 
are identical with the accuracy wanted. 

It is important that the problem (Figure 1) is not forgotten. The aim of the research 
was to come up with a solution, and not contribute to the problem! Once the model 
is constructed and validated, the work should be concentrated to solve the 
problem, and maybe also to explore the system and identify the problems of 
tomorrow before they become real problems. 

2.1.5 Tools for Environmental Systems Analysis 
Environmental Systems Analysis can be interpreted as an analysis of 
environmental systems. What is then an environmental system? In broad sense it is 
some kind of system (technical or other) that causes impact in the environment, 
i.e. the nature. An environmental system can be a forest, a bay, a pulp factory, a 
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traffic system, a nuclear power plant or any other system that can be coupled to 
some kind of environmental impact. A systems analysis can be applied when such 
a system is to be investigated, often due to changes in the system under study. A 
waste management system is a good example of such a system. When changes in 
the system are introduced (Wrisberg et al, 2002)  
“decision-makers and operators need information on the systems-wide inputs and outputs 
of the processes for which they are responsible, and they must take into account the 
indirect effects on chains of production, consumption and waste management involved. 
Only then, decisions based on intuition about environmental impacts can be avoided.” 

In Wrisberg et al (2002) ten different tools for Environmental Decision Support 
(they are all more or less systems oriented) are surveyed. As mentioned in 
(Eriksson, 2000) and (Björklund, 2000), Life Cycle Assessment (LCA), Material 
Flow Accounting (MFA), Substance Flow Analysis (SFA) and Life Cycle Costing 
(LCC) are the major contributors to the method in ORWARE. I will not go deeper 
into these tools here as they have been meritoriously described in earlier theses. 

2.2 The ORWARE model 
This chapter is mainly a review of paper I, a survey of the different submodels in 
ORWARE which describes them on a general level. Some applications in research 
projects are mentioned. Ola Eriksson was responsible for writing the paper and it 
is included in the thesis as it describes the conceptual thinking and the general 
approach of the method used in all case studies performed. The paper was written 
jointly by the members of the current ORWARE research project, whereas Ola 
Eriksson, Björn Frostell and Anna Björklund made the major part of the work. 

ORWARE is a tool for environmental systems analysis of waste management. It is a 
computer-based model for calculation of substance flows, environmental impacts, 
and costs of waste management. Even if the user friendliness (as described in 
Eriksson, 2000) is poor, the model is designed for strategic long term planning of 
recycling and waste management. The model is based upon static conditions and is 
based on linear programming (LP). It was first developed for systems analysis of 
organic waste management, thus the acronym ORWARE (Organic Waste 
Research), but now covers other fractions in municipal solid waste as well. A first 
description of the ORWARE model was given by Dalemo et al (1997). More 
detailed descriptions of different parts of the model can be found in Björklund 
(1998), Sonesson (1998) and Dalemo (1999). 

2.2.1 Submodels 
ORWARE consists of a number of separate submodels, which may be combined to 
design a waste management system for e.g. a city, a municipality or a company. 
Each submodel describes a process in a real waste management system, e.g. waste 
collection, or a waste treatment process such as incineration. All submodels in 
ORWARE calculate the turnover of materials, energy and financial resources in the 
process. Processes within the waste management system are e.g. waste collection, 
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waste transport, incineration, anaerobic digestion or landfill disposal. Materials 
turnover is characterised by the supply of waste materials and process chemicals, 
and by the output of products, secondary wastes, and emissions to air, water and 
soil. Energy turnover is the use of different energy carriers such as electricity, 
coal, oil or heat, and recovery of e.g. heat, electricity, hydrogen, or biogas. The 
financial turnover is defined as costs (investments, running costs and maintenance) 
and revenues (not used in our projects but can be included for purchased electricity 
etc.) of individual processes. A number of submodels may be combined to a 
complete waste management system in any city or municipality (or other system 
boundary). Such a conceptual ORWARE model of a complete waste management 
system is shown in Figure 2. 

 

Landfilling

Waste
source 1

Waste
source 2

Waste
source 3

Waste
source 4

Waste
source n

Transport Transport Transport Transport Transport

Materials
recovery

Thermal
gasification Incineration Anaerobic

digestion Composting Sewage
treatment

Transport Transport Transport Transport Transport Transport

Biogas
usage

Organic fertiliser
usage

Materials

Energy

Costs

Products

Revenues

Emissions

Energy

 

Figure 2 The conceptual model of a waste management system in ORWARE 
(Eriksson, 2000). 

At the top of the conceptual model in Figure 1 there are different waste sources, 
followed by different transport and treatment processes. The solid line in Figure 1 
encloses the waste management core system, where wastes are treated and 
different products are formed. 

2.2.2 System boundaries 
The system boundaries are set to fit the cradle-grave perspective of the waste 
entered. The system boundaries are of three different types; time, space and 
function. Depending on the scope in an analysis of a certain system, the temporal 
system boundaries vary between different studies and also between different 
submodels. Annual averages are used for most of the process data, but for the 
landfill model and the arable land long-term effects are also included. A 
geographical boundary delimits the waste management system whereas emissions 
and resource depletion are included regardless of where they occur. The system 
boundaries in ORWARE are chosen with a life cycle perspective, thus including in 
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principle all processes that are connected to the life cycle of a product (in this case 
a waste management system). Our coverage of life cycle impacts (LCA + LCC) 
covers raw material extraction, refinery, production and use. Construction, 
demolition and final disposal of capital equipment are not included regarding 
energy consumption and emissions, but are included for the economy.  

2.2.3 Functional units 
The main function of a waste management system is to treat a certain amount of 
waste from the defined area. Today, many waste management systems provide 
energy supply in addition to waste treatment. In other cases they provide fertiliser, 
or in most recent years even recycled products or materials. In order to achieve fair 
comparisons between different waste management alternatives, functions not 
present in a certain system have to be compensated for, as mentioned in e.g. 
(Finnveden, 1998). The compensation of functional units in ORWARE is achieved 
by expanding the system boundaries to include different compensatory processes, 
see Figure 3.  

Upstream system
Material and energy

Compensatory
system 

Waste Functional units:
Electricity, district heating, 
vehicle transport,  
nutrients to crops, 
cardboard, PE plastic

Core system
Waste management

Upstream system
Material and energy

 
Figure 3 Conceptual model of the total system in ORWARE. All arrows are material 
and/or energy flows. 

2.2.4 Impact Assessment 
The material flow analysis carried out in ORWARE generates data on emissions 
from the system, which are aggregated into different environmental impact 
categories. This makes it possible to compare the influence of different waste 
management system alternatives on e.g. the greenhouse effect, acidification, 
eutrophication and other impact categories. 
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3 What has been studied? 
While the research students of ORWARE previously were focused on development 
of submodels and testing the models in case studies, I have used the existing 
models in several case studies. Much of the work I have been doing has been 
focused on refinement of the model ORWARE. Between 1998 and 2003 I have 
participated in three research projects and three commission studies. I have also 
been co-supervisor or supervisor for ten master thesis projects of which nine of 
them included ORWARE. 

As there are several case studies included in the discussion part of the thesis, it is 
vital to sort out which case studies the discussion is based on. The discussion and 
conclusions are based on results from paper II – VI. Table 3 is a list of the 16 case 
studies (STEM 1 included three case studies) included. The aim of Table 3 is to 
state clear what has been investigated in terms of waste types, treatment methods 
and impact categories included. All conclusions are drawn based on the results that 
are held with respect to what has been studied (not all fractions in municipal solid 
waste and not all possible environmental impact categories). 

Comments on Table 3: The mixed household waste does not include: 

 Scrap like cars, bicycles, worn out furniture etc. 
 Hazardous waste (paint etc.) 
 Electronics 
 Source separated glass (70 % of initial amount) 
 Source separated newsprint (75 % of initial amount) 
 Source separated metal containers (50 % of initial amount) 

Landfilling is included in all projects for disposal of household waste and/or ash 
and slag from thermal treatment. The projects A-F are research or commission 
studies that I have been working in personally. The projects G-M are master thesis 
projects that I have supervised or co-supervised. Case studies which are not 
included in papers (B, G-K and M) are included in the discussion to support the 
conclusions from the other studies. Abbreviations used in Table 3: 
lf landfill 
ic incineration with energy recovery 
ad anaerobic digestion 
cp composting 
mr material recycling (HDPE, cardboard) 
spr spreading of org. fertiliser on arable land 
gf gasification (thermal-) 
dc district cooling (absorption heat pump) 
sr steam reforming (transforms biogas to 
 hydrogen) 
bc biocell 

GWP Global Warming Potential 
AP Acidification Potential 
EP Eutrophication Potential 
PhOx Photochemical Oxidants 
PrEn Primary Energycarriers 
Ec Economy (financial and 
 environmental costs) 
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4 Systems Analysis of Waste management 
This chapter is based on papers II, III and IV and is aimed to show quantifiable 
results from systems analysis of municipal solid waste management. The results 
are from a study made in three different Swedish municipalities. In a later study, 
some prerequisites were changed and the effects on the result are presented 
together with some general conclusions. Eventually the use of systems analysis is 
penetrated, based on another case study. 

4.1 What to do with the waste? 
This is a review of paper II. The results from a two-year research project using the 
model ORWARE is presented and discussed. I have chosen to include this paper in 
the thesis also as the results are investigated in the next paper included. The 
research project started in 1998, when producers’ responsibility for packages made 
of glass, metal, cardboard and plastic had been introduced. As mentioned before, 
recycling of glass and metal was well investigated, but there were no or few 
studies of existing recycling of cardboard and plastic packages in Sweden. The 
source separation and recycling of organic waste is increasing, and often 
encouraged by the local authorities. Even if source separation and recycling of 
organic waste had been investigated in previous systems analyses, it was included 
based on the interest from the municipal participants of the research project, and as 
new process data were at hand to be evaluated.  

The study is thus an evaluation of different treatment options for these three 
fractions of municipal solid waste (MSW). The result is expressed in terms of 
environmental impact, consumption of energy resources and financial and 
environmental costs. Ola Eriksson and Marcus Carlsson Reich were responsible 
for writing the paper. My parts were especially “Method”, “Model”, “Scenarios 
studied”, “Results” (not the economic figures) and “Discussion”.  

Direct landfilling of waste is supposed to decline (see chapter 1.4). Then the 
question arises of what to do with the waste instead. Is it better to incinerate or is it 
better to recycle? Are there different answers depending on which waste fractions 
that are considered? These questions and others were investigated in a research 
project, where the aim was to identify the most energy efficient, the most cost 
efficient and the least polluting waste management option from a systems 
perspective. The study covered the municipal solid waste as the aim was to find 
the total impact for different types of treatment of specific fractions. The computer 
model ORWARE (see chapter 2.2) was used as a tool. 

The study was performed as a set of treatment scenarios in three Swedish 
municipalities; Stockholm, Uppsala and Älvdalen. Stockholm is a densely 
populated municipality with an incineration plant and a district heating system. 
Arable land for spreading of the organic fertiliser is available outside the 
municipality borders. Uppsala is a relatively big municipality, also with an 



 18

incineration plant and a district heating system. Arable land can be found close to 
the city. Älvdalen is a small municipality and lacks an incineration plant and 
district heating system. There is almost no agricultural soil within the municipality 
borders. As the municipality is sparsely populated, collection of waste is not as 
efficient as in the other two municipalities. 

4.1.1 Scenarios 
The scenarios studied were based on four types of waste treatment: incineration 
with energy recovery (district heating), biological treatment (nutrient recycling 
and energy recovery), materials recycling, and landfilling with energy recovery. In 
all scenarios newsprint (75 %), glass (70 %) and metal containers (50 %) were 
source separated and recycled outside the studied system. The remaining parts 
were included in the residual waste within the system boundary. For organic 
waste, plastic- and cardboard containers, 70 % of the initial amount was source 
separated. 

Landfilling has often been pointed out as the least favourable treatment method 
but is still in use. Therefore deposition at a landfill was included as a reference 
scenario, in order to make comparisons between today and the future. Besides 
incineration, it is the only treatment method that can handle mixed household 
waste. Apart from these two, recovery of materials and nutrients from organic 
waste are methods that can be combined with landfilling and incineration. For the 
recycling scenarios, incineration was considered as the only plausible treatment 
method for the unsorted waste. Simultaneous recycling of all studied waste 
fractions has not been investigated. 

The system was extended to include a compensatory system. In this study, biofuel 
was the competing fuel used in heat generation if waste was not incinerated. The 
choice was motivated by the fact that biofuel is the only fuel that can compete with 
waste on a financial base. The assumed fuel used for compensatory electricity was 
coal condense power from Denmark, which is the marginal production in the 
power supply system of the Scandinavian countries. Recycled cardboard and 
plastic were replaced by virgin material to 87 % and 100 % respectively. These 
data are based on the conditions in Sweden from 1998. Nutrients (nitrogen and 
phosphorus) were replaced by mineral fertiliser and biogas used in busses and cars 
was replaced by conventional fuels like diesel oil and petrol. 

4.1.2 Impact assessment 
The emissions from the system studied were classified and characterised using 
methodology from Life Cycle Assessment (ISO, 1997) and (Uppenberg and 
Lindfors, 1999) into different environmental impact categories: Global Warming 
Potential, Acidification Potential, Eutrophication Potential, Formation of 
Photochemical Oxidants (excluding NOX), NOX – emissions and Heavy Metals 
(input/output analysis). In addition, the consumption of primary energy carriers, 
the net energy use, and the financial costs for the system were calculated.  
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The environmental results were also aggregated using monetary weightings for 
emissions. The monetary weightings were based on Willingness-to-pay 
estimations from Econ, 1995 except for eutrophication emission valuations, which 
were based on Gren, 1993. Evaluation of resource use was not performed in this 
study. The financial costs and the aggregated environmental costs were in turn 
aggregated into welfare economic costs. This aggregation was adjusted for 
environmental taxations (energy, carbon dioxide, and sulphur taxes on fuels, 
landfill tax) to avoid double counting. 

4.1.3 Results 
The differences between energy recovery and materials and nutrients recycling are 
small, relatively speaking (less than 10 %). The explanation is that, even with a 
high degree of source separation, a large part of the waste has to be incinerated. 

A material recycling of plastic containers is comparable (almost equal) to 
incineration from a welfare economic point of view, but gives less environmental 
impact and lower energy use – on condition that the recycled plastic replaces 
virgin plastic. Recycling of plastic is the most expensive recycling option, but 
results in the lowest impacts. A material recycling of cardboard containers is 
comparable to incineration for welfare economy and consumption of energy 
resources, but has both environmental advantages and disadvantages. Anaerobic 
digestion of easy biodegradable waste has a higher welfare economic cost than 
incineration, and has both environmental advantages and disadvantages. 
Conclusions regarding energy use depend on how the biogas is used. Composting 
of biodegradable waste is comparable to anaerobic digestion from a welfare 
economic point of view, but gives higher energy use and environmental impact. 

4.1.4 Conclusions 
The overall conclusion from the study is that as long as direct landfilling of waste 
is avoided, several types of waste treatments are possible and all of them have 
lower environmental impact, use of energy resources and costs. A combination of 
anaerobic digestion (with an improvement of the spreading technologies in the 
agricultural sector), materials recycling and incineration would probably be the 
best solution to avoid landfilling as much as possible. This conclusion holds true if 
the options are seen as being of almost equal merit in terms of costs and 
environmental impact, and that it is good to have a redundant system. The 
outcome of the plastic recycling is heavily dependent on the assumption that 
recycled plastic substitute virgin plastic. With respect to emissions and 
consumption of energy resources, transports are of minor importance. In sparsely 
populated areas collection and transports can be expensive, relatively speaking. In 
city areas, transports may affect human health with impacts as noise etc. These 
impacts have not been evaluated in this study, due to difficulties in the assessment 
of ecotoxicology and impacts on human health. 
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4.2 What is important and what is not? 
Despite the fact that geographical data and process data were different for the three 
case studies, the results were almost identical. Important discrete choices like the 
type of compensatory heat and power were similar in all case studies. In some 
sensitivity analyses, other methods for heat and power production were tested. But 
the conclusions did not change. This was a phenomenon that was interesting to 
investigate further. In paper III, which is reviewed in this chapter, the results 
presented in the previous paper were investigated further with respect to their 
sensitivity in relation to different potential key assumptions. The sensitivity 
analyses were performed in a follow-up project (see chapter 9.1) together with the 
authors of paper II. Some additional key parameters were also investigated by the 
authors of paper III. Ola Eriksson was responsible for writing the paper. 

4.2.1 Introduction 
To carry out a systems analysis is a complicated task. There are many processes 
and data that are compiled to form the final result. In a prolongation project 
(Sundqvist et al, 2002) a number of sensitivity analyses were performed to identify 
single parameters that were crucial to the result for the total system. In other 
systems analyses (e.g. Eriksson and Svanblom, 2000; Baky and Eriksson, 2003) of 
organic waste management some single parameters had been found to play an 
important role for one or more impact categories. In this paper the process to 
identify and test potential key parameters is described. The results from 
simulations of the identified parameters is presented, and some conclusions are 
drawn regarding what is important and what is not with respect to environmental 
impact from municipal solid waste management. 

The overall objective is to investigate the robustness of the results presented in 
Eriksson and Baky, 2003. The testing was made to answer this question: Which 
assumptions have a major influence on the results, and if they are changed within 
reasonable limits, would the results and conclusions change compared to the 
original results? Of special interest was if there was a difference between changes 
of the waste composition and changes in the treatment technologies in how the 
changes affect the final result; how should the waste be changed in order to favour 
energy recovery or recycling? As incineration is a technology which is more 
mature than the recycling technologies; which conditions for the recycling 
technologies must be changed to increase their competitiveness? 

4.2.2 Method 
The method used is a sensitivity analysis of single parameters/ type of parameters 
in a systems analysis (LCA and LCC) of a Swedish waste management system. 
The general outline of the analysis was: 
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 Identification of the parameters which are reasonable to believe that they 
are important for the result, i.e. which changes the order of ranking 
between different recycling options and incineration. 

 Investigation of if and how these key parameters affect the result. This is 
performed by simulations of a computer model. 

The importance of different “municipality specific” and “site specific” parameters 
were studied in the first sensitivity analysis. The detailed results from stage 1 were 
thoroughly penetrated to identify parameters that potentially could have an 
influence on the results. We found that the following parameters were of interest 
in the sensitivity analysis: 

1. Different methods of electricity production in the compensatory system: 
natural gas combi, coal condense power or Swedish power mix6. 

2. Different fuels for district heating in the compensatory system: biofuel or 
oil. In connection to this a variation of process related performance 
characteristics (thermal efficiency and NOX-emissions) on waste 
incineration and compensatory district heating production were 
investigated. 

3. The incineration plant as a Combined Heat and Power (CHP) plant or as a 
heat station. 

4. Different transport distances to treatment facilities from the point of 
collection. 

5. Different transport distances to arable land for compost and anaerobic 
digestion residue. 

6. Different financial valuations of phosphorus, compensatory energy and 
greenhouse gases. Different economic weighting factors for different 
environmental impact categories. 

7. Consider the landfill as a sink for carbon or not. 
8. Including the household work for source separation (cleaning, sorting and 

transport of recyclable packages to a recycling station). 

After this first step a deeper investigation of parameters in the waste management 
system was made. The first group of parameters was parameters affecting the 
waste characteristics such as dry matter content and chemical composition of the 
organic fraction, heat values and the distribution of different waste fractions. The 
second group comprised the recycling processes where parameters as reject 
streams, emission factors and energy consumption were changed. 

                                                      
6 The Swedish average electricity production is based on mainly hydropower and nuclear 
power, which gives very small environmental impact with the impact categories that have 
been studied. 
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4.2.3 Results and conclusions 
All parameters investigated are presented in the appended paper. This review is 
limited to the parameters that affected the result significantly. Just small changes 
were noticed for the first set of sensitivity analyses: 

 When compensatory heat was provided by combustion of oil the two 
scenarios with anaerobic digestion gave higher emissions of greenhouse 
gases than incineration.  

 When waste incineration had low emissions of NOX and high NOX 
emissions were assumed for compensatory heat as biofuel or oil, the 
incineration became more favourable than anaerobic digestion using 
biogas in busses. In the base scenarios they were of equal merit.  

 When incineration was made as CHP, incineration gave lower 
contribution to GWP, compared to incineration and recycling of 
cardboard. In the base scenarios they were of equal merit. These changes 
are small (less than 10 %). 

 When the distance to the incineration plant increases, one of the three 
environmental cost valuation methods points out anaerobic digestion as 
cheaper than incineration. 

 When the distance to the recycling facilities are increased, cardboard 
recycling gives slightly higher emissions of greenhouse gases than 
incineration 

 When the compost and the digestion residue are not spread but are being 
incinerated, the welfare costs for composting becomes lower than for 
anaerobic digestion, but still higher than incineration. 

The deeper investigation of waste and process parameters showed that the results 
from the initial simulations were robust. Overall the changes were small, except 
for the spreading conditions which under some circumstances made the nutrient 
recycling less favourable. The largest changes were expected when changing the 
waste composition to largely consist of recyclable waste fractions. Even if changes 
were noticeable in the diagrams, no conclusions were changed. 

It is important to stress that these results were found for a system that relates to the 
cradle-to-grave for the mixed household waste. If more specific analyses of single 
fractions are made, the importance of some of the studied parameters may have a 
larger inflict on the final results. As long as waste is disposed of at a landfill, all 
other waste management options available should be used. To avoid landfilling, 
development of the recycling technologies and recycling of the secondary wastes 
(ash and slag) are the current challenges of the waste management in Sweden. 
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4.3 The use of models in waste management planning 
I have now described what systems analysis of waste management means, and 
what results can be achieved. Besides to contribute to solve a waste problem, the 
model ORWARE from the beginning was also intended to become a tool to be used 
by practitioners in the waste management sector, i.e. the municipalities. However 
this has not happened. As I believe that research funded by the society also should 
come to use by the society, the questions of why the models are not used and what 
could be made do make them more used arose.  

In this chapter, which is a review of paper IV, two different models (the models 
Mimes/Waste ORWARE) for systems analysis of waste management are described 
and compared to each other. They have both been used in the same municipality, 
but with different purposes. In a follow-up study representatives from the 
municipality and the energy company have been interviewed about their roles, 
how they have used the results, if the models were understandable etc. The 
discussion focuses on confirming the hypothesis that models can assist in decision 
making about the design of future waste management systems, and secondly to 
present different examples of how the models could be improved in order to be 
more widely used. I took the initiative to write the paper but Mattias and I have 
shared the burden equally. However, I was the main responsible for “Method”, 
“The models”, “Case study 2”, “The follow-up study” and “Discussion”. 

Decision-makers in the field of waste management face a complex task. New 
technologies, new demands, environmental restrictions and increasingly diverse 
waste fractions mean that a lot of considerations have to be made in order to 
handle the waste in an environmentally sound way (see e.g. Eriksson, 2000). The 
solutions to waste handling should not only be cost efficient and environmentally 
adequate, but also socially acceptable. According to Wilson, 1998 several factors 
influence the decision-making process; operational demands and constraints, 
economic and financial factors, policy, management and institutional structure, 
legislation and social considerations. Altogether, these drivers render the decision-
making process more difficult, and hence there is a need for different tools to 
assist the decision-makers.  

One group of such tools are mathematical models of the waste management 
system. These waste management models are based on a systems approach and 
have been developed since the late sixties to assist decision-makers. Two Swedish 
models, MIMES/Waste and ORWARE, have been used in several case studies in 
collaboration with local waste planners (e.g. Sundberg, 1993; Profu, 1994; 
Ljunggren and Sundberg, 1995; Dalemo and Oostra, 1996; Björklund et al. 1999, 
Björklund et al. 2000 and Eriksson & Svanblom 2000). However, in most of the 
case studies, the initiative to use the models came from the researchers. Only in 
two case studies, both performed in the city of Jönköping (Profu 1994, Eriksson & 
Svanblom 2000), the initiative to use the models came from the waste planners.  
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To us, the very limited request for the use of models is puzzling since Swedish 
waste management is rapidly changing. According to previous experiences in our 
research groups (Ljunggren Söderman 2000, Björklund 2000), the models could 
assist the decision makers to avoid suboptimisation of the waste management 
system. 

4.3.1 Aim and scope 
We believe that waste management models can improve the basis for decisions 
regarding waste management. The aim of the paper is therefore to  

1. Confirm this hypothesis, primarily through two case studies performed in 
Jönköping with the waste management models MIMES/Waste and 
ORWARE. 

2. Discuss improvements and key features of the methodology by an 
evaluation of the scenario construction, the system boundaries and the 
level of detail in the two case studies in Jönköping.  

3. Suggest, in the light of (1) and (2), how the model-based systems analysis 
can be developed to better correspond to the needs of players involved in 
waste management planning. 

4.3.2 Method 
The paper is based on the findings from earlier performed case studies in 
Jönköping (Eriksson & Svanblom, 2000; Olofsson, 2001) and a follow-up study, 
where representatives of the players involved in the case studies were interviewed 
about their impression of the case studies. The interviews focused on how the 
representatives experienced using models to assist their decision-making process, 
on how the results of the case studies were used and on the general lack of 
demand in Sweden for using waste management models. 

4.3.3 Results 
The players in the follow-up study confirmed our hypothesis that waste 
management models can improve the basis for decisions regarding waste 
management. It was also supported by the findings in earlier case studies and 
follow-up studies performed with the MIMES/Waste model (Ljunggren Söderman 
2000) and with the ORWARE model (Björklund, 2000). Based on these findings, 
we can conclude that there are generally five major benefits from a systems 
analysis project;  

1. The numerical result in terms of environmental load, emissions and/or 
costs. 

2. The gained systems perspective among the project participants. 
3. The network of different players that is created. 
4. Improvements in the methodology. 
5. A comprehensive (computerised) model suitable for repetitive 

calculations. 
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The improvement of the basis for making decisions is mainly expressed as, or 
measured as, the numerical results for environmental load and costs in relation to 
different management options, and also by an analysis that indicates the weak 
points in the studied system. Models are then helpful to distinguish between what 
is important and what is not, and also to present a multi-impact result from a multi 
function system by a multi criteria analysis. 

The greatest benefit is probably that the systems analysis project supports 
networking and pooling of different players with specific interests and roles in the 
waste management. According to our experiences from Jönköping, the 
development of the systems analysis methodology and the process of building a 
proper model are not regarded as key issues amongst decision-makers. However, 
the improved methodology and models will, of course, be valuable to decision-
makers in subsequent studies. 

Based on our findings and the earlier performed studies, performed by researchers 
in the MIMES/Waste and ORWARE research groups, we draw the following 
conclusions on how the model-based system analysis can be more widely used in 
Sweden to assist decision-makers: 

 In larger organisations, where strategic decisions regarding investments 
and changes in the waste management system have to be made on a 
regular basis, less detailed models could be used within the organisation. 
The models would primarily be used for screening studies. When the 
interesting technological options are identified, a consultant company 
using a more detailed and comprehensive model could perform a more 
detailed analysis. The persons from the organisation would be involved in 
the detailed analysis through discussions of scenarios, input data, choice 
of system boundaries and results, i.e. they would be involved in every 
essential step of the analysis except building, maintaining and running the 
model.  

 In smaller organisations, where strategic decisions regarding investments 
and changes in the waste management system do not often occur, there is 
no need for a model used within the organisation. It is thus better to 
perform the system analysis with help from a consultant company. The 
persons from the organisation would be involved in the analysis just as 
above. 
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5 Systems analysis of energy processes 
Systems analysis is also applied to other activities than waste management. The 
researchers working with the ORWARE model have had their ideas about other 
areas of investigation which could be appropriate to the model and its structure 
and features. During the recent years, new applications for the ORWARE model 
have been addressed by e.g. Eriksson, 2000; Björklund, 2000 and Assefa, 2003. 
One of my own ideas is to analyse energy processes. The method fits into the 
discussion about Technology Assessment (TA). This chapter is based on papers V 
and VI and is aimed to point out a partly new application area for ORWARE; 
assessment of waste-to-energy technologies.  

The strong connection between waste management and energy management was 
emphasised in Eriksson, 2000 and is also obvious from the case studies presented 
in the last chapter. This relevant issue has become increasingly important as direct 
landfilling of household waste is supposed to be phased out and other alternatives 
must be found. During the work with a chapter in a book (Swedish National 
Energy Administration, 2001) it became clear that the conceptual ideas behind 
ORWARE could be transformed to investigate energy processes. My personal 
interest for energy and environment as a challenging work theme, together with 
the findings in the waste management projects, strengthened my conviction that 
energy processes could be one of the future application areas for the ORWARE 
model. As waste can be seen as one fuel amongst others, evaluating different 
energy technologies from a systems perspective came up as a first idea. Energy 
systems (power supply or district heating) have been modelled and an object to 
research with a systems approach in Sweden for decades. But the field of 
multifunctional systems (not a system with one functional unit (kWh) but a system 
that provides different functional units) and technology chains (a cascade of 
processes) is not that much investigated. 

As a starter for the process of developing the tool for systems analysis of waste 
management to a tool for a broader assessment of technical systems comprising 
energy processes, was a master degree project where organic waste was 
transformed to hydrogen (Assefa, 2000). The results were later published in a 
paper about Technology Assessment (paper V). The ideas were to some extent 
clarified and further developed in another master degree project about tri-
generation (electrical power, district heating and district cooling produced 
simultaneously from thermal treatment of waste). A short review of that case study 
is found in Appendix IV (it is not included here as no paper has been written). 
Eventually, a research project about environmental and economic assessment of 
thermal treatments of waste, such as gasification and incineration, was conducted 
(paper VI). These projects are all examples of waste-to-energy technologies and 
they represent a trade-off from the LCA of waste management. 
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5.1 Hydrogen from waste 
This is a review of paper V. The paper discusses the ORWARE tool and its prospect 
as a tool for Environmental Technology Chain Assessment. I have chosen to leave 
the method discussion out, as it is meritoriously presented and discussed by 
Assefa, 2002. Instead the assessment of the waste-to-energy technology is 
highlighted. The case study describes how waste management, via production of 
hydrogen, can be linked to vehicle fuel production and use. The responsible person 
for both the case study and the paper was Getachew Assefa. My role was to act as 
a co-supervisor during the case study, and to read and comment on draft versions 
of the paper. Generally, case studies with ORWARE have been designed primarily 
to evaluate different waste management options. In this case study focus shifted 
somewhat, to show equal interest in different options for fuelling vehicles, in this 
case a four-passenger taxi. The link between these two focus areas is found in the 
production of vehicle fuel from different waste treatment processes. 

5.1.1 Scenarios 
The scenarios represent alternative technology chains, including at the same time 
alternative waste treatment options and alternative vehicle fuelling options. This 
feature of the scenarios is important as it gives the opportunity to synergy of 
integrating the waste management and the transport sectors. Four waste 
management scenarios, including: 

1. Incineration.  
2. Anaerobic digestion. 
3. Anaerobic digestion and steam reforming. 
4. Thermal gasification. 

The scenarios were selected on the basis of possible future trends and the current 
reality on the ground. The same amount of waste is handled in all scenarios. Three 
of these scenarios extend into the transportation sector through the production of 
waste derived vehicle fuels, used in biogas vehicles (scenario 2) and fuel cell 
vehicles (FCV) (scenarios 3 and 4). Incineration lacks the link to the transportation 
sector, whereby transportation is assumed to be provided by petrol fuelled internal 
combustion engine vehicles (ICEV). However, minor amounts of petrol in ICEVs 
will also be required in scenarios 2 and 4 to fulfil this functional unit. 
Compensatory district heating is produced in a biomass-fired plant7, and 
compensatory nitrogen and phosphorus are provided by mineral fertilisers. Coal 
condense power was chosen for up-stream electricity generation, as it is often the 
marginal production of electricity in Sweden8. 

                                                      
7 Biomass is assumed to be the likely alternative fuel for production of district heating in 
Stockholm. 
8 Coal condense power constitutes a minor part of the Swedish power mix, and is among 
the first to be affected by marginal changes in electricity demand. 
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5.1.2 Impact assessment 
The scenarios were analysed and compared with each other in terms of gained 
transport work from waste-derived fuels, energy turnover, and global warming 
potential. 

5.1.3 Results 
Scenario 3 is the most energy efficient scenario. In other words, it is better to use 
biogas to produce hydrogen for FCVs compared with the less efficient use of 
biogas in scenario 2. Although somewhat more energy is recovered and less 
energy is used by the core system in Scenario 1, scenario 3 uses less primary 
energy overall. This is due to the “quality” of the recovered energy, and is 
revealed by including the compensatory processes. Despite high recovery of 
hydrogen in scenario 4, which is efficiently used in FCVs, electricity consumption 
in thermal gasification results in overall poor energy efficiency of this scenario. To 
make this technology chain attractive and more competitive in relation to 
conventional technologies, something must be made to reduce the electricity use. 
However, this process was designed to favour low emission levels from the 
facility, which is not reflected by the impact categories that have been evaluated. 
Regarding the environmental impacts the trend is quite different, compared to 
energy consumption. If, for instance, a non-renewable energy source were 
assumed for compensatory district heating, the results would look different. 

While recognising the uncertainties associated with the data used and assumptions 
put up, the results obtained can be used as a good starting point for ameliorating 
the non-established technologies of steam reforming of biogas and gasification of 
waste. The results obtained, if reinforced by further studies, would contribute in 
pulling the technologies up into the market. Taking all impact categories as 
equally important, the processes of converting biogas into hydrogen and 
gasification of the organic waste and subsequent conversion to hydrogen for use in 
FCVs have rich environmental prospects. 

By including the compensatory processes in the total system model, system-wide 
impacts are revealed. Without this perspective, one could miss important 
differences, such as scenario 3 being more energy efficient than scenario 1, 
although it is less energy efficient in the core system. However, this perspective 
also introduces additional uncertainty in the model, but it is necessary in order to 
promote discussions on what the system-wide impacts are. 
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5.2 Gasification and catalytic combustion 
This is a review of paper VI. This paper presents results from a case study using 
ORWARE in a slightly new application area, technology assessment (TA). The 
presentation and discussion of the TA method is left out also here. The case study 
is another example of waste-to-energy technologies, in this case also an example 
of cleaner production. Ola Eriksson was responsible for the case study but 
Getachew Assefa was responsible for the modelling of the technical system and 
the simulations and also in writing up the paper. 

This case study is the latest one performed, using ORWARE in the new application. 
The project is an add-on project where the catalytic combustion technology was 
developed on a pilot scale. With a systems analysis the catalytic combustion 
technology was evaluated against other energy conversion technologies with 
respect to environmental impact and financial costs. An underlying aim was also 
to point out the weak points in the technology chain, in order to be able to find the 
future research needs. 

5.2.1 Scenarios 
In all scenarios the timeframe of the assessment was one year. In other words, an 
annual amount of waste was taken as input to the system. The functions of the 
system were  

1. Treatment of 32,000 tonnes of industrial waste (40 % household waste; 
30-40 % paper waste, 20-30 % polythene and 2-3 % wood residue) 

2. Electrical power production. 
3. District heating production.  

Four different treatment scenarios were studied: 

Gasification with catalytic combustion. The first scenario begins with production 
of 24,000 tonnes of pellets from the waste. By pelletising the waste the water 
content is decreased, and the drying procedure consumes heat and electricity. This 
must be made since the gasifier requires a homogenous fuel of high quality. The 
next step is the gasification process, and then catalytic combustion of the product 
gas in a gas turbine. The process generates district heating and electrical power. 
Ash and slag are transported to a landfill site nearby. 

Gasification with flame combustion. This scenario is equal to scenario 1, except 
for the combustion technology used in the gas turbine. In this scenario a 
conventional gas turbine with flame combustion is used. 

Incineration. In this scenario waste is transported by truck without being pelletised 
first to an incineration plant at a distance of 30 km from the point of collection. 
The waste is then being incinerated and district heating and electrical power is 
generated. Ashes and slag are transported to a landfill site nearby. 
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Landfilling. In the landfilling scenario, the non-pelletised waste is transported to a 
landfill site 5 km from the point of collection. The landfill is equipped with a gas 
collection system, and electrical power is generated in a gas engine that combusts 
the collected landfill gas.  

5.2.2 Impact assessment 
The emissions from the system studied were classified and characterised using 
methodology from Life Cycle Assessment (ISO, 1997; Uppenberg and Lindfors, 
1999 into the following environmental impact categories: Global Warming 
Potential (also called the green house effect), Acidification Potential, 
Eutrophication Potential, Formation of Photochemical Oxidants and finally 
Extraction of primary energy carriers. Other impact categories according to 
standardised Life Cycle Assessments such as human health, biodiversity etc. were 
not included. This was because there was no possibility to obtain relevant data for 
these impact categories within the scope and budget of this project.  

Since emissions of NOX are of crucial importance for the ecological performance 
of combustion technologies, NOX emissions were assessed explicitly for the 
different scenarios. In addition to the environmental impact categories above, 
financial costs and environmental costs by valuation of emissions were assessed. 
Financial costs were penetrated in depth and revenues from purchase of district 
heating and electricity were included. The emission data, including those 
accounting for flows of heavy metals, were aggregated using a monetary valuation 
method (Johansson, 1999). No evaluation of resource use was performed. 

5.2.3 Results 
A comparison of the catalytic combustion and the flame combustion showed that 
all impact categories except acidification, eutrophication and formation of 
photochemical oxidants remained the same. For these impact categories there were 
differences for several of the emissions involved in the impact assessment, but 
NOX was clearly the dominating one. Gasification with catalytic combustion is 
competitive to incineration, which means that it is equally or less polluting than 
incineration. Financial costs were somewhat higher than for incineration. The 
inventory of costs was based on assumptions since there is no plant with 
gasification and catalytic combustion in operation in Sweden. Hence the difference 
in financial costs should be scrutinised. 

With respect to all impact categories considered, landfilling should be avoided in 
comparison to thermal treatment. The best environmental solution seems to be 
gasification with catalytic combustion. It is better for all impact categories except 
for financial costs.  
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6 Discussion 

6.1 Waste management – some rules of thumb 

6.1.1 Is all waste possible to recycle? 
Despite the fact that the systems studied are designed with a high degree of source 
separation and the facilities operate well, the differences between energy recovery 
and materials and nutrients recycling are relatively small. The explanation is that 
even with a high degree of source separation, a large part of the waste has to be 
incinerated. Which are the possibilities of recycling of different fractions? 

Regarding the organic waste, 70 % of the initial amount is assumed to be sorted 
out in the future. Due to quality problems, about 5-15 % of this amount is sorted 
out as reject in the compost or biogas process. The reject is often disposed of at the 
landfill or incinerated; in the future incineration is permitted only. So, considering 
these circumstances app. 60-67 % of the organic waste is really recycled. Based on 
the amount of mixed waste (Table 1, 4) this means that just 18-34 % is recycled, 
when organic waste is source separated. 

Due to quality problems (described in the introduction) the dry paper fraction in 
mixed household waste is of such bad quality that the only feasible option is 
combustion. Observe that in the presented studies, 75 % of the initial amount is 
recycled outside the studied system. 

Cardboard is another fraction in the combustible waste part that is possible to 
recycle. The major part of the cardboard waste is packages, covered by producers’ 
responsibility (SFS 1997:185). As for organic waste, the level of source separation 
has been set to 70 % in our studies. Some cardboard packages include plastic 
coating, or parts made of plastic attached to the cardboard. In our calculations 10 
% of the cardboard fraction is assumed to be plastic, which is separated before the 
recycling process and sent to combustion. So, considering these circumstances 
only 63 % of the cardboard is really recycled. This means that only 3-4 % of the 
mixed waste (Table 1, 4) is recycled when cardboard is source separated.  

Plastic is also possible to sort out for material recycling. As for organic waste and 
cardboard, the level of source separation has been assumed to be 70 % in our 
studies. The plastic fraction consists of a variety of different plastic types, e.g. 
PolyPropylene (PP), PolyEThylene (PET), PolyStyrene (PS), High Density 
PolyEthene (HDPE) and Low Density PolyEthene (LDPE). In the recycling 
process in our studies HDPE is recycled, but LDPE is also welcome in the 
recycling process. Some plastic material is labelled in accordance with a European 
system, but the system is not predominantly developed for making the source 
separation in private households easier. Many plastic products are still not 
labelled. This means that pre-sorting is needed between the collection and the 
recycling. For households, 40 % of the HDPE is sorted out as reject, which is 



 32

directed to combustion. The remaining 60 % is recycled (Sundqvist et al, 1999b-
d). Considering these circumstances, only 38 % of the plastic is really recycled. 
This means that only 1.5-2 % of the mixed waste (Table 1, 4) is recycled when 
plastic is source separated. 

In the studies metal and glass have been recycled to 50 % and 70 % respectively 
outside the studied system. Inert material (china, cheramics, sand etc.) can not be 
combusted nor recycled. Summing up the discussion so far leaves us with these 
figures (Table 4): 

Table 4 Recycling versus combustion. See also Table 1. 
Waste fraction Weight% % to recycling % to combustion 
Organic 30-50 60-67 33-40 
Dry paper 20 0 100 
Cardboard 5-7 63 37 
Plastic 4-5 38 62 
Metal 2-3 50 50 
Glass 6-8 70 30 
Inert 1-3 0 0 
Remainder 4-32 0 100 

If inert, metal and glass (9-14 %) are left out for a moment - as the most preferable 
options for these fractions are undisputed - we can conclude how much of the 
combustible waste that is recyclable. Two scenarios can be constructed; “recycling 
max” and “recycling min” (Table 5): 

Table 5 Recycling scenarios. Percentages based on total waste amount. 
Fraction Recycling min Recycling max 
 w% % rec. % comb. w% % rec. % comb. 
Remainder 32 0 32 4 0 4 
Dry paper 20 0 20 20 0 20 
Organic 30 18 12 50 33.5 16.5 
Cardboard 5 3.2 1.9 7 4.4 2.6 
Plastic 4 1.5 2.5 5 1.9 3.1 
Total 91 22.7 68.4 86 39.8 46.2 

It can be concluded from Table 5 that for the combustible part of the mixed 
household waste app. 20-40 % (22.7-39.8) can be recycled while app. 45-90 % 
(46.2-91) can be used for energy recovery. The figures should be treated carefully 
as uncertainties are large. The figures are overestimated for the situation of today, 
as the assumed degree of source separation is much higher than the official 
statistics. The figures are probably underestimated for the situation when 70 % 
source separation is a reality in the future, as the performance of the recycling 
processes probably have been improved under the force of technology 
development and a higher quality of the plastic waste.  

The overall conclusion is that the major part of the mixed household waste is 
suited for incineration and energy recovery, and only a minor part is really 
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recycled. In a system with material and nutrient recycling, incineration plays an 
important role; if material or nutrient recycling is impossible, due to contamination 
of the feedstock, the reject must be incinerated. 

6.1.2 Conclusions about different treatment methods 
The aim of this chapter is to discuss the pros and cons of each treatment method 
with respect to environmental impact and consumption of primary energy. A 
comparison to the compensatory production is also made. 

Transports tend to have small environmental impact on the total in the systems 
analyses, while the costs may be a larger part of the total costs. For a system 
comprising organic waste only, transports carried out in sparsely populated areas 
like Älvdalen or Värmdö can have importance for the GWP. 

Incineration is a method that is restricted in terms of emissions, and the 
environmental impact per kg waste treated is moderate in our analyses. In our 
analyses the major emissions from incineration are emissions to air. Emissions 
from ashes and slag at the landfill are not a big problem with respect to the 
impacts included. But in waste management - as in other industrial processes - it is 
as important as ever to close material loops and strive for recycling of the rest 
products. This task becomes increasingly important as new incineration plants are 
built. In ORWARE impacts of slag recycling have been investigated in a master 
thesis (Ellfors, 2003). 

Composting is often worse than incineration in terms of emissions and fuel 
consumption in our systems analyses. The result is made even worse due to lack of 
energy recovery, and low recovery of nutrients. 

Anaerobic digestion is a smarter method for treatment of biodegradable waste as 
energy is being recovered. Depending on which treatment method and which 
system configuration that is used, the environmental as well as the economic 
impact shifts. In our analyses, the best system configuration is anaerobic digestion 
using the biogas in busses. The costs for organic waste management are higher, 
compared to incineration, due to additional costs for collection and spreading. The 
emissions are lower or equal to incineration from a systems perspective. 

Cardboard recycling is in practise equal to incineration in our analyses. The 
differences between cardboard recycling and production based on virgin fibres are 
also small, relatively speaking. If the compensatory heat (the heat lost when 
cardboard is recycled) is provided by biomass combustion, there is almost status 
quo between recycling and incineration. It is however important to distinguish 
between biomass that is used for direct combustion (e.g. wood chips) and biomass 
used for cardboard production. A systems analysis of wood fibres would probably 
show that it is best to first manufacture wood and paper products, which are later 
being recycled and eventually combusted (an exergy perspective), than to combust 
virgin fibres. 
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Plastic recycling is the only recycling method that seems to be better than 
incineration. In the results presented in this thesis, only polyethene (PE) is 
recycled where 1 kg of recycled PE substitutes 1 kg of virgin plastic. There are 
also other plastic types which are possible to recycle where the benefit may be 
larger. It is however obvious that combustion of plastic gives a contribution to 
GWP, as plastic is manufactured from crude oil. Recycling of plastic is therefore 
beneficial. But as was shown in the last chapter, plastic with poor quality is not 
recycled. Today this plastic is incinerated, which can be defended as long as the 
alternative is oil that is imported and combusted for heating purposes. In a short 
term, low quality plastic could maybe be disposed of at a landfill to avoid 
emissions of fossil CO2. This is however not a sustainable solution. 

6.1.3 Incineration and energy recovery 
Facing the fact that incineration plays an important role in waste management in 
Sweden (a large part of the waste is combustible and many incineration plants are 
now planned for), the incineration and the alternatives to incineration earns some 
more discussion. 

One of the conclusions from the case studies is that incineration should be a base 
technology in the waste treatment. One of the most powerful environmental NGOs 
(Non Governmental Organisations) in Sweden is Greenpeace. Their opinion is that 
the waste hierarchy according to the EU is to be implemented. The fundamental 
principle is that wastes that can be material recycled should not be incinerated at 
all. Greenpeaces’ opinion is that increased source separation of different waste 
fractions, in order to decrease the waste amount and to increase reuse and 
materials recycling, should be used instead of incineration and landfilling. 
Incineration spreads large amounts of pollutants in an uncontrollable way, and 
generates large amounts of ashes and slag that is currently being landfilled. These 
ashes and slag will leak out heavy metals and other pollutants during a long time-
period in an uncontrolled fashion. Increased incineration of waste is an easy 
solution to the waste problem that gives no incitements for less generation of 
waste, which is the top goal of the waste hierarchy. Summing up this, according to 
Greenpeace the undesirable features with incineration are: 

1. Formation and emissions of hundreds of dangerous compounds through 
flue gas, ashes and water. 

2. Emissions of yet hundreds of substances for which knowledge about the 
risks are unknown. 

3. Incineration counteracts re-use and recycling. 
4. Incineration competes with biofuels and other more environmentally 

sound energy sources. 
5. Incineration destroys materials, which can be recycled. 

My answer as a systems analyst is that concerning 1 and 2 in the list above, I must 
agree. In our analyses the total environmental impact is not covered, due to lack of 
data and methods for valuation of the potential effects that the emissions may 
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cause. Concerning number 3, I do not know. In some cases this may be true, but in 
some cases “design for disassembly”, which aims at re-use and recycling of 
products, may favour both recycling and incineration. The answer to number 5 is 
simply “yes”. As to number 4, I will have to enlarge the discussion a bit, as the 
alternatives to incineration in terms of energy recovery are different for generation 
of district heating and for electricity generation. For district heating, three 
alternatives can be observed; biomass combustion, mixed household waste or the 
base-load fuel used in the existing district heating system.  

The first case with biomass relates to a situation where a new heat plant is to be 
built. Considering costs and technical aspects, an energy company often has a 
choice between building a biomass fired boiler, or an incinerator. Combustion of 
biomass does not differ from incineration that much from an LCA perspective; the 
degree of efficiency is in line with incineration (cf. Brännström-Norberg, 1996 and 
RVF, 1998), biomass is renewable just as the major part of the mixed household 
waste, and the emissions from biomass combustion are quite moderate, mostly due 
to new technology (ibid). Combustion of biomass has increased dramatically in 
Sweden during the last 10-15 years, due to subsidies from the government towards 
a more sustainable energy system. 

The next alternative is mixed household waste, which relates to a situation where 
the mixed household waste from a certain municipality is incinerated in an 
existing incinerator. If the amount of waste from the municipality decreases, the 
incinerator will be used for combusting waste from another municipality or 
country, waste which is presently being disposed of at a landfill. When landfilling 
is prohibited, the remaining alternatives for this situation are waste from abroad or 
biomass.  

The last alternative is where an old boiler in the district heating system is to be 
replaced. In some places (e.g. Jönköping in Sweden) waste incineration replaces 
combustion of oil. In reality one or two, or even all these alternatives are at hand 
in a present decision situation. The ban on landfilling leaves the municipality with 
the alternatives to replace existing fuels, buy treatment capacity in an existing 
incinerator, or to build a new incinerator, maybe together with neighbouring 
municipalities. 

Regarding electricity generation, the perspective is national/international and not 
local or regional as the power grid is the same for entire Sweden. Incineration in 
Sweden that generates electricity substitutes combustion of coal on the margin. 
Coal condense power is a less sound alternative with a low degree of efficiency, 
high emissions and a non-renewable fuel (Uppenberg et al, 1999). This means that 
for every kWh of electricity produced from incineration, the environmental profit 
is high. More about the fuels that are replaced by an increased waste incineration 
in Sweden can be found in Sahlin, 2003. 
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6.1.4 Finding key parameters – but how? 
A number of sensitivity analyses have been performed and presented in previous 
chapters. The aim has been to find a method for identification of potential key 
parameters, and also which factors that - within reasonable limits of variation - 
could change the conclusions about energy recovery or material/nutrient recovery 
as the most proper treatment method for a certain waste fraction. It is important to 
ask oneself whether these analyses have really been effective. I can see that there 
are generally three ways to perform a sensitivity analysis: 

1. A literature survey of other studies, with a comparison of the basic 
assumptions that diverge and by that find differences that can be tested. 

2. For each scenario and impact category find the processes that are 
dominant in terms of weighted emissions. These emissions are then varied 
within reasonable limits or until there is a significant change. 

3. Outgoing from input data to different processes/submodels, judge which 
parameters that have great uncertainty and test them. 

In this thesis all three methods were applied, whereas a more profound analysis 
according to number 3 in the list above was made for parameters in the waste 
generation and the recycling processes. In the following two chapters the 
consequences for recycling of nutrients, cardboard and plastic are discussed. 

6.1.5 Key parameters in organic waste management 
In almost all case studies I have been involved in, biological treatment of organic 
waste has been included (all studies in Table 1 except for C, G, J and K). These 
studies and the findings in paper III gave raise to the following question: Under 
which assumptions are composting and/or anaerobic digestion competitive to 
incineration? Let’s start with composting. Björklund (2000, p. 34): 
“Composting, which allows nutrient recovery but generally no energy recovery, is in many 
ways as wasteful a treatment method as landfilling.” 

The research has ended up in the following crucial factors for composting: 

 Composting may be motivated if the collection of waste is inefficient and 
highly polluting. If the collection is made in an inefficient manner, home 
composting may be an alternative. This is also motivated from an 
economic point of view. This conclusion is based on findings from 
projects G-I. 

 It is important to manage the compost properly. If not, emissions of 
ammonia and methane will level out the positive values. The household 
waste should be mixed with carbon-rich material to prevent losses of 
nitrogen. To illustrate this, the impact of the carbon/nitrogen ratio was 
tested in a sensitivity analysis. Even if the conclusions were not changed 
the emissions from composting decreased quite much (more than 10 %). 
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In a system with organic waste management (D, E, F, H and I) the 
carbon/nitrogen ratio would probably influence the conclusions. 

 If there are no fossil alternatives for compensatory energy, composting 
becomes more competitive compared to incineration, as compensatory 
energy will then play a minor role. But still the emissions from the 
composting process are relevant for the overall result. 

 A waste management including composting also includes spreading of the 
compost on agricultural soil. The importance of the spreading conditions 
was illustrated in Paper III and in the Jönköping project (E). These 
circumstances can be vital if only organic waste is analysed. 

Besides composting there is anaerobic digestion as biological treatment of organic 
waste. Chapter 6.1 in Björklund (2000, p. 34): 
“Less clear are the conclusions regarding what exact method of resource recovery is to 
prefer. It depends primarily on what exact products are recovered and what virgin 
products they replace. Results come out quite differently when using heat from 
incineration to replace heat from either biofuels or oil, or when using biogas either to 
generate electricity replacing hydro generated electricity or to run biogas cars. At this 
level, results can no longer be generalised, but the specific circumstances must be 
specified in detail.” 

Resource recovery as materials will be discussed in the next chapter. Anaerobic 
digestion means recovery of energy and nutrients simultaneously, while 
incineration just means recovery of energy (with higher efficiency). Crucial factors 
in organic waste management with anaerobic digestion are: 

 The digestion process demands for a high quality of the organic waste 
which means low contamination and easy to digest. The biogas production 
biogas depends on the composition of different carbons. The most 
efficient “carbon cocktail” has not been investigated. 

 In a systems perspective, the construction of the anaerobic digester 
(thermophile or mesofile) is of minor interest. The downstream system for 
the biogas utilisation is then more important. The results differ depending 
on the application; biogas busses, biogas cars, heat and power generation 
in a gas engine with or without a catalyst or a gas fired heat boiler. 
Relevant to this issue is also the compensatory fuel which is replaced. 
Biogas busses is the best option in our studies, but the emission factors of 
these processes can have a large inflict on the result, at least when just 
organic waste is evaluated. Converting biogas to hydrogen for external use 
in FCVs (Fuel Cell Vehicles) seems promising. 

 Also in this case the spreading conditions can have a potential impact. 
Also, if digestion residue is supposed to substitute peat (as a soil 
conditioner) the results would change most dramatically in favour of 
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anaerobic digestion. This is however not seen as a realistic alternative in 
most cases. 

6.1.6 Improved material recycling 
The differences between material recycling and incineration are small. What has to 
be improved if material recycling should come out better than incineration? 
Recycling can still be improved considering the short time it has existed. In the 
sensitivity analyses, the energy consumption and the part of the feedstock to reject 
were changed. The results were however almost identical, compared to the original 
results. Therefore more profound investigations must be made, where the type of 
fuel used in the recycling and virgin processes, emission factors and also 
compensatory processes are changed. In the future, recycling hopefully becomes 
easier due to the development of products which are easier to recycle, and also 
improved information about how to sort.  

A large part of the explanation to the small changes is that plastic and cardboard 
constitute such a small part of the household waste. If recycling should be 
achieved, a larger part of the mixed household waste must consist of recyclable 
materials as cardboard and plastic. This is vital for an efficient recycling with 
respect to the performance of the bring systems and the recycling processes and 
their impact on the environment and the economy. 

6.1.7 Household source separation 
One issue that is heavily debated in Sweden and among LCA experts worldwide, 
is the labour made by the households. Shouldn’t the time spent for cleaning, 
sorting and transportation of the waste to a recycling station be included? And the 
associated fuel consumption and emissions? A number of investigations in 
Sweden have emphasised that the household labour should be included in a 
systems analysis, e.g. Radetzki, 1999; Finansdepartementet, 1999; Bäckman et al, 
2001 and SOU 2001:102. The time spent on source separation, cleaning and 
transport have been in focus in these studies. The time and resources spent on the 
remaining waste fraction is supposed to be equal, independent of the type of waste 
management in use. 

The reason for including this part is that it has become mandatory to source 
separate. So, even if the costs are imaginary, the labour has to be valuated in a 
welfare cost (cost-benefit) analysis. The reasons for excluding the household 
labour are that this work is made voluntarily, that the recycling works as a 
pedagogic example of environmental work, and that the time spent is so 
fragmented that there is no alternative use of it. The household labour is not 
included in the performed analyses presented in this thesis. A sensitivity analysis 
of including the household labour was performed with ORWARE and presented in 
Sundqvist et al, 2002. 
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If incineration in many ways is as good as recycling, is there any use in source 
separation? Yes, I do believe it is. There are several reasons: 

1. Just because recycling and incineration are comparable today doesn’t 
mean that this situation will remain for all time. The recycling processes 
can be improved, and if the waste in the future to a larger extent will 
consist of recyclable fractions, it is vital that the source separation systems 
work properly. By “work properly” I mean that people should separate as 
much as possible, and that they sort the right waste to the right place and 
also that the bring systems have been implemented and cost optimised 
during a long time period. 

2. Studies (Leander, 2002) have shown that if source separation of the 
organic fraction is introduced, the degree of source separation for the other 
waste fractions increases and the share of wrong separated waste 
decreases. 

3. The incineration plant works better if the waste is; less contaminated, 
more homogeneous and has high energy content. Therefore source 
separation is needed even if the waste is being incinerated. Glass and 
metal should be sorted out from the household waste to material recycling. 
There are environmental as well as economic reasons for this. Energy is 
recovered neither from glass, nor metal (aluminium is an exception to the 
rule). If non combustible materials are not source separated before 
combustion, the waste may not be efficiently combusted. Also, the costs 
for incineration increase if large amounts of material should pass through 
the incineration plant, without contributing to something useful. Sorting 
out these materials from the slag is not as efficient as if the sorting is made 
before the incineration. Another argument for continuing with source 
separation of glass and metal is that if the material entering the recycling 
process is as clean as possible, the material used in new products will be 
cleaner as well. 

Another aspect of this hot issue is about prioritisation of the scarce resource time 
in the households. A literature study (Sörbom, 2003) has shown that the 
willingness-to-sort is high in private households. This is both natural and 
remarkable. Natural as the individuals, with a small effort relatively speaking, to 
100 % improve their personal environmental conscience. Remarkable as the 
individual contribution to the solution of the problem (environmental problems 
with waste management) is small, in comparison to the magnitude of the total 
problem. The performance of the waste management is not solely dependant on 
the behaviour in one separate household. But a waste management system 
comprises a large number of separate households whose behaviour all together 
depend the performance. It is, from a systems perspective, extremely important 
that the individuals are encouraged to source separate even if the personal benefit 
of it is small in relation to the effort. 
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If the households were more rational in their time management, they would have 
to prioritise their time spent on environmental labour. Would it be likely that 
source separation of waste is ranked higher than energy saving (e.g. lower inner 
temperature, investments for extra insulation and decreased use of cars/travelling) 
due to that the quality of life is not affected as much? What people have to 
sacrifice is also a relevant question. Should I source separate my waste, do the 
dishes or play with my children? Are a few seconds or minutes spent on source 
separation each day more worth to me as a person, than the extra time spent when 
using public transports instead of private use of a car, or the money and time spent 
for buying ecological food?  

These questions are interesting but probably quite irrelevant. I do not think that 
most people are that rational in their time management. Some people with good 
economy are more willing to pay with money (extra insulation and ecological 
food) than with time (public transport and source separation). Some people are 
more rational and contribute with something that they feel is worth the effort (like 
source separation) but does not inflict that much on their way of living (like less 
car driving and air travel). Other people cares about the environment and does 
what he or she can do, regardless if it is energy saving, source separation, 
ecological consumption or something else.  

But still, there is time spent on source separation and it is possible to account for it 
from a strictly economic and environmental point of view. The question is how the 
time consumption for source separation should be treated? Why should waste 
management be attached to imaginary costs, how about other public activities? 
The other activities in the household like purchase, travels, cleaning, washing etc. 
should also be allocated somewhere! This is an issue of concern for economists. 
But it is however clear that it is extremely hard to draw the system boundaries and 
to carry out the allocations. 

6.2 Methodological problems in systems analysis 
Sometimes different systems analyses points in different directions, even if much 
of the data used are similar (see paper III). The differences are often due to 
different system boundaries. A problem that has come into focus during the 
writing of this thesis is; which level of the waste management system is the most 
appropriate and which results are reliable? I can not come up with a solution to 
this, but I will try to give my picture of the situation. Generally there are three 
ways of studying recycling of waste fractions in a systems perspective: 

1. Landfilling, incineration or recycling of one fraction at a time. 
2. Just recyclable fractions are included. Different scenarios: all waste is 

being disposed of at a landfill, all waste is incinerated, all waste is 
recycled. 

3. All municipal solid waste is included. Different scenarios: all waste is 
being disposed of at a landfill, all waste is incinerated, the recyclable parts 
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is recycled and the remainder is either disposed of at a landfill or 
incinerated. 

These are three different alternatives for system boundaries, which correspond to 
different players or fields of decision-making. The first alternative corresponds to 
an LCA of a specific material, e.g. waste paper. The decision-maker could be a 
company with a specific type of waste which management is to be evaluated. The 
second alternative is used when the principles of the waste hierarchy is to be 
evaluated; if recycling comes first, then energy recovery and last landfilling. The 
third alternative, which is used in our studies, starts with the municipal waste 
generated within a geographical area (e.g. Uppsala, Stockholm or Älvdalen) and 
aims at describing the total impact of the management of the waste, independent of 
which players (producers or the municipality) that are involved.  

Which implications do these alternatives mean? Let us assume that we are 
comparing two waste types; material A and material B. If the first alternative is 
used, it is possible to tell which treatment options are to prefer for each material. 
Let us assume that landfilling is the worst alternative for both materials, and that 
incineration is the most favourable for material A, while recycling is the best 
option for material B. 

If the next alternative for system boundaries is used, the results will show that 
landfilling is the worst option, and that recycling and incineration is even (the 
advantages and disadvantages levels out). When the third alternative is used, 
correlation to the actual amounts in the municipality must be considered, and the 
result for incineration versus recycling depends on which material that has the 
largest amount generated. 

Another problem is that studies seldom are fitting to 100 % into these three 
categories. Our studies do not fully correspond to number 3, as recycling of 
newsprint, glass- and metal packages was made outside the studied system, and 
the impacts of that was cut out. Including the missing recycling would lead to 
three new treatment scenarios, and thus three bars added in the results diagrams. 
The overall result would probably point at material recycling in favour of 
incineration, but to what extent is not clear. 

A general problem with systems analysis is that the results are so comprehensive 
that the descriptions and explanations of the methods, the calculations and above 
all, the results tend to be rather non-scientific and less precise. Compared to 
“traditional” research something is gained in width (e.g. interdisciplinary science 
and understanding of systems dynamics) but instead lost in depth (e.g. 
understanding about single technical or biological processes). This is a dilemma 
that the systems analysts are aware of, and are continuously trying to improve. 
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6.3 Waste-to-energy studies – some experiences 
As seen in previous chapters, energy plays a vital role (direct and indirect) in 
waste management. In Eriksson, 2000 it was stated that waste management is 
energy management (incineration and anaerobic digestion are the most obvious 
methods as they both recover energy). The waste is seen as a resource, which 
should substitute the conventional production of the functions provided from 
waste management. On a global level the major part of the energy is supplied from 
fuels with fossil origin (Swedish National Energy Administration, 2001) which 
must be phased out due to climate changes. Linking waste management to the 
energy system in a way that fossil fuels are substituted seems to be successful. In 
the waste-to-energy studies performed and presented in this thesis hydrogen from 
waste substitutes petrol (paper IV), waste heat (heat at low temperature) is used for 
district cooling substituting heat pumps using electricity from coal combustion 
(appendix IV) and eventually gasification of waste in a combi cycle with high 
generation of electricity that also substitutes electricity from coal combustion 
(paper VI). This is good, but heat from incineration often competes with heat from 
biofuel which is 100 % renewable. That can not be good, can it? Yes it can, 
because if less biofuel is combusted - due to more incineration - the biomass saved 
(if it is never cut down) could act as a sink for carbon. On the other hand, if the 
saved biofuel would still be cut down and combusted, it may in the end substitute 
fossil fuels like natural gas (Finnveden et al, 2000). 

A suggestion of developing ORWARE into a tool for integrated systems analysis of 
energy systems was proposed both in Eriksson, 2000 and Eriksson & Frostell, 
2001. It was proposed that the number of impact categories handled by the model 
should be extended, and that the functions derived from the generated energy 
should be in focus, including the supply and the demand sides. What has happened 
since these ideas came to day-light? There is a progress in developing the model 
for a new application, namely Technology Assessment (TA) (Assefa, 2002) which 
is a much broader application area than energy systems. The three case studies 
performed so far (see chapter 5) have however been focused on the technology 
chain waste-to-energy which is a system within the frame-work (or should I say 
flame-work?) of TA. In all the three studies, waste has been used as a fuel for the 
thermal treatment processes, but to a larger extent the systems analyses have taken 
the character of an analysis of an energy system rather than a waste management 
system. This is an interesting development and one of the many variants of future 
ORWARE applications that have been anticipated within the research team. 

6.3.1 Systems analysis versus technology assessment 
In TA the treatment technologies are in focus, not the overall management. In the 
systems analyses of waste management, the same technical system was studied 
and different management strategies were tested in scenarios, e.g. source 
separation and recycling of different waste fractions. In technology assessment 
different treatment systems are investigated for the same waste/fuel stream in the 
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different scenarios. The starting point is an investment to be made, and the 
evaluation is aimed at finding the best option, i.e. the combination of different 
technologies with the best environmental performance at the lowest cost. The 
value, the functional unit, is valuated monetary which is not made in the 
“traditional” systems analysis (only by avoided production costs). 

Another difference between the “traditional” systems analysis and the energy 
technology assessment is the resolution in the presentation of the results. Costs are 
displayed as fixed costs and operational costs in TA, whereas the systems analysis 
just presents the total cost. This has been made possible as the studied technology 
system comprises fewer sub-systems. In a future, the analysis should also include 
a players’ perspective which presents the costs (and the environmental load) in 
relation to the different players. 

6.3.2 Problems 
There are important problems with this type of analysis. One of the more severe is 
to compare existing and non-existing full-scale technologies. Who knows how the 
catalytic concept will work when it is fully developed? With help of colleagues, 
good estimations can be made, but nevertheless it is not the same as using data 
from existing facilities using a technology that has been developed during decades. 

Connected to this are problems in retrieving reliable data. There is no waste 
gasification plant with catalytic combustion in operation in Sweden, and the 
gasification technologies differ between different plants. In our studies data from 
(1) gasification of waste in Italy is combined with those from (2) pilot plants in 
Sweden using RDF and other fuels, (3) a catalytic combustion process that uses 
natural gas which is developed by Catalytica in the US and (4) experiments with 
catalytic combustion performed at KTH. There is also a fundamental difference 
between data uncertainty for emissions used in the calculations of ecological 
impact, and financial data used for financial cost calculations. In the first case, 
emissions have at least been measured, even if they may be associated with great 
uncertainties. The financial costs for scenarios 1 and 2 were based on cost 
estimations in pilot studies. 

6.3.3 Conclusions 
The method of attack can be applied to other areas than waste-to-energy systems. 
Distinctive features of the object under study are some kind of process structure 
where different technical solutions are at hand for evaluation. Compared to an 
LCA, both economical and operational aspects are covered. The method also 
includes a substance flow perspective, i.e. specific substances shall - depending on 
data availability - be possible to follow through the processes. Methodological 
aspects as functional unit, compensatory system and conditions for system 
boundaries are inherited from systems analysis. 
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By conducting a technology assessment it is possible to emphasise on technical/ 
engineering advantages and disadvantages with the different technologies. These 
practical aspects are seldom mentioned in a systems analysis or an LCA.  

6.4 Systems analysis in decision-making 

6.4.1 Is the decision-maker always right? 
The systems analysis is often mentioned as a tool for the decision-maker or the 
problem-owner. But how do we know that the systems analysis provides answers 
to the questions raised and furthermore – how do we know that the questions are 
relevant? 

In Miser and Quade, 1985 it is stated that studies within areas with “unclear goals 
and shifting objectives” are prioritised. It is obvious that the systems analysis is 
supposed to help decision-makers and policy-makers in what they really want.  
“…a decision-maker frequently cannot decide what he wants to do until he has some idea 
of what can be done and what it will cost” 

The conditions for this dialogue shifts from study to study. In a commission study 
the conditions are quite clear, while they are vaguer in research studies funded by 
an authority. A broad policy study or a future study, where the problem-owner is 
undefined or out of reach, is much more in the hand of the researchers than it 
supports a dialogue between problem-owners and problem-solvers. On the other 
hand, it is also possible that politicians may use the systems analysis to 
scientifically legitimate political decisions which may have completely other 
motives than what the systems analysis comprises.  

One explanation to why systems analysis is not so widely known and used within 
waste management planning is that there are too many and too small players 
(Eriksson, 2000). In small companies the business does not include research as the 
focus is put to short-term practical problems. There is also a minority of high 
educated people with research experience in the business, which creates cultural 
barriers between researchers and the branch. 

I believe that it would be of great interest to systems analysts and politicians/ 
decision-makers to learn more about the different purposes of systems analysis and 
to read about case studies performed and how they were used by both sides. 
Consultants, researchers, officials on different levels and politicians all favour 
from systems analysis, but in some cases with completely different objectives. 

In the following chapters I will survey the case studies I have been involved in 
using ORWARE in decision making, as to map the type of decision-making and the 
institutional level. I will also point out the applications I see as most promising for 
ORWARE in decision-making in the future. 
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6.4.2 ORWARE in decision-making 
In the beginning (1993-1995) the ORWARE model was used with the aim to test the 
mathematical model with “real” data. Simulations were made to validate the 
constructed submodels, and a case study was performed (Dalemo and Oostra, 
1996) to test the submodels connected to each other with data provided by 
practitioners. The practitioners assisted the research team by supply of data and 
debriefing of the results, and the researchers assisted the practitioners with 
comprehensive calculations. After that (1996-1997) a concrete task was chosen, 
namely to evaluate current waste plans (Björklund, 2000). ORWARE has after that 
been used in the process of making new waste plans (for example the Swedish 
municipalities Falun/Borlänge (Baky et al, 2000) and Växjö (Baky and Edström, 
2000). 

During 1998-1999 research projects (Sundqvist et al, 1999a) have been performed 
in Uppsala (Sundqvist et al, 1999b) Stockholm (Sundqvist et al, 1999c), and 
Älvdalen (Sundqvist et al, 1999d). The same type of future scenarios were set up 
in all three municipalities, but in Uppsala and Stockholm the energy companies 
and the waste managers were invited to set up specific scenarios with focus on 
their own - maybe more realistic - plans with shorter time frames. The research-
oriented future scenarios have not come to direct use, as far as I know, but the 
project reports are quite popular. The study in Älvdalen was however used by the 
municipality to design a strategy for composting. To what extent the study 
influenced the decision-making, is however not clear. 

ORWARE has also been used to contribute to the basis for decision in two other 
Swedish municipalities in a 2-5 years perspective (Eriksson & Svanblom, 2000; 
Jonsson, 2000; Skoglund, 2000; Hellström, 2003). The study in Jönköping was 
performed as a continuation of a systems analysis with the model Mimes/Waste 
that focused on substituting an old boiler with an incinerator. The technical office 
of Jönköping was taking part in that study, and they wanted to penetrate the 
impacts of building an anaerobic digestion plant. The officials in Jönköping took a 
very active part in the analysis, and they invited representatives from the 
agricultural sector, as that part was found to be a weak link in the technology chain 
and thus important. Already from the beginning the mutual understanding between 
the technical office and the energy company on one hand and on the other hand the 
technical office and the agriculture, was established. In this case the profit of 
systems analysis, in terms of bringing about organisational action, was not so 
huge. But on the other hand the analysis became quite advanced as the tracks for 
information were immediate, and the know-how about systems approach was on a 
high level from the beginning. The results have been used within the technical 
office, both for internal use and also in marketing of the activities in the 
municipality to other municipalities in the branch. 

Another interesting example is the municipality of Värmdö. The initial contacts 
were established during a seminar about systems analysis within a network of 
young people in the waste management business. In Värmdö the introduction of a 
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landfill tax (initially 250 SEK/ton, 370 SEK/ton from 2003-01-01) would lead to a 
powerful increase of the treatment fee. The situation was in particular urgent for 
the sludge management. In a systems analysis different treatment options for the 
sludge were evaluated (Jonsson, 2000). At this point the difference between what 
the model could contribute with, and the answers the municipality was searching 
for, was quite large. 

Surprisingly (in a positive meaning) the municipality wanted a broader analysis, 
now including all organic waste in the municipality (Skoglund, 2000). The 
essential outcome of this second step was the high impact of the collection made 
by small boats in the archipelago (Värmdö is situated close to Stockholm, in the 
archipelago of the Baltic Sea). The municipality now began to concentrate their 
work on how to make the collection at sea more efficient. 

Eventually they decided to propose increased home-composting (Hellström, 
2003). They knew by own knowledge, and the performed systems analyses, that 
composting in private households as a treatment method as such, have some 
difficulties in living up to good environmental performance. But they were also 
aware of from the systems analyses, that the savings in the inefficient and high-
polluting collection at sea could be large. Now the municipality wanted to 
investigate how the home-composting could be implemented (which solutions are 
possible, how do they perform in terms of emissions and costs, which are the weak 
points for the different systems and which measures could be taken from the 
municipality to achieve the best solution) in the municipality. 

In this case systems analysis in three different stages has given a contribution to a 
strategy for organic waste management in a Swedish municipality. The 
municipality is pleased with the results, which have been useful in the strategic 
work and the officials are also aware of that systems analysis doesn’t give the total 
picture. That is why the last study was a mix of a systems analysis, and an 
investigation of aspects not covered by the model. 

So far the use of systems analysis and ORWARE on national level has been quite 
limited. The recent study was performed for the Danish EPA (Environmental 
Protection Agency) aiming at new legislation on taxes and fees in the waste sector 
(Baky and Eriksson, 2003). The Danish EPA wanted to conduct a cost-benefit 
analysis of different future scenarios for their organic waste management, and was 
in need of a quantification of the emissions. The data from the model was used 
directly in their calculations, but the actual outcome of the project is still 
unknown. In Sweden a governmental study on taxation on incineration (SOU 
2002:9) and another governmental study on ecological waste management 
(Naturvårdsverket 2002b) have referred to performed systems analyses (among 
them ORWARE) as one of many references to waste management research. 
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6.4.3 ORWARE in decision-making in the future? 
From the very beginning the aim with the development of a tool such as ORWARE 
has been that it should be used by “everyday people” in the waste management 
business. However, the model is still mostly used within the academia. As seen in 
the last chapter, ORWARE has had a role in decision-making. But the situation can 
be much better. Therefore I will outline some applications in which the model may 
give a substantial contribution to the decision-making. The framework for this 
discussion is taken from Wrisberg, 2002 (pp 78). 

Strategic planning: This is the strong card of ORWARE. Here decisions with long-
term character are made and different options are evaluated. The future studies run 
by researchers only are of course still interesting, and also construction and 
evaluation of municipal waste plans. The new area of Technology Assessment 
does also fit in here. 

Capital investment: This is a decision to be taken when treatment facilities are to 
be built. On the record for ORWARE is the project conducted in Jönköping, but also 
the Rondeco study (cf. Table 1). Also in this case the new TA application can be 
useful. It may work as a complement to EIA (MKB). Wrisberg (p. 80) points at  
“The necessity of prospective information makes back-casting and scenario analysis 
adequate approaches for decisions about capital investment.” 

In ORWARE back-casting is not used so far, but it has been brought up for 
discussion within the research team. Scenario analysis and back-casting are two 
new challenges for ORWARE.  

Design and development: This is in traditional meaning the classic product-LCA. 
Product development is an upstream system to waste management. In ORWARE the 
impacts for that specific part of the product life cycle can be evaluated. This is of 
limited value since the “standard” LCA tools are better suited to the task. 

Communication and marketing: The results from systems analysis can be used 
by the involved enterprises in marketing. In the Jönköping project the “spider 
diagram” was used by the municipality officials in marketing of the work with 
their waste management. In the Hydro project (Dalemo et al, 1998) the model was 
used to compare organic fertilisers with conventional NPK (Nitrogen, Phosphorus 
and Potassium) fertiliser, results which could be used in marketing by the financier 
Hydro. The Rondeco project (Eriksson et al, 2000) was ordered by Birka Energi 
for communication with authorities. Systems analysis is also used in research 
qualification (like this thesis!) and for marketing of competence in consultant 
firms (JTI and Profu). 

ORWARE and the persons with connections to the model are quite familiar in the 
research field of environmental systems analysis, at least in Sweden and Europe. 
But the research and the results are not familiar to the branch or to the public. I am 
not sure about the reasons for this, but maybe we have failed in marketing of our 
wisdom. 
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Operational management: The type of model ORWARE is representing may not 
be the most suitable, but systems analysis performed by very simple models can be 
of interest. In the present LIFE project (Short-Circuit, 2002) ORWARE is used for 
evaluating the impacts of an optimisation of composting processes. Just using the 
material flow analysis part of ORWARE is perhaps a more simple form of systems 
analysis that is easier to adapt to day-to-day analysis. 

Policy/legislation: Systems analysis is useful to map the problem area, and maybe 
to sort small things from large. Systems analysis and ORWARE can also be used for 
quantification, as for the Danish EPA. But systems analysis can only be a small 
part of the total basis for a decision about new policies and legislation. 

6.5 Future research 

6.5.1 Problems left to solve in the waste management 
Waste management strategies are always under change due to changes in the 
society as discussed in Eriksson, 2000. Therefore new problems will arise and new 
systems solutions and technology options will have to be evaluated. But this is 
from a systems analysis perspective “business as usual”. 

Even if direct landfilling of waste can be avoided in the future, ash and slag from 
thermal treatment will end up in the landfill. This can not proceed, unless new and 
better landfill methods are developed. Combustion residues from incineration and 
gasification must therefore be avoided, or recycled, to a higher degree. As 
different technologies evolve they can be modelled in ORWARE, and the impacts 
can be valued from a waste system point of view. 

As mentioned earlier, refinement and optimisation of the recycling processes are 
important. By using ORWARE in the framework of TA (see below) the weak points 
of the recycling technology chains can be identified. 

6.5.2 Systems analysis becomes technology assessment 
This trade-off was already mentioned in Björklund, 2000 and is further elaborated 
in Assefa, 2002. Important questions are: Are there any needs for a TA- ORWARE? 
If there are, where are the greatest needs? Which are the demands on a TA- 
ORWARE from (1) the problem-owners and (2) the problem-solvers? 

I believe that the methodology is superb if one wants to perform an LCA in 
combination with an LCC on multifunctional systems. But which, besides the 
waste management system, are these systems? One of the problem areas that could 
be a challenge is clean and sustainable energy supply (heat- and power production, 
as well as vehicle fuel). Renewable energy sources are found in the forestry sector 
(e.g. black lye gasification) and the agricultural sector, or a combination of both 
(for example thermal gasification of e.g. wood chips or steam reforming of biogas 
to a synthetic gas which is used to produce fuel for airplanes that substitutes 
paraffin oil (Köhler, 2003)). In general, technology chains with fuel cell 
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applications are increasingly interesting, as fuel cell applications are close to a 
commercial break-through within 10-15 years. 

Another field is perhaps biotechnology, with applications within both waste- and 
energy management. There is for example research about biological reactors 
which transform food waste to degradable polymers that can be used for 
production of packages (Ny Teknik, 2002). The Japanese Institute Rite has 
developed a technology to transform degradable waste to electricity (Svärd, 2003). 
Microbes produce hydrogen from glucose. The hydrogen is then used for power 
generation in a biofuel cell where no addition of hydrogen, methanol or any other 
gas is needed. The method is still on the research level. 

6.5.3 Develop simpler models 
As stressed in paper IV, it is important to bridge the gap between scientists and the 
users in the society. This is also pointed out in Wrisberg et al, 2002 (p. 98):  
“Up to now demand and supply have insufficiently met each other. On the one hand, in 
academia extensive developments take place aiming to refine the different tools and to 
better found them in sound science. On the other hand, in business and government, the 
need for information is often not tuned to this supply, emphasising easy to handle 
information which can readily be presented in simple diagrams.” 

A systems analysis is a complex task which seldom is a routine in an organisation. 
The day-to-day decisions do not often need a complete systems analysis. To 
develop simpler models that could be used for testing of ideas, is however one 
attempt to apply systems analysis. Professional consultant services are another 
option. Systems analysis and ORWARE face the same problem as in LCA. The 
LCA method was originally developed as a tool for support of environmental 
design and development of products. Today LCA is more and more of an 
academic tool, often aiming at decision support in many different situations. Is it 
time to go back-to-basics? 

6.5.4 Include social science 
ORWARE is with its conceptual model a technical system. It is quite easy to define 
according to the list presented in chapter 2.1.1. But how does the social waste 
system look like? The components of the system are individuals, enterprises, 
authorities etc. and the connections are different types of information. In Eriksson, 
2000 a list of different players and relations was presented. It would be interesting 
if a conceptual model with players (individuals and groups of people) and relations 
or transactions could be built to get a picture of the social waste system. It would 
be interesting for both the technical systems analysts and the involved players. 
Then to combine the two models would hopefully explain the dynamics of the 
socio-technical waste system. It would then be necessary to widen the research 
group with skills from biology, civil engineering and above all social- and 
behaviour scientists to perform this “super systems analysis”. Such a project 
would be as close as you can get a sustainable assessment of waste management. 
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7 Conclusions 
The overall conclusion is that waste management is energy management. 

§ 1 The major part of the mixed household waste is suitable for incineration. 

§ 2 In a future when recycling is introduced as much as possible, incineration is 
still the only feasible option for the major part of the mixed household 
waste, unless the recyclable fractions are immensely increased. 

§ 3 At present energy recovery9 from mixed household waste10 is better than 
landfilling, competitive to material recycling and the most feasible option 
until the waste has become more homogeneous, less contaminated and more 
recyclable11. 

§ 4 Circumstances important for the performance of biological treatment of 
organic waste are the carbon/nitrogen ratio, the conditions for the collection 
system, the combustion of biogas and the spreading conditions. 

§ 5 Material recycling in Sweden can be improved by increasing the recyclable 
parts of the household waste and the part to recycling. 

§ 6 For the systems comprising treatment of different waste fractions that have 
been studied, no key parameters are found that change the order between 
treatment options for different fractions. Key parameters may be found with 
other system boundaries. 

§ 7 Including the household labour in the systems analysis is complicated due to 
allocation problems. 

§ 8 The ORWARE model has been useful in systems analysis of waste 
management. In the further work, one vital task is to investigate different 
waste-to-energy technologies. The model is then suitable for making a 
technology selection. 

§ 9 Systems analysis with the ORWARE model has affected decision-making 
about waste management in Sweden in a positive direction for the involved 
players, but to a too small extent. 

§ 10 The ORWARE model has a future (1) as a practical tool for technology 
assessment, (2) in environmental systems oriented research (if extended to 
sustainable assessment), (3) as a simpler model, and (4) in education. 

                                                      
9 With energy recovery is meant incineration with recovery of electrical power and/or 
district heating and/or district cooling but also gasification (thermal or biogasification) 
with recovery of synthetic gas, hydrogen or biogas utilised as electrical power, district 
heating and/or transport work. 
10 As defined in chapter 3. 
11 Materials in the waste can be recycled (recycling processes exist) and should be recycled 
(there is an overall benefit of recycling, compared to energy recovery) 
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Appendix I Related ORWARE projects 
A great deal of the work performed is not documented in this thesis. In Björklund, 
2000 is a list of other publications on ORWARE. Below is a list of ORWARE studies 
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Research Institute, Stockholm, Sweden (IVL report B 1379) 

Sundqvist, J.-O., Baky, A., Björklund, A., Carlsson, M., Eriksson, O., Frostell, B., 
Granath, J., and Thyselius, L. (2000b) Systemanalys av energiutnyttjande från avfall – 
utvärdering av energi, miljö och ekonomi Fallstudie - Uppsala, Swedish Environmental 
Research Institute, Stockholm, Sweden. (IVL report B 1380) 

Sundqvist, J.-O., Baky, A., Björklund, A., Carlsson, M., Eriksson, O., Frostell, B., 
Granath, J., and Thyselius, L. (2000c) Systemanalys av energiutnyttjande från avfall – 
utvärdering av energi, miljö och ekonomi Fallstudie - Stockholm, Swedish Environmental 
Research Institute, Stockholm, Sweden (IVL report B 1381) 

Sundqvist, J.-O., Baky, A., Björklund, A., Carlsson, M., Eriksson, O., Frostell, B., 
Granath, J., and Thyselius, L. (2000d) Systemanalys av energiutnyttjande från avfall – 
utvärdering av energi, miljö och ekonomi Fallstudie -  Älvdalen, Swedish Environmental 
Research Institute, Stockholm, Sweden (IVL report B 1382) 

Title: System analysis of energy utilisation from waste – assessment of 
energy, environment, economy and social parameters 

Short-name: STEM 2 (STatens EnergiMyndighet 2) 
Financier: Swedish National Energy Administration  
Duration: 2000-2001 
Project reports: 
Sundqvist, J.-O., Baky, A., Carlsson Reich, M., Eriksson, O., Granath, J.(2002) Hur skall 
hushållsavfallet tas om hand? Utvärdering av olika behandlingsmetoder, Swedish 
Environmental Research Institute, Stockholm, Sweden (IVL report B 1462) 
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Title: Catalytic combustion of gasified waste – system analysis 
ORWARE 
Short-name: SACC (Systems Analysis of Catalytic Combustion) 
Financier: Swedish National Energy Administration 
Duration: 2000-2002 (two years from mid-year to mid-year) 
Project reports: 
Eriksson, O., Assefa, G., Järås, S., Kusar, H. (2002) Life Cycle Assessment of Thermal 
Treatment Technologies, Industriellt Miljöskydd, KTH, Stockholm, Sweden TRITA-KET-
IM 2002:20 

Commission projects 
Title: “The Rondeco project” 
Short-name: Rondeco 
Financier: Birka Energi AB 
Duration: 2000 
Project reports: 
Eriksson, O., Assefa, G., Frostell, B., Kuttainen, K. (2001) Kompostering eller förbränning 
av hushållsavfall i Stockholm, Department of Chemical Engineering and Technology, 
Division of Industrial Ecology, KTH, Stockholm, Sweden (in Swedish) 

Title: “The Jönköping project” 
Short-name: Jönköping 
Financier: The municipality of Jönköping and Jönköping Energi AB 
Duration: 2000 
Project reports: 
Eriksson, O., Svanblom, L. (2000) Framtida behandling av lättnedbrytbart organiskt 
avfall i Jönköpings kommun - En systemstudie av effekter på miljö, energi och ekonomi, 
Department of Chemical Engineering and Technology, Division of Industrial Ecology, 
KTH, Stockholm, Sweden (TRITA-KET-IM 2000:20) 

Title: “The MiljöSTyrelsen project” 
Short-name. MST 
Financier: The Danish Environmental Protection Agency 
Duration: 2002 
Project reports: 
Baky, A., Eriksson, O. (2003) Systems Analysis of Organic Household Waste Management 
in Denmark, draft report to be published by Danish EPA  
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Appendix II Dissertations 
Assefa, G. (2002) Towards a systematic approach for Technology Assessment by combining 

Material Flow Analysis, Life Cycle Assessment and Life Cycle Costing, Licentiate Thesis, 
Division of Industrial Ecology, Department of Chemical Engineering and Technology, Royal 
Institute of Technology, Stockholm, Sweden (ISBN 91-631-3448-9, TRITA-KET-IM 2002:25) 
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Stockholm, Sweden (TRITA-KET-IM 1998:15) 
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Dalemo, M. (1996) The ORWARE Simulation Model - Anaerobic Digestion and Sewage Plant Sub-
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Eriksson, O. (2003) Environmental and Economic Assessment of Swedish Municipal Solid Waste 
Management in a Systems Perspective, Doctoral Thesis, Division of Industrial Ecology, 
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Eriksson, O. (2000) A Systems Perspective of Waste and Energy – Strengths and Weaknesses of the 
ORWARE Model, Licentiate Thesis, Division of Industrial Ecology, Department of Chemical 
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KET-IM 2000:16) 

Ramirez, J-I. (2000) A Systems Approach Evaluation of Sludge Management Strategies – Case 
Study: Sludge Management in Valparaiso and Aconcagua, Chile, Licentiate Thesis, Division 
of Industrial Ecology, Department of Chemical Engineering and Technology, Royal Institute of 
Technology, Stockholm, Sweden (TRITA-KET-IM 2000:17) 

Sonesson, U. (1998) Systems Analysis of Waste Management – The ORWARE Model, Transport and 
Compost Sub-Models, Doctoral thesis, Department of Agricultural Engineering, Swedish 
University of Agricultural Sciences, Uppsala, Sweden (Agraria 130). 

Sonesson, U. (1996) The ORWARE Simulation Model - Compost and Transport Sub-Models, 
Licentiate Thesis, Department of Agricultural Engineering, Swedish University of Agricultural 
Sciences, Uppsala, Sweden (Report No.215) 
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Appendix III Master theses 
Assefa, G. (2000) Environmental Systems Analysis of Waste Management – Prospects of Hydrogen 

Production from Waste for use in Fuel Cell Vehicles, Department of Chemical Engineering and 
Technology, Division of Industrial Ecology, Royal Institute of Technology, Stockholm, 
Sweden (TRITA-KET-IM 2000:3) 

Carlsson, A-S. (2002) Kartläggning och utvärdering av plaståtervinning i ett systemperspektiv, IVL 
report B 1418, Stockholm, Sweden (In Swedish) 

Carlsson, M. (1997) Economics in ORWARE – a welfare analysis of organic waste management, 
Report 117, Department of Economics, Swedish University of Agricultural Sciences, Uppsala, 
Sweden 

Eriksson, M. (2002) Environmental systems analysis of sewage sludge treatment, Degree Project for 
Master of Science in Engineering Biology, University of Umeå, Umeå, Sweden 

Fahlstedt, C. (2002) Samproduktion av el, värme och kyla vid termisk behandling av avfall – En 
systemanalytisk teknikbedömning av energi, miljö och ekonomi, Department of Chemical 
Engineering and Technology, Division of Industrial Ecology, Royal Institute of Technology, 
Stockholm, Sweden. (TRITA-KET-IM 2002:19) (In Swedish) 

Fliedner, A. (1999) Organic Waste Treatment in Biocells - A Computer-based Modelling Approach 
In the Context of Environmental Systems Analysis, Division of Industrial Ecology and Division 
of Land and Water Resources, Royal Institute of Technology, Stockholm, Sweden (TRITA-
KET-IM 1999:5) 

Granath, J. (1998) Increased Waste Combustion in Sweden – Potential and Environmental Effects, 
Department for Chemical Environmental Science, CHALMERS, Göteborg, Sverige 

Hellström, H. (2003) Förslag till implementering av hemkompostering i Värmdö kommun, 
Department for Chemical Engineering and Technology, Division for Industrial Ecology, Royal 
Institute of Technology, Stockholm, Sweden (TRITA-KET-IM 2003:3) (In Swedish) 

Jonsson, S. (2000) Utvärdering av slamhantering i Värmdö, Department for Chemical Engineering 
and Technology, Division for Industrial Ecology, Royal Institute of Technology, Stockholm, 
Sweden (TRITA-KET-IM 2000:11) (In Swedish) 

Lindkvist, H. (2002) En miljösystemanalys av samrötning av organiskt avfall och vallgröda i 
Västerås kommun – Flöden av kväve, koldioxid och metan, Department for Chemical 
Engineering and Technology, Division for Industrial Ecology, Royal Institute of Technology, 
Stockholm, Sweden (TRITA-KET-IM 2002:11) (In Swedish) 

Ongondo, F. (2000) Resource flow accounting in the municipal-waste sector of Nairobi, Kenya, 
Department of Chemical Engineering and Technology, Division of Industrial Ecology, Royal 
Institute of Technology, Stockholm, Sweden (TRITA-KET-IM 2000:7) 

Rahmberg, M. (2001) Utvärdering och modellering av återvinningsprocesser i ORWARE, Uppsala 
Tekniska Högskola, Miljö- och Vattenteknik, Uppsala, Sweden (UPTEC W 01020) (In 
Swedish) 

Skoglund, C. (2000) Utvärdering av olika sätt att behandla organiskt avfall på Värmdö, 
examensarbete, Institution for Biology och Environmental Science, Högskolan i Kalmar, 
Kalmar, Sweden (Examensarbete 2000:M13) (In Swedish) 

Val, J. (2000) Anaerobic digestion in the ORWARE model, Department of Chemical Engineering and 
Technology, Division of Industrial Ecology, Royal Institute of Technology, Stockholm, 
Sweden (TRITA-KET-IM 2003:4) 
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Wikholm, N. (2001) Utvärdering av tungmetallflöden orsakade av olika avfallshanteringsalternativ, 
Department of Chemical Engineering and Technology, Division of Industrial Ecology, Royal 
Institute of Technology, Stockholm, Sweden (TRITA-KET-IM 2001:25) (In Swedish) 

 

Not completed: 

Ellfors, M. Systemstudie av återvinning av restprodukter från avfallsförbränning, Department of 
Chemical Engineering and Technology, Division of Industrial Ecology, Royal Institute of 
Technology, Stockholm, Sweden (Draft report in Swedish) 

Bohlin, L. Hushållens arbete och transporter i samband med källsortering, Department of Chemical 
Engineering and Technology, Division of Industrial Ecology, Royal Institute of Technology, 
Stockholm, Sweden (In Swedish) 
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Appendix IV Energy from waste with 
trigeneration 
The case study is fully reported in Fahlstedt, 2002. 

The major type of energy recovery from incineration in Sweden is district heating. 
One of the draw-backs with district heating from a waste destruction point of view 
is that the need of heat during summertime is low, while the waste production is 
almost constant. It is therefore of environmental and economic interest to generate 
also other types of energy products, as e.g. electricity and cooling. In a future with 
higher electricity prices, a CHP (Combined Heat and Power) plant becomes more 
attractive. District cooling is a quite new energy product. Industries and enterprises 
with much electronic equipment have a need for cooling. In Stockholm a 
distribution system for district cooling is under construction. In this case study, 
simultaneous production of electricity, district heating and district cooling 
(trigeneration) from thermal treatment of waste has been investigated. 
Trigeneration is attractive due to a high degree of efficiency 

Scenario features 
The aim of the study was to evaluate and compare four thermal treatment systems 
that in different manners generate electricity, heat and cooling (also called tri-
generation) with each other and also compared to landfilling. The scenarios were: 

1. Landfilling with gas engine. 
2. Incineration on roster. 
3. Incineration in fluidised bed. 
4. Thermal gasification in combi cycle. 
5. Thermal gasification with gas turbine. 

In the landfilling scenario all waste was disposed of at a landfill with gas 
collection system. The collected landfill gas was combusted in a gas engine, 
producing electrical power. 

Incineration on roster is a conventional method in Sweden. The waste was 
combusted without advanced pre-sorting and energy was recovered as electricity 
and district heating. District cooling was also generated in this scenario. 
Incineration in a fluidised bed demands for a pre-treatment where the waste is 
sorted and passed through a mill. Energy recovery was identical to the previous 
scenario. 

In scenario Thermal gasification in combi cycle no pre-treatment was needed. The 
waste was gasified and the syngas was cleaned and then combusted in a gas 
turbine. The off-gas was cleaned and the heat was recovered in a steam turbine 
where electricity, heat and cooling were recovered. Thermal gasification with 
energy recovery in a gas turbine was almost equal to the previous scenario, except 
that there was no steam turbine. The overall efficiency was thus lower. 
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The compensatory system consisted of supply of district heating and power, as 
cooling was produced from heat pumps using electricity. Compensatory heat was 
assumed to be delivered from combustion of biofuel and electricity from 
combustion of natural gas. 

Impact assessment 
Parameters considered were Global Warming Potential, Acidification Potential, 
Eutrophication Potential, Photochemical Oxidants (from VOC and from NOX). In 
addition, the consumption of primary energy carriers, the financial costs and the 
environmental costs for the system were calculated. 

Results 
When the technology pair roster and fluidised bed (scenario 2 and 3) are compared 
with each other, the study shows that they are equivalent for costs and emissions 
of eutrophication. The fluidised bed consumes more electricity which causes 
higher emissions of acidification substances and nitrogen dioxides. In a 
comparison of the incineration and gasification scenarios, gasification with a 
combi cycle is somewhat more expensive than incineration on roster and also 
consumes more energy. For the other impact categories, gasification is favourable. 
The gasification process consumes less non-renewable energy resources and 
contributes less to the GWP and the acidification. Gasification is in other words 
somewhat better than incineration from environmental point of view but somewhat 
worse from economic point of view. 
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