
 

 

 

 

Thesis for the degree of Master of Science  

in Environmental Engineering 

(120 credits) 

 

 

Life Cycle Assessment of Municipal Solid Waste Management regarding 

Green House Gas Emission: A Case Study of Östersund Municipality, 

Sweden 

 

 

Sabita Sharma 

 

Ecotechnology and Environmental Science 

Department of Engineering and Sustainable Development 

Mid Sweden University 

Östersund, Sweden 

 

 

2011 

 

Mid Sweden University Master’s Thesis



I 

 

Abstract 

This study aims to undertake a comprehensive analysis of different waste 

management systems for the wastes produced in Östersund municipality of Sweden 

with an impact assessment limited to greenhouse gas emissions and their total 

environmental effects in terms of global warming potential, acidification potential, 

and eutrophication potential. 

 

A life cycle assessment methodology is used by integrating knowledge from waste 

collection, transportation, waste management processes and the product utilization. 

The analytical framework included the definition of functional unit, system 

boundaries, complimentary system design, waste management, and partial use of the 

energy. Three different municipal solid waste management scenarios, incineration, 

composting, and digestion were considered for the study. All wastes from Östersund 

municipality were classified into biodegradable and combustible and thereafter 

treated for energy and compost production. Greenhouse gas emissions and total 

environmental impacts were quantified and evaluated their corresponding benefits 

compared to three different types of marginal energy production system.  

 

The results showed that the major greenhouse gas carbon dioxide and nitrous oxide 

emissions are greater in composting scenario, whereas methane emission is greater in 

digestion scenario. Composting scenario that uses additional coal fuel has greater 

global warming potential and acidification potential compared to other scenarios. 

Composting scenario using wood fuel additional energy has greater eutrophication 

potential. The highest reduction in global warming potential is achieved when 

digestion scenario replace coal energy. The greater reduction in acidification and 

eutrophication potential achieved when digestion scenario replaced coal energy, and 

wood fuel respectively. Based on the assumptions made, digestion scenario appears 

to be the best option to manage solid waste of Östersund municipality if the 

municipality goal is to reduce total environmental impact. Although there may have 

plentiful of uncertainties, digestion and incineration scenario results are competitive 

in reducing environmental effects, and based on the assumptions and factors used 

for the analysis, the results and conclusions from this study appear to be strong.  

 

Key words: Solid waste, incineration, composting, digestion, total environmental 

effect, wood fuel, biogas. 
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Sammanfattning 

Det analytiska syftar till att genomföra en omfattande analys av olika 

avfallshanteringssystem för avfall som produceras i Östersunds kommun i Sverige 

med en konsekvensanalys begränsad till utsläpp av växthusgaser och deras totala 

miljöpåverkan i form av global uppvärmningspotential, försurning potential och 

eutrofiering potential. 

 

En livscykelanalys metodik används genom att integrera kunskap från 

avfallshantering, transporter, avfallshantering ledningsprocesser och produkten 

utnyttjande. Den analytiska ramverk med en definition av funktionell enhet, 

systemgränser, gratis systemdesign, avfallshantering, och delvis användning av 

energi. Tre olika fast kommunalt avfall scenarier, förbränning, kompostering och 

rötning ansågs för studien. Allt avfall från Östersunds kommun indelades i 

biologiskt nedbrytbart och brännbart och därefter behandlas för energi och kompost 

produktion. Utsläpp av växthusgaser och den totala miljöpåverkan har kvantifierats 

och utvärderats motsvarande fördelar jämfört med tre olika typer av marginell 

energiproduktion system. 

 

Resultaten visade att de stora växthusgasen koldioxid och dikväveoxid är större i 

kompostering scenariot, medan metan utsläpp är större i matsmältningen scenario. 

Kompostering scenario som använder extra kol bränsle har större potential för global 

uppvärmning och försurning potential jämfört med andra scenarier. Kompostering 

scenario med trädbränsle extra energi har större övergödning potential. Den högsta 

minskning av den globala uppvärmningen uppnås när matsmältningen scenario 

ersätta kol energi. Den större minskning av försurning och övergödning potential 

uppnås när matsmältningen scenariot ersatt kol energi och träbränsle respektive. 

Baserat på de antaganden som görs verkar matsmältningen scenario vara det bästa 

alternativet för att hantera fast avfall i Östersunds kommun om kommunen målet är 

att minska den totala miljöpåverkan. Även om det kan ha gott av osäkerheter, 

rötning och förbränning scenario resultaten är konkurrenskraftiga för att minska 

miljöpåverkan, och baseras på antaganden och faktorer som används för analys, 

resultat och slutsatser från denna studie verkar vara stark. 

 

Nyckelord: fast avfall, förbränning, kompostering, rötning, total miljöpåverkan, 

träbränslen, biogas. 
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1 Introduction 

 

1.1 Municipal Solid Waste 

 

Municipal Solid Waste (MSW) is refer to the materials discarded in urban areas 

including household waste, which sometimes add commercial and industrial wastes 

mainly collected and disposed by the municipalities (Cheng and Hu, 2010). 

Household wastes very often are biodegradable wastes including papers, wood, 

cotton, leather etc. Industrial solid wastes sometimes include the debris from the 

demolition of houses, materials derived from fossil fuels, plastics, rubbers, and 

fabrics.  

 

Waste management is the collection, transport, processing, recycling or disposal, and 

monitoring of waste materials (Wikipedia, 2010). Global MSW generated in 1997 was 

0.49 billion tons with an estimated annual growth rate of 2–3% in developing 

countries (Suocheng et al., 2001) and now it is believed that the global MSW 

generation in 2007 estimated at two billion tons (UNEP, 2009). MSW management is 

always a responsibility of a local government (Schübeler, 1996).   

 

In the past, MSW was a burden for many municipalities and is still for some 

countries because of growing economy and population (Suocheng et al., 2001), 

however, developed countries’ practice have shown that the waste can also provide 

benefits by many ways (Morrissey and Browne, 2004). When it is managed well, 

municipal solid waste can give benefits to the society, environment, and for the 

capital generation. The MSW should be considered as a renewable energy resource if 

it is not sent to landfills (USEPA, 2010b).  

 

MSW should be properly disposed in order to help protect environmental quality 

and human health (Eggers et al., 2008). With the rapid socio-economic development, 

the contradiction between increasing waste-generation rates and decreasing waste-

disposal capacities is becoming more and more acute (Lu et al., 2009). The awareness 

of environmental problems has forced governments, local authorities and utilities for 

waste management to search for new technical and organizational solutions for 

future waste management systems (Sundberg et al., 1994). Regarding to this concern, 

effective MSW-management models are desired to be developed, by which sound 

http://en.wikipedia.org/wiki/Waste_collection
http://en.wikipedia.org/wiki/Transport
http://en.wikipedia.org/wiki/Waste_treatment
http://en.wikipedia.org/wiki/Recycling
http://en.wikipedia.org/wiki/Waste


2 

 

management strategies with satisfactory economic and environmental efficiencies 

could be generated (Lu et al., 2009). 

 

1.2 Municipal solid waste management 

 

1.2.1 Greenhouse gases as a driver for global warming  

 

Climate change is a serious international environmental concern and the subject of 

intensive research (IPCC, 2001; USEPA, 2005). A naturally occurring shield of 

greenhouse gases (GHG), primarily water vapor, carbon dioxide (CO2), methane 

(CH4), and nitrous oxide(N2O), comprising 1 to 2 percent of the earth’s atmosphere, 

absorbs some of the solar radiation that would otherwise be radiated into space and 

helps warm the planet to a comfortable, livable temperature range (IPCC, 2001). 

Many scientists are concerned about the significant increase in the concentration of 

CO2 and other GHG in the atmosphere. Since the preindustrial era, atmospheric 

concentrations of CO2 have increased by nearly 30 percent and CH4 concentrations 

have more than doubled (IPCC, 2007). There is a growing international scientific 

consensus that this increase has been caused, at least in part, by human activity, 

primarily the burning of fossil fuels (USEPA, 2006a). The buildup of CO2 and other 

GHG in the atmosphere will lead to major environmental changes. These may be 

rising sea levels, shrinking mountain glaciers and reduced snow cover, the spread of 

infectious diseases and increased heat-related mortality, possible loss in biological 

diversity and other impacts on ecosystems, and agricultural shifts such as impacts on 

crop yields and productivity (McCarthy et al., 2001).  

 

MSW management is an issue of global significance of climate change. MSW system 

can produce significant GHG emissions so that the emissions can trap heat in the 

atmosphere and lead to warming the planet and changing its weather phenomena. 

According to the latest United States Environmental Protection Agency (USEPA) 

inventory of GHG emissions, the waste management sector represents a major role in 

GHG emission (Heath et al., 2001). Emissions of CH4 result from the decomposition 

of biodegradable components in the waste stream such as paper, food scraps, and 

yard trimmings (Thorneloe et al., 2007). Similarly, CO2 emissions from plastics would 

have a larger impact on the total global warming potential. The potential for global 

climate change caused by the release of GHG is being debated both nationally and 
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internationally. Options for reducing GHG emission are being evaluated. MSW 

management presents potential options for GHG emission reductions and has links 

to other sectors (e.g., energy, industrial processes, forestry, and transportation) with 

further GHG reduction opportunities (White et al., 1995).  

 

1.2.2 Municipal solid waste as source 

 

MSW is a waste that includes mainly household waste with sometimes the addition 

of commercial wastes collected by a municipality within a given area. They are in 

either solid or semisolid form and generally exclude industrial hazardous wastes. 

MSW can be a source of GHG by consuming energy, specifically, combustion of 

fossil fuels associated with transporting, using, and disposing the product or material 

that becomes a waste. Emission of CH4 from landfills where the waste is disposed, 

CO2 and N2O emissions from waste combustion are also important sources of GHG 

emissions that contribute global warming (USEPA, 2006b). Different wastes and 

waste management options have also different implications for energy consumption. 

Source reduction and recycling of paper products, for example, reduce energy 

consumption, decrease combustion and landfill emissions, and increase forest carbon 

sequestration (USEPA, 2005). 

 

1.2.3 LCA of municipal solid waste management 

 

Life cycle assessment (LCA) of MSW to evaluate environmental effects started 

prominently in 1990s (Barton et al., 1996). It made easier with the guideline published 

by international organization for standardization (ISO) (ISO, 2006). Different 

methods and techniques were used in LCA of MSW after it was established an 

important assessment criteria. LCA was used as tool for MSW and its implications 

for environmental effects (White et al., 1995). Later it considered as a useful tool for 

comparing two or more alternative production system by evaluating their 

environmental impacts and ecological sustainability (Hong et al., 2006).  

 

In the definition of LCA, the term ‘product’ includes not only product systems but 

can also include service systems (ISO, 1997), for example waste management 

systems. LCA is currently being used in several countries to evaluate different 

strategies for integrated solid waste management and to evaluate treatment options 
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for specific waste fractions and related GHG emissions (Finnveden, 2000; Finnveden 

et al., 2009; Pennington et al., 2004). Specifically, the analysis focuses on global 

warming potential (GWP), acidification potential (AP), eutrophication potential (EP), 

formation of photochemical, oxidants (excluding NOx), NOx-emissions, and heavy 

metals (input/output analysis) (Eriksson et al., 2005). 

 

1.3 Solid Wastes in Sweden 

 

Sweden has strong history of solid waste management with the systematic solid 

waste management started in 1890 (Hogland, 2002). In old times, landfill site has 

been commonly used for waste burning. However, open burning became serious 

problem in 1970s in the world because of air pollution, thus adopted landfill sites as 

an option of solid waste management. By the year 2002, incineration became 

common in Sweden and after that combustible wastes were not allowed to landfill. 

After the amendments in the rules in 2005, landfilling of organic wastes was also 

stopped.  The waste management systems in Sweden are to be changed due to the 

decision to introduce a landfill tax and the decision to stop landfilling of organic 

waste after the year 2005. Today, all landfill sites need to achieve uniform standard of 

the environment. According to Swedish policy, methods for the management of 

waste have the following priorities: 1) reduction in the exploitation of resources and 

the minimization of waste; 2) increase in recovery/reuse by placing increased 

responsibility on the producer; 3) incineration or biological treatment and; 4) 

landfilling (Hogland, 2002). 

 

1.4 Wastes in Östersund 

 

Waste management in Östersund city is recognized due to its unique reputation of 

CO2 emission reduction in the recent years. Östersund generates approximately 200  

tonnes of household MSW a day (Östersund-Municipality, 2011b). Waste collection 

and classification is easily handled by municipality as every household is obliged to 

segregate and collect the wastes at their nearest depot. Landfill, composting, recycle 

and incineration, are the main waste management system in Östersund. The main 

composition of waste is given in the table 1. Recently, biogas production from 

biodegradable waste is planned in Sundsvall, ~162 km far from Östersund, where the 

present combustible wastes will be taken for burning.  
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Table 1 Physical composition of solid waste (source: Östersund municipality) 

Types of waste 2005 2006 2007 2008 2009 2010 

Household waste            

Östersund total 17,394 19,220 18,419 17,771 17,005 16,760 

- to landfill 2,456 10,444 2,441 1,897 1,576 9,96 

- combustible waste 11,014 4,679 11,813 11,902 11,336 11,730 

- organic waste 3,924 4,097 4,165 3,972 4,093 4,034 

 

Besides the waste above, ash, building refuse, garden refuse, slag, oil-contaminated 

soil, electronic refuse and other hazardous waste are also delivered to the treatment 

area. Approximately 15% of refuse and almost the same amount of ashes are 

deposited in Gräfsåsen as landfill. The rest of the refuse, about 70%, is sorted, treated 

and transported for recycling or destruction. Combustible household waste, for 

instance, is transported 162 kilometers to Sundsvall where it is incinerated to provide 

district heating. 

 

1.5 Earlier studies as existing knowledge 

 

The awareness of environmental problems has forced governments, local authorities 

and utilities for waste management to search for new technical and organizational 

solutions for future waste management systems (Sundberg et al., 1994). The major 

concerns associated with waste management are not only public health and safety 

but also sustainability. LCA has been proven to be a valuable tool to document the 

environmental considerations that need to be part of decision making towards 

sustainability (Denison, 1996; Liamsanguan and Gheewala, 2008). LCA has been 

successfully utilized in the field of solid waste management to assess environmental 

impacts of solid waste management systems (Denison, 1996), to compare the 

environmental performance of different scenarios for management of mixed solid 

waste (Finnveden, 2000). Earlier the studies were focused on LCA method 

development (USEPA, 2006b). 

 

Municipal solid waste may cause environmental problems such as greenhouse gas 

emissions, which may later helps for positive feedback to the global warming 

(Kirkeby et al., 2006). The other effect may be acidification and eutrophication mainly 

due to leaching from landfill sites and the water coming from solid waste treatment 
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plants (Singh et al., 2011). Global warming caused by the GHG emission in the 

atmosphere already has a significant impact on climate and other related issues 

(Meinshausen et al., 2009) therefore the main tasks must be the reduction of 

emissions of global warming relevant gases without diminishing economic and social 

development. Skovgaard et al. (2008) claimed that the direct GHG emissions from 

waste management in the year 2005 represented 2.6% of the total emissions in the 

EU-15. Finnveden et al. (2005) described the effect of municipal wastes in 

acidification and eutrophication. In order to reduce GHG emissions, reduce the 

potential of acidification in the fertile lands, and reduce eutrophication in freshwater 

sources, an integrated approach to MSW management from the beginning of the 

process should be adopted since the planning of separate collection can have major 

effects on the different subsequent treatments (Skovgaard et al., 2005).  

 

There have been studies that have discussed the need of integrated models for the 

achievement of sustainability in MSW management systems. Klang et al. (2008) have 

expanded their model for solid waste management as an integrated model to analyze 

biodegradable and combustible household wastes. An integrated approach to MSW 

management requires a series of actions and techniques aimed firstly at minimizing 

the waste production at source, then at reducing the risk to public health and the 

environment and finally at improving its treatability (Calabrò, 2009). Subsequently, 

separate collection of waste should maximize the quantity and the quality of 

recyclable materials (Calabrò, 2009). 

 

Energy from waste is an important element in the western and northern European 

countries (EWWG, 2003; IPCC, 2006). In the EU-27, the average ratio of MSW 

incinerated for energy recovery is almost 19% (Eurostat, 2008). In northern and 

western European countries this ratio was even higher, like in Denmark, in Sweden 

and in Netherlands where 54%, 46% and 32% of MSW were treated for energy 

recovery, respectively (Papageorgiou et al., 2009a). Incineration, which is commonly 

understood as mass burn incineration, includes large-scale combustion of MSW in a 

single stage chamber unit where complete combustion or oxidation occurs (Williams, 

2005). Usually the heat from the incineration of waste is used in turbines to generate 

electricity, while the remaining heat of the process is discarded.  
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Another technology used for energy recovery from MSW is mechanical biological 

treatment (MBT) that partially processes mixed MSW by mechanically removing 

some parts of the waste and by biologically treating others (Heermann, 2003). There 

are numerous possible permutations of MBT with different outputs. Apart from 

metals, potential products could be compost, stabilized waste for landfill or Solid 

Recovered Fuel (SRF) (EPA, 2008). In the case of SRF production, the most common 

configuration incorporates bio-drying prior to mechanical treatment. Bio-drying 

drives-off moisture from the waste using the biological activity in an aerobic in-

vessel system but does not fully bio-stabilise the waste (Papageorgiou et al., 2009b). 

The reduction of moisture and the degradation of a part of the more volatile 

biodegradable fraction of the waste, increa7se the calorific value of the produced SRF 

rendering it like this a very attractive option for thermal treatment with energy 

recovery or co-incineration in industrial processes (Papageorgiou et al., 2009b).  

 

1.6 Research problem 

 

Increased GHG has helped to increase the global surface temperature, which 

eventually leading to the climate change (IPCC, 2007). Contributing to reduce GHG 

can help to mitigate climate change and MSW management can be a good example of 

it. Studies have revealed that MSW disposal processes have considerable impacts on 

climate change due to the associated GHG emission (Lu et al., 2009; Sandulescu, 

2004).  

 

Landfilling processes are found to be the largest anthropogenic source of CH4 

emission (USEPA, 2006b). Leachate from landfill sites or from the water coming from 

treated or partially treated plants may be harmful for the soil if used for irrigation 

(Jones et al., 2006) because it can make the soil toxic. Acidification and eutrophication 

are other major environmental problem associated with municipal solid waste 

treatment (Seo et al., 2004). These evidences show that MSW disposal systems are one 

of the most significant contributors to potential global warming, acidification, and 

eutrophication, as there is a doubt that a current management option may not 

effectively provide mitigation solutions for GHG emissions (Lu et al., 2009). 

 

It is very clear that the well-designed optimum management option may emit lower 

level GHG and other toxic materials than the conventional management practices. 
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Sandulescu (2004) found that the reduction can be increased by 5.5% to the total 

GHG emission from recycling of recoverable materials, incineration of combustibles, 

and land filling non-combustibles. Therefore, different scenarios based analysis may 

give optimum reduction of GHG emissions, reduction of acidification and 

eutrophication potential from the practices.  

 

Comparing different management system for solid waste with different scenarios 

may give different optimum results regarding the reduction of GHG emission and 

total environmental impacts. Assessment for all the GHGs emissions, and toxic 

material production and their possible impact on the environment due to different 

types of waste management system is needed to examine for the better option to be 

executed. Alternative renewable energy production and the management should also 

be cost effective and environmentally sound regarding the emission of toxic 

materials from the system. Therefore, this proposed research is relevant to see the 

alternative system to reduce GHG emission to help protect environmental quality, 

reduce acidification and eutrophication potential, protect natural resources, and help 

to keep human health safe.  

 

Östersund municipality is considered as one of the environmentally friendly 

municipalities in Sweden. Östersund was the first municipality ever in Sweden to 

receive environmental certification in accordance to both ISO 14001 and Eco 

Management and Audit Scheme (EMAS) and is among the most successful Swedish 

municipalities in reducing carbon dioxide emissions (Östersund-Municipality, 2010). 

Since Östersund municipality won an award of a best climate municipality of 

Sweden, it has agenda to improve environment further (Östersund Municipality, 

2011b). Östersund municipality has goal to reduce GHG emissions by 60% by 2020 

than in 1990, but 50% reduction has already attained (Östersund Municipality, 

2011b). In addition, Storsjön (great lake) makes the surrounding landscape of 

Östersund municipality beautiful, hence the municipality may have responsibility to 

keep surrounding landscape and Storsjön clean by controlling acidification and 

eutrophication potentials.  

 

This also makes relevant for the study that what waste management system is 

supporting to reduce GHG emissions, to reduce acidification, and to control 

eutrophication. Although there have been many studies on MSW management using 
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LCA. This study begins in 2011 spring, until when there have been no studies on 

MSW management in Östersund municipality. 

 

1.7 Research objectives 

 

The general objective of this thesis research is to undertake a comprehensive analysis 

of MSW management system in Östersund with an impact assessment limited to 

GHG emissions. This study will assess the GHG emissions in different phases of 

MSW system and try to find the best possible way of MSW management to reduce 

GHG emission and contribute climate change mitigation.  

The specific objectives of the study are:  

• to examine the different types of waste collection and management 

system in Östersund, 

• to calculate the energy use and GHG emissions in different types of 

solid waste management system and their total environmental effects,  

• to calculate the total environmental benefits in terms of GWP, AP and 

EP by replacing carbon intensive fossil fuels. 

 

1.8 Scope of research 

 

This study aims to estimate GHG emissions from different MSW management 

system so that comparing different management system is possible. This study is 

may be of interests of local municipalities to learn what kind of MSW management 

system would be helpful to reduce GHG emissions. Furthermore, this would be a 

collection of knowledge of a practice in Östersund and would be an example to share 

in the academic institutions. 
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2 Methodology 

2.1 LCA as methodology 

 

LCA is a process to assess a system from the beginning of the production to the end 

use of that product, generally refers from cradle-to-grave (Baumann and Tillman, 

2004; ISO, 2006). LCA assesses each and every impact associated with all stages of a 

process from cradle-to-grave (USEPA, 2010a). LCA not only provides an 

environmental outlook, but also compiles an inventory of energy and material input 

and output to evaluate potential impacts associated with the system (USEPA, 2010b). 

It is thus a methodology to assess products and services with an application of a 

holistic system perspective (Hauschild et al., 2005; Liamsanguan and Gheewala, 

2008).  

 

LCA concept was developed in the 1960s when limitation of raw materials and 

energy resources noticed (Curran, 2006). In the beginning, there were calculations of 

cumulative energy requirement for the production of chemical intermediates and 

products (Curran, 2006). LCA gained more attention when Meadows et al. (1972) 

published “The Limits to Growth” with the predictions for rapid depletion of fossil 

fuels and climatic changes, which compelled the detail calculation of energy use and 

the outputs in industrial processes (Curran, 2006). The global energy crisis in 1970s 

also inspired to do such calculation to reduce the energy use. Furthermore, the 

climate change predictions and environmental impacts because of the emissions from 

production system (Hauschild et al., 2005) attracted to perform such calculations. 

Lately, because of pressure from the environmental organizations to standardize 

LCA methodology, the ISO 14000 series has made standards of the LCA processes 

(Curran, 2006; Hauschild et al., 2005; ISO, 2006). The ISO-standard provides a 

minimum requirement for the routine performance of LCA and defines the 

framework that is to be assessed (Hauschild et al., 2005). 

 

2.2 System boundaries 

 

The system, which is to be studied, is defined by the system boundaries. These 

include upstream and downstream effects. The upstream effects define the start of 

the system, i.e. raw material acquisition or manufacturing. The downstream effects 

are the end of the technical system, i.e. the process regarded as the grave for any 
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material flow. Usually a life cycle for solid waste treatment includes collection, 

transfer, intermediate treatment, and final disposal. 

 

2.3 The methodological framework  

 

2.3.1 LCA-framework 

 

The LCA-framework is a scientific process to be involved in LCA processes, which 

eventually help a decision support. The ISO-LCA framework (Fig. 1) has four phases 

that are explained in detail in the ISO-14040 standards and that four individual 

phases of LCA uses the results of other phases (ISO, 2006). Thus, the iterative 

approach within and among the phase brings consistency of the study (Heijungs et 

al., 2010). It means that the individual phases of an LCA must show relevance to the 

research and shall explain a definite function to facilitate scientists or practitioners.  

 

A systematic LCA process consists four individual phases (Fig. 1) to explain the 

whole process. The first phase: goal definition and scope explains about how the 

process sets goal and describes in detail of a product to be assessed. Moreover, in this 

phase, system boundaries are elaborated and set the context of the assessment and 

the environmental effects. The second phase: inventory analysis identifies the inputs 

and outputs in terms of energy and the emissions and in many cases solid waste 

disposal. The third: impact assessment assesses the probable impacts on human life 

and ecology specifically into the energy, water, and the material use. Lastly: 

interpretation section is supposed to explain the evaluation of the results from 

inventory analysis and impact assessment to recommend for the policy processes. 

This phase explains about the results to select the preferred product, process or 

service with an assumption used during the assessment process (Curran, 2006). 
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Figure 1 Four different phases of LCA process (Source: ISO, 2006). 

 

2.3.2 Goal and scope definition 

 

Goal and scope definition in LCA defines the objectives of the project and 

subsequently gives information on the specific data acquisition, organization, and the 

results displayed to inform the decision makers. It also defines the scope of the study 

with the fundamental rules to perform the assessment.  

 

Rebitzer et al. (2004) suggests that an LCA can be best described as a model of one or 

more product systems. Since each product system consists of a functional unit to 

fulfill the different functions and they are generally quantifiable. Thus, a functional 

unit is a part of a system boundary. The choices and assumptions that are made 

during the system boundary are key for the analysis and are decisive for the result of 

an LCA study (Rebitzer et al., 2004). The importance of system analysis is increasing 

ever since ‘goal and scope definition’ was identified as a separate phase (Udo de 

Haes and Heijungs, 2007) together with the guideline from ISO-14040 series. There 

should be distinct categories of LCA, which can explain a product system and its 

environmental exchange, and to elaborate how the environmental exchanges of the 

system can be expected to change as a result of the all actions taken in the system 

(Heijungs et al., 2010; Rebitzer et al., 2004). There are different types of LCA 
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presented by different authors with different types of product assessment system 

(Ekvall and Finnveden, 2000). 

 

The functional unit is a quantitative description of the service performance (the 

needs fulfilled) of the investigated product system(s). Defining a functional unit is 

the quantitative description of a product/production system. It means a functional 

unit to be investigated need to set a goal and define scope for the study in order to 

meet that goal. For example, for a refrigerator, the functional unit may be described 

in ‘‘cubic meter years of cooling to 15 jC below room temperature.’’ The functions of 

a system under study are specified in the scope and the functional unit is determined 

to fulfill the goal (Finnveden, 2000). It is obvious that not everything can be covered 

from a life of a product but we can make the account very specific by determining a 

system boundary. In a system boundary, all the unit of processes to be included in 

LCA should be included. The system boundary should include the units relative to 

fulfill the goal of the study to be specified in the scope which shall explain the issues 

like time related coverage, geographical coverage, and consistency and 

reproducibility of the methods used (Finnveden et al., 2000). However, in any 

comparative studies, it should identify the different systems, system boundaries, 

functional units and the methodological considerations (Baumann and Tillman, 2004; 

Weidema, 1998). When an assessment represents a system the appropriate data 

should reflect what was actually happening in the system (Clift et al., 2000). 

 

Generally, a waste management system accounts on GHG emissions generated by 

direct and indirect activities during the system operation (Consonni et al., 2005; 

Liamsanguan and Gheewala, 2008). More often, direct emission results from waste 

management activities for example, material and energy flows within the system, 

while the indirect emissions take place in systems outside the waste management 

system as a result of activities in the indirect activities (Ljunggren Söderman, 2003). 

Therefore, the main accounting will be focused on GHG emissions from the use of 

fossil fuels for transportation of waste, emissions from the treatment of waste, 

emissions from the disposal of waste, emission savings from materials recycling and 

energy recovery, emissions generated by activities, and the materials used for the 

treatment of waste, like emissions from electricity. 
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As a multiple output in a unit process gives more than one product, a stepwise 

procedure is suggested by ISO standard (ISO, 2006). The recommended option is to 

expand the studied systems ‘‘to include the additional functions related to the co-

products,’’ implying that the systems can be easily expanded so that all are yielding 

comparable product outputs (Ekvall and Finnveden, 2000). Alternatively, the 

procedure may separate the multiple input and outputs (Rebitzer et al., 2004). 

 

2.3.3 Life cycle inventory analysis 

 

Life Cycle Inventory is a process of data collection and analyzing a product system 

while at the same time description of the data is to be made together with the 

verification. The data related to the system are to be complete for example, physical, 

environmental, or technical including all relevant unit processes within that system 

boundary of the product system. This data set is a compilation of inputs and outputs 

related to the function or product generated by the process. Data collection and 

compilation are often the most work- and time-consuming steps in LCAs. Product 

systems usually contain process types common to nearly all studies, namely, energy 

supply, transport, waste treatment services, and the production of commodity 

chemicals and materials (Rebitzer et al., 2004). A number of difficulties may arise to 

collect data. The difficulties might be because of the incomplete data set, little 

knowledge about the data to be compiled, because of the methodological choices for 

example, partition of inputs and outputs in different functions, due to measurement 

difficulties, because of large number of unit processes (Rebitzer et al., 2004).  

 

2.3.4 Life cycle impact assessment 

 

Life Cycle Impact Assessment (LCIA) is an impact measuring system because of the 

production/management system on considering human health, natural environment, 

and in the natural resource use. International Reference Life Cycle Data System 

(ILCD Handbook of European Commission) considers LCIA to include “climate 

change, ozone depletion, eutrophication, acidification, human toxicity (cancer and non-cancer 

related) respiratory inorganics, ionizing radiation, ecotoxicity, photochemical ozone 

formation, land use, and resource depletion”. The emissions and resources in the system 

are assigned to each of the impact categories and then converted into indicators 
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using different impact assessment models before comparing the emissions and 

resources consumed (European commission, 2010). 

 

LCIA, which produces estimates of environmental impacts, encompasses the creation 

of impact categories and the assignment of inventory data to specific impact 

categories (Bengtsson and Steen, 2000). LCIA may also include the valuation or 

weighting of impacts in order to estimate the environmental performance of a 

particular scenario. This necessitates the sorting and aggregation of environmental 

loadings (e.g., carbon dioxide and methane emissions), identified in the inventory 

stage, into the impact categories (Rebitzer et al., 2004). The most common impact 

categories are global warming potential, acidification potential, eutrophication of 

surface water, and resource consumption (Rebitzer et al., 2004). LCIA is more useful 

to policy-makers than is the life cycle inventory (Craighill and Powell, 1996). 

 

2.3.5 Interpretation 

 

Interpretation is a phase in LCA, which observes all previous three stages to illustrate 

the impacts of the system. This stage is a major contribution for sensitivity analysis 

and uncertainty analysis. This stage leads to the conclusion whether the ambitions 

from the goal and scope can be met. Life cycle interpretation occurs at every stage in 

a LCA. If two product alternatives are compared and one alternative shows higher 

consumption of each material and of each resource, an interpretation purely based on 

the LCI can be conclusive (Rebitzer et al., 2004). A practitioner, however, may also 

want to compare across impact categories, particularly when there are trade-offs 

between product alternatives, or if it is desirable to priorities areas of concern within 

a single life cycle study. For example, emissions of CO2 in one life cycle may result in 

a higher climate change indicator than in another, but the alternative involves more 

pesticides and has a higher potential contribution to toxicological impacts 

(Pennington et al., 2004). A stakeholder may therefore want more information to 

decide which difference is a higher priority (Rebitzer et al., 2004). Resolving such 

issues is often an optional step, but one that clearly warrants attention, drawing not 

only on natural sciences but relying heavily on social science and economics 

(Pennington et al., 2004). 
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2.4 The study framework 

 

The analytical approach of this thesis work is provided schematically in Figure 2. 

Municipal solid waste management activities include the disposal system, 

classification system, and the management system. Management system is proposed 

to examine by using LCA tools to find out the energy consumption, GHG emissions 

and global warming potential. These three factors later will be assessed as resulting 

environmental effects.  

 

Municipal Solid Waste

Life cycle assessment

SystemTransportation Benefit delivery

Classification systemDisposal system Management system

GHGs emissionsEnergy consumption
 

Figure 2 Schematic structure of the analytical approach, showing the relation 

between scenario inputs, models, and outputs. 

 

2.5 System delimitation 

 

This study makes use of a consequential approach to system delimitation so that the 

system represented in the study reflects only the physical processes that are affected 

directly. The benefit in a consequential approach avoids the co-product allocation 

through system expansion (Weidema, 2000). ISO 14044 standard also recommended 

a consequential approach illustrating “Wherever possible, allocation should be 

avoided” in LCA approach (ISO, 2006, pp 14).  
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2.6 System boundary 

 

This thesis analyzed MSW management system using the method of system analysis 

from a life cycle perspective. The MSW systems examined and compared are 

composting, incineration, and digestion. The system boundary is given in Figure 3. 

The system analysis focused on biodegradable waste, however includes combustible 

wastes for the incineration system. This is because the incineration of biodegradable 

waste may result in emission problems to harm human health (Hamer, 2003). The 

system analysis begins with MSW collection at the places where general public 

deposit, generally in the place nearby of the households in all over the town. The 

collected wastes are transported into the facility site and goes into the treatment 

system. The waste treatment system ends with compost as fertilizer, energy and 

biofuel production. The produced energy further analysed to replace marginal 

energy produced in coal, natural gas and wood fuel based energy production, biofuel 

replaces diesel fuel calculated in terms of carkilometers, and compost to replace 

mineral fertilizer. Three different treatment systems discussed below in the Figures 4, 

5 and 6.  

 

Waste treatment system  Functional Unit Complementary system

MSW Collection

GHGs emissions

Transportation

A tonnes of 
Compost,
B MJ of 
energy  

Energy 
input

Energy

B MJ of 
Energy

C MJ of 
biofuel (car 
kilometers)

B MJ 
Electricity, 

A tonnes of 
organic matter

Incineration

Anaerobic 
digestion

Composting

Additional energy (coal, 
natural gas, wood)

Diesel fuel (Car kilometers)

Additional energy 
(coal, natural gas, wood), 

additional fertilizer (N-P-K)

Diesel fuel (Car kilometers)

Fertilizer (N-P-K)

Replaces

Carbon 
intensive fuel 

for energy 
production

Carbon 
intensive fuel 

for 
carkilometers

Carbon 
intensive 
mineral 
fertilizer 

production

 
Figure 3 System boundary and flow chart of the MSW management system 

 

Aspects studied are the energy use, net GHG emissions, and the product benefits. 

These aspects are studied for the local MSW management facilities. The GHG 

emissions are compared with all systems to provide a clear picture of best system to 

reduce GHG emissions. After descriptions of the system boundaries for each sub-

system the assumptions are fully defined. The results for the energy use and GHG 
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emissions are estimated for the MSW management systems. Factors considered for 

estimation are global warming potential, acidification potential, and eutrophication 

potential as total environmental effect. 

 

2.6.1 Incineration 

 

This system starts from collecting combustible wastes and transport into the 

incineration facility plant located in Sundsvall, Sweden. System boundary for this 

system is given in Figure 4.  The combustible wastes then fed into the incineration 

plant to burn that will involve a high pressure steam generating mechanism where 

turbines run to produce electricity. Cooled water after condensation goes out to work 

as heating facility in the heating system. The ash, a byproduct after burning wastes, 

is collected to be dumped into a landfill site. In practice some ash goes to building 

construction as a mixture of masonry. However, considering very few 

documentation of fly ash use in global literature, and rare in Swedish case, we 

decided not to quantify fly ash use as binding material in building construction. The 

alternative sources of fossil fuel and fertilizer are used to complete system from the 

complementary system. 

Waste treatment system  Functional Unit Complementary system

MSW Collection

GHGs emissions

Transportation

A tonnes of 
Compost,
B MJ of 
energy  

Energy 
input

Energy

B MJ of 
Energy

C MJ of 
biofuel (car 
kilometers)

B MJ 
Electricity, 

A tonnes of 
organic matter

Incineration

Anaerobic 
digestion

Composting

Additional energy (coal, 
natural gas, wood)

Diesel fuel (Car kilometers)

Additional energy 
(coal, natural gas, wood), 

additional fertilizer (N-P-K)

Diesel fuel (Car kilometers)

Fertilizer (N-P-K)

Replaces

Carbon 
intensive fuel 

for energy 
production

Carbon 
intensive fuel 

for 
carkilometers

Carbon 
intensive 
mineral 
fertilizer 

production

 
Figure 4 System boundary and flow chart of the incineration system 

 

2.6.2 Composting 

 

The system for composting starts from the collection as well. After transportation, the 

waste is poured in an open area of Gräfsåsen site of the municipality. The waste is 

generally turned upside down in certain period of time and the aerobic bacteria take 
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part in conversion of waste to produce compost to be used as fertilizer. The fuel 

energy used for transportation of waste, compost making plant maintenance, and the 

volatile chemical compound emitted during the process are accounted in the system. 

The emissions after the application of compost into an agriculture field are not 

accounted in the system (Figure 5). Generally this thesis concentrates up to the 

treatment of waste and does not consider analyzing effects of the system afterwards.  

Waste treatment system  Functional Unit Complementary system

MSW Collection

GHGs emissions

Transportation

A tonnes of 
Compost,
B MJ of 
energy  

Energy 
input

Energy

B MJ of 
Energy

C MJ of 
biofuel (car 
kilometers)

B MJ 
Electricity, 

A tonnes of 
organic matter

Incineration

Anaerobic 
digestion

Composting

Additional energy (coal, 
natural gas, wood)

Diesel fuel (Car kilometers)

Additional energy 
(coal, natural gas, wood), 

additional fertilizer (N-P-K)

Diesel fuel (Car kilometers)

Fertilizer (N-P-K)

Replaces

Carbon 
intensive fuel 

for energy 
production

Carbon 
intensive fuel 

for 
carkilometers

Carbon 
intensive 
mineral 
fertilizer 

production

 
Figure 5 System boundary and flow chart of the composting system 

 

This system does not fulfill the functional unit to produce energy, thus the 

complementary system is assumed to provide alternative energy from coal, natural 

gas, and wood fuel. 

 

2.6.3 Digestion 

 

Digestion system is a waste conversion system to produce biogas to utilizing the 

gases available in the biodegradable wastes. Wastes are put in a digester and 

produce heat inside which enables anaerobic bacteria producing biogas that is to be 

collected later. Produced biogas is expected to use in vehicles as alternative to the 

fossil fuel. Remaining residues are used as fertilizer, while other alternative energy 

sources are acquired from coal, natural gas, and wood fuel to complete functional 

unit. Some amount of peat and sand are used to fulfill the functional unit of fertilizer 

production. The sketch for system boundary for digestion system is given in Figure 

6.  
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Waste treatment system  Functional Unit Complementary system

MSW Collection

GHGs emissions

Transportation

A tonnes of 
Compost,
B MJ of 
energy  

Energy 
input

Energy

B MJ of 
Energy

C MJ of 
biofuel (car 
kilometers)

B MJ 
Electricity, 

A tonnes of 
organic matter

Incineration
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digestion

Composting

Additional energy (coal, 
natural gas, wood)

Diesel fuel (Car kilometers)

Additional energy 
(coal, natural gas, wood), 

additional fertilizer (N-P-K)

Diesel fuel (Car kilometers)
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production

Carbon 
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for 
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fertilizer 
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Figure 6 System boundary and flow chart of the digestion system 

 

2.7 Functional unit 

 

This study analyzes municipal solid waste management. Definition of ‘functional 

unit’ as it is a key element of measuring the function of studied system to enable the 

comparison of two systems; in this case the comparison of GHG emissions. Since we 

have three scenarios: incineration, composting, and digestion; though the input is 

solid waste for all scenarios output may differ. Composting gives output as compost 

and it can be measured in tonnes. Incineration gives energy as output, which can be 

measured in MJ. In digestion scenario, the output would be electricity energy and 

biofuel that can be measured in MJ and compost measured in tonnes. In principle, 

functional unit should define the comparable units of either input or the benefits; this 

study assumes the benefits comparison would be justifiable. Hence, compost in 

tonnes, and energy in MJ are defined as functional unit. 

 

2.8 Data collection 

 

2.8.1 Primary 

 

Primary data on MSW generation, collection and transportation is obtained from 

Östersund municipality. All types of wastes, amount, transportation vehicles, 

transportation distances, solid waste management activities of the municipality were 

also obtained from the municipality.  
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2.8.2 Secondary 

 

Literature on MSW management is reviewed from the scientific databases. Different 

waste management system and their analysis techniques, energy content in waste 

material, energy uses, GHG emissions, energy efficiency factors, and the benefit 

delivery are studied and framed in this study. Klang et al. (2008) had carried out an 

extensive study of municipal waste management in Bräcke municipality of Sweden, 

which is also a neighbor municipality of Östersund. Corresponding data related to 

waste collection, transportation and energy use were taken from the secondary 

sources. Other related information was gathered from published articles and energy 

agencies in Sweden to perform the calculations. 

 

2.9 Analysis and interpretation 

 

2.9.1 Assumptions 

 

Östersund municipality has provided the primary data for classified wastes and their 

amount within the municipality. The waste management system is assumed to be 

similar whole year in the Östersund municipality. The classification of combustible 

and biodegradable wastes is relatively similar whole year. The assumptions on 

moisture content (40.5%) in the waste is bit greater compared to other secondary 

data, but assumptions are made accordingly. Energy conversion efficiency is 

assumed to be 91% for MSW used to burn in an incineration plant (IVL, 2001), 

whereas the efficiency for coal fired power plant is assumed to be 92% for marginal 

electricity production (Difs et al., 2010). Energy content in MSW is assumed to be 

10,000 MJ/tonne and energy content in wood fuel is assumed to be 12,700 MJ/tonnes 

dry matter (STOSEB, 2001). Biogas production capacity of biodegradable waste is 

assumed to be 3 MWh/tonne of dry matter and only a tonne of drymatter is 

produced from 2.5 wetmatter of the waste (Klang et al., 2008). Biogas production, 

their conversion to the volumes and capacity to drive the cars were calculated 

according to Uppenberg et al. (2001). The energy use in the power plants to produce 

energy, corresponding GHG emissions, marginal electricity production, use of diesel, 

natural gas, and biogas in the cars to calculate emissions were assumed according to 

Klang et al. (2003) and Uppenberg et al. (2001). Different types of vehicles used 

during waste collection, and transportation were assumed to consume standard fuel 
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and have standard emission rate as given in the annex 1. All the distance travelled by 

the waste collection and transport vehicles are assumed to travel the same distance 

for all scenarios analysed. All inputs for the systems are given in Annex 2.  

 

This study uses different units to explain different products, inputs and outputs in 

the system. The municipal wastes are discussed in tonnes, the energy units are in MJ, 

greenhouse gas emissions are given in tonnes, and if the bigger amount persist the 

multitude of tonnes are used. Global warming potential is calculated in tonnes of 

CO2 equivalent, acidification potential is calculated as tonnes of SO2 equivalent and 

eutrophication potential is calculated as tonnes of PO43- equivalent. The values for 

global warming potential, acidification potential and eutrophication potential are 

calculated assuming some direct and some indirect effects of the emitted substances 

(IPCC, 2007). Table 2 shows the radiative efficiencies and global warming potentials 

relative to CO2.  

 

Table 2 Global warming, acidification and eutrophication potential of the substances used in this 

study (IPCC, 2007). 

Common names of substances Chemical formula For 100 year time horizon 

Global warming potential   

Carbon dioxide CO2 1 

Methane CH4 25 

Nitrous oxide N2O 298 

Nitrogen oxides NOx 7 

Carbon mono oxide CO 3 

Acidification potential   

Sulphur oxides SOx 1 

Nitrogen oxides NOx 0.69 

Amonia NH3 1.88 

Acidification potential   

Nitrogen oxides NOx 0.13 

Amonia NH3 0.35 

 

In this study, the marginal electricity is assumed to be produced in a coal fired power 

plant. Two alternatives were calculated assuming that the future power plants use 

natural gas for power generation thus coal fired plant for the current context and 

natural gas for near future context. The energy produced in the MSW incineration 

plant is assumed to be used to replace electricity in the grid and heat in the heating 
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system. However, this study does not classify two types of energy separately to see 

the effects in the electricity sector and in the heating sector. The biogas produced in 

digestion plant is assumed to be used in cars in the city of Östersund. The use of 

biogas would replace diesel in cars thus the emissions reductions due to use of 

biogas are calculated as car kilometers. The compost produced during the system is 

assumed to be used in the agricultural fields but not calculated the effects of the 

nutrients in the crops afterwards. The biogas produced in anaerobic digestion is 

assumed to replace marginal fossil fuel (here in this study diesel fuel) as car 

kilometer drive according to Trafikverket (2011). Reference database listed in the 

table 3, below were used for the calculation for total environmental impact. All 

calculations are given in annex 3 and the results are given in annex 4. 

 

Table 3 References of indicators and factors used in the analysis 

Analysis description References used 

Waste amount and composition Östersund-Municipality (2011a) 

Waste collection, transport, vehicles, 

energy consumptions, emissions 

Östersund-Municipality (2011a), Uppenberg et al. 

(2001),  

Regional transport of waste and biofuel, 

fuel use,  

Uppenberg et al. (2001), Uppenberg et al. (2001), 

Björkman (2002),  

Incineration STOSEB (2001), Uppenberg et al. (2001), Klang et 

al. (2008) 

Composting Smårs et al. (2001), Beck-Friis (2001), Beck-Friis et 

al. (2003), Komilis and Kam (2000), USEPA (2002), 

Mälkki and Frilander (1997), Tillman et al. (1996) 

Digestion Sundqvist et al. (1999), Uppenberg et al. (2001), 

Fruteau de Laclos et al. (1997) 

Energy production with coal, natural gas 

and wood fuel 

Uppenberg et al. (2001) 

Car kilometers diesel and biofuel Klang et al. (2008), Trafikverket (2011) 

 

2.9.2 Sensitivity analysis 

 

This study requires large numbers of factors to be considered for the analysis and 

interpretation. Starting from the waste generation to the energy production and 

benefit distribution, there might be large possibilities of uncertainties. The global 

warming potentials together with other environmental degradation potentials are 

calculated for the next 100 year period. The basic assumptions (see section 2.9.1) for 

this study are made based on waste amount, types of waste management system, 
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energy production, benefit sharing and emissions reductions due to replacement of 

conventional energy. Hence, number of uncertainties can be observed with different 

variations in the input and output of the system. The sensitivity analysis is given in 

annex 5. The following variables were recognized to perform the sensitivity analysis.  

 

1. Energy and moisture content in waste: The energy content in the waste is different 

with local uses of the food materials, culture of particular society, food habits and 

waste separation techniques. A large variation has been observed in energy content 

of the household waste (Klang et al., 2008). The default value of 10 GJ/tonne used in 

this study is varied by ±20% to examine the impact of the energy content differences 

in the waste material. In addition, the moisture content in the biodegradable wastes 

will be varied by ±20% to see the effect in results. 

 

2. Amount of waste: Östersund municipality had 19,220 tonnes of waste produced in 

the year 2006. Interestingly the waste production has been decreasing by an average 

of 3.4% for each year after the year 2006 (Östersund Municipality, 2011a). The 

decrease of waste may be because of the advancement in waste prevention 

technologies, or the public has consumed a little amount of food materials than 

before. It is also claimed sometimes that the global economic recession has compelled 

public to use less resources than it used to be. However, the general understanding is 

the volume of waste is increasing every year. Hence, the uncertainty of waste volume 

increase should be of interest of this study. Therefore, this study assumes ±10% of 

annul change in waste volumes. The change is similar to the different types of wastes 

and is implied ±10% for both combustible and biodegradable wastes.  

 

3. Distance of transportation: All other wastes except compost is transported to 

Sundsvall, 162 km far from Östersund for incineration and digestion. It is also 

possible to manage waste nearby Östersund if the infrastructural facilities are 

available for waste processing. It is also would be interesting to see the effect of 

distance travelled in total environmental effect thus is assumed to reduce distance 

travelled by 154 km. This means the distance to Sundsvall ~162 km is removed and 

now assumed that the waste management facilities are available nearby Gräfsåsen 

which is only 8 km far from Östersund municipality. 
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2.10 Limitations of the Study 

 

This study focuses a very limited geography compared to other extensive studies. 

Östesrsund municipality is a small municipality in the north of Sweden which may 

not resemble like other municipalities in Europe in terms of population and amount 

of waste produced. But this study intends to show the different options that has been 

in use or would be in use in future for waste management. It does not intend to 

compare with other results but rather would focus on the result of this study itself. 

System boundaries have not included the system expansion which may have left 

other possible interesting areas to calculate environmental effects in LCA. System 

boundary does not include the environmental effect of energy and compost/fertilizer 

transportation and distribution after the production. It assumes only three energy 

production systems to be replaced which may not provide larger option to compare 

to the planned incineration, composting, and digestion system. Timeframe of this 

study is short term and only uses one year data to simulate the results, thus would 

only be representing for certain time period.  
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3 Results 

3.1 Waste 

 

The life cycle analysis of waste starts from the waste production and their disposal in 

a local store house. It is assumed that the household waste is separated in the homes 

and store independently by the house owner into a store house. The waste is 

preferred to be separated by the users and accumulate separately in the different 

designated bins for particular wastes in the store house. The stored wastes in the 

store houses are collected and transported by the waste management facility. All 

scenarios consider the same type of collection and transportation system in the study. 

Different trucks come for different types of waste collection.  Types of collecting and 

transporting trucks and their working capacities are provided in annex 1. 

 

In the year 2010, total thirteen collection trucks drove for waste collection. Out of 

thirteen, eleven trucks were drove by diesel fuel and remaining two were drove by 

biogas. The diesel trucks drove total of 202,400 km and biogas truck drove 24,380 km 

to collect the total amount of combustible and biodegradable waste produced in 

Östersund municipality. Total fuel used for collection and transportation are given in 

the table 4.  

 

Table 4 Fuel used in collection and transportation of waste 

Fuel type Fuel amount Distance travel (km) Average liters/km 

Diesel (liters) 98,859 190,210 0.520 

Biogas (Nm3) 17,241 24,380 0.707 

 

Östersund municipality has long term environmental goal to reduce GHG emissions 

thus plans to produce biogas in Sundsvall, a city ~162 km far from Östersund. It 

chooses Sundsvall because the biogas production facilities are already available there 

and would be more costly to establish a new facility here considering a small volume 

of the biodegradable waste produced every year in Östersund. This study therefore 

assumes that the biodegradable wastes are collected and transported to Sundsvall to 

produce biogas and then after the biogas is again brought to Östersund to use in 

different biogas stations established in the town. The distance travelled by the trucks 

(explained earlier in this paragraph) includes the distance travelled by the trucks that 

carry combustible wastes to Sundsvall to treat in an incineration facility to produce 
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heat and power. Although, the energy produced is heat and power, this study 

assumes only the power thus the heat is beyond the scope of the analysis.  

 

3.2 Life Cycle Inventory 

 

This section describes the different processes included in the LCA of the waste 

management in this study. The general processes in all scenarios are described 

including the other processes specific to each scenario.  

 

3.2.1 General processes 

 

The general processes in all treatment methods are described. The described 

processes are marginal electricity production, nutrient production, and avoided fossil 

fuel emissions calculated in terms of car kilometers.  

 

3.2.1.1 Marginal Electricity Production 

 

There are several technologies for the electricity production and supply. Particularly 

Europe and even in Sweden, coal and natural gas based power plants supply the 

electricity, though is considerably small amount in Sweden. The other electricity 

produced and supplied are hydropower, nuclear power, wind, and waste 

incineration. Sweden still imports a small amount of electricity from other European 

countries. The electricity supply changes may not affect all of the illustrated 

suppliers. The technologies that would be affected by a small change in the demand 

are considered as the marginal electricity suppliers (Weidema, 1999; Weidema, 2000). 

The hydropower and wind power are determined by the availability of water and 

wind. Similarly, the electricity output from the waste incineration plants are 

determined by the available combustible waste supply. Very often, when the power 

plant produces heat and electricity together may also be affected by the demand of 

heat in electricity production. The Swedish energy production is moving towards the 

renewable energy. Wood fuel is considered to be a prominent energy supply in 

Sweden. As of the case in Östersund Municipality, wood fuel is mostly used as 

energy source. Considering Sweden’s forest resource and availability of wood fuel, it 

is believed that wood fuel based power plants can permanently provide the power in 

future. With consideration of availability of electricity to be replaced and be efficient 
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to reduce GHG, coal based power plant produced electricity can be considered as 

marginal electricity supplier. However, considering long term perspective to provide 

electricity (assuming natural gas may replace coal fired plants) and the availability of 

wood fuel resources in Sweden, natural gas and wood fuels are also considered as 

replacing energy in this study. 

 

The marginal electricity could be different in Sweden in future; therefore it is 

necessary to explain about the short term marginal electricity supply and long term 

marginal electricity supply. The short term marginal electricity supply is defined as 

the marginal production which is currently considered as the major competitive 

supplier and the production and supply of such electricity likely to be affected by the 

changes in the consumption and demand for electricity is increased (Schmidt, 2007). 

The long term marginal supplier however, would depend on the future trend of 

energy production, supply, environmental taxation system, and availability of the 

resources they are based. In this study, the short term marginal electricity is 

considered as coal based electricity production. This is because coal fired power is 

considered as most competitive electricity.   

  

The long term marginal electricity production in Sweden would be seen as the 

replacement of coal by natural gas technologies. Natural gas is considered as cleaner 

and efficient fuel compared to coal. The GHG emission reduction goal would be 

assisted if the natural gas is used in place of coal. The third possible alternative fuel is 

considered as wood fuel. The wood fuel based power plants in Sweden use the forest 

residues, peat, and residues from saw mills to produce energy and most often they 

are used in heat and power producing incineration plant. Here in this study, it is 

assumed that the incineration plant may not get sufficient wood residues to run the 

plant and thus assumed to be replaced by the wastes to produce electricity. There is 

small difficulty to define wood fuel based electricity in this study. It is because the 

wood fuel based power plant generally produces heat and power plant and this 

study does not separately discuss heat and power.  

 

3.2.1.2 Nutrient Production 

 

The available biodegradable waste is treated in different way in different scenarios. 

The incineration scenario burns all wastes including biodegradable waste. The 
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composting scenario uses biodegradable waste to produce compost and the 

anaerobic digestion process produces biogas and the remaining organic matter is 

developed as compost. The compost, the remaining organic matter in anaerobic 

digestion and the equivalent amount of Nitrogen-Phosphorus-Potassium (N-P-K 

fertilizer) in incineration scenario is considered to avoid nutrient production.  

 

Nitrogen 

Nitrogen (N) is the most important nutrient in fertilizer and is also an important 

nutrient in compost/organic manure. It is assumed that the amount of N contains in 

the amount of compost produced in this study would also contain the same amount 

of organic mature in anaerobic digestion, and N-P-K fertilizer production in the 

incineration scenario. The total of 4,034 tonnes of compost is calculated to have N 

amount of 16.57 tonnes (Tillman et al., 1996). It is also assumed that the level of N in 

the compost and anaerobic digestion remain stable throughout the processes and 

reaches the crop field as it occurs in N-P-K fertilizer.  

 

Phosphorus 

The second important nutrient in the soil, Phosphorus (P) is commonly found in 

compost (organic matter) and in the remaining of the anaerobic digestion of 

biodegradable wastes. The amount of P in the 4,034 tonnes of compost is calculated 

to be 1.38 tonnes (Tillman et al., 1996) and is assumed to be fulfilled by the same 

amount of organic matter available in anaerobic digestion, and in the N-P-K fertilizer 

produced in incineration to fulfill the functional unit of compost.  

 

Potassium 

Potassium (K) is calculated to be 4.83 tonnes in the compost (Tillman et al., 1996). 

Here also, it is assumed that the level of K nutrient remains same for the organic 

matter produced after the anaerobic digestion and in the N-P-K fertilizer. 

 

3.2.1.3 Avoided fossil fuel production and use 

 

The biogas produced in anaerobic digestion is supposed to be used in the cars (light 

vehicles) in the city of Östersund. The amount of biogas production in an anaerobic 

digestion plant is calculated based on (Klang et al., 2008). The produced biogas firstly 

transported to the refueling stations of Östersund and then is used by the cars. The 
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marginal fossil energy that would be replaced by biogas is assumed to be diesel in 

this study. The diesel is the most competitive fossil fuel currently in use and also is 

responsible for GHG emissions in higher rate. Total car kilometers to be available to 

drive by the produced biogas would be the kilometers to be replaced drove by diesel 

fuel. The car kilometers available to run by the biogas is calculated based on 

Uppenberg et al. (2001).  

 

3.3 Scenarios 

 

This section describes the different scenarios assumed to be involved in waste 

treatment. There are two types of wastes managed in the scenarios: the combustibles 

and the biodegradables. Different scenarios have different alternatives to manage the 

waste under the following process categories:  

 Incineration of waste; 

 Biogas production from biodegradable waste; and 

 Compost production from biodegradable waste, 

 

3.3.1 Process group: Incineration of waste 

 

This scenario assumes the combustible and biodegradable waste is transported to 

Sundsvall to incinerate in the available facility. The amount of fertilizer equivalent to 

N-P-K nutrients amount is produced to fulfill the functional unit. The same amount 

of diesel energy to the biogas produced in anaerobic digestion scenario is used to 

drive car and the car kilometer and corresponding GHG emissions are calculated. 

The process groups describe here are: 

 Incineration of combustible and biodegradable waste; 

 Fertilizer production; 

 Diesel production and use in driven car kilometers. 

The process group is shown in the figure 7. 
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Figure 7 Schematic diagram for the waste treatment, and the fulfillment of other complimentary 

systems in incineration scenario. The dark boxes are considered in the study and light colored boxes 

are beyond the scope of this study. 

 

The waste is collected in different waste bins in the Östersund municipality by 

individuals and municipality waste management facility collects and transports the 

total amount of waste equate to 15,764 tonnes. The combustible waste is 11,730 

tonnes and biodegradable waste is 4,034 tonnes in wet state. The energy content in 

the waste is assumed to be 10,000 MJ/tonne of waste (Klang et al., 2008). According to 

Östersund municipality (2011b), the biodegradable waste produced in Östersund has 

40.5% water content, thus the dry matter for the available biodegradable waste is 

calculated accordingly. The process starts from collection, transportation and 

disposal of waste within the incineration plant, the incineration process, cleaning of 

water, removal of the unburnable remains, and ashes. This study does not use the 

processing and data recoding rather uses the reference from (Klang et al., 2008; 

Uppenberg et al., 2001) for energy use and GHG emissions in the system. The use of 

ash in other purposes are not covered in this study thus is beyond the scope of this 

analysis. As described earlier, the production of energy through the incineration of 

wastes equates to an avoided production of energy from the marginal energy supply.   

 

To make the functional unit flow parallel in all scenarios, it was necessary to 

calculate the equivalent amount N-P-K fertilizer similar to the compost production. 

The energy needed, emissions occurred during the N-P-K fertilizer production are 

calculated according to (Tillman et al., 1996). The diesel use in every car kilometers 

are calculated with the value from well-to-wheel to estimate the GHG emissions for 
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the corresponding car driven in the scenario that equates with the bioenergy car 

kilometers in anaerobic digestion scenario.  

 

3.3.2 Process group: Composting 

 

This scenario assumes to use all biodegradable waste to produce compost manure 

while remaining combustible wastes go to incineration plant to produce energy. The 

combustible wastes are transported to Sundsvall to incinerate in the available facility 

while the biodegradable waste is taken to Östersund municipality’s biodegradable 

waste treatment site Gräfsåsen which is only 8 km from the city. The energy deficit 

with the incineration system compared to the incineration scenario (because of lower 

amount of waste availability) is assumed to be fulfilled by the use of wood fuel to 

produce energy. The diesel car kilometers are calculated as it was done in 

incineration scenario to equate the biogas in digestion scenario. The process groups 

described are:  

 Incineration of combustible waste; 

 Compost production using biodegradable waste;  

 Diesel production and use in driven car kilometers. 

The process group is shown in the figure 8. 
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Figure 8 Schematic diagram for the waste treatment, and the fulfillment of other complimentary 

systems in composting scenario 

 

The units and efficiencies for the incineration of combustible waste in this scenario 

are used as described in incineration scenario. The biodegradable waste processes are 
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inventoried for the GHG emissions and this study does not focus the nutrient 

avoidance in the crop field further after the compost preparation. Thus the inventory 

of GHG emissions of the compost use and their effect in plant production are beyond 

the scope of this study.  

 

3.3.2 Process group: Anaerobic digestion 

 

This scenario assumes that the both types of wastes are transported to Sundsvall but 

for the different purposes. The combustible wastes are taken to the incineration plant 

same to that described in incineration and composting scenarios. The collection and 

transportation processes of biodegradable wastes are similar to that described in the 

earlier scenarios. However, the biodegradable wastes are taken to the biogas 

production facility in Sundsvall to produce biogas. The biodegradable waste 

undergoes anaerobic digestion in a co-fermentation process with other manures. 

However this study does not cover the biogas production process analysis of other 

types of wastes used in the same plant therefore is beyond the scope of this study.  

 

The water content in wet biodegradable waste is considered to be 40.5% and 

assumed to produce 3 MWh energy/tonne of dry matter of the waste. The digestion 

of biodegradable waste occurs separately to the other wastes. The remaining dry 

matter is considered as the organic matter with required nutrients as it occurs in the 

compost or in N-P-K fertilizer, hence it is assumed to replace nutrient production. 

The unit process for the digestion is considered to be similar to the analysis in Klang 

et al. (2008). The other unit processing occurs for incineration and fossil fuel 

avoidance by using biogas car kilometers.  

 

Incineration for the remaining amount 11,730 tonnes of combustible waste is chosen 

to produce energy. The produced energy replaces marginal electricity as it is 

described in other scenarios earlier. The produced biogas is assumed to use in cars in 

the city of Östersund. Total car kilometers to be avoided are calculated by the use of 

biofuel and their substitution to the diesel based car kilometers. The GHG emissions 

production and use of biogas is calculated for each car kilometers to compare the 

emissions and to calculate potential opportunity of increasing car kilometers with 

same emission level.  

The process groups described are:  
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 Incineration of combustible waste; 

 Anaerobic digestion of biodegradable waste produces biogas; 

 Produced biogas use replaces driven car kilometers. 

The process group is shown in the figure 9. 
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Figure 9 Schematic diagram for the waste treatment, and the fulfillment of other complimentary 

systems in anaerobic digestion scenario. 

 

3.4 Life cycle impact assessment 

 

3.4.1 Energy consumption 

 

The result showed that the waste treatment methods vary in energy requirement. 

The digestion scenario requires greater energy compared to other two scenarios 

incineration and composting (Figure 10). The energy requirement in digestion 

scenario is eight times and five times greater compared to incineration and 

composting scenario respectively. 
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Figure 10 Energy requirements for each system in waste treatment  

 

The digestion scenario needs greater energy because all the wastes are transported to 

Sundsvall for treatment (incineration and digestion) and then the produced biogas is 

transported to Östersund. Furthermore, the digestion scenario does not fulfill the 

entire energy requirement in functional unit after the energy production as electricity 

and biofuel. The additional energy requirements were fulfilled by wood fuel which 

also consumes significant amount of energy in power plant. In addition, incineration 

itself consumes energy while on the process. 

 

3.4.2 Environmental effects 

 

3.4.2.1 GHG emissions 

 

The results showed that the amount of GHG emissions varies in different treatment 

scenarios. The main GHGs emissions during the waste treatment in different scenario 

when the additional energy was coal in composting and digestion scenarios with the 

constant energy value in incineration scenario are presented in Table 5. The most 

important GHG, CO2 emission is greater for composting scenario and smaller for 

digestion scenario compared to other scenarios. The greater emission in composting 

scenario is due to use of coal fuel as additional energy which is greater compared the 

additional use in digestion scenario. Incineration scenario does not need any 

additional energy, thus has lower emission compared to others.  
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Table 5 Important GHG emissions in different waste treatment scenarios (tonnes) 

Chemical names Incineration Composting  Digestion 

CO2  5,845.07 8,715.82 4,451.84 

CH4 -1.21 44.09 33.32 

N2O 0.92 0.95 0.88 

CO  6.67 7.18 4.31 

NOx 17.31 17.23 12.64 

SOx 9.33 9.84 7.93 

NH3 0.46 0.53 0.48 

 

3.4.2.1 Total environmental effects 

 

Total environmental effects for all alternative energy production scenarios are 

calculated. The relative values of total environmental effects based on highest 

emission values for marginal energy production are presented (Figure 11). The 

greater GWP in coal fuel use is because the coal fuel has greater CO2, CH4 and N2O 

emission. The greater AP and EP are because of greater emission of oxides of 

nitrogen, oxides of sulfur, and ammonia during the system process. 
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Figure 11 Relative values for total environmental effects for all alternative energy productions. The 

highest values are set as 100% and other values are based on that highest value. 100% equals 2.19 x 104 

tonnes CO2–eq (GWP) increase, 2.26 x 101 tonnes of SO2-eq (AP) increase and 2.65 x 100 tonnes of PO43- 

-eq increase.  

 

The total environmental effects of the GHG emissions are calculated in terms of 

GWP, AP and EP for all MSW treatments. The effects for MSW treatment scenarios in 

terms of relative values of total environmental effects based on highest emissions 

with different energy uses for additional energy requirement are presented in Figure 
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12. Incineration scenario however does not use additional energy, thus is supposed 

to have relatively smaller environmental effect compared to the scenarios that use 

additional energy (Figure 12).  
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Figure 12 Relative values of the total environmental effects with different MSW management options 

with different additional energy use. 

 

The differences in environmental effect are observed even though the used fuel to 

produce energy is same. For example, coal fuel used to produce energy in 

incineration, compost and digestion scenarios differ because of other complementary 

system includes additional energy to produce same amount of energy, fertilizer, and 

the driven car kilometer. The highest environmental effect in terms of GWP and AP 

are greater for coal fuel use. Similarly, the EP is greater for wood fuel use. The lower 

values observed for GWP while using wood fuel. The lower AP observed in natural 

gas using option. 

 

The actual environmental benefits achieved by the replacement of marginal 

electricity, mineral fertilizer, and by driving available car kilometers (Figure 13). The 

relative values for potential reductions in total environmental effects due to different 

MSW management scenarios while replacing different alternative energies are 

presented (Figure 13). The positive values refer to the environmental impact (effect) 

even after the replacement of alternative energy, while the negative values are the 
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corresponding reductions of environmental effects (benefits) after the replacement of 

other fuel based energy production. 
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Figure 13 Relative values for actual environmental benefits achieved by replacing marginal electricity 

by MSW incineration, composting and digestion treatments. The values are after deducting the 

environmental effects from incineration, composting and digestion. 100% equals 1.69 x 104 tonnes 

CO2–eq (GWP) increase, 8.79 x 100 tonnes of SO2–eq (AP) decrease and 8.90 x 101 tonnes of PO43- –eq 

increase. (Note: NG= Natural gas, WF= Wood fuel). 

 

The greater reductions in GWP occurred with coal and natural gas fuel. However, 

the wood fuel could not compensate the emissions in MSW treatment scenarios, thus 

would give even higher environmental impact in terms of GWP if it is replaced by 

MSW management system. One of the objectives of this study is to find the most 

beneficial system regarding environmental effects. It is also important to see which 

fuel to be replaced to get greater environmental impact reduction. The greater 

reduction in acidification potential is achieved for coal fuel, and greater reduction in 

eutrophication potential is achieved for wood fuel use.  

 

In addition to overall environmental impact reduction, impact reductions were 

calculated when MSW system replace each marginal fuel category. The reduced 

environmental impact when MSW system replace different fuel categories are 

expressed in terms of GWP, AP and EP are compared to calculate the relative 

reductions by setting the largest reduction potential 100%. These calculations are 

explained in following sections. 
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3.4.2.2 MSW system replaces coal fuel 

 

The largest reductions in GWP achieved when the digestion scenario replaced the 

marginal energy production by coal. The largest benefit is set for 100% and compared 

the benefit in other scenarios (Figure 14). When MSW treatment scenarios replace 

coal, digestion scenario has greater AP reduction compared to composting and 

incineration scenarios. The lower GWP reduction benefit in composting scenario can 

be characterized as the effect of use of additional marginal energy use. Incineration 

scenario does not require additional energy use, which may be the reason to give 

lower environmental impact compared to composting scenario. The reduced impact 

in terms of EP is also greater for digestion scenario where as incineration and 

composting scenario resulted with impact in the environment. 
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Figure 14 Environmental benefit achieved in MSW treatment scenarios based on largest benefit 

achieved when coal fuel was replaced. The negative values are the corresponding reductions in 

environmental effects and positive values are impacts in environment. 

 

3.4.2.3 MSW system replaces natural gas fuel 

 

When natural gas was replaced by MSW management systems, the largest 

environmental benefit achieved for digestion scenario for GWP reduction. Calculated 

relative values for AP were all impacts to the environment. When compared, 

incineration scenario had largest impact and the digestion scenario had smallest 

impact. The EP reduction was only achieved for digestion scenario, while other 

scenarios composting and incineration scenarios had AP impact (Figure 15). The 
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lowest reduction in GWP is achieved with incineration scenario. AP values are lower 

in digestion and incineration scenarios compared to composting scenario. 
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Figure 15 Environmental impact reductions achieved when MSW treatment scenarios replaced 

natural gas fuel for energy production. The positive values are the impacts in environment, while the 

negative values are the corresponding reductions in environmental effects. 
 

3.4.2.4 MSW system replaces wood fuel 

 

Replacement of wood fuel as alternative fuel did not give good result in terms of 

GWP reduction benefit. When wood fuel replaces MSW incineration the GWP impact 

was highest among all options. Highest positive impact means replacing wood fuel 

by MSW incineration, composting and digestion does not give emission reduction 

(Figure 16). However, using wood fuel will improve other environmental impact 

because of reduced values EP. The reduced impact of AP and EP are greater for 

digestion scenario replacing wood fuel energy. The larger GHG emissions in MSW 

management scenarios compared to energy production with wood fuel use is the 

reason of positive impact. 
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Figure 16 Environmental impact reductions achieved in MSW treatment scenarios based on largest 

benefit achieved when wood fuel was replaced. 

 

3.4.2.5 Car kilometer emissions 

 

Biogas production in digestion scenario aims to replace marginal fossil fuel used in 

the driving cars. Producing biogas would affect certain car kilometers (Ckm) to be 

replaced that were driven with other fuel. In this study, the marginal fossil fuel used 

in cars is assumed as diesel fuel. The calculated 8,362,092 Ckm is assumed to be 

driven by biogas cars and compared with alternative diesel fuel driven Ckm. The 

GHG emissions and their corresponding impacts in terms of GWP, AP and EP are 

calculated for biogas and diesel driven Ckm (Table 6). 

 

Table 6 Environmental effects associated with car kilometers driven with different fuels (biofuel and 

diesel). The differences are environmental impact reductions achieved with driven biofuel Ckm. Last 

column ‘Effect (times)’ refers to the impact reduction in times when biofuel is used to replace diesel 

fuel Ckm.  

Environmental effect 

Diesel 

Ckm 

Biogas 

Ckm Differences 

Effect (times) 

(Diesel/Biogas) 

Global warming pot (100 yrs) (tonnes CO2-eq) 1,705.36 96.17 1,609.19 17.73 

Acidification potential tonnes (SO2-eq) 2.68 0.16 2.52 16.44 

Eutrophication potential tonnes (PO43-- eq) 0.50 0.03 0.47 16.43 

 

 

 



42 

 

3.4.3 Total environmental effects 

 

3.4.3.1 Global warming potential (Tonnes CO2–eq) 

 

Global warming is one of the most discussed issues and is important in Swedish and 

global perspective. The main objective of this study is also to show the GHG 

emissions and their overall impact on global warming potential. GWP as total 

environmental effect is calculated based on assumptions made in section 2.9.1 (see 

table 2). The positive GWP values are the environmental impacts and the negative 

values are the environmental impact reduction while replacing different alternative 

fuels by MSW treatment technologies (Figure 17). 
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Figure 17 Global warming potential calculated for different fuel uses in different treatment scenarios.  

 

All treatment scenarios show a significant reduction in the environmental impacts 

(Figure 17) achieved by preventing the use of other fuel types and technologies. The 

marginal energy technologies in this study were characterized to use the direct fossil 

fuel burning for energy production. The environmental effect in terms of GWP in 

incineration, composting and digestion scenario replace the marginal energy 

production thus, provided the reductions in environmental effects. Replacing coal 

fuel and natural gas fuel reduced the environmental effects, while replacing wood 

fuel provided positive impact. Based on this study result, wood fuel is not efficient to 

replace MSW based energy. 
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3.4.3.2 Acidification potential (Tonnes SO2-eq) 

 

The acidification potential is the impact on natural ecosystem and also for the man 

made infrastructures such as buildings. The main source of emissions of acidifying 

substances comes from fossil fuel combustion burned for energy production. AP, in 

this study is calculated based on the factors assumed in section 2.9.1 (see table 2). The 

calculations show that replacing coal by digestion scenario gave reduced AP. 

However, replacing natural gas and wood fuel did not give any reductions but 

increased the impact in all scenarios. Replacing wood fuel gives reduced impact in 

digestion scenario (Figure 18). Incineration and composting scenarios result greater 

AP impact compared to digestion scenario. 
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Figure 18 Acidification potential calculated for different fuel uses in different treatment scenarios. 

 

3.4.3.3 Eutrophication potential (Tonnes PO43--eq) 

 

Eutrophication potential is the estimation of water pollution that would be effective 

to prevent the existence of oxygen in water by adding more nutrients. The 

inexistence of oxygen in water would prevent floral and faunal existence and reduces 

water quality. The estimation here is calculated in P equivalents. All scenarios when 

they use wood as alternative fuel result in reductions in EP. Replacing natural gas 

would impact in incineration and composting scenario, but reduces impact in 

digestion scenario (Figure 19). Replacing coal fuel would increase impact in all 

scenarios.  
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Figure 19 Eutrophication potential calculated for different fuel uses in different treatment scenarios. 

 

3.4.5 Interpretation 

 

The goal of this study was to examine the effects of different MSW management 

systems in Östersund municipality to assess GHG emissions and total environment 

effect considering replacing different alternative energy technologies. The result of 

the LCIA shows that the composting and incineration scenarios have greater 

environmental impacts compared to digestion scenario. The energy produced in 

MSW treatments, fertilizer produced, and available additional car kilometers are 

assumed to replace similar facilities/productions with different marginal energy 

technologies. The result of coal and natural gas replacement by all MSW treatment 

technologies can reduce significant amount of GHG emissions thus would have 

reduced impact in total environment in terms of GWP. The impact reductions are 

greater in digestion scenario when the replacing fuel was coal and natural gas. The 

wood fuel replacement is not environmentally beneficial because the emission levels 

in MSW treatment technologies are greater than the emissions in energy production 

with wood fuel. Hence, the wood fuel should not be the replacing energy by MSW 

treatment technologies. The environmental impact reductions with digestion and 

incineration scenarios are competitive. However, because of biogas production and 

greater impact reductions, digestion scenario would be preferred to the other 

scenarios. 
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3.5 Sensitivity analysis 

 

This study made assumptions that the changes in energy content of the waste, 

changes in waste amount, and transportation distance may alter the conclusion of the 

study. The input values for such assumptions were varied (see section 2.9.2) to study 

the implications of such variation in the result and conclusion of the study. The 

calculations have shown that the results are not significantly sensitive to the changes 

in such parameters within the range of the assumption. The results of sensitivity 

analysis for three factors are given in Table 7. Values increased or decreased are 

expressed in percentages and are given in the parentheses. Some values are different 

because of sensitivity factors (in terms of percentage) and the largest effect observed 

in AP and EP because of reduction of transportation distance.  

 

However, the changes in moisture content of biodegradable waste influenced the 

final results in digestion scenario as environmental effects associated with global 

warming potential, acidification potential and eutrophication potential. The values 

for incineration and composting scenario remain constant. The variation in the GWP, 

AP and EP values due to ±20% change in moisture content of biodegradable waste 

compared to the initial value of 40.5% are given in Table 8. GWP reduction values 

decreased with increasing moisture content for coal and natural gas. The increase in 

moisture content increased environmental impact for wood fuel use. The result 

showed that increase in moisture content will increase the AP values for the use of 

natural gas, while reduces AP values for coal and wood fuel. The opposite will be 

occurred in AP values when the moisture content values were reduced. In case of 

eutrophication, the increase in moisture content reduced the EP values, and vice-

versa (Table 8). 
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Table 7 The variations in the GWP (100 yrs) (tonnes CO2-eq), AP tonnes (SO2-eq) and EP tonnes (PO43-- eq) values in different treatment scenarios due to the 

variation of in energy content in the waste (±22%), waste amount (±10%), and transportation distance for treatment (-154 km). Values in parentheses refer to 

the corresponding change in percentage compared to the 100% value for initial value.  

 

Incineration scenario 

 

Energy content Waste amount (tonnes) Transportation distance 

 

10000 MJ +20% -20% 15,764 +10% -10% 162 km 8 km 

Global warming pot (100 yrs) (tonnes CO2-eq) 

Alt fuel is coal -15735 (100%) -18969 (121%) -12501 (79%) -15735 (100%) -17340 (110%) -14130 (90%) -15735 (100%) -15851 (101%) 

Alt fuel is NG -5198 (100%) -6325 (122%) -4071 (78%) -5198 (100%) -5749 (111%) -4647 (89%) -5198 (100%) -5314 (102%) 

Alt fuel is wood  3465 (100%) 4071 (117%) 2859 (83%) 3465 (100%) 3780 (109%) +3150 (91%) 3465 (100%) 3349 (97%) 

Acidification potential tonnes (SO2-eq) 

Alt fuel is coal -0.33 (100%) -0.97 (291%) 0.31 (91%) -0.33 (100%) -0.58 (172%) -0.09 (28%) -0.33 (100%) -1.09 (325%) 

Alt fuel is NG 11.28 (100%) 12.96 (115%) 9.60 (85%) 11.28 (100%) 12.20 (108%) 10.36 (92%) 11.28 (100%) 10.53(93%) 

Alt fuel is wood 1.39 (100%) 1.09 (79%) 1.68 (121%) 1.39 (100%) 1.32 (95%) 1.46 1(05%) 1.39 (100%) 0.64 (46%) 

Eutrophication potential tonnes (PO43-- eq) 

Alt fuel is coal 0.32 (100%) 0.28 (88%) 0.36 (112%) 0.32 (100%) 0.31 (98%) 0.32 (102%) 0.32 (100%) 0.18 (58%) 

Alt fuel is NG 0.47 (100%) 0.46 (98%) 0.48 (102%) 0.47 (100%) 0.48 (102%) 0.46 (98%) 0.47 (100%) 0.34 (71%) 

Alt fuel is wood -0.24 (100%) -0.40 (162%) -0.09 (38%) -0.24 (100%) -0.31 (125%) -0.18 (75%) -0.24 (100%) -0.38 (156%) 
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Composting scenario 

 

Energy content Waste amount (tonnes) Transportation distance 

 

10000 MJ +20% -20% 15,764 +10% -10% 162 km 8 km 

Global warming pot (100 yrs) (tonnes CO2-eq) 

Alt fuel is coal -11722 (100%) -14129 (121%) -9316 (79%) -11722 (100%) -12926 (110%) -10519 (90%) -11722 (100%) -11808 (101%) 

Alt fuel is NG -3882 (100%) -4720 (122%) -3043 (78%) -3882 (100%) -4302 (111%) -3462 (89%) -3882 (100%) -3968 (102%) 

Alt fuel is wood 2564 (100%) 3015 (118%) 2114 (83%) 2564 (100%) 2789 (109%) 3340 (91%) 2564 (100%) 2478 (97%) 

Acidification potential tonnes (SO2-eq) 

Alt fuel is coal 0.25 (100%) -0.23 (91%) 0.73 (291%) 0.25 (100%) 0.07 (27%) 0.43 (173%) 0.25 (100%) -0.31 (124%) 

Alt fuel is NG 8.89 (100%) 10.14 (114%) 7.64 (86%) 8.89 (100%) 9.57 (108%) 8.21 (92%) 8.89 (100%) 8.33 (94%) 

Alt fuel is wood 1.53 (100%) 1.31 (86%) 1.75 (114%) 1.53 (100%) 1.48 (96%) 1.59 (104%) 1.53 (100%) 0.97 (63%) 

Eutrophication potential tonnes (PO43-- eq) 

Alt fuel is coal 0.33 (100%) 0.30 (91%) 0.36 (109%) 0.33 1(00%) 0.33 (99%) 0.34 (101%) 0.33 (100%) 0.23 (70%) 

Alt fuel is NG 0.45 (100%) 0.44 (99%) 0.45 (101%) 0.45 (100%) 0.45 (102%) 0.44 (98%) 0.45 (100%) 0.35 (77%) 

Alt fuel is wood -0.08 (100%) -0.20 (233%) 0.03 (33%) -0.08 (100%) -0.13 (154%) -0.04 (46%) -0.08 (100%) -0.19 (219%) 

Digestion scenario 

 

Energy content Waste amount (tonnes) Transportation distance 

 

10000 MJ +20% -20% 15,764 +10% -10% 162 km 8 km 

Global warming pot (100 yrs) (tonnes CO2-eq) 

Alt fuel is coal -16317 (100%) -18724 (115%) -13911 (85%) -16317 (100%) -17981 (110%) -14654 (90%) -16317 (100%) -16403 (101%) 

Alt fuel is NG -6573 (100%) -7411 (113%) -5734 (87%) -6573 (100%) -7261 (110%) -5884 (90%) -6573 (100%) -6659 (101%) 

Alt fuel is wood 1439 (100%) 1890 (131%) 988 (69%) 1439 (100%) 1551 (108%) 1327 (92%) 1439 (100%) 1353 (94%) 

Acidification potential tonnes (SO2-eq) 

Alt fuel is coal -4.95 (100%) -5.43 (110%) -4.47 (90%) -4.95 (100%) -5.65 (114%) -4.25 (86%) -4.95 (100%) -5.51 (111%) 

Alt fuel is NG 5.79 (100%) 7.04 (122%) 4.54 (78%) 5.79 (100%) 6.16 (106%) 5.42 (94%) 5.79 (100%) 5.23 (90%) 

Alt fuel is wood -3.36 (100%) -3.58 (107%) -3.14 (93%) -3.36 (100%) -3.90 (116%) -2.81 (84%) -3.36 (100%) -3.92 (117%) 

Eutrophication potential tonnes (PO43-- eq) 

Alt fuel is coal 0.28 (100%) 0.31 (110%) 0.25 (90%) 0.28 (100%) 0.35 (123%) 0.22 (77%) 0.28 (100%) 0.38 (136%) 

Alt fuel is NG -0.14 (100%) -0.15 (105%) -0.13 (95%) -0.14 (100%) -0.19 (136%) -0.09 (64%) -0.14 (100%) -0.24 (171%) 

Alt fuel is wood -0.80 (100%) -0.91 (114%) -0.69 (86%) -0.80 (100%) -0.92 (115%) -0.68 (85%) -0.80 (100%) -0.90 (113%) 
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Table 8 Variations in global warming potential, acidification potential and eutrophication potential 

values due to change in moisture content of biodegradable wastes in digestion scenario. Values in 

parentheses refer to the corresponding change in percentage compared to the 100% value for initial 

value.  

 

Moisture content (%) 

40.5 60.5 20.5 

Global warming pot (100 yrs) (tonnes CO2-eq) 

Alt fuel is coal -16317 (100%) -14730 (90%) -17905 (110%) 

Alt fuel is NG -6573 (100%) -5625 (86%) -7520 (114%) 

Alt fuel is wood 1439 (100%) 1860 (129%) 1018 (71%) 

Acidification potential tonnes (SO2-eq) 

Alt fuel is coal -4.95 (100%) -3.05 (62%) -6.85 (138%) 

Alt fuel is NG 5.79 (100%) 6.99 (121%) 4.59 (79%) 

Alt fuel is wood -3.36 (100%) -1.56 (46%) -5.15 (154%) 

Eutrophication potential tonnes (PO43-- eq) 

Alt fuel is coal 0.28 (100%) 0.05 (17%) 0.51 (183%) 

Alt fuel is NG -0.14 (100%) -0.08 (-58%) -0.36 (258%) 

Alt fuel is wood -0.80 (100%) -0.53 (67%) -1.07 (133%) 

 

The effect of other parameter changes such as amount of waste will only be in the 

amounts but not in the relative proportion. The effect of transportation distance is 

very small and is negligible considering the amount of waste treatment in this study.  

  

However, the differences in the values because of sensitivity analysis finally depend 

on different alternative fuel use. Therefore, the impact may have larger with the 

alternative fuels use than the values differ in sensitivity analysis and the results of 

sensitivity analysis have very minor influence in the conclusions of this study. Hence, 

these differences will not change the definite conclusion of this study. 
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4. Discussions 

 

This thesis work adopted a LCA approach to examine the GHG emissions and their 

eventual effect in global warming potential, acidification potential, and 

eutrophication potential while managing the household wastes from Östersund 

municipality of Sweden. The discussion here focuses mainly on the results and their 

implications and the suitability of LCA approach for this types of study.   

 

The overall results for total environmental effect reduction in terms of GWP, AP, and 

EP showed that digestion and incineration scenarios are competitive, with slightly 

higher reduction in digestion scenario (see section 3.4.3). The general hypothesis in 

waste management would be to give better outcomes than the current practice or 

give alternatives to replace marginal energy or other sources of energy or 

commodities. Here, the digestion scenario gives higher environmental benefits 

because this study assumes to use combustible wastes in incineration plant, produce 

biogas with anaerobic digestion of biodegradable wastes and use produced biogas in 

cars. This scenario also replaces mineral fertilizer by the use of digestion residues. 

There was also possibility to get competitive results with composting scenario which 

does not require producing mineral fertilizer. However, surprisingly composting 

scenario could not offer greater potential to reduce environmental impacts compared 

to other scenarios. It is because composting scenario uses more additional energy 

coming from carbon intensive fossil fuel. Even though digestion scenario involves 

more transportation than other scenarios, compelling to bring produced biomass 

back to Östersund to be refilled in the biogas stations, it contributed more 

environmental impact reduction. Nevertheless, digestion scenario has used biogas to 

calculate car kilometers, which comparatively emits lower GHG than in the marginal 

diesel use in the cars. 

 

Incineration itself can be seen as competitive treatment method to reduce GHG 

considering the replacing energy coming from carbon intensive fossil fuel. In this 

study however, emissions from fertilizer and car kilometers are considered to 

calculate to satisfy the functional unit what is called an obligation in a LCA approach 

to satisfy the processes and system. That might have given slightly higher GHG 

emissions in incineration scenario.  
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Implication of this research could be depending on other factors as well. Surprising 

assumption made in digestion scenario for the transportation of biomaterials to 

Sundsvall and transportation of biogas back to Östersund is not convincing. But the 

result showed that the transportation of biogas has negligible effect on total 

environmental effect. Below in the table, the environmental impacts from each 

treatment scenarios are presented for MSW treatment methods (Table 8) to make 

simple criteria to give the glimpse of preference of the individual treatment methods 

based on impacts only. 

 

Table 9 Environmental impacts from each treatment scenarios 

Environmental benefit Incineration Composting Digestion 

Global warming potential (100 yrs) (tonnes CO2-eq) + - + 

Acidification potential tonnes (SO2-eq) ++ ++ ++ 

Eutrophication potential tonnes (PO43-- eq) ++ ++ ++ 

The valuation criteria explanation: First calculate the relative index of GWP, AP and EP for each 

scenario based on produced waste and overall values in GWP, AP and EP values.  

GWP: When the index value ≤30= ++; >30 and ≤60= +; and >60 and ≤90= -; >90= unacceptable  

AP: When the index value ≤0.30= ++; >0.30 and ≤0.60= +; and >0.60 and ≤0.90= -; >0.90= unacceptable 

EP: When the index value ≤0.03= ++; >0.03 and ≤0.06= +; and >0.06 and ≤0.09= -; >0.09= unacceptable 

 

These are only simple criteria to define which system has more impact in the 

environment. But in general, the decision can be made considering the energy 

replacement (see section 3.4.3) (Mathiesen et al., 2009). The decision could be 

different based on other priorities such as GHG emissions, costs and benefits (not 

included and discussed here in this study), and priority to the commodity production 

objective of local municipalities (Klang et al., 2008).  

 

It is very hard to argue about which treatment technology is the best. It is also hard to 

include all factors or categories in one study thus the results may not represent all or 

many technology options (Klang et al., 2003). Criteria for environmental effect 

assessment may be different in different studies (Cherubini et al., 2008). It is difficult 

to choose the effective categories to consider in a system analysis because different 

treatment methods may cause temporal and spatial differences (Klang et al., 2003; 

Klang et al., 2008). The difficulties in implications of these types of results may be 

because of incomplete information to consider. For example, it has been suggested 

and has been in practice to include economic analysis to show the cost and benefits of 

the alternative systems to be chosen (Weng and Fujiwara, 2011). However, this study 
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does not attempt to calculate economic or financial analysis which may confuse 

decision makers to take decisions.  

 

The results of MSW treatments may also depend on the system boundaries, where 

the provision of complementary system and system expansion are included. It is 

obvious that system analysis studies for MSW management uses alternative energy 

production (Finnveden et al., 2000). Not only alternative energy production may 

have affected the results in this study, but also the alternative production of mineral 

fertilizer and the alternative energy for car kilometer drive may also have role in the 

whole results. It is also recommended to consider the short term and long term 

planning of treatment facilities (Klang et al., 2008), which may provide very different 

types of complementary systems to be analysed. This study considers fulfilling 

required additional energy from wood fuel which will not be the problem for the 

future considering Sweden’s recognized forest resources. The alternative energy 

however, is considered as coal based energy for short term perspective and natural 

gas for long term perspective.  

 

It is also obvious that the results depend on the emission factors used for different 

treatments. The assumptions made for the energy use, factors of fuel use by 

transportation vehicles, factors for GWP, AP and EP calculation may also play crucial 

role in the final result. This study has used updated factors for all types of emissions 

and their equivalents in calculation of GWP, AP and EP (see section 2.9.1).  

 

The LCA approach used in this study show that different options can be studied to 

assess the environmental benefit of the different systems. For example, it has shown 

that the burning of household biodegradable waste and their use as compost and 

their use for biogas production can be assessed in one study. Furthermore, other 

strategies can be added in the system to expand the system and find out the 

integrated way of problem solving from system perspective. For example, the energy 

distribution system, fertilizer use and their effect in crop production system, and use 

of biofuel to replace diesel fuel may give more integrated results, valuable for the 

future. However, it should be understood that LCA is complicated methodology 

which relies on assumptions, thus need to be very careful while designing the 

methodology. Hence, it is recommended to use LCA practitioners, if implementing 

organizations are willing to perform such studies in future.  
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5 Conclusions 

 

Municipal solid waste management and their effect in GHG emissions and total 

environmental effects have been analysed using LCA method for Östersund 

municipality. The results of this study have shown that based on the certain 

assumptions made for this study, digestion scenario is the best possible option if the 

municipality’s goal is to reduce GHG emissions and to reduce total environmental 

effects. Incineration scenario is also competitive but may also depend on other factors 

in the future. The environmental impact may depend on alternative fuel use rather 

than other factors considered for sensitivity analysis. However, the results do not 

include any economic recommendation, thus may need to expand the system to 

understand other systems such as economic and social system.  

 

This study also concludes that LCA would be an important tool to help municipality 

to plan integrated waste management aiming to reduce GHG emissions in future. 

LCA tool could also be helpful to recommend future strategies of solid waste 

management. The system expansion in existing system may give more options for 

future planning. This would help local municipalities to directly assess the 

environmental impacts and compare in short while. The results suggest that 

integrated waste management could provide environmental benefits by reducing 

GHG emissions and at the same time could provide multiple benefits. There may be 

many uncertainties in this study but based on the assumptions made in this study 

and the factors used, the results and conclusions appear to be strong.  

 

6 Further study 

 

This study is only a quick look on MSW management in Östersund with different 

options. There is still a large room for the study which may give more specific results 

for the development of environment improvement strategies based on LCA of MSW. 

Some interesting topics for future research may be the time perspective of such 

management strategies, system expansion to include economic, social and other 

relevant criteria, and production of efficient fuel from municipal solid waste.  
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