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SUMMARY 

An increased understanding of the world’s limited resources and the negative environmental 
impacts connected to solid waste management has in recent years increased interest in 
separate collection and treatment of organic waste in many parts of the world. As an 
example, increased biological treatment of organic waste is an explicit goal within the 
Swedish national solid waste management strategy (SEPA, 2006) and the national 
environmental objectives state that 35% of all organic household waste should be treated 
biologically by 2010 (SEPA, 2007). Several alternatives are currently being used and 
developed in the areas of collection/transportation, treatment and final use of the goods 
recovered from organic solid waste. 

Household food waste makes up around 30-40 mass-% of the total household waste in 
Sweden – bulky household waste excluded – or roughly 100kg per person a year. The 
objective of this thesis is to explore possible alternatives for collection and treatment of this 
waste fraction with the aim of maximising the environmental benefits, using the life-cycle 
assessment (LCA) methodology. 

The LCA of four different systems for separate collection of household food waste for later 
anaerobic digestion showed that the conservation of nutrients and readily biodegradable 
carbon throughout the collection chain is of great importance to the overall environmental 
impacts of the collection alternatives studied. Thus, a higher input of energy and resources 
in the collection chain can be justified when resulting in higher potential energy and 
nutrient recovery later in the treatment process. 

This work also indicates that apart from information on households regarding waste 
recycling, also the practical arrangements of separate collection of food waste can have a 
large impact in the amount and quality of separately collected food waste. Hence, there 
is a need to gain a better understanding of household behaviour in relation to food waste 
disposal and further develop the infrastructure for separate collection of this waste, to 
assure convenient and accessible solutions for households where separate collection of food 
waste is introduced.

The results also show that physical pre-treatment of separately collected household food 
waste in paper or plastic bags – currently the most common system for household food 
waste collection in Sweden – can result in large losses of biodegradable material and thus 
a reduction of the potential energy and nutrient recovery from this waste fraction. In 
the four pre-treatment plants included in this work, 13-39% of the potential methane 
production and 13-32% of N-total in incoming material were found in material separated 
in the pre-treatment process. 
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The comparative LCA of different treatment alternatives for household food waste based 
on a case study from a residential area in southern Sweden shows that separate collection 
of household food waste for later anaerobic digestion with production of biogas to replace 
petrol as vehicle fuel was more beneficial than incineration with energy recovery (heat 
and power), composting in decentralised reactors without cleaning of emissions or biogas 
production with substitution of heat and power in relation to global warming potential 
(GWP), photochemical ozone depletion (ODP) and acidification potential (AP), while 
incineration was preferable in relation to eutrophication potential (EP). The energy 
balance performed also shows that the anaerobic treatment alternative is preferable from a 
net-energy production perspective, but that incineration is preferable when comparing the 
scenarios on a primary energy basis, as this credits the higher net-production of electricity 
from the incineration alternative. 

The results obtained in the comparative study were to a large extent dependent on several 
assumptions and methodological choices. Some of the more influential assumptions on 
the overall results were the environmental profile of energy carriers, peat and chemical 
fertilisers potentially substituted by waste treatment alternatives, emissions from on-land 
use of bio-fertilisers and emission control from waste treatment facilities. Factors that are 
more visual for households participating in separate collection of food waste – such as the 
use of bags for collection of food waste and transport to treatment facilities – were seen to 
be of lesser importance to the overall results from the treatment systems compared. 

The potentially large variations in results depending on choices and assumptions were 
reflected also in the outcomes from a review of 25 previously performed LCAs of food 
waste management. The review shows that different conclusions often are drawn regarding 
the most environmentally beneficial treatment alternative for food waste and that the 
GWP from collection and treatment of this waste fraction can vary greatly. Calculations 
of GWP from incineration, landfill disposal, anaerobic digestion and composting of food 
waste result in anything between large net avoidance to substantial contribution to GWP 
according to the reviewed studies (incineration: 640 to -305kg CO2-eq/ton; landfill: 1200 
to 302kg CO2-eq/tonne; anaerobic digestion: 440 to -375kg CO2-eq/tonne; and compost: 
1000 to -900kg CO2-eq/tonne).

However, these differences are not found to be related mainly to actual differences in 
the environmental impacts from the systems studied, but rather to differences in system 
boundary settings, methodological choices (for example the view on biogenic carbon 
emissions and carbon sequestration as well as the eco-profile of substituted goods) and, to a 
lesser extent, to variations in the input data. Due to lack of consistency in system boundary 
setting, processes and parameters seen as highly relevant for the outcome in some studies 
are not considered at all in others, making comparisons between different studies difficult. 
Nevertheless, comparisons are readily made between results from studies, independently of 
the often differing frameworks and assumptions made in the studies.

Also, several cases of internal inconsistencies were identified in the studies, generally due 
to differences in system boundary setting between scenarios. Assumptions related to the 
quality of input material (treated food waste), losses and emissions of carbon, nutrients and 
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other compounds during collection, potential storage and physical pre-treatment, potential 
energy recovery through incineration, treatment of incineration residues, emissions from 
composting, emissions from storage and on-land use of bio-fertilisers and chemical 
fertilisers and eco-profiles of substituted goods were all identified as highly relevant for the 
outcomes in this type of comparison. Mass-flows of carbon, nutrients and heavy metals are 
in many cases not respected due to cut-offs and use of literature values rather than transfer 
coefficients throughout the treatment chain. 

Based on the results from the review and previously mentioned results from this work, 
more considerations should be given to: 

	The quantitative and qualitative impacts of different collection systems for source-
separated food waste on the collected material 

	The quantitative and qualitative effects on separately collected food waste associated 
with physical pre-treatment processes

	 Environmental impacts from downstream processes in the treatment chain, such as 
storage and final use/disposal of goods/secondary waste stream resulting from different 
treatment processes

	The potential substitution of goods with high negative environmental impact with 
those gained through food waste treatment

In many cases there is a need for further research and improvement of input data. Unlike 
management systems for many other solid waste fractions, the food waste management 
scale can be assumed to be more influenced by geographical differences. Although the 
reviewed studies covered waste systems in 12 countries on three continents, similar input 
data found in the literature was commonly used in the studies, without further discussion 
of the need for adjustments to fit the local context.  

Six LCA-guidelines were also consulted in this work. These guidelines often did not 
address several of the identified key issues or give different recommendations in relation to 
these questions. Thus, establishment and use of more detailed guidelines within this field 
in order to increase both the general quality of the assessments performed as well as to 
increase the possibilities to compare different studies would be welcome.

Increasing separate collection of food waste is very important to attain the environmental 
benefits viable through AD with energy and nutrient recovery of food waste. The results 
indicate that apart from information on households regarding waste recycling, the practical 
arrangements of separate collection of food waste also can have a large impact on the 
amount and quality of separately collected food waste. Thus, there is a need to further 
develop the infrastructure for separate collection of food waste, to assure convenient and 
accessible solutions in the households where separate collection of food waste is introduced. 
This poses an organisational challenge, as this can require closer collaboration between 
municipalities and facility owners to reach municipal and national goals on food waste 
collection and biological treatment. 

Swedish regulations on solid waste management provide a monopoly on collection and 
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treatment of household waste. However, this work shows that many of the factors with great 
effect on the overall environmental impact of the food waste treatment chain are located 
outside of what is controlled by the decision-makers of municipal waste management 
strategies. This indicates the importance of a holistic approach when assessing different 
treatment alternatives and a need for extensive collaboration between the often different 
actors involved in the food waste management chain in order to maximise the potential 
environmental benefits. 
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1 INTRODUCTION

1.1 Environmental impacts of solid household waste management

A lack of sound management of municipal solid waste (MSW) is still causing large 
environmental and health related problems in many parts of the world. International 
entities such as the UNDP and UN-Habitat emphasise the importance of sound solid 
waste management and many programs and incentives are currently run to support 
developing countries to improve the waste management sector. The same organisations 
especially point out the environmental and health related problems related to organic 
waste. Organic waste constitutes a considerable fraction of the MSW (especially in 
developing countries), attracts rodents and vector insects by providing of food and 
shelter and increases the risk of foul odours, landfill fires and emissions of greenhouse 
gas emissions (mainly methane). In many parts of the world, solid waste and management 
is thereby still connected to negative environmental impacts and unpleasant working-
conditions (Carvalho et al., 2007). 

The potential adverse effects from disposal of organic waste and the potential benefits 
related to energy and nutrient recovery from this waste fraction has resulted in an increased 
focus on biological treatment in recent years. The European Union Waste Framework 
Directive (WFD) encourages separate collection and recycling of bio-waste and schemes 
for source-separation of this fraction have been introduced in several European countries. 
Regarding the treatment of organic waste in general and food waste (FW) in particular 
in Sweden, a shift from previous treatment routes has taken place in recent years. This is 
partly related to a tax on landfills in 2000, a ban on landfill of organic waste in 2005 and 
a national environmental objective stating that 35% of the organic waste from households 
and restaurants should be separately collected and treated biologically by the year 2010 
(SEPA, 2012). Biological treatment of organic waste can result in energy and nutrient 
recovery, and thus potential environmental benefits. Whether a waste management system 
results in net contribution or avoidance of negative environmental impacts will depend 
on several different factors, where the characteristics of the waste, treatment technology 
chosen and uses of the goods produced are three key aspects. 

Planning of MSW management in Sweden is controlled by municipalities through the 
mandatory waste management planning process. This process must be guided by national 
environmental objectives and the national waste plan. As the local conditions can vary 
greatly from municipality to municipality, more precise and comprehensive indicators and 
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guidance is difficult to provide on a national level. In order to address local differences and 
circumstances, other tools can be useful. The life-cycle assessment (LCA) methodology has 
been presented as a useful decision support tool for local authorities and waste management 
planners (Kirkeby et al., 2006). LCA modelling tools can allow local actors to simulate the 
importance of different waste management options on the overall environmental impact of 
the waste management chain in a local context when using site-specific input data. 

However, in other parts of the world, management of solid waste has during the last decades 
developed into a modern and high-tech sector and solid waste is increasingly viewed as a 
resource rather than a problem. In countries like Sweden, the solid waste management 
sector in recent decades has been oriented by the objective of a more resource-efficient use 
of waste (SEPA, 2006). This has resulted in national strategies for material recycling and 
an increased focus on nutrient recovery from organic waste. The European Union Waste 
Framework Directive (WFD) encourages separate collection and recycling of FW and 
schemes for source-separation of this fraction have been introduced in several European 
countries (European Parliament, 2008).

1.2 Aim and scope of this work 

The aim of this work is to investigate the potential environmental benefits from separate 
collection and treatment of household food waste – both through technical studies 
and evaluations of specific parts of the collection and treatment system – as well as 
through environmental evaluations using life cycle assessment methodology to assess the 
environmental impacts related to different FW collection and treatment chains. The work 
consists of five parts: 

•	 An assessment of current generation rates and treatment routes of Swedish food 
waste. 

•	 An investigation of the influence of door-stepping information campaigns related 
to source-separation of food waste based on a Swedish case study (paper I). 

•	 A comparison of different treatment alternatives for food waste, based on a Swedish 
case study, using LCA methodology (paper II). 

•	 A closer look at two parts of the treatment chain for selectively collected food 
waste for later biological treatment; the collection step (paper III and V) and the 
pre-treatment step (paper IV).

•	 An investigation of the general quality, differences and similarities in recent LCA-
studies of food waste treatment. A further investigation of the importance of 
differences identified through the literature on the overall results of LCA studies 
within this field with the aim of identifying key issues shows how identified 
uncertainties can be handled (paper VI).
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1.3 Definitions

The term waste management in this work is used to describe the waste treatment chain in 
its full extent – from disposal by the household to the recovery and final disposal by the 
municipal authority. Thus, it includes both households’ recycling behaviour and collection, 
transport and further treatment of household waste. Municipal solid waste (MSW) includes 
both solid household waste and commercial waste collected by the municipality. Bio-waste 
is defined as 1) biodegradable garden and park waste and 2) food and kitchen waste from 
households, restaurants, caterers and retail premises and comparable waste from food 
processing plants (European Parliament, 2008). However, these two groups have separate 
collection routes in many EU countries. Also, all organic waste can be subject to biological 
degradation processes in the treatment chain. In the case of bio-waste in group 2, the 
speed of such processes is enhanced as the carbon often is more readily available for waste 
degrading micro-organisms. As such processes can change the energy and nutrient content 
in the waste and result in emissions of compounds with negative environmental impacts, 
the division of the European Parliament definition of bio-waste into two groups is justified. 
Food waste (FW) in the present work is used to describe waste belonging to the second part 
in the EU waste framework directive definition of bio-waste. The term waste management 
chain is used to describe the system including household disposal, collection, transportation, 
treatment and final disposal or use of secondary waste fractions of MSW. Secondary waste 
fraction is used for solid fractions emerging from treatment of MSW, i.e., ashes and bio-
fertilisers. Bio-fertiliser is the term used for the residual solid products from biological 
treatments, i.e., compost from aerobic degradation and digestate from anaerobic digestion 
(AD). The term infrastructure in this work is used to describe the physical equipment 
used for disposal and collection of MSW, including bins, collection material, recycling 
structures etc. Collection material is in this work used as a term describing any type of 
material that is used for source-separation of FW, such as paper bags, plastic bags, bio-
plastic bags and vessels used to support and aerate collection bags. Multi-fraction waste bins 
are waste bins divided into different compartments where several different waste fractions 
are deposited without mingling. This collection device requires use of special collection 
vehicles. Biological treatment means the use of either aerobic degradation (composting) or 
anaerobic digestion as a waste treatment method. If not clearly stated, anaerobic digestion 
refers to wet processes (dry matter content below 20%). Dry recyclables is the term used 
to describe newsprint and packaging materials (made of paper, glass, plastic and metal) 
covered by the Swedish Ordinance on Producer Responsibility, with established separate 
collection and recycling systems. 
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1.4 Generation of food waste in Europe and in Sweden

The revised EU Waste Framework Directive (WFD) encourages separate collection and 
recycling of bio-waste (which includes FW) amongst EU member states (European 
Parliament, 2008). It also stipulates that for bio-waste that cannot be prevented, member 
states should choose the best management options in view of their specific conditions. 
Parallel to the intention in the WFD, the EU Landfill Directive (European Council, 1999) 
obliges EU Member States to reduce the amount of landfilled biodegradable waste to 35% 
of the levels in 1995 by the year 2016, or in some cases 2020. 

On average, each European citizen (EU 27) generated 520 kg of municipal waste in 2008 
(Eurostat, 2011). Several attempts have been made to estimate future biodegradable or bio-
waste generation within the EU. A general difficulty when assessing current amounts and 
making future projections of bio-waste generation is the diversity of definitions of waste 
within this area. As an example, targets of the Landfill Directive refer to biodegradable 
municipal waste. Thus, publicly available data often refer to biodegradable municipal 
waste and not to bio-waste (see definitions above), often making available data difficult to 
compare. The biodegradable municipal waste fraction equalled 120 kg/capita in the EU 
in 2004, of which only 44kg/capita was recovered (EEA, 2009). Franckx (2010) assumes 
a 10% rise in bio-waste generation in the EU 27 between the years 2008-2020, with a 
breakdown of 5% rise in the EU 15 and 40% in the EU 12, and a total generation of bio-
waste of 95.58 million tonnes in 2020. However, these estimations are to a large extent 
based on poor quality data and inconsistent categorisations (Franckx, 2010). According to 
the same author, the level of landfilling of bio-waste within the EU 27 was 42% in 2008. 
Thus, a general conclusion based on available reporting is that an increase of bio-waste 
generation within the EU can be expected in the coming years. At the same time, the 
Landfill Directive urges rapid change in how this waste fraction is treated – i.e., a shift from 
landfill to other treatment alternatives. 

More specific studies of the generation of more specific fractions of FW have been carried 
out in some member countries. A recently performed British study shows that 1.8 tonnes 
of household food waste (including weight from water added during the preparation, this 
rises to 3.5 million tonnes) is generated by British households each year. The GWP from 
production, manufacturing and distribution of this non-eaten food has been estimated 
to 4.6 million tonnes of CO2-eq (WRAP, 2009). Similar studies in Sweden show that 
Swedish households generate between 100-116 kg food waste per capita and year (Swedish 
Waste Management Association, 2005; Konsumentföreningen Stockholm, 2009). The 
same studies also show that a large part of the generated household food waste could be 
avoided. However, for the non-avoidable part, user-friendly and resource efficient systems 
for separate collection can be of high relevance in order to utilise the inherent energy and 
nutrients in food waste. 
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1.4.1 The food waste management chain

Of the total annual potential of organic residues from kitchens, gardens and parks in 
the EU (approximately 115 million tonnes in 2009), 30 million tonnes, almost 25%, is 
currently source separated and can be recycled by means of the existing plants for biological 
waste treatment. Member states have several options to assure this reduction, where waste 
minimisation is prioritised in accordance with the EU waste hierarchy. However, the 
revised EU Waste Framework Directive (WFD) also encourages EU member states to 
increase separate collection and biological treatment of bio-waste that cannot be prevented 
(European Parliament, 2008). The systems currently implemented for collection and 
further treatment of food waste in Sweden and Europe are described graphically in Figure 
1 and further described generally in the chapters below.

Figure 1. General representation of systems currently implemented for collection and further treatment 
of food waste in Sweden and Europe.

1.5 Collection of food waste in Europe and in Sweden

Several different systems for separate collection of FW for later biological treatment have 
been implemented in European countries during recent decades. According to the ACR+ 
(2005), highly efficient systems based on source separation of various streams of bio-
waste already exist in Austria, Germany, Luxembourg, Sweden, Belgium, the Netherlands, 
Cataluña (Spain) and certain regions in Italy (ACR+, 2005). Currently used or developed 
systems include separate collection of household food waste in paper bags (with and 
without decentralised drying units prior to collection), plastic bags, with use of kitchen 
grinders and with use of vacuum systems in kitchen sinks. These systems each have their 
inherent advantages and disadvantages in relation to user-friendliness, resource use and 
economic investments.

Currently the most common system for collection of FW in Sweden is source-separation in 
paper bags for later disposal in separate or fractioned waste bins (Swedish Waste Management 
Association, 2012). In March 2012, separate collection of food waste from households was 
provided in 154 of 290 Swedish municipalities. Further three municipalities report to 
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introduce systems for separate collection of household food waste by 2013. The household 
is commonly provided with information (written and in many cases also oral) on which 
types of waste should be sorted as FW. However, previous studies have shown that such 
information often does not result in absolutely clean fractions, and the level of miss-sorting 
can be rather high (paper I). 

1.6 Treatment options for food waste

The possible disposal/treatment alternatives for food waste are several, including 
technologies such as landfill, incineration, aerobic and anaerobic digestion, gasification 
(JRC, 2011) and refining, i.e., animal feed production. Many of these technologies also 
include a variety of different versions and scales. Each alternative is associated with both 
negative and positive environmental impacts, making comparisons of net-effects from an 
environmental perspective interesting. Life-cycle assessment (LCA) has been suggested 
as a tool for determining the best management strategy for this waste type and is also 
recommended by the WFD (European Parliament, 2008). The most common treatment 
alternatives for bio-waste in the EU 27 were in 2008 were: landfilling (42%); composting 
(22%); incineration (20%); physical biological treatment (MBT) (13%); anaerobic 
digestion (2%); and home composting (1%) (Franckx, 2010). 

1.6.1 Incineration

The total amount of municipal solid waste (MSW) treated by incineration in Europe 
increased 32% between 1997 and 2005. In 2009, 49 million tonnes was incinerated. Half 
of this amount was burned in Germany and France alone, while Denmark, Switzerland and 
Sweden had the highest amount of combustion of MSW per capita. Per capita incineration 
of MSW increased vastly in Denmark, Norway, Germany, Austria, Portugal, Italy and 
Sweden during the years 1997-2005, while a decrease was seen in Holland and Belgium 
during the same period (Swedish Waste Management Association, 2009).

1.6.2 Biological treatment

As previously stated, the European WFD encourages EU member states to increase 
separate collection and biological treatment of bio-waste. According to the ACR+, highly 
efficient systems based on source separation of various streams of bio-waste exist already 
in Austria, Germany, Luxembourg, Sweden, Belgium, the Netherlands, Cataluña (Spain) 
and certain regions of Italy (ACR+, 2005). In 2010, it was estimated that 27% of the 
food waste generated in Sweden was separated and treated biologically (Swedish Waste 
Management Association, 2011). The trend has in recent years been stronger interest for 



7

anaerobic digestion (AD) with biogas production, at the expense of interest in composting 
of FW (Swedish Waste Management Association, 2011). 

1.6.3 Composting

About 2000 large commercial composting plants are currently operating in the EU, 800 of 
which only receive and treat green wastes (i.e., park and garden waste). The annual capacity 
of these plants (together with 800 smaller agricultural composting plants) is 22 million 
tonnes/year. Composting in open windrows with mobile equipment is state of the art in 
all European countries. However, due to sanitation requirements (European Parliament, 
2009) and odour problems and in order to decrease treatment costs per tonne, the tendency 
is towards large-scale, in-vessel technology plants. Several European countries have applied 
certification systems for compost, amongst them Austria, Germany, Denmark, Italy, the 
Netherlands, Luxembourg, UK and Belgium. 11 million tonnes of compost was certified 
in these countries in 2009 (Barth, 2010). 

1.6.4 Anaerobic digestion

Biogas from urban and agricultural waste accounted for 10 TWh biogas generated in the 
EU27 in 2005. The expected installed capacity for anaerobic digestion (AD) was about 6 
million tonnes per year by the end of 2010. This treatment capacity was divided into more 
than 200 plants in 17 European countries (de Baere, 2011). Also here, the trend is towards 
larger plants (>40,000 tonnes/year). Dry digestion is the most common technology (63% 
of the plants), while 80% of the produced biogas from European AD-plants is used for 
production of electricity and heat. Several European countries have applied certification 
systems for digestate from AD-plants, amongst them Germany, Sweden, UK and Belgium 
(Flanders). A total of 2.5 million tonnes of digestate was certified in these countries in 
2009 (Barth, 2010).

Recent studies have shown there is large potential to increase the efficiency of conversion of 
the chemical energy in organic waste to energy carriers that can be used to substitute fossil 
derived energy, i.e., electricity, thermal energy or car fuel. A survey of the current status of 
biogas production plants in Germany shows that large amounts of methane is lost in the 
process due to overly short retention times in the reactor. As much as 11.5% of the total 
methane production could refer to the residues from the digester, thus not being collected 
and used for fossil energy substitution. However, according to the study, the average in 
evaluated plants was much lower: 3.5% of methane in one-stage process digesters and 1.5% 
in two-stage processes. The electricity need was commonly around 10% of the total energy 
output according to an assessment of 315 German biogas production plants (Scholwin et 
al., 2010). In the same assessment, plants using WWTP sludge, agricultural waste as well 
as bio-waste from households were included. In a similar investigation, including 218 of 
these plants, it was seen that the utilisation of thermal energy is low (Scholwin et al., 2010). 
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Recent studies have also shown that process-control systems in German biogas plants 
commonly only account for 2 to 3% of the total investment cost (Weitze and Kraft, 2010). 
This can be seen as low. However, the efficiency and payback for increasing investments in 
such systems was not proven in the same study. 

1.6.5 Landfill

Landfill of MSW is still the most common treatment alternative in large parts of the world, 
and also in the EU 27. Only seven European countries (Belgium, Denmark, Holland, 
Switzerland, Sweden, Germany and Austria) landfill less than 20% of generated MSW 
in 2005. Great Britain, Germany, Italy, Spain and France are the European countries 
with the largest amount of biogas recovery from landfills. A total of 35TWh biogas was 
recovered for energy production purposes in Europe in 2005 (Swedish Waste Management 
Association, 2009). Based on the total amount of recovered biogas in 2005 (i.e., including 
both landfill gas and biogas from AD of urban and agricultural waste), 62% was used for 
electricity production, 38% for heat production and only 0.3% for production of car fuel 
(Swedish Waste Management Association, 2009). 
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2 METHOD

The present thesis uses several different methods. The studies on which it is based were 
performed in parallel and the results from one study many times served as input in another. 
The methods employed in each study are summarised in Table 1. These methods are 
described and discussed in the coming chapters.

Table 1 Methods used in the studies forming the basis for the papers in this thesis.

Paper Study subject matter Method
I Household waste characteristics

Household waste disposal behaviour
Waste composition analyses
Waste generation measurements.
Questionnaire

II Comparison of different treatment alterna-
tives for separately collected FW

LCA-methodology

III Evaluation of a system for separate disposal 
and collection of FW

Collection and analysis of full-scale samples
Laboratory studies mimicking a full-scale system 
under different conditions

IV Evaluation of different techniques for physi-
cal pre-treatment of separately collected FW

Collection and analysis of full-scale samples

V Comparison of different systems for separate 
disposal and collection of FW

LCA-methodology

VI Quality of previously performed LCA stud-
ies of FW management

Literature study and application of results to a 
case study

2.1 Investigation of food waste generation and sorting behaviour

Waste flow analyses can, according to Dahlén (2008), be based on either weighbridge data 
from waste treatment facilities or random sampling of waste generated from a specific set of 
waste generators through waste composition analyses. The second type of data are preferred 
for detailed information regarding waste generation and source-separation behaviour in 
relation to a specific group of waste generators. However, problems related to sampling 
errors and obtaining representative samples should be considered. In the present study, 
source-separation behaviour of household food waste in multi-family residential areas 
was assessed using a method for waste composition analyses based on Nordtest (1995) 
and Ohlsson (1998). Three indicators were used to assess household source-separation 
behaviour. All parameters were based on wet weight.
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•	 The specific generation of household food waste [kg/household, week].

•	 The source-separation ratio [mass%], defined as the mass of source-separated food 
waste in relation to the total amount of disposed household food waste. 

•	 Ratio of impurities [mass%], defined as the mass of non-food waste material in 
relation to all waste disposed of as food waste. 

2.1.1 Uncertainties related to waste generation and sorting behaviour

Waste composition analysis performance has been thoroughly discussed by Dahlén 
(2008). In performing waste composition analyses, there is a risk of committing several 
types of sampling errors. Pitard (1993) lists seven different types of such errors; long-
range heterogeneity fluctuation error (the level at which a sample represents a larger area/
population), periodic heterogeneity fluctuation error, fundamental error (the size of the sample 
is too small to account for differences in physical characteristics of the analysed material), 
grouping and segregation error (the sample can be misleading due to uneven distribution of 
variation in the material), increment delimitation error (incorrect division of material into 
sub-samples other than the ones were the mass centre is allocated), increment extraction 
error (material from a sample is lost during sub-sampling and analysis) and preparation 
error (changes occurring during the analysis period affecting the sample) (Pitard, 1993). 
Other possible sources of error are lacking information regarding waste dumping, yard 
composting and a lack of control over who has access to waste disposal in a specific area. 

MSW and household food waste are heterogenic by nature. Composition fluctuations 
will result in variability in lower heating values, methane potential, nutrient content and 
content of organic pollutants and heavy metals, amongst others. In relation to uncertainties 
caused by composition variability, the first three types of errors were seen as most relevant 
and thus these are presented more thoroughly below in relation to the present work and 
the possibilities of providing reliable information both in relation to the chosen indicators 
presented above (chapter 2.1) and in relation to performance of LCA of management 
systems for FW.

- Long-range heterogeneity fluctuation error. Previous studies have suggested that the 
generation of FW and its source-separation can differ greatly between different households 
(Dahlén, 2008). The reasons for these differences are many. Some factors previously 
mentioned as being of relevance here are age, gender, socio-economic background, dwelling 
type etc. (Berglund, 2005; Dietz et al., 1998; Sterner and Bartelings, 1999; Vicente and 
Reis, 2008), personal and social norms and general environmental awareness (Hopper and 
Nielsen, 1991; Widegren, 1998; Sterner and Bartelings, 1999) or the accessibility and 
effort required to participate in recycling (Derksen and Gartrell, 1993; McDonald and 
Ball, 1998; Martin et al., 2006; Timlett and Williams, 2008). As an example, it was seen 
that the fraction of FW in urban areas in Brazilian cities varies widely between different 
areas: 39.6% in high-income areas compared to 64.7% in nearby favelas (shanty towns) 
(Mahler et al., 2002), and that the total generation of FW in six nearby municipalities in 
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North-western Scania, Sweden, varies between 1.4 and 3.0 kg per capita per week (Dahlén 
and Lagerqvist, 2009). Thus, studying generation of FW requires careful selection of areas 
for monitoring in order to ensure a representative sample. 

- Periodic heterogeneity fluctuation error. Seasonal variations can affect both waste 
composition and total waste generation. In order to reduce the risk of committing such 
errors, waste composition analyses can be performed continuously over the year. It has 
also been recommended that each analysed sample should cover at least one full week, 
since the waste generation during weekends is different than on weekdays (Dahlén, 2008). 
Avoiding performing waste composition analyses close to festivities or other seasonal events 
(Christmas, harvest seasons for local fruits and vegetables, etc.) has been suggested as a 
strategy to reduce the influence of these celebrations on normal waste generation (Mahler, 
2002). However, depending on the size of the change in waste generation during these 
festivities, it might be of relevance to take these extraordinary situations into consideration 
in determining the average generation and composition data. 

- Fundamental errors. To reduce the risk of committing fundamental errors, one can either 
increase the sample size or increase the homogeneity of the waste (Pitard, 1993). The strategy 
chosen will depend on the aim of the analysis. For determination of source-separation ratio 
and ratio of miss-sorted material according to the definitions used in the present work, an 
increased samples size is preferred, since the aim is that the waste be conserved so that it 
can be classified into different waste fractions based on visual determination. However, 
determination of the waste composition on a chemical basis is also of interest from a LCA 
perspective, as the content of nutrients, carbon (more and less readily biodegradable) and 
pollutants will have a high impact on both the possible energy and nutrient recovery as well 
as emissions, with a consequent variation of environmental impact factors such as EP, AP, 
GWP and toxicity throughout the treatment chain. A reduction of the risk of committing 
fundamental errors can thus also be achieved through increased homogenisation of the 
waste before analysis. 

2.2 Life-cycle assessments of solid waste management 

The life-cycle assessment (LCA) tool was originally developed for assessment of product 
systems, but has shown to be amenable also to the study of processes, such as waste 
management systems. According to the LCA standard, ISO 14040, developed in 1997, 
LCA consists of four separate phases (ISO, 1997):

•	 Definition of the goal and scope of the study (ISO 14041, 1998).

•	 Inventory analysis of inputs and outputs from all processes that form part of the 
product’s or system’s life-cycle (ISO14041) (ISO, 1998).

•	 Impact assessment, where results from the inventory are used to prepare 
environmental impact and resource consumption profiles for the system (ISO 
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14042) (ISO, 2000a).

•	 Interpretation of the impact profile and resource consumption according to the 
defined goal and scope of the study. This phase includes sensitivity analysis of key 
elements in the assessment (ISO 14043) (ISO, 2000b).

These phases are theoretically separable and follow each other. In practice, LCA is an 
iterative procedure, where information gathered in one phase can make the user realise 
the need for modification of earlier phases (Hauschild, 2006). The LCA-methodology 
relies on a holistic approach to assess the system in question, where the aim is to include 
all relevant environmental impacts. However, only five different types of environmental 
impacts are addressed in this work: global warming potential (GWP), acidification (A), 
nutrient enrichment (NE), photochemical ozone formation (POF) and stratospheric ozone 
depilation potential (ODP). These categories were chosen as they are environmentally 
relevant and internationally accepted, in accordance with ISO 14042 recommendations 
(ISO, 2000a) and are relevant for identification of key issues for waste management systems 
on a global/regional scale (Lindfors et al., 1995).

2.2.1 LCA of solid waste management in general

Modern waste management systems are often characterised both by contribution to and 
avoidance of different types of environmental impacts. Energy and resources are often 
needed initially in the management chain, while avoidance often is reached in later parts. A 
distinction can thereby be made between direct and indirect emissions (and resource use), 
where the latter also can be divided into upstream and downstream emissions (modified 
after Gentil et al., 2009). These activities can be described as follows: 

Direct emissions, directly linked to the waste management, produced by collection/
transportation, treatment and post-treatment of the waste. 

•	 Indirect emissions or avoided emissions (or indirect burdens/avoided burdens with 
the terminology used by Clift et al. (2000)), occurring outside the actual treatment 
system:

- Upstream activities, for example production of materials and energy carriers used in the 
treatment chain or construction of used vehicles and treatment facilities.

- Downstream activities, for example avoided emissions when substituting materials and 
energy carriers with activities in the waste management chain. 

Life-cycle assessments of different types of solid waste management alternatives are 
commonly used as decision support tools and a number of different computer programs 
for assessment have been developed over the years: the IWM-model (White et al., 1995; 
McDougall et al., 2001), ORWARE (Dalemo et al., 1998) and EASEWASTE (Kirkeby 
et al., 2006), to mention some. These models allow advanced management system 
comparisons with higher or lower degree of detail and possibilities to include user defined 
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processes and data. For further description and comparisons between different tools, see 
Del Borghi et al. (2009), Winkler and Billitewski (2007) and Gentil et al. (2010). 

The broad system perspective makes LCA a powerful tool for environmental comparison of 
different options for waste management and the tool has gained wide acceptance as a part 
of waste management planning and policy-making. However, as pointed out by Ekvall et 
al. (2007), it is important for both users of the tool and those who take part of the results 
to know that the environmental information it generates is neither complete nor absolutely 
objective or accurate. A life-cycle assessment always requires a drastic simplification of 
the complex reality (Ekvall et al., 2007). Thus, an LCA is always connected to a large 
number of uncertainties (USEPA, 1995; Björklund, 2000; Ekvall, 2007) and although 
this has long been recognised, there is still a lack of consensus regarding methodologies for 
determination of data quality and investigations of the range and impact of uncertainties 
(Björklund, 2000). USEPA (1995) presents 11 different types of uncertainties, which can 
be further categorised into three different classes, according to Björklund (2000):

•	 Knowledge based uncertainties or true uncertainties

•	 Methodological uncertainties or uncertainties due to choices 

•	 Uncertainties based on system-boundary setting

The different types of uncertainties identified above are discussed more thoroughly in 
relation to LCA of food waste. The importance of these uncertainties in relation to the 
results from a specific study is strongly associated with the identification of key issues. 
Heijungs (1996) points out that the term key issues commonly is used to reflect issues of 
varying type:

•	 Issues representing highly sensitive parameters, in which a small (unintentional) 
deviation has large influence, and which must be accurately known before drawing 
conclusions.

•	 Issues representing highly sensitive parameters, in which a small (intentional) 
change has large influence, and which might be affected by alternative product or 
process design.

•	 Stages or emissions/extractions that contribute heavily to the total environmental 
impacts of a product system.

In all cases, identification of key issues is very important to focus the life-cycle inventory 
(LCI) data collection process on relevant areas. As seen in the definition of key issues above, 
there is a close relation between key issues and uncertainties, which is presented graphically 
in Figure 2. 
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Figure 2 Finding key issues in an uncertainty importance analysis, based on Heijungs (1996).

As seen in Figure 2, a parameter connected to large uncertainty does not have to mean a 
large uncertainty in the overall results, in which case this specific parameter should not 
be seen as a key issue. However, in order to cover also the last criterion in the definition 
above, key issue identification also needs to include hot-spot identification, i.e., activities 
that contribute heavily to the total environmental impacts of the investigated system – 
independently of the uncertainty connected to this parameter. 

The criteria for key issues identification presented by Heijungs (1996) is clearly reflected 
in different types of uncertainties presented above: unintentional changes generating 
true uncertainties, intentional changes generating methodological uncertainties and 
uncertainties related to system-boundary setting due to the inclusion or non-inclusion of 
hot-spots in the studied system. 

2.2.2 LCA of food waste management in particular

The previously mentioned, the revised EU WFD encourages EU member states to use 
LCA methodology to evaluate different options for bio-waste that cannot be prevented 
(EU, 2008). A difference between treatment of bio-waste compared to other materials, 
such as paper or metal, is that the open loop recycling in the bio-waste management chain 
makes involves consideration of quality related losses in the recycling process as well as 
the effects on the demand for goods and services in the background system due to the 
recovery in the foreground system (Clift et al., 2000), which is less relevant. However, 
LCA of bio-waste management is still a complex task. Bio-waste is heterogenic and will be 
subject to biological processes during the treatment chain, which can result in emissions 
of compounds with negative environmental impacts. This is true also for other organic 
materials such as paper and plastics, but in the case of food waste the speed of such 
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processes is often faster can start in the collection/storage phase. Due to this, the effects of 
food waste management can, depending on the chosen treatment technology, depend on 
local circumstances (i.e., climate, soil structure in case of on-land application of produced 
organic fertilisers etc.) and other factors, such as the timeframe used in the LCA, to a greater 
extent than in environmental assessments of treatment of other waste fractions. The system 
model is always a simplification of the real system (Finnveden, 1998). Thus, assumptions, 
simplifications and cut-offs are necessary when performing LCA. Finnveden et al. (2009) 
state that when an LCA includes forestry, agriculture, landfills and emissions to external 
wastewater systems, the system boundaries need to be explicitly defined, as the boundary 
between the technical system and the environment is not always obvious. Such processes 
are often included in LCA of food waste management strategies, leaving the researcher 
with several options on how system boundaries should be set in the specific study. This 
highlights the need for further discussion of different types uncertainties described above 
by Björklund (2000) related to FW management systems:

- Knowledge based uncertainties. Knowledge based uncertainties in relation to waste 
management LCA can be related to future developments such as technological development 
or policy decisions with impact on the studied system or parameters with large variability, 
such as the level of direct N2O emissions from farmland after application of different types 
of fertilisers. Such uncertainties are discussed further below. 

- Methodological uncertainties. Methodological uncertainties are caused by choices made 
by the user of the LCA tool. An example is the choice of whether to apply an attributive 
(or average) or consequential (or marginal) approach in the LCA, which can have large 
impacts on the results of the study (Mathiesen et al., 2009). This will affect how to 
account for energy substituted by waste-to-energy treatment alternatives, using average 
(attributive approach) or marginal (consequential approach) data, as well as in relation to 
material recycling, where the benefits from recycling could be strongly influenced by the 
assumptions related to the energy used in the production of substituted materials. Also, 
after choosing an approach, the LCA user must define the geographic and timeframes for 
the assessment of the average or marginal environmental burdens from energy used in the 
study. Energy system analyses can be performed as a means to reduce such uncertainties, 
but energy analyses are often beyond the scope of a LCA (Mathiesen et al., 2009). Thus, 
in order to avoid this but still decrease the uncertainties of the results of the study, two 
different technologies for production of marginal electricity, such as wind power and coal 
power, can be applied in the same study. This has previously been recommended as a robust 
methodology to estimate the impact of the choices made in relation to the used/substituted 
energy matrix (Mathiesen et al., 2009). 

Previous research has also shown that the choice of allocation standard can have a large effect 
on the environmental impacts associated with production of power and heat respectively 
(Fruergaard et al., 2009). Quality basis allocation can be done using a Carnot factor (η). 
Using a quality-based allocation and assuming η=0.15, a reasonable assumption according 
to Fruergaard et al. (2009), results in allocation of almost 290% more of the environmental 
burden to electricity generation compared to the result if a quantity allocation approach is 
used (Fruergaard et al., 2009). 
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Uncertainties based on system-boundary setting can be seen as a particular type of 
methodological uncertainties. The system-boundary setting establishes the limitations 
for the life cycle inventory (LCI) data collection. Although the LCI should include all 
inputs and outputs over the entire life cycle of a product or system, in practice decisions 
about the scope of the LCI have to be made. Otherwise, the high degree of complexity 
will become unmanageable (Winkler and Billitewski, 2007). Even if these decisions are 
well documented, they are a source of inconsistencies between compared alternatives or 
between different studies. This can be reflected both in relation to the processes included 
in the LCI (for example, should the environmental impacts related to treatment of ashes 
from waste incineration be included in the analysis or not) and in relation to cut-off rules 
and thus which substances are modelled in the LCI. Examples of current differences in 
relation to the latter were presented by Winkler and Billitewski (2007), comparing waste 
management LCAs performed using six different LCA software tools. The tools included 
between 12 to 121 substances emitted to the air and 5 to 153 substances emitted to water 
– although they all have the aim of describing the environmental impacts from these types 
of systems in a holistic manner. 

- Dynamic uncertainties. Temporary and spatial variability can cause dynamic uncertainties, 
which for example can be dependent on political decisions or economic variations. One 
example is the vivid discussion related to tolerance levels for cadmium and other human and 
eco-toxic compounds in organic fertilisers or taxation of chemical fertilisers, which both 
can affect the feasibility of using compost and digestate as substitutes for chemical fertilisers 
on farmland. Dynamic uncertainties can also be related to technological developments 
with impact on the environmental profile of energy, fertilisers or other materials used or 
substituted by the assessed system or to developments in emission reduction technology.

Several documents have previously been presented to guide users of LCA methodology for 
evaluations within the waste management area in these processes (Table 2). 
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Table 2 Examples of existing guidelines related to LCA of MSW management in general and bio-waste 
in particular. 

Document Waste types in 
focus

Included treatment technologies Comment

Bjarnadottir et 
al. (2002)

Bio-waste Incineration, landfills, com-
posting, AD, bio-cells

Includes generic LCI data on  
emissions from landfills, com-
posting, AD and incineration

JRC (2011a) MSW Incineration, landfills, com-
posting, AD, MBT

Pyrolysis and gasification are 
described without details

JRC (2011b) Bio-waste Incineration, landfill, com-
posting, AD, MBT

Gives general recommendations 
on general simplification rules

Sundqvist 
(1999)

MSW, indus-
trial residues 
(coal ashes)

Incineration, landfills, bio-
fills, cell deposits

Gives recommendations on 
sound allocation and system 
boundary setting methodolo-
gies.

la Cour Jansen 
et al. (2007)

Bio-waste MBT, incineration, compost-
ing (windrow, closed reactor, 
home composting), AD, 
landfills

Includes LCI data on landfills, 
composting, AD, incineration, 
MBT

PCR (2008) MSW Incineration, landfills, com-
posting, MBT

Includes LCI data on energy 
content, biogas production and 
collection 

2.2.3 LCA of household food waste – previous research

Several authors have previously examined the environmental effects of different types of 
food waste treatment methods using life-cycle assessment. Comparisons are often made 
between different treatment alternatives or the environmental impact of a specific treatment 
method (often including comparisons between different modifications of the method). The 
LCA-methodology provided by the ISO standards (ISO 14000, 14041, 14044) is aimed 
to increase the transparency and the comparability between different studies. However, 
the current wording on inclusion of inventory data is quite general. Typically, inventory 
data include raw materials and energy consumption, and the emission of solid, liquid and 
gaseous waste. 

Van Ewijk and Krutwagen (2008) analysed the use of LCA for environmental impact 
reporting under the Dutch National Waste Management Plan 2002-2012 and the 
experience with LCA as a decision support tool for policymaking. According to this study, 
it is recommendable to use the LCA method in this field because this is the best instrument 
to picture different treatment techniques of a waste stream as objectively as possible. 
Furthermore, LCA is seen as the most accepted and objective method to picture the 
environmental impact of different treatment techniques through the use of a standardised 
method (Van Ewijk and Krutwagen, 2008). However, life-cycle assessment of organic 
waste management is complex, and including both technical and biological processes and 
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all emissions and uses of resources that are connected to the different alternatives is very 
hard. Thus, the performer of the LCA will include some and exclude others, depending on 
the system boundaries and assumptions made. However, in order to be able to compare 
different LCA studies, common and harmonised calculation rules have to be established to 
ensure that similar procedures are used for data collection and handling (i.e., calculation 
methods). This conclusion has previously been presented in a comparison of several 
different MSW management system LCA-tools (Winkler and Billitewski, 2007). 

Previous studies in this field have reached very diverse conclusions regarding the 
environmentally most beneficial treatment method for food and kitchen waste. Björklund 
et al. (1999) concluded that composting might have higher environmental impacts than 
anaerobic digestion. The same conclusion was reached by Khoo et al. (2010), while 
Blengini et al. (2007) state that composting is more beneficial in relation to global 
warming. Björklund et al. (1999) also state that decentralised home composting results 
in larger impacts than centralised composting, which was also concluded by Andersen et 
al. (2012), while Dalemo et al. (1997) found no fundamental differences between these 
options. While some studies consider landfilling of organic waste as the least attractive 
option from an environmental point of view (Güereca et al., 2006), Lee et al. (2007) 
concluded that landfilling is preferable over incineration both in relation to global warming 
and acidification. Kirkeby et al. (2006), Fruergaard and Astrup (2011) as well as Jönsson 
(2005) state that incineration is preferable over biological treatment alternatives. 

Although these types of differences sometimes are noticed and commented upon by 
authors, a more thorough discussion on the causes of these differences and a discussion 
regarding these causes are often missing. In order to investigate the reasons for these 
differences, a literature review including 25 LCA studies performed within the last ten 
years on the topic of bio-waste management was performed (Paper VI). The review focuses 
on areas that are specifically characteristic of bio-waste management in comparison to 
LCA studies of other waste fractions. The focus of the review is on the first part of the LCA 
study, i.e., the life-cycle inventory (LCI). Setting of system boundaries, methodological 
approaches and key assumptions used in the studies are compared. The reviewed studies were 
identified through the ELIN article database (Electronic Library Information Navigator, 
Lund University scientific article database), using relevant key words (such as bio-waste, 
food waste, organic waste, life-cycle assessment, waste management). A number of criteria 
were used in the selection of the studies. First, all were published in peer-reviewed scientific 
journals. Second, they all include at least one biological treatment alternative for bio-waste. 
Third, as the focus in this paper is related to LCI, the chosen papers had to reach a certain 
level of transparency in the presentation of input data in order to contribute to the aim 
of the review. Previous studies have suggested that the most significant impact categories 
related to waste management are global warming, toxicity and resource use (Eriksson et al., 
2005). Thus, another criterion in the selection of papers was the inclusion of at least one 
of these categories in the LCA and a presentation of results related to this impact category 
not only as weighted results (i.e., using for example EcoIncicator 99 or EPS 2000). Lastly, 
the focus in the present review is the second part of the WFD definition of bio-waste, 
i.e., food and kitchen waste. Thus, management of food and kitchen waste had to be 
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addressed in the reviewed papers. However, the studies assessed in some cases also include 
other organic waste streams, such as garden waste, treated together with food and kitchen 
waste or similar waste from markets. For the purpose of this study, I believe the majority 
of important studies are included. However, some may unintentionally have been left out. 
The following studies were included in the review (Table 3).
Table 3 Studies included in the paper VI, including information of treatment alternatives, geographical 

scope, LCA software tool used and environmental impact categories assessed (AD = anaerobic 
digestion, FW = food waste, MSW = municipal solid waste). 

Compared technolo-
gies

Country Waste Assessed impact cat-
egories

Reference

Composting/AD/
Landfill

Indonesia FW GWP, AP, EP, POF Aye and Widjaya (2005)

Composting/AD/
Incineration

Denmark FW GWP, AP, EP Baky and Eriksson (2003)

Composting/Incinera-
tion /Landfill

Turkey MSW GWP, ADP, HT, AP, EP, 
POF

Banar et al. (2009)

Composting/Landfill Italy MSW GWP, ODP, AP, EP, 
POF, EU

Blengini (2008a)

Composting/AD/
Landfill

Italy MSW GWP, ODP, AP, EP, 
POF, EU

Blengini (2008b)

Composting 1,2 Denmark FW GWP Boldrin et al. (2009)
Landfill/compost Spain MSW GWP, AP, EP, POF, ADP, 

ODP
Bovea and Powell (2006)

AD/Composting/
Incineration

Sweden FW GWP, AP, EP, POF Börjesson and Berglund 
(2004)

Incineration/AD Thailand MSW GWP, AP, EP, POF, EU Chaya and Gheewala (2007)

Incineration/AD/
Landfill

Italy MSW GWP, AP, EP, Dioxins Cherubini et al. (2009)

Composting/Incinera-
tion/Landfill/AD using 
FWD

US FW GWP, AP, EU Diggelman and Ham (2003)

Incineration/AD Denmark FW GWP, AP, EP, POF, ETP, 
HT(w), HT(s), HT(a)

Fruergaard and Astrup 
(2010)

Incineration/AD/
Composting/Landfill

Spain FW GWP, HH, AP, POF, 
ETP, FEU, land use 
HTP, ODP

Güereca et al. (2006)

Incineration/AD4 Japan FW GWP, AP, EP, Land use, 
HT

Hirai et al. (2000)

Incineration/AD/
Composting

Singapore FW GWP, AP, EP, POF, EU Khoo et al. (2010)

Incineration/Compost-
ing/Feed-production

South Korea FW GWP Kim and Kim (2010)

Incineration/AD Denmark MSW GWP, AP, EP, POF, 
HT(w), HT(s), ET(wc), 
ET(wa), ET(s)

Kirkeby et al. (2006)



20

Incineration/AD/
Composting1

Sweden FW GWP, EU, Nutrient 
recovery

Kärrman et al. (2005)

Incineration/Feed pro-
duction/Landfill/
Composting

South Korea FW GWP, AP, EP, HT, ET Lee et al. (2007)

Composting1 Spain FW GWP, AP, EP, POF, ADP, 
ODP, EU

Martinez-Blanco (2010)

AD3 Denmark FW GWP Møller et al. (2009)
Composting/Incinera-
tion

Italy MSW GWP, HT, AP, POF Rigamonti et al. (2009)

Incineration/AD/
Composting/Landfill

UK MSW GWP Smith et al. (2001)

Incineration/AD/
Composting/Urine 
separation

Sweden MSW GWP, AP, EP, POF, Re-
source use, FEU, RFU, 
Phosphorus

Sonesson et al. (2000)

FWD Food waste disposer
AP Acidification potential
EP Eutrophication potential
GWP Global warming poten-
tial
POF Photochemical ozone 
formation
ODP Ozone depilation po-
tential 
FEU Fossil energy use

ETP Ecotoxicity potential
REU Renewable energy use
EU Energy use
ADP Abiotic depletion 
potential
HH Human health
HT Human toxicity potential
HM Heavy metals

HT(w) Human toxicity (water) 
HT(s) Human toxicity (soil)
HT(a) Human toxicity (air)
ET(wc) Ecotoxicity (water chronic)
ET(wa) Ecotoxicity (water acute)
ET(s) Ecotoxicity (soil)

1 Small scale/large scale composting.                                   
2 Substitution of chemical fertilisers/peat.
3 Substitution of vehicle fuel/electricity.
4 Incineration or farmland use of digestate.
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3 FOOD WASTE MANAGEMENT FROM 
AN ENVIRONMENTAL PERSPECTIVE

A graphical representation of the management system of FW was presented in Figure 1. 
The different processes in the treatment chain are all connected to different environmental 
impacts. The net environmental impact is a combination of the negative impacts from 
energy and resource use in the collection, treatment and final disposal phase (direct impacts 
and indirect upstream impacts) and positive impacts from recovery processes down-stream 
in the treatment chain (indirect downstream impacts). 

Figure 3 provides an overview of the GWP emissions related to different treatment 
alternatives for food waste management, based on a literature review of twenty-five 
comparative solid waste management studies performed over the period 2000-2011 (paper 
VI). As seen in Figure 3, the GWP from food waste treatment with the same technology 
varies largely between different studies. This often results in differences in the ranking 
of different treatment alternatives, which can make the use of results from LCA studies 
as decision support tools difficult. As previously stated, one of the aims of this work is 
to understand the reasons behind the differences demonstrated in Figure 3, but also to 
further investigate environmental impacts related to different parts of the treatment chain 
described in Figure 1. Thus, several assessments of the environmental impacts related 
to different parts of the FW management system were performed in the present work. 
Findings from previous studies are compared to the outcomes from the present work with 
the aim of identifying key issues and methodological difficulties and discussing how these 
can be managed with the overall aim to improve environmental assessments of different 
types of FW management systems. However, first, an overview of the generation and 
source-separation of household food waste is presented, based on results from case-studies 
performed in the present work.
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Figure 3 GWP from 1 ton of food waste treated with different technologies according to reviewed studies 
(paper VI).

3.1 Generation and source-separation of food waste

Data from a total of 23 waste-composition analyses performed in two different municipalities 
in southern Sweden over the period 2008-2012 show an average generation of 3.1 kg/
household/week (SD 0.53 kg/household/week). Source-separation ratio and ratio of miss-
sorted material reached 27.4% and 4.3% respectively (SD 9.7% and 4.7% respectively). 
Repeated waste composition analyses were performed in residential areas with multi-
family dwellings in two cities in southern Sweden over a period of 18 and 48 months 
respectively. All households were initially given the same written information containing 
the environmental benefits connected with source-separation and biological treatment of 
food waste and further treatment of food waste after collection. All households were also 
provided with needed material for source-separation free of charge (special paper bags and 
support plastic vessels). As both rental, tenant-owned and student housings were included 
in the study, the differences between the groups could be studied (Figure 4 and Figure 5).
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Figure 4 Source-separation (left) and miss-sorting (right) of food waste in multi-family dwellings in 
southern Sweden, as average and divided into different ownership forms and residents. 

Figure 5 Generation of food waste (source-separated and non-source-separated) and dry recyclables 
(source-separated) in multi-family dwellings in southern Sweden, as average and divided into 
different ownership forms and areas.

The comparison showed large differences both in relation to the total amount of food waste 
generation as well as source-separation and miss-sorting behaviour between different types 
of housing. The total food waste generation varies from 3.3kg/household/week in areas 
with tenant-owned houses to 1.4kg/household/week in student housing areas. However, 
when compared per person (based on estimated data from participating property owner 
and tenant-owner associations), the differences decrease (Figure 5). While the highest levels 
of source-separation were seen amongst tenant-owned households, the miss-sorting ratio 
was lowest in the same group. 
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3.1.1 Considerations in analyses of schemes for separate collection of 
household food waste

Previous investigations have suggested that introduction of schemes for separate household 
food waste collection has resulted in a decrease in the total generation of this type of waste 
(Dahlén, 2008). In a comparison of the total amount of household food waste generated 
in two municipalities with separate collection of this fraction, it was seen that the amount 
of food waste generated in municipalities with separate collection was 21-45% lower 
compared to those without separate collection of food waste. There were no large differences 
in relation to the generation of other waste fractions (i.e., packaging, inert materials etc.) 
between the municipalities. The observation could be interpreted as a sign of increased 
awareness of food waste generation through the introduction of the separate collection 
scheme, and thus a conscious or unconscious reduction of total generation. However, other 
explanations are possible. In the study mentioned above, paper bags were used for food 
waste collection, which can result in a weight reduction of 19-27% (Bernstad et al., 2012; 
Swedish Waste Association, 2010). The weight loss is mostly a result of water evaporation 
(only 2.3% of the losses were related to emissions of CO2 according to the Swedish Waste 
Association, (2010)), so they should not be mistaken for a reduction of the energy content 
in separately collected waste. With a source-separation ratio of 32-59% (which was the case 
in the study presented in Dahlén, 2008) and the weight reduction interval given above, 
weight reduction due to water evaporation from food waste separately collected in paper 
bags can explain a total weight reduction of household food waste generation (source-
separated and non-source-separated) equal to 7-19%, i.e., a considerable part of the 21-
45% overall weight reduction observed by Dahlén (2008). 

It can also be argued that the weight reduction in separately collected food waste should 
be taken into consideration in calculations of the source-separation ratio and ratio of miss-
sorted material in household food waste. In calculations of the source-separation ratio, the 
drier source-separated food waste is compared to the non-source-separated, and thereby 
wetter, food waste in residual waste. In calculations of miss-sorted material, the mass of 
materials not losing weight through evaporation (glass, metal, plastics and paper) are 
compared to food waste where the mass is decreased by evaporation. Applying the ratio for 
weight reductions presented here on the above presented average source-separation ratio in 
multi-family dwellings in southern Sweden results in an increase in source-separation ratio 
of 13-20% and a decrease of the ratio of miss-sorted material of 16-21%.

3.1.2 Household behaviour and influential factors

A large number of previous studies have discussed if and how various factors influence the 
household participation rate in relation to separate collection of solid household waste. 
Many of these studies have focused on finding explanations for differences in recycling 
behaviour between groups of households with demographic differences such as age, 
gender, socioeconomic background, dwelling types (Berglund, 2005; Dietz et al., 1998; 



25

Sterner and Bartelings, 1999; Vicente and Reis, 2008), personal and social norms and 
general environmental awareness (Hopper and Nielsen, 1991; Widegren, 1998; Sterner 
and Bartelings, 1999) or the accessibility and effort required to participate in recycling 
(Derksen and Gartrell, 1993; McDonald and Ball, 1998; Martin et al., 2006; Timlett and 
Williams, 2008). Other studies have focused on investigating the effect of different types 
of intervention approaches on the recycling behaviour of households, such as financial 
incentives, for example mass-based charges (Dahlén, 2008), or education and awareness 
campaigns (Williams and Taylor, 2004; Austin et al., 1993; Spaccarelli et al., 1989). 

A study performed within the present work focuses on the use of information and more 
specifically oral information through door-stepping as an intervention technique to enhance 
quality and quantity of source-separated household food waste (paper I). An underlying 
assumption when using this approach is that once people understand how and why to 
change their behaviour they will do so (de Young, 1993). Information can be either factual, 
focusing on recycling facilities in the vicinity of the household, or of a more persuasive 
nature, focusing on environmental or economic benefits of recycling. Information can 
be delivered in different forms and through different types of communication strategies – 
mass media, in writing or orally (by telephone or face-to-face). Oral information delivered 
by informants in door-knocking campaigns (door-stepping) has according to previous 
studies led to increased material recycling ranges in areas with curbside recycling (Read, 
1999; Timlett and Williams, 2008). 

The effect of oral information through door-stepping campaigns as a strategy to increase 
recycling of solid household food waste was examined using a Swedish residential area of 
multi-family dwellings and high accessibility to waste recycling as a case study. Households 
in the area had extensive possibilities for source-separation of dry recyclables. The recycling 
scheme in the case-study can be defined as curbside recycling with weekly collection of 
recyclables and collection of residual waste two times a week. In 2008, a system where food 
waste was to be source-separated in paper bags for later disposal in separate waste bins in 
recycling buildings was introduced in the residential area. Households at the study site 
were divided into two groups. Group 1 received written and oral information regarding 
source-separation of food waste through a door-knocking campaign, while Group 2 
received only written information. Households in Group 1 received a special vessel for 
food waste separation to be used in the kitchen and a first set of paper bags was given to all 
households as a part of the information campaign. The results based on weekly collection 
of weights from generated residual waste, source-separated dry recyclables and source-
separated food waste showed a statistically significant decrease in the generation of residual 
waste after the introduced scheme for separate collection of food waste. The difference 
was seen both amongst households that had received oral information through the door-
knocking campaign and those that had not. No significant changes were seen in relation 
to generation of source-separated dry recyclables before and after the introduction of the 
scheme. The results also showed an average generation of 0.72 and 0.71 kg/household/
week of separately collected food waste amongst households receiving and not receiving 
oral information through the door-knocking campaign respectively. The difference was 
not statistically significant (2-tailed paired t-test, p > 0.05). The results based on four waste 
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composition analyses over a period of 104 weeks showed that the average source-separation 
ratio of food waste was higher and the ratio of incorrectly sorted material in the food 
waste fraction was lower amongst households where oral information had been provided, 
compared to households receiving only written information. However, the differences were 
not statistically significant due to large variations between the waste composition analyses 
performed over the study period (Table 4). A decrease over time in the source-separation 
ratio of food waste amongst households receiving oral information suggests short-lived 
effects of the door-knocking campaigns. The ratio of impurities in source-separated food 
waste was however lower amongst households that had received oral information about 
this waste fraction throughout the study period. No significant changes were seen in 
relation to the source-separation ratio and ratio of incorrectly sorted material amongst dry 
recyclables, either in the group receiving or not receiving oral information related to food 
waste recycling. 

A large reduction of incorrect sorting in Group 2 was seen after the second waste 
composition analysis. This could be explained by a change in the arrangement of waste 
bins in recycling buildings – resulting in a need for more effort to avoid depositing non-
food waste in bins for food waste and a drastic decrease in incorrect disposal of residual 
waste amongst food waste.  
Table 4. Source-separation ratio and ratio of impurities (%) in food waste (FW) and dry recyclables (DR) 

in groups 1 and 2 based on waste composition analyses, including standard deviation (SD) and 
average (total) and average from analyses performed after the door-knocking campaign.

Analysis Source-separation ratio (%) Ratio of impurities (%)
FW1 FW2     DR1    DR2      FW1 FW2   DR1 DR2

1      -1      -1 55.5 57.7        -1        -1 23.2 23.5
22 26.4 20.1 57.8 57.3 2.6 16.4 21.7 19.1
3 31.0 23.4 56.7 58.7 3.5 5.9 19.2 22.9
4 21.2 23.2 61.6 55.7 1.6 4.5 20.6 19.9
Average (total) 57.9 57.4 21.1 21.4
Average (after)3 26.2 22.2 58.7 57.3 2.5 8.9 20.5 20.6
SD (total) 2.6 1.3 1.7 2.2
SD (after)3 4.9 1.9 2.6 1.5 0.1 6.5 1.3 2.0

1At the time when the first waste composition analysis was performed, the scheme for source-separation of 
food waste was not introduced amongst households.
2 Performed after door-stepping campaign amongst households in group 1.  
3 Based on analyses performed after the door-stepping campaign.

As door-stepping campaigning is a rather costly intervention technique for enhancement 
of source-separation of household waste, it could be questioned whether these investments 
are wise due to the small differences between households receiving and not receiving oral 
information. 

Lack of space for necessary source-separation equipment in kitchens was suggested as the 
most important factor amongst households reporting not participating in the food waste 
recycling scheme. A multitude of strategies, where well-considered and accessible recycling 



27

systems, including convenient recycling inside the home, can be required to ensure 
improved waste recycling; both qualitatively and quantitatively (paper I).

3.2 Comparative evaluation of treatment systems for household 
food waste

Environmental concerns are the strongest motive behind the Swedish environmental 
objective on selective collection and biological treatment of food waste. However, as stated 
above, and based on the example of the contribution to GWP, previous comparative LCAs 
of alternatives for food waste treatment have come to different conclusions regarding the 
preferable alternative, as seen in Figure 1. Therefore, the environmental effects of separate 
collection and biological treatment of household food waste was in this work evaluated from 
a systems perspective, comparing treatment of food waste from a multi-family dwelling 
residential area with incineration, decentralised composting and AD (paper II). In this 
case, anaerobic digestion results in greater avoidance of global warming and formation of 
photochemical ozone than if food waste is composted or incinerated. Both anaerobic and 
aerobic treatments make a larger net contribution to nutrient enrichment and acidification 
compared to incineration, whereas AD results in a better energy balance compared to 
incineration. Substitution of chemical fertilisers with produced digestate accounts for 
between 45 and 60% of the total environmental benefits from an AD alternative, depending 
on the use of the biogas produced (e.g., car fuel or electricity generation). Use of biogas as 
car fuel is preferable over use of biogas for production of electric and thermal energy only 
if the electricity is used as substitution for Swedish average electricity (Figure 6). However, 
outcomes from the study were dependent on a series of assumptions. The effect of these 
assumptions is investigated below throughout the treatment chain. 
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Figure 6 Environmental impacts from treatment of food waste through: A: Incineration, B: Composting, 
C1: Anaerobic digestion with use of biogas for production of car fuel and heat production 
and C2: Anaerobic digestion with use of biogas for generation of electricity and heat, divided 
between different processes.

3.3 Systems for separate collection of household food waste

In paper II, a system is presented where household food waste was disposed of and collected 
in smaller paper bags (5 litres) for later collection in compacting vehicles. This is currently 
the most common system for household food waste collection in Sweden, but new and 
innovative systems are being developed constantly. In paper III, a detailed evaluation is 
made of a system with food waste grinders connected to sedimentation tanks based on 
three full-scale installations in the city of Malmö, Sweden. Kitchen sinks are connected 
to a pipe system separated from the other wastewater system in the building and the 
wastewater stream goes to a settling tank (volume 2.7m3) divided into sections from which 
the supernatant goes to the WWTP and the settled waste together with floating material 
is collected and transported for anaerobic biological treatment (Figure 7). The evaluation 
shows that these tank-connected systems can be a good method for separate collection of 
food waste from both households and restaurants. The sludge collected from the systems 
is rich in fat and has a high theoretical methane potential, while the content of heavy 
metals is low. Analyses of the concentrations of N-tot, P-tot and C-tot in sludge as well as 
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in effluent from sedimentation tanks show that between 34-68% of total content of these 
substances in ground food waste is carried from the tanks to the sewage system. The results 
indicate that hydrolysis takes place in the tank, induced by the presence of older food waste 
sludge. Increased collection frequency could increase the amount of carbon and nutrients 
recovered through the system, but would also raise costs and energy use. 

Several other studies of the technical performance of systems for separate collection of 
food waste have been performed (Nilsson et al., 1990; Bolzonella et al., 2003; Swedish 
Waste Management Association, 2007; Swedish Waste Management Association, 2009a; 
Swedish Waste Management Association, 2009b). However, few examples can be found in 
the scientific literature where the environmental impacts from different collection systems 
were investigated (Lundie and Peters, 2005). In paper V, four different systems for separate 
collection of household food waste are compared in relation to three environmental impact 
categories (eutrophication potential, EP, acidification potential, AP and global warming 
potential, GWP) as well as to primary energy uses (PEU) (Table 5 and Figure 7). The 
compared collection systems all result in net avoidance of the assessed environmental 
impact categories. System A results in losses of organic matter in the physical pre-treatment 
phase and system C in losses of dissolved COD and nutrients from settling tanks. The 
lower recovery rate of nutrients and carbon for biogas production results in a lower net 
avoidance of AP, EP and GWP from scenarios A and C compared to other scenarios, while 
the use of electricity for drying food waste in scenario B makes this the least favourable 
option in relation to avoidance of PEU. 

The net environmental impact connected to the compared scenarios is a combination of the 
negative impacts from energy and resource use in the collection phase (upstream system) 
and positive impacts from recovery processes later in the treatment chain (downstream). 
The ranking of scenarios differs largely when only emissions in the upstream system 
are considered, compared to when emissions and avoided emissions in the downstream 
system are included (Figure 8). The importance of also taking downstream emissions into 
consideration when comparing different collection systems for solid waste is particularly 
important in the case of FW compared to other waste fractions, as the biological material 
will be under constant influence from the surrounding environment during the whole 
disposal, collection and pre-treatment phase, which can have an effect on the potential 
nutrient and energy recovery from disposed waste, and thus on the environmental impacts 
associated with the collection system. 
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Table 5. Compared systems for household food waste collection.

A Separation of food waste in paper bags. Collection with compressing collection vehicle for later pre-
treatment and AD of biomass. Combustion of residues from pre-treatment. 

B Same as A but paper bags are disposed of in decentralised drying facility in the residential area. Dried 
food waste is collected for direct AD without pre-treatment.

C Use of food waste grinders in kitchen sinks. Collection of ground food waste from sedimentation-
tanks for later AD by tank vehicles.

D Use of vacuum collection systems in kitchen sinks. Food waste is transported in a vacuum system to 
central grinder and storage tank. Collection of ground food waste from tanks by tank vehicles for later 
AD.

A 

B

C

D 

Figure 7 Graphical representation of compared systems for food waste collection.
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Figure 8 Environmental impacts resulting from compared scenarios as net impact (left) and only 
associated to upstream systems and direct impacts (right). Note the difference in presentation 
of EP and AP (kg) and GWP (ton). 

3.3.1 Use of material for separate collection of food waste

As seen above (Figure 7), separate collection of FW commonly calls for use of some kind of 
collection material or designated equipment, such as paper bags, plastic bags or food waste 
disposers. Several studies have previously addressed the environmental impacts from use of 
such materials, but conclusions of the importance in relation to the overall environmental 
impacts from systems with separate collection of FW differ greatly. According to Blengini 
et al. (2008), production and delivery of virgin plastic bags (0.76kWh/kg LDPE) result in 
a heavy contribution to photochemical ozone depletion and gross energy use (33 and 55% 
of the total contribution to these categories, respectively, in the performed LCA) using data 
from Bovea and Powell, (2006) and the Buwal 250 database. Bovea and Powell (2006) did 
not find any difference between impacts from collection bags and waste transportation, 
but concluded that these two together result in large contributions to photochemical 
ozone depletion and abiotic depletion. Kirkeby et al. (2006) concluded that excluding 
the extra consumption of plastic bags for separate collection of food waste can turn a net 
contribution to GWP from biological treatment of food waste to net avoidance. The use 
of plastic bags was assumed to be 12.4kg/tonne of food waste by Kirkeby et al. (2006) 
and 9.4kg/tonne by Bovea and Powell (2006), while 5.6kg/tonne was assumed in paper 
II. If bags are removed from the organic waste stream in the pre-treatment process, the 
further treatment of residues could reduce environmental burdens, for example through 
combustion with energy recovery. However, emissions from incineration should also be 
considered. The environmental impact related to collection material in LCAs of household 
food waste management systems is decided by the following factors: 
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- Amount of material needed for collection 

- Datasets representing environmental impacts related to production of the materials 
used 

- Inclusion of environmental burdens and benefits related to end-of-life treatment 

- Influence on conservation of water, nutrients and carbon in separately collected material

- Influence on the quality of goods produced 

- Environmental impact categories included in the assessment

3.4 Transportation of household food waste

Several previous studies have shown that environmental impacts related to transport of 
waste seldom are of great importance to the overall environmental impacts of the system 
(Tyskeng and Finnveden, 2007; Tan and Kooh, 2008). However, such conclusions 
are to a large extent connected to factors such as off-gas cleaning, fuel use and which 
environmental impact categories are considered in the study. Finnveden et al. (2000) 
concluded that emissions of toxic compounds from transportation can have large effects 
on eco-toxicity and POF, although being negligible in relation to GWP and energy use. 
In the study presented in paper II, the impact of transportation was seen to be very low: 
transportation distances could in all cases be doubled without affecting the hierarchy of 
compared treatment alternatives. 

Since separate collection of household food waste can decrease the need for collection 
material and transport of residual waste, it could be argued that the environmental impacts 
from systems for separate food waste collection should be reduced with such benefits. 
Techniques for collection of both food waste and residual waste at the same time with multi-
compartment vehicles is well developed in Sweden and currently used in many Swedish 
municipalities (Swedish Waste Management Association, 2011). It should be remembered 
that according to common LCA practice, activities that are identical in compared 
alternatives can be omitted from the LCI (Tillman at al., 1994). Thus, depending on the 
goal and scope of an LCA study of different options for MSW management, it can be 
questioned whether transportation of source-separated household food waste should even 
burden a system for separate collection of this waste fraction. This should be done only in 
the range to which this system actually contributes to extra transportation need, implying 
that selective collection systems should be credited for any decreased transportation of 
residual waste.
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3.5 Physical pre-treatment of food waste

Separate collection of food waste from households is not always well understood or 
respected, resulting in a certain amount of unwanted materials in the separated fraction. 
Waste composition analyses from a residential area in Sweden where household food waste 
was collected separately in paper bags for later AD show that the miss-sorting can be as 
high as 16% (mass) (Bernstad et al., 2012). Physical pre-treatment of FW prior to AD has 
two major aims: a) to separate biomass from unwanted materials (in the case of household 
waste, miss-sorted items), thereby reducing the risk of mechanical problems in the AD 
plant and improving the quality of the digestate; and b) to improve physical qualities and 
methane yield in substrate entering the AD plant through particle size reduction. Hence, 
even if optimal sorting is achieved, some type of physical pre-treatment is desirable before 
the food waste enters the treatment facility. 

An investigation of the 17 Swedish plants currently receiving separately collected 
household food waste for later AD shows that the currently applied technologies for 
physical pre-treatment of incoming waste vary widely (paper IV) (Table 6).
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The process ranges from simple bag-opening and shredding to more advanced processes in 
multiple steps, including shredding, pulping, metal separation, dispersion, screw pressing, 
disc-screening and sieving in different combinations. The amount of residues generated in 
the pre-treatment processes varies from 2-45% of incoming wet waste, with an average of 
20%, but many of the facilities do not perform any structured follow-up on the amount 
of rejected material in the pre-treatment process. In the summary presented in Table 6, 
the amount of rejected material is presented on a wet weight basis, not adjusted to any 
additional input of liquid media in the process. 

Although there are many gaps in the data, some interesting trends can be identified. 
Facilities with a simpler combination of pre-treatment steps (i.e., not including screw press 
or sieving in combination with shredding, mixing and milling) in general demonstrate 
more problems with slurry quality. However, exceptions can be found (Möller, 2010; 
Fredriksson, 2010). Due to lack of data on the ratio of rejected materials from the facilities, 
no conclusions can be made regarding correlations between this ratio and different types 
of collection materials (paper/plastic/bio plastic bags), separation techniques or energy use 
in the processes. Also, the amount of rejected material will be influenced by the quality of 
input FW, i.e., miss-sorting from the side of the households. 

In the same paper, four Swedish full-scale pre-treatment plants were investigated in detail. 
The facilities consisted of three screw press plants and one dispergator plant (Table 7).
Table 7 Investigated facilities and resulting products presented in paper IV.

Facility Technology Products
A Mill + pulper + screwpress Biomass (B) and refuse for incineration (R1)
B Shredder + screwpress Biomass (B) and refuse for incineration (R1)
C Screwpress + sieve Biomass (B), refuse for incineration (R1) and refuse for 

dry anaerobic digestion (R2).
D Bag opener + drum sieve + pulper 

+ dispergator + sieve
Biomass (B), refuse for incineration before (R1) and after 
(R2) dispergator and sieve.

13-39% of TS in incoming waste and 20-40% of the VS content in these plants was 
diverted to residues. The methane yield from residues produced in the plants was 
determined to be 400-432 Nm3/tonne VS through batch tests, using the method described 
in Hansen et al. (2004), equal to an unrecovered potential methane production of 13-
38% of the total potential in incoming waste. Also, 13-32% of N-tot in incoming food 
waste is found in residues and are thus not recovered. The study found an urgent need to 
increase the efficiency in physical pre-treatment facilities to increase both the methane 
yield and nutrient recovery from separately collected household food waste. Residues 
produced in screwpress technology plants were to a large extent in compliance with the EU 
ABP regulation (i.e., had a particle size <11 mm). However, 9% of the biomass from the 
plant using dispergator technology had a particle size >16 mm on TS-basis. Between 8-20 
%mass of TS in residues had a particle size >16 mm, suggesting that AD of these fractions 
can be difficult to perform in compliance with the ABP regulations.

The physical pre-treatment plants investigated in paper IV commonly require an energy 
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input of 8-80kWh/tonne of waste. However, according to Kirkeby et al. (2006), the energy 
and resource use in the pre-treatment process is of lesser importance to the environmental 
impacts from AD of food waste. Of larger importance is probably the material loss over 
the pre-treatment process. As seen in paper IV, the characteristics of biomass produced (for 
further biological treatment) differ greatly from the characteristics of the residues produced. 
It is therefore misleading to consider mass losses in the pre-treatment process only as a 
percent of the total amount of incoming waste. This aspect will be of importance both for 
the subsequent treatment of the organic fraction and in relation to further treatment of 
residues. Another important aspect of physical pre-treatment is size reduction of the treated 
material. It was seen that the particles generated in the pre-treatment plants investigated in 
the present work generate biomass with some variations in relation to particle size (Table 
8). This will affect the biodegradation rate and potential energy recovery through AD 
(Mshandete et al., 2006) and can therefore be important to consider in relation to LCA 
performance.

The pre-treatment process and environmental impacts from subsequent treatment of 
residues are seldom addressed in previously performed LCA of food waste management 
and commonly not addressed in guidelines for LCA performance of waste management 
systems (Table 8) (paper VI).
Table 8 Discussion of pre-treatment in previous LCA-studies of organic waste management. C = 

Compost, AD = Anaerobic digestion, n.s. = not stated, n.r. = not relevant.

Reference Production of 
residues1

Treatment of 
residues

Energy 
(kWh/ton)

Comment

C AD
Banar et al. (2009) 6% n.r. Landfill n.s.
Baky and Ericsson (2003) 15% 35% Incineration n.s. Energy recovery from 

incineration considered
Fruergaard and Astrup (2010) n.r. n.s. n.s. n.s.
Khoo et al. (2010) n.s. n.r. n.s. 25
Kim and Ki (2010) 6% n.r. Landfill n.s. Environmental impacts 

from treatment of residues 
considered

Kirkeby et al. (2006) n.r. 13% Incineration n.s.
Kärrman et al. (2005) 11% 11% Incineration n.s. Environmental impacts 

from treatment of residues 
considered

Lee et al. (2007) 8% n.r. n.s.
Smith et al. (2001) 10% n.s. Restoration/

Landfill
n.s.

Sonesson et al. (2000) n.s. n.s. Incinerated n.s.
la Cour Jansen et al. (2007) n.s. n.s. Landfill 0-20 Transfer coefficients should 

be applied for ash, water, 
VS, C, N, P, K, plastics 
(separately).

Bjarnadottir et al. (2002) n.s. n.s. n.s. n.s. State that pre-treatment 
should be assessed.

1 As percent of incoming waste.
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3.6 Incineration of food waste

Emissions from incineration of FW can be differentiated as input related emissions and 
process related emissions (Sundqvist et al., 1999). Input related emissions are mainly CO2, 
SOx, HCl, particles and metals (Sundqvist et al., 1999) where the content of C, S, Cl, ash 
and metals in combusted waste will have a strong impact on the atmospheric emissions and 
content in produced ashes and slag. However, the amount of these elements emitted to the 
air in all cases but CO2 also depend on the efficiency of the flue gas treatment technology 
used. Dioxins and NOx can be seen as process related emissions as they are strongly related 
to process-specific conditions such as combustion temperature, but are to some extent also 
related to chlorine and N content in combusted waste (Sundqvist et al., 1999). Thus, in 
order to make sound estimations of environmental impacts related to combustion of FW, 
both the content of the mentioned elements as well as the incineration process conditions 
are relevant. As emissions of N2O from waste incineration are often described as an effect 
of urea-fed SNCR systems for NOx-reduction (Grosso and Rigamonti, 2009), N2O-
emissions can also be seen as depending both on the N-content in combusted waste and 
the processing conditions in the incineration plant. 

Previous LCAs of organic waste management through incineration show that assumptions 
regarding potential energy recovery from incineration of FW can vary significantly, from 
89kWh (Khoo et al., 2010) to 520kWh electricity/tonne (Guëreca et al., 2006), and the 
thermal energy recovery can range from 599-1838kWh/tonne (Smith et al., 2001 and 
Börjesson and Berglund, 2007, respectively). In some cases it was also assumed that 
combustion of FW generates no net energy recovery at all. Also, the assumed internal 
energy use and ash/slag generation vary widely, from 0-533kWh for electricity and 0-20% 
per tonne of incinerated waste (paper VI). In cases where it is assumed that support 
fuel is needed for combustion of FW, environmental impacts related to production and 
combustion of this fuel are in some cases not included in the assessment (Lee et al., 
2007; Smith et al., 2001). Also, resource consumption (mainly lime or soda products 
and ammonia/urea for reduction of SOx, HCl and NOx in flue gas) is rarely addressed in 
reviewed studies (paper VI).

3.7 Anaerobic digestion of food waste

Environmental impacts from AD plants can be divided into energy/resource use (electricity, 
heat, chemicals etc.) and emissions from the process (fugitive emissions to the air and 
leachate). Fugitive emissions of CH4 from anaerobic digestion plants can occur during 
the AD-process. Such emissions vary between different facilities and can, according to 
Eggelston et al. (2006), range between 0-10% of produced biogas, but are likely to be closer 
to 0% in plants where systems for flaring of unintentional emissions have been installed. 
Previous assessments have shown that fugitive emissions of CH4 can vary greatly between 
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different plants (Swedish Waste Management Agency, 2009). Taking the environmental 
impacts related to such emissions into consideration when performing LCA is suggested by 
Bjarnadottir et al. (2002), and the IPCC guidelines assume fugitive emissions of methane 
from biogas production plants of 0.35kg CH4/tonne input waste (DS assumed to be 35%), 
with a range of 0-2.8kg or 0-3.6% of produced methane1 (IPCC, 2006). Previous LCAs 
of organic waste management through AD have suggested that fugitive methane emissions 
can have a large impact on the overall GWP balance of anaerobic treatment of food waste 
(Börjesson and Berglund, 2007, Lantz et al., 2009; Møller et al., 2009). However, in other 
studies (Smith et al., 2001; Aye and Widjaya, 2005), such emissions are not taken into 
consideration at all. Sensitivity analyses where the effects of including fugitive methane 
emissions were investigated suggest that emissions well within the above mentioned 3.6% 
of total biogas production can still have a large impact on the overall GWP emissions from 
AD-treatment of FW (paper II) and hence that it is important to consider this factor in an 
LCA of treatment of this waste fraction. 

3.8 Composting of food waste

Emissions of both carbon and nitrogen containing compounds take place during 
composting of food waste. The form and ratio of these emissions to a large extent depends 
on factors such as moisture content, oxygen supply and C/N ratio during the composting 
process (Kirchmann, 1985). 

Emissions from the composting process are addressed in a widely varying extent in 
existing LCAs of organic waste management through composting. The most commonly 
considered emissions are NH3, CH4 and N2O, but other compounds such as VOC are 
considered in some cases as well. In very few cases are emissions to water considered. In 
studies where NH3 emissions were taken into consideration, it was seen that these often 
have a large impact on both AP and EP. Excluding NH3 emissions from the factors taken 
into consideration in the case study presented in paper II would result in a change of over 
20% in relation to both AP and EP and a change in hierarchy between the compared 
scenarios (paper VI). It is therefore vital to include such emissions in studies where these 
impact categories are considered. In studies where emissions of N2O from composting 
were taken into consideration, the authors usually conclude that such emissions potentially 
can have a large effect on the overall GWP from composting of food waste (Boldrin et al., 
2009; Sonesson et al., 2000). In the case of CH4 emissions, Boldrin et al. (2009) present 
data suggesting that addressing or not addressing such emissions in the LCA has little 
impact on the overall results, while Smith et al. (2001) state that an assumed release of 
1% of biodegradable carbon in compost as CH4 can change a net avoidance of CO2-eq. 
emissions from composting to a net contribution. In paper II, it was seen that the assumed 
CH4 emissions (2.2% of C-tot) had a large impact on the overall GHG emission from 
the composting alternative. Reduction of CH4 emissions to zero (possible with bio-filters 
1  Assuming a methane production of 100 Nm3/ton food waste (Davidsson et al., 2007). 
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according to Dalemo et al., 1997) changes a previous net contribution to a net avoidance 
of GWP (paper VI). 

The IPCC methodology suggests indirect N2O generation equal to 1% of NH3 evaporated 
from biological fertilisers (IPCC, 2006). However, such indirect emissions were not taken 
into consideration in any of the reviewed papers. When the impact of including such 
indirect emissions was tested in relation to the study presented in paper II, the contribution 
to GWP increased almost 42 and 46% in a composting and anaerobic digestion scenario, 
respectively (paper VI).

Previous studies have estimated the impact from use of bio-filters in closed composting 
facilities. The reported removal of NH3 can according to these be as large as 95-98% (Liang 
et al., 2010; Busca and Pistarino. 2003) and 33-100% in the case of CH4 (Dalemo et al., 
1997; Den Boer et al., 2005; Powelson et al., 2006). In the case of N2O, Dalemo et al. 
(1997) reported 90% removal, while other authors have found that biofilters actually can 
increase emissions of N2O (Amlinger et al., 2008; Clemens and Cuhls, 2003). No bio-
filters were applied in the facilities used in the case study area. Thus, no removal of either 
CH4, NH3 or N2O was assumed, as recommended by Boldrin et al. (2009). In order to 
create a 20% change in the overall results, the following removal factors would be needed 
(Table 8). 
Table 9 Needed removal efficiency in bio-filters (%) to create a 20% change in overall results in relation 

to the respective impact category. 

Impact category Needed removal efficiency in bio-filters (%) Emission type
EP 97 NH3

AP 30 NH3

GWP n.a.1 N2O
GWP 20 CH4

1 A 100% removal of N2O does not result in changes larger than 20% in relation to the GWP in the baseline 
case. 

The summary shows that with the emission levels of NH3, CH4 and N2O assumed in the 
original study, the removal of CH4 is more important than removal of N2O. The risk of 
increasing N2O emissions by 50% is compensated if the removal of CH4 reaches 28% or 
more – which according to above references is likely when using bio-filters. In relation to 
the results presented in paper II, it was seen that 98% removal of NH3 – possible according 
to the studies presented above – can change the hierarchy between composting and AD in 
relation to AP. Thus, the use of bio-filters can be seen as a relevant parameter in the LCA. 
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3.9 Landfilling of food waste

An important difference between treatment alternatives for organic waste is the rate at 
which compounds with potential negative environmental impacts reach the surrounding 
environment. Thus, the potential environmental impacts of a landfill have to be assessed 
over a defined time period. There is currently no international consensus on the most 
suitable timeframe for this. SETAC-Europe first suggested an infinite time period, then 
a short time period of 100 years, and finally that if wanted other time periods can be 
investigated (Moberg et al., 2005). A timeframe of 100 years is often used in waste 
management LCAs since infinite emission only can be considered hypothetically. It is 
also often assumed that the environmental impact from emissions will be the same over 
the assessed time period, something that has been questioned by Hellweg et al. (2003). 
Assuming that future emissions of greenhouse gases, for example, are connected to either 
a smaller or a larger environmental burden compared to emissions occurring today can 
have a relevant impact when comparing treatment alternatives where emissions are instant 
compared to non-instant (i.e., landfill/compost vs. incineration). The summary in Table 
9 shows that the chosen timeframe differs in the reviewed studies and that the timeframe 
used is not always presented. Bjarnadottir et al. (2002) justifies their recommendation to 
use a 100-year timeframe when an infinite one is seen as unreasonable because most of 
the methane can be assumed to have been emitted within this time period. However, in 
relation to toxic substances, the emission profile could be much more dispersed. 

The decay of organic matter in landfills depends on several parameters, such as the type 
of organic matter, meteorological circumstances and landfill coverage (IPCC, 2006). The 
review of previously performed LCA studies in this field shows that assumptions related to 
decay of organic matter in landfills often are based on literature values without any further 
discussion of the need to adjust these in relation either to the carbon content in landfilled 
waste or geographical differences. In cases when the decay and emissions of carbon 
containing substances is considered, different approaches are used. Smith et al. (2001) 
relate the potential methane production to the carbon content in landfilled waste and 
assume that only 75% of the carbon in food waste will degrade in the landfill over a period 
of 100 years, while Bjarnadottir et al. (2002) present an approach based on the assumption 
that all biological content in waste is biodegradable but suggest that sensitivity analyses 
should be used to explore the impacts from applying different timeframes and carbon sink 
approaches in relation to the carbon potentially remaining at a specific moment. Assumed 
emissions of CO2 and CH4 from landfilled organic waste differ by a factor of up to three in 
the reviewed studies (Table 9).
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Table 10 Direct emissions from landfilling of waste considered in the reviewed studies as kg/tonne ww 
and as ratio between CO

2
 and CH

4
 emissions (n.s. = not stated).

CO2 CH4 CH4 ratio Others Timeframe Reference
46-141 43-138 23-54% H2S, CO, HCl, 

HC (air) Hg, 
COD (water)5

15 years;
50 years;
100 years;
infintie

Aye and Widjaya (2005); Banar et al. 
(2009); Blengini (2008); Cherubini 
et al. (2009); Lee et al. (2007); Smith 
et al. (2001).

77 50% 30 years PCR (2008)
138 50% 100 years or 

infinite
Bjarnadottir et al. (2002)

50% 100 years/infinite 
(separately)

ILCD (2011a); Sundqvist et al. 
(1999)

1 In one case CO, NO and dioxin from landfill fires were also considered.

3.10 Use of the goods produced

Goods produced in this case refer to the different products resulting from treatment 
processes used for household food waste addressed in this work; electricity, heat, landfill 
gas, biogas, digestate and compost, which all can be used for substitution of other energy 
carriers and fertilizers/soil improvers.

3.10.1 Substituted energy carriers

When household food waste is treated with energy recovery, assumptions have to be made 
regarding the environmental profile of the substituted energy. In paper II it was seen that 
assumptions regarding the substitution level and type of substituted energy carriers and 
the environmental profile of same can be crucial for the overall environmental profile of 
a specific waste management alternative. There is an ongoing debate regarding the choice 
of using a marginal or average energy perspective in performance of life-cycle assessments, 
and different choices can be more beneficial in different situations (Elforsk, 2006). Average 
production is often used in attributive analyses, whereas marginal production can be more 
reasonable to use in consequential analyses (Furegaard et al., 2009). Even after distinguis-
hing and choosing between using an average or marginal energy substitution approach, the 
frames for either of these systems must be defined. Swedish average electricity is a result of 
production from mainly hydro and nuclear power together with combined heat and po-
wer, oil condensing power, gas turbines and wind power (Swedish Energy Agency, 2011). 
However, the electricity consumed in Sweden can come from any of the Nordic countries, 
as the grid systems and trading between the countries are connected through the Nord 
pool. The Nordic grid system is also increasingly being connected to the grids in other 
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northern European countries. Therefore, it is doubtful whether production of energy from 
waste incineration, landfill gas or biogas should be assumed to substitute Swedish average 
electricity production or Nordic or northern European average production. It has been 
shown that country-specific average data on electricity production in European countries 
vary internally up to 160 times, where Norway represented the lowest GWP with 0.007 
kg CO

2
-eq/kWh and Poland the highest with 1.13 kg CO

2
-eq/kWh (Mathiesen et al., 

2009). Hence, the geographical framing of the average can be very important. With a mar-
ginal approach, the origin of the substituted marginal electricity has to be identified. The 
identification and choice of marginal technologies for electricity generation can be of great 
importance, as previous studies have shown that the GWP from country-specific marginal 
technologies on electricity production in Europe can vary up to 400 times (Mathiesen et 
al., 2009). Kimming et al. (2011) differentiates between short- and long-term marginal 
production, where the former includes changes in the use of existing production capacity 
(Weidema et al. 1999) used to meet peak loads, and tends to be equal to the production 
unit with the highest operation costs (Dotzauer, 2010). Long-term marginal effects are 
related to the installed or dismantled production capacity as a response to increased or de-
creased demand. In the shorter perspective, increased production of coal power in existing 
Danish, German or Finnish power plants is a viable marginal power production alternative 
in the Swedish context (Elforsk, 2003). However, other alternatives, such as increased use 
of hydropower during peak load thanks to previous use of surplus wind power for water 
pumping in hydro power plants, results in an emission profile very different than the coal-
fired alternative. Thus, marginal emissions will to a large extent be related to factors such 
as pricing and climate related circumstances. According to previous studies, the GWP 
from marginal electricity can vary greatly from year to year even within a specific country 
(Elforsk, 2003).
In the present work, a national average-approach was used. The effects of this choice were 
evaluated through sensitivity analyses, where average energy production was compared to 
marginal technologies with low and high environmental impacts respectively, a strategy 
suggested by Mathiesen et al. (2009). 

The discussion above is to largely valid also in relation to the origin of electricity used for 
treatment of waste in the management chain as well as for substitution of thermal energy. 
The most recent example of the environmental impacts of national average district heating 
is outdated (Halldorssonar, 2001), based on data from 1999. Many changes have occurred 
since then and the input energy to district heating systems also differs in different regions. 
The impact from waste incineration can therefore vary from one city to another. With 
the objective of determining site-specific environmental impacts, it was assumed that the 
thermal energy substituted by waste incineration is equal to the current energy mix in the 
region (County of Scania, 2008). The used data were not available in the form of primary 
energy carriers and therefore environmental impacts were assessed using a calculation tool 
(Effektiv, 2009). 
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3.10.2 Use of biogas and landfill gas

Biogas and landfill gas produced from food waste can be used for energy recovery through 
combustion and generation of electricity (and heat) or as vehicle fuel. If the latter case, 
the biogas needs to be upgraded, compressed/liquefied and distributed before usage. The 
most common use of biogas in Europe is electricity generation (Barth, 2010). In Germany, 
biogas based electricity reached 14.5TWh in 2010 (German Ministry of Environment, 
2011). In other countries, such as Sweden, use of biogas as fuel in vehicles has gained 
increased interest in recent years. A recent survey of the viability of upgrading sewage 
sludge based biogas has suggested several reasons for this: upgrading allows use of biogas 
further away from the production plant, thus decreasing the risk of decreased energy 
utilisation if the thermal energy from CHP cannot be utilised. Some biogas upgrading 
technologies also allow for recovery of CO2, which can be used as raw material in various 
industrial processes, leading to additional revenues. Utilisation of biogas as car fuel after 
upgrading also decreases environmental stress in highly trafficked areas, such as city centres, 
due to decreased particulate emissions, for example, compared to fossil fuel vehicles 
(Arespacochaga, 2010).  

Lantz et al. (2009) and Perti et al. (2010) show that the choice of upgrade technology 
and subsequent assumptions regarding CH4 emissions during upgrading can have a large 
impact on the overall GWP from the treatment chain. Currently, commercially available 
technologies differ both in relation to consumption of energy and resources (mainly 
chemicals) as well as emissions of CH4 during the process. Due to these differences, it is 
important to clearly state the type of upgrading technology, electricity use and associated 
methane emissions in the study. The studies where electricity use and methane emissions 
related to upgrading were considered show that assumptions vary widely (1.4-3.2 MJ 
electricity/Nm3 incoming biogas and methane losses equal to 0.2-2% of the methane 
content (Lantz et al., 2009; Møller et al., 2009). 

According to the IPCC guidelines, emissions from combustion of recovered biogas are not 
significant in relation to global warming, as the CO2 emissions are of biogenic origin, and 
the CH4 and N2O emissions are low (IPCC, 2006). According to Møller et al. (2009), 
emissions of primarily unburned CH4 can contribute to a large part of the overall direct 
GHG emissions from AD treatment of FW. Sonesson et al. (2000) report that emissions 
from biogas combustion in busses are highly relevant in relation to photochemical ozone 
formation due to the emissions of unburned methane, while Kirkeby et al. (2006) conclude 
that fugitive emissions of CH4 during combustion of biogas is of little importance to 
the total GWP and POP from the investigated system. Thus, although environmental 
impacts related to combustion of biogas commonly are assessed, there is no consensus on 
whether or not this is important to include. However, independently of the choice of the 
LCA practitioner, there must be coherence between the compared alternatives. Several 
examples of internal inconsistencies exist in the literature, such as considering emissions 
from combustion of LFG while emissions were not assessed when biogas was burned with 
energy recovery (Cherubini et al., 2009), or taking emissions from biogas combustion into 
consideration when used for electricity production but not when used as car fuel (Møller 
et al., 2009). 
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3.10.3 Emissions during storage processes

Due to the differences in the need for fertilisers during the agricultural production year, 
digestate and compost is likely to require storage before application. Biological processes 
in organic fertilisers can result in emissions of gases and generation of leachate during such 
storing periods. The following emissions were identified as relevant, based on the reviewed 
papers;

•	 CH4, having a direct climate impact. 

•	 NH3, having an indirect climate impact as the amount of chemical nitrogen 
fertiliser substituted by digestate is decreased, as well as an impact on AP and EP.

•	 N2O, having both a direct and an indirect climate impact. 

Earlier studies have suggested that emissions of CH4 from storage of digestate are closely 
related to storage temperature and filling level in the storage tank (Hansen et al., 2006). 
They have previously been estimated to 3% of the total methane potential in household 
food waste (Hansen et al., 2005). CH4 from storage of dairy cow and swine manure 
has previously been estimated at 3.09-127.8 litres CH4/kg VS during a period of 180 
days, depending on DS ratio and temperature (Massé et al., 2003). This equals losses 
of 0.61-9.77 Nm3 CH4/tonne of substrate, assuming a VS degradation ratio of 77% in 
the digestion process. Although not completely comparable to storage of digestate, the 
latter study shows that emissions of methane from stored organic matter can be relevant. 
Korner and Jensen (2008) as well as Amon et al. (2006) suggest that emissions of NH3 
can occur during storage of digestate. Lantz et al. (2009) assume such emissions to be 
7% of the N-tot content of digestate. Losses of N2O during storage of organic fertilisers 
were estimated at 0.2% of the N content in digestate by de Vries et al. (2005), while 
they are negligible according to the IPCC (IPCC, 2006). Emissions of N2O occur also 
indirectly from the NH3 assumed to volatilise from the storage of digestate. According to 
the IPCC recommendations, indirect N2O generation can be assumed to be 1% of the 
NH3 volatilisation (IPCC, 2006). It should also be remembered that losses of N in the 
treatment chain (including storage) also decrease potential later substitution of chemical 
fertilisers, which would increase the impact from potential emissions. 

In the study presented in paper II, emissions during storage of digestate were not included. 
Including such emissions would have a large impact on the results, decreasing the avoided 
contribution to GWP and EP by 29 and 24%, respectively, and making incineration 
preferable in relation to AD (paper VI). This is supported by Lantz et al. (2009) (addressing 
emissions of CH4 and NH3), who concluded that such losses can have a large impact on 
the overall results from the study but that uncertainties about the actual magnitude of such 
emissions are large. Thus, although very seldom addressed in LCA studies within this field, 
the storage of digestate can be of large relevance to the overall environmental impacts from 
the treatment chain. 

Potential emissions of CH4, N2O and NH3 from storage of food waste before treatment 
are neither discussed nor taken into consideration in the reviewed studies, although these 
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emissions can occur both prior to and after collection of disposed material according to 
SEPA (2003). However, whether or not these are relevant to consider in a comparative 
LCA study depends on whether they differ between the compared treatment alternatives. 

3.10.4 Emissions from farmland application of bio-fertilisers

The substitution of chemical fertilisers with organic ones can affect the soil system with 
respect to nutrient losses to air and water, carbon content and contamination of heavy metals 
and organic pollutants. The magnitude of these effects will depend on factors such as the 
waste composition, soil type, climate and agricultural practice (i.e., application technique 
and timing). Thus, environmental impacts related to application of treated food waste on 
farmland are the result of many complex and interacting processes, strongly depending 
on local conditions (Hansen, 2006). In many previous LCA studies where farmland 
application of organic fertiliser was assumed and emissions from farmland were taken into 
consideration, the authors report that especially in relation to N2O emissions from organic 
fertilisers, current knowledge on the ratio is insufficient but that the assumptions made in 
relation to them can have a large impact on the results (Møller et al., 2009; Boldrin et al., 
2009, Lantz, 2009). This was also stated earlier by Dalemo et al. (1997). IPCC (2006), 
based on Bouwman (2002), presents an interval for N2O of 0.2-2.5% of applied nitrogen. 
la Cour Jansen et al. (2007) present a narrower range 1.3-2.2% of N-tot, based on Bruun 
et al. (2006). As suggested by IPCC (2006), 1.25% of applied N-tot was used both in 
relation to compost and digestate. This level is by far enough to give a large impact in 
relation to GWP and excluding this parameter decreases GWP from AD and compost by 
44 and 32% respectively in the study presented in paper II. 

Leaching and runoff of NO3
− depend on several different factors, such as water volume, 

crop type and soil type. Hence, geographical differences can result in large variations. 
Previous studies have also shown that leakage of NO3

− can vary greatly for different types 
of fertilisers (Johansson and Mårtensson, 2007). Bruun et al. (2006) state that runoff can 
vary between 0-27% of N-tot depending on soil type and fertiliser type (20% of N-tot was 
used in the original study). Since losses of nitrogen as NO3

- from farmland application of 
digestate are far is the dominant source of EP and AP in the study presented in paper II, 
excluding assumed losses would result in a change from a net contribution to net avoidance 
in relation to EP and a reduction of over 70% in relation to AP. In a composting alternative, 
nitrogen is lost also during the composting process, and losses of nitrogen from farmland 
have a relatively lesser importance. Even so, excluding assumed losses of NO3

- from use of 
compost reduces the contribution to EP and AP by 73% and 28%, respectively. Although 
changing the runoff ratio within the ratio given by Bruun et al. (2006) does not change 
the hierarchy between the scenarios compared in this particular study, the large variability 
related to NO3- losses therefore causes uncertainties when evaluating the results of the 
study. 

Volatilisation losses of ammonia from digestate on farmland has previously been assessed 
at 5-10% of total N content (Sommer and Hutchings, 2001), 1.6-11% of N-tot or 15% 
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and 5% of the ammonia content (la Cour Jansen et al., 2007; Bruun et al., 2006; Karlsson 
and Rodhe., 2002), with figures valid for all types of organic fertilisers. The review of 
previous LCA studies shows that emissions of NH3 rarely are taken into account. Only 
one case (Sonesson et al. 2000) was identified. In the study presented in paper I, emissions 
were based on an average of data from Sommer et al. (2007) (7.5% of N-tot). Changing 
emission coefficients within the given ratio results in a +/- 15% change in relation to AP. 

As in the case of emissions of nitrogen containing compounds from storage, indirect 
emissions of N2O from emitted NH3 and NO3

- can also arise from use of fertilisers. 
According to the IPCC (IPCC, 2006), these amount to 0.01 kg N2O/kg emitted of NH3 
and 0.025 kg N2O/kg emitted of NO3

-. The impact of including such emissions in the 
analysis will depend on previously made assumptions regarding NH3 and NO3

- losses. 
Using emission coefficients suggested by the IPCC and the ratios of NH3 and NO3

- 
presented above would have large impacts on the GWP from both composting and AD, 
causing a 42% increase to a 46% decrease in GHG-emissions in relation to composting 
and AD. 

Higher emissions of NH3 and NO3
- (and increased contribution to EP and AP) decrease 

direct emissions of N2O (and increase the contribution to GWP), but this will to some 
extent be counteracted if indirect emissions of N2O from NH3 and NO3

- are also considered.

According to the IPCC guidelines, losses of nitrogen also occur when chemical fertilisers 
are used on farmland (IPCC, 2006). However, the loss rate can be highly variable, and 
depends on the type of synthetic fertiliser applied, the mode of application and climate 
conditions. IPCC suggests an emission factor of 10% of applied N-tot as NH3 and NOx 
together (IPCC, 2006). Earlier studies have shown volatilisation levels of NH3 up to 53% 
of applied N-tot from chemical fertilisers (Whitehead and Nisetrick, 1990), while Rodhe 
et al. (2009) state that 1% is a more realistic assumption. If including emissions from 
chemical fertilisers, emissions at the level of 60% of N-tot as NH3 and 40% in the compost 
and AD alternatives described in paper II, respectively, would cause a 20% change in GWP 
in the original study. 

Nitrogen added to farmland can also be lost through leaching and runoff, primarily as 
NO3

-. The IPCC guidelines use a default value of 30% of N-tot for all types of fertilisers 
(IPCC, 2006), i.e., substantially higher than what was assumed in paper II, based on 
Bruun et al. (2006). Sørenssen och Birkmose (2002) show that the NO3

- leakage from 
farmland differs between different fertilisers. According to their studies, the leakage from 
chemical fertiliser is 92.1% of the leakage from digestate. Similar estimations in relation 
to compost have not been found. Thus, addressing leakage of nitrate also from chemical 
fertilisers would to a large extent in practice compensate for the leakage of NO3

- assumed 
to occur from use of biological fertilisers on farmland. 

According to the IPCC guidelines, direct emissions of N2O are similar for chemical 
and organic fertilisers. Thus, it could be argued that emissions from land application of 
organic fertilisers should be decreased with the avoided emissions of N2O from substituted 
chemical fertilisers, resulting in zero emission of N2O if a 100% substitution ratio of N 
by organic fertilisers is assumed. However, according to the IPCC guidelines other losses 
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of N through volatilisation should be excluded before calculating direct N2O losses. With 
the emission factors of NH3 and NO3

-from chemical fertilisers presented by Rodhe et al. 
(2009) and Bruun et al. (2006) for NH3 and NO3

- respectively, direct N2O emissions equal 
13 and 23 kg CO2-eq/tonne FW for the presented compost and AD scenarios, respectively, 
while the use of the emission factors presented by Whitehead and Nisetrick, (1990) and 
the IPCC guidelines (2006) for NH3 and NO3

- respectively, direct N2O emissions result 
in increased GHG-emissions equal to 3 and 4 kg CO2-eq/tonne of FW for the presented 
compost and AD scenarios, respectively (paper VI). According to the review of several 
LCA studies within this field where substitution of chemical with organic fertilisers was 
addressed, indirect emissions of N2O due to volatilisation and leakage of nitrogen from 
chemical fertilisers are commonly not covered (paper VI). The impact of including such 
emissions will depend largely on the assumed volatilisation and leakage factors – which as 
previously stated are highly variable. With the emission factors presented by Rodhe et al. 
(2009) and Bruun et al. (2006) for NH3 and NO3

- respectively, indirect N2O emissions 
result in increased GHG emissions equal to 42 and 75 kg CO2-eq/tonne of FW for the 
presented compost and AD scenarios, respectively (paper VI). In neither of the cases does 
the extra emission of direct N2O from the compensatory system or indirect N2O from bio-
fertilisers result in any changes in hierarchy between the compared treatment alternatives. 

In a previous comparison of the use on-land module for organic fertilisers in waste 
management LCA tools, it was seen that these modules often are very simplified (Hansen 
et al., 2006). None of the tools take indirect emissions of N2O from bio-fertilisers into 
consideration. Unrealised emissions of NH3, NO3

- and N2O to air and water from substituted 
chemical fertilisers can in some cases be taken into consideration as decreased net emissions 
from organic fertilisers. However, although this possibility exists, it commonly decreases 
the transparency in the study. Indirect emissions of N2O from use of biological fertilisers 
or emissions of NH3, NO3

- and N2O (direct and indirect) from chemical fertilisers are 
commonly not considered in recent LCA studies of FW management (paper VI). Leaving 
emissions related to chemical fertilisers unconsidered results in a risk of overestimating 
negative environmental impacts related to use of organic fertilisers on farmland.

In several LCAs of food waste management, it is assumed that the level of toxic substances 
in bio-fertilisers is high enough to severely contribute to human and eco toxicity (Kirkeby 
et al., 2006; Fruergaard and Astrup, 2011; Hirai et al., 2000) or make organic fertilisers 
unusable to replace chemical fertilisers (Zah et al., 2007). In relation to this, it is interesting 
to note that the results presented in the present work show that the heavy metal content in 
selectively collected household food waste in Sweden is low (paper III).
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3.11 Timeframe setting and accounting of biogenic CO
2 
emissions

As stated in paper VI and previously by Christensen et al. (2009), biogenic CO2 emissions 
from waste management alternatives and strategies are currently addressed in several 
different ways in waste management LCAs. While some LCA models/practitioners do not 
quantify biogenic CO2 emissions, others quantify but do not consider the emission to 
contribute to GWP, while still others both quantify and consider them to contribute to 
GWP. It can be argued that the GWP from biogenic CO2 emissions should be disregarded 
in LCAs, as they are part of a relatively short carbon cycle (Finnveden et al, 2000). However, 
depending of the chosen treatment alternative and timeframe setting, these cycles can 
be interrupted and carbon in landfills, ashes, composts etc. can remain in the biosphere 
for a period surpassing the timeframe and may then be regarded as carbon sinks (carbon 
sequestration). Thus, there must be consistency between timeframe setting, accounting of 
biogenic CO2 emissions and accounting of sequestrated carbon. 

As concluded by Christensen et al. (2009), biogenic CO2 emissions can be seen both as 
neutral or contributing to GWP, as long as there is consistency both throughout a specific 
system and between compared systems. However, in all cases where biogenic emissions 
from treatment of food waste were attributed with a GWP factor of 1, emissions of CO2 
from later use on land of produced bio-fertilisers were seen as neutral in relation to GWP. 
This argues against incineration and landfill alternatives in relation to biological treatment 
alternatives. However, if applied in a consistent way, inclusion or exclusion of biogenic 
CO2 emissions should not affect the ranking of compared alternatives. Based on the results 
from the review of LCAs performed in the present work, the following points can be raised: 

- There is a need for consistency between timeframe setting in different unit processes 
addressing the same emissions. In other words, if a 100-year timeframe is used in the 
estimation of LFG generation, the carbon remaining in the landfill after the end of this 
period should be accounted for to maintain the mass balance. If the carbon remaining 
in the landfill is assigned with a GWP-factor of -1, the same should be done in relation 
to application of biological fertilisers and ashes/biochars from incineration/pyrolysis or 
gasification. 

- If biogenic CO2 emissions are considered neutral in relation to global warming (i.e 
accounted as 0), sequestered carbon must be seen as a net avoidance (i.e accounted as 
-1) and energy substituted through combustion of biogenic carbon in the MSW system 
as neutral (i.e accounted as 0) if the origin of the energy substituted is biogenic and net 
avoidance (i.e accounted as -1) if the origin of the energy substituted is fossil, in order to 
be consistent.

- If biogenic CO2 emissions are considered to contribute to global warming (i.e accounted as 
+1), sequestered carbon must be seen as neutral (i.e accounted as 0) and energy substituted 
through combustion of biogenic carbon in the MSW system as net avoidance (i.e accounted 
as -1), independent of whether the origin of the energy substituted is biogenic or fossil, in 
order to be consistent.
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3.12 Focusing on key factors

In order to give reliable results with limited resources input in the performance of an LCA 
of food waste management, it would be preferable for the researcher to focus on the most 
influential parameters for the outcome of the study, while less influential parameters are 
left unconsidered or addressed with readily available generic data. As seen in the chapters 
above and the review of recently performed LCAs on food waste, there is currently 
little agreement on what parameters are more and less influential in these studies. These 
differences are related both to system boundary setting (i.e., which processes are taken into 
consideration in the study) and non-methodological differences and input data for many 
of the addressed processes.

Winkler and Bilitewski (2007) showed that the LCIs calculated by the models mainly were 
influenced by one or two major processes of the investigated waste management system 
– in most cases direct emissions from the waste treatment process (in this case landfill, 
incineration or MRF) and the allocation of recovered energy and materials (Winkler and 
Bilitewski, 2007). However, since the comparison above was based on a MSW treatment 
study and did not include biological treatment, it is uncertain whether these conclusions 
are valid also in relation to FW management systems. In the following discussion, the areas 
identified of relevance for increased consideration when performing systems analyses of 
FW management are presented.

Unlike many other waste streams, food waste can undergo large changes due to continued 
biological processes in the material itself throughout the management chain. Environmental 
impacts related to such processes will affect the emissions occurring in different parts of 
the management chain and will also result in potential reduction of environmental benefits 
through substitution of materials in the downstream system. The same is true for many 
of the emissions occurring in the actual treatment phase of food waste, as many of the 
emissions are input-specific. Therefore, the carbon matrix, content of nutrients, metals 
and elements such as chlorine, sulphur and organic pollutants are of high relevance and 
should be carefully investigated for the specific waste and presented as a part of the LCA 
of food waste. If the composition of treated waste is unknown or if large variations can 
be assumed, the input values can require sensitivity analyses. This is also the basis for the 
performance of mass-flows of the same elements and substances over the management 
chain. Maintenance of mass-balances throughout the management chain is essential for 
unbiased comparisons between different management alternatives in comparative LCAs of 
food waste management. Even so, a lack of mass-balance is common in recent LCAs in this 
area according to the performed review (paper VI)

Below, a number of identified general key issues as well as key issues related to different 
treatment alternatives are presented.

Taking biogenic emissions of CO2 from treatment of FW into consideration or not would 
not necessarily affect the hierarchy between compared treatment alternatives, as long as 
there is internal consistency as well as consistency between the compared alternatives. 
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•	 If non-emitted carbon is regarded as a carbon sink, coherence of carbon storage 
and timeframe settings is essential to maintain mass-balance in all treatment 
alternatives. 

•	 Only actual net changes related to each treatment alternative should be addressed.

•	 System boundaries must be consistent for all compared scenarios. Mass-flow 
interruption of carbon, nutrients and metals should not cause biased comparisons. 

In relation to landfilling of FW in particular, the following aspects can be mentioned:

•	 The LFG production rate is related to the waste composition, which should be 
reflected. 

•	 Potential carbon storage of non-degraded organic matter should be addressed 
based on the same assumptions for all compared treatment alternatives. 

•	 Consistency must be established in relation to the timeframe used for accounting 
of carbon emissions (LFG production) and carbon storage.

In relation to incineration of FW in particular, the following aspects can be mentioned:

•	 Many emissions are related to the waste composition (CO2 (biogenic), SO2, 
NOx (partly), metals etc.), which should be reflected. Process specific emissions 
(dioxins, NOx (partly) etc.) are related to the treatment technology, which should 
be reflected as well.

•	 When estimating energy recovery from combustion of FW, the potential need 
for support fuel should be assessed. Upstream environmental impacts and direct 
emissions from use of support fuel should be considered. If FW is combusted 
together with potentially recyclable materials (plastics/paper), the environmental 
impacts can be assessed as the effects of not recycling these materials.

•	 The environmental profile of substituted reference energy systems has a large 
impact on the environmental benefits potentially connected with incineration of 
food waste. Thus, sensitivity analyses with varying assumptions of fuel mix both 
for production of electricity and heat should be performed. 

•	 It should be considered that the performance of waste incinerators can be affected 
by combustion of waste with high moisture content and low energy value. Thus, 
the efficiency of electricity recovery from mixed MSW combustion should be 
recalculated in order to address this fact. 

•	 When toxicity from post-treatment of secondary waste streams from other 
treatment alternatives is considered, this should be the case also in relation to 
ashes and air pollution control residues from incineration of food waste, in order 
to maintain a fair comparison between alternatives. 



51

In relation to biological treatment of FW in particular, the following aspects can be 
mentioned:

•	 Direct emissions of CH4, N2O and NH3 can vary greatly from system to system 
and have large impacts on the overall environmental performance of biological 
treatment systems, so they should be subjected to sensitivity analyses. 

•	 Losses of carbon and nutrients in the collection system as well as physical pre-
treatment facilities should be addressed. 

•	 Like the environmental profile related to substituted energy carriers, the 
environmental profile from substituted fertilisers/soil improvement materials 
(peat) should be considered. 

•	 The substitution ratio in relation to chemical fertilisers can vary widely from system 
to system and can have large impacts on the overall environmental performance 
of biological treatment systems, so this should be subjected to sensitivity analyses.

•	 Storage of bio-fertilisers and potential emissions of CH4, N2O and NH3 should 
be addressed.   

•	 Emissions of CH4, NH3, NO3- and N2O (direct and indirect) as well as heavy 
metals from on-land application of both bio-fertilisers and as chemical fertilisers 
or other substituted materials (such as peat) should be addressed.  
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4 DISCUSSION

4.1 Environmentally sound management of household food waste 

Previous studies have predicted the development of food waste management within the 
EU under the current European solid waste management legislation (Franckx, 2010). 
The predictions assume a decrease in use of landfill (mainly as a result of the EU landfill 
directive), a strong increase in large-scale composting and MBT and a smaller increase 
in incineration, AD and home composting (Franckx, 2010). However, the present work 
suggests that environmental benefits from separate collection and AD of food waste is 
superior to incineration and composting in relation to global warming, acidification, 
photochemical ozone formation and ozone depletion, given the conditions in the specific 
case presented here. The work also presents a number of bottlenecks in relation to separate 
collection and further treatment of household food waste through anaerobic digestion, 
which must be considered to increase recovery of energy and nutrients through AD of this 
waste fraction. These include an increase of the source separation ratio, decreased losses 
of biodegradable material and nutrients during collection of the material and decreased 
losses of biodegradable material and nutrients during physical pre-treatment. Also, with 
the use of life-cycle assessments, other hot-spots in the treatment chain with a potentially 
high negative environmental impact can be identified. However, although the LCA 
methodology often is used with the aim of being holistic, this is never the case in practice. 
In the following discussion, some of the limitations with the method are covered.

4.2 Limitations in the use of LCA for environmental evaluation of 
food waste management

LCA methodology has previously been presented as a useful tool in the evaluation of 
environmental impacts related to different solid waste management systems. However, 
this work has also showed that there are several limitations in this method and what can be 
seen as the currently common use of the same. Some of these aspects are discussed below. 
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4.2.1 Integrated and dynamic systems

A transfer of FW from combustion or landfill to biological treatment alternatives will reduce 
the need for capacity in incineration plants and landfills. Thus, in a broader perspective, 
this can increase the capacity for thermal treatment of waste and extend the lifetime of 
landfills, which in both cases can result in environmental benefits. However, it can also 
result in reduced energy recovery from waste treatment facilities. In cases of overcapacity 
in treatment facilities, based on the increasingly international character of the solid waste 
management sector, waste imports can be an alternative. The net environmental impacts 
from these activities will to a large extent depend on the alternative treatment method 
in the home country and use of recovered energy as well as transportation distances and 
means. Setting of system boundaries does not always allow an evaluation of such effects. 
Use of innovative and less conventional collection systems, such as food waste grinders 
where solid waste and wastewater systems are integrated, will also result in a need to expand 
system boundaries to include potential effects in receiving sewage systems, wastewater 
treatment plants and recipients. 

Due to their contribution to corrosive compounds, sulphur, nitrogen and potassium 
rich materials have previously been pointed out as specifically problematic in relation 
to mass incineration of waste (Spiegel, 1999). Also, nitrogen is problematic due to the 
relation between nitrogen content and NOx formation. These elements are all often found 
in relatively high concentrations in FW – especially in relation to energy content in the 
material. In order to make a fair comparison between thermal and biological treatment 
options for this waste fraction, one should also take into consideration changes in emissions 
from incineration plants. 

4.2.2 Time-related issues in relation to LCA of food waste

The ISO standard requires data quality requirements for input data in LCAs to address, 
amongst other aspects, the time-related coverage (ISO, 1997). This is important for 
technology development, which can have a large impact on the environmental profile of 
the processes included in the LCA. As an example, the levels of dioxin in flue gas from 
waste incineration have decreased substantially in Sweden in recent years (SEPA, 2010). 
Thus, the output of an LCA based on old input data can be misleading in relation to 
dioxin emissions. It has been suggested that future improvements should be taken into 
consideration when performing LCAs, and that the fact that technologies tend to get more 
efficient can be particularly relevant for case studies with a long time horizons and studies 
of new and immature technologies (Calcas, 2008). Others argue that abatement measures 
and technology should not be considered in LCA because one of the purposes of LCA is 
to encourage technology development (Steen, 1999). If this development already is taken 
into consideration in the LCA, this aim is not met. However, it can also be argued that 
LCA is used to detect hot spots currently leading to large negative environmental impacts, 
and in relation to which technology development could be focused in order to improve the 
overall environmental profile of a process. 
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4.2.3 Geographical limitations

Another general limitation of the LCA method is that geographical aspects seldom are 
considered and that the method therefore does not reflect site-dependent environmental 
constraints (Hauschild and Potting, 2004). This implies that the LCA results do not 
consider the particular qualities of the area in which emissions are released. However, there 
is a growing body of evidence that the site dependency of environmental impacts needs 
to be incorporated in the normal LCA practice if these studies are to provide meaningful 
results (Wenzel, 1997; Huijbregts et al., 2001; Krewitt et al., 2001; Frischknecht et al., 
2004). Due to various reasons, some sites can be more sensitive to certain emissions 
than others. Based on LCA results, decision-makers may be faced with a choice between 
alternatives with different types of environmental impacts, such as higher contribution to 
either global warming or nutrient enrichment (i.e., negative environmental impacts on a 
global versus a regional/local level). This was the case in the present work (paper II). In 
these cases, it can be of great importance to have information about local conditions and 
the possible effects of different emissions in the particular area in question. Site-dependent 
approaches have been integrated in some recent LCA applications, such as EDIP 2003 
(Hauschild and Potting, 2004). However, the results of such integrations can still leave 
the decision-maker with a difficult choice: Is it more beneficial to allocate an increased 
environmental burden to areas where the environment already has been highly impacted 
by human activities, or should previously untouched areas rather be exploited? Another 
future challenge is addressing the site-specific nature of agricultural systems. These systems 
are often an important part of the LCA of organic waste management if the use of the 
organic fertilisers produced is considered. This encourages increased regionalisation of 
emissions and characterisation factors for EP and AP caused by release of N and P from 
agricultural systems, as previously mentioned by Hayashi (2007).

The reviewed studies often mix input data from databases (often describing an activity 
as a global, continental or national average), case studies (representing an activity under 
well-defined circumstances, not necessary representative for other circumstances) and 
literature values (which can include both previously mentioned types of data and anything 
in between). This might be needed and well motivated, but one should not forget that 
many of the activities related to food waste treatment often are strongly affected by factors 
such as climate, biological activity, precipitation etc., all of which can make the use of data 
obtained through case studies in one area difficult to apply in studies performed in other 
geographical areas. 

4.2.4 Storability of treated waste and produced goods

Different treatment methods can also differ in their capacity to treat varying compositions 
and amounts of waste. As an example, AD requires a constant input of similar material, 
while storage is related to odour problems and decreased potential energy recovery. Also, 
the goods produced can be more or less easily stored and used flexibly (Table 10). The 
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present work, as well as previous studies (Villanueva and Wenzel, 2007; Winkler and 
Bilitewski, 2007) states that substitution of goods through recycling oriented waste 
management is of great importance for the overall environmental impacts from a specific 
waste management scenario, often discussed in a waste-to-energy context. It was also seen 
that the environmental profile of substituted goods is very important. In relation to this, it 
is relevant to discuss the storability and flexibility in the use of the goods produced because 
this can be of great importance in relation to what type of energy can be substituted through 
the scenario. The complexity within this field is high, which previously has been pointed 
out by Mathiesen et al. (2009), and points to the need to integrate waste management 
systems analyses and energy planning analyses. Thus, storability can be a key factor in 
MSW management planning.
Table 11 Effects of storage of food waste and goods produced from different treatment alternatives in 

relation to potential energy and nutrient recovery, the surrounding environment and emissions 
of compounds which can be damaging for the environment on a regional or global scale.

Treatment Effects from stor-
age

Storage 
possibili-
ties

Produced goods Storability of goods

AD Odour. Decreased 
energy  and nutri-
ent recovery. Emis-
sions (CH4, NH3, 
COD, NH4

+)

Drying Electricity To some extent possible through 
”saved hydropower” in the Scandi-
navian context

Heat Difficult
Upgraded gas Through injection in gas grid
Digestate Little need during winter Can result 

in emissions/decreased substitution 
of chemical fertilisers/decreased 
carbon sink Drying possible

Incineration Odour Baling Electricity To some extent possible through 
”saved hydropower” in the Scandi-
navian context

Heat Difficult
Ashes Leachate generation

Compost Odour
Decreased energy  
and nutrient re-
covery.Emissions 
(CH4, NH3, COD, 
NH4

+)

Compost Little need during winter. Can result 
in emissions/decreased substitution 
of chemical fertilisers/ decreased 
carbon sink 

4.3 Non-assessed environmental impacts 

Only six different types of environmental impacts were addressed in the LCAs performed 
within this work: global warming, acidification, nutrient enrichment, photochemical 
ozone formation, stratospheric ozone depletion and primary energy use. Thus, results of 
the assessment are far from holistic. This is however not uncommon. Results from the 



57

present work show that recent LCAs of food waste management commonly address only 
a few impact categories. In a review of 25 studies, 60% of the studies covered five or fewer 
environmental impact categories. Global warming and acidification were addressed in 100 
and 60% respectively, while nutrient enrichment and photochemical ozone formation were 
covered in 52% of the studies. Categories such as toxicity (human and ecological), different 
types of resource uses, land use and water use were addressed to a much lesser extent 
(Figure 9). Issues such as working environment and impacts on the local environment 
(odour, sound pollution etc.) were not considered at all in any of these studies, although 
they can be influential in the choices between different treatment alternatives for food 
waste at the local level. 

Figure 9 Number of impact categories addressed in 25 LCAs of food waste management performed over 
the period 2000-2011.

4.3.1 Resources

Ensuring sustainable use of natural resources is an important part of the European WFD 
and one of the main arguments for introduction of separate collection and biological 
treatment of food waste in EU member countries (European Parliament, 2008). However, 
as seen in Figure 9, the use of non-renewable resources and resource recovery is seldom 
considered in recent LCAs of food waste management. Only in two cases was nutrient 
recovery addressed as a separate environmental impact category. FW from households has 
a phosphorus content of around 4.5g/kg TS according to results from the present study 
(paper IV), while Riber and Christensen (2006) give a value of 4.6g/kg TS. According to 
USGS (2010) and Cordell et al. (2009), currently known phosphorus resources will lead 
to scarcity within or slightly after a century. Other studies claim that scarcity will arise 
only in 300-400 years from now (van Kauwenbergh, 2010), but have been criticised for 
not considering probable increase in use of phosphorus in coming years (White et al., 
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2010). Production of phosphate will however become more expensive long before the end 
of the timeframe given above (von Horn and Sartorius, 2009), resulting both in higher 
prices for food production and increased mining activities in low concentration rocks, 
often resulting in large negative impacts on natural environments. Thus, phosphorus can 
be seen as one of the most relevant resources related to food waste management, both from 
an anthropocentric viewpoint and through the potential benefits related to conservation of 
the natural environment connected to non-use of mineral stocks. Another trend in current 
phosphate mining is increasing contamination with substances like cadmium and uranium 
(von Horn et al., 2009; Packman, 2011). However, nutrient recycling made possible through 
biological treatment methods of food waste is in an LCA context currently credited only as 
energy savings and reduced emissions from production of substituted chemical fertilisers. 
The result is a risk of underestimating the environmental benefits related to recycling of 
phosphorus. Within the UNDP-SETAC LCA-initiative, a task group on Use of Natural 
Resources has been established. The work within the task group emphasises the potential 
to recycle minerals from the significant stock already present in the industrial economy. 
Thus, instead of relating the value in relation to natural resources when phosphorus is 
recycled through on-land use of biological fertiliser to energy input and emissions related 
to extraction of low concentration phosphorus in the natural environment, the value could 
also be based on quantifying the energy required to make dissipated material available to 
the industrial economy again. This view emphasises the fact that phosphorus as a limited 
resource. However, although methods exist for recovery of phosphorus from sludge, 
wastewater and ashes, they are expected to become established processes first in around 20 
years and are often connected to extensive energy and chemical demand. Considering LCI 
data for such extraction processes could be an alternative to improve the today commonly 
lacking consideration of environmental constraints connected to a non-recycling of 
phosphorus in food waste. Thus, the development of quantitative methods for inclusion of 
benefits related to increased nutrient recovery remains a challenge for the future.

4.3.2 Toxicity

The discussion of how to address human toxicity and eco-toxicity as impact categories in 
LCAs has a long history. The work of the UNEP-SETAC LCA initiative and development 
of the USEtox multimedia model (Rosenbaum et al., 2008) has gained increased attention 
and is recommended for midpoint indicators by the EU Commission (JRC, 2010). Some 
of the more relevant toxic compounds to consider in relation to FW management are 
dioxins from incineration and heavy metals from final disposal/use of ashes or biological 
fertilisers. Levels of dioxin emitted from MSW incineration has decreased drastically in 
many countries in recent years (Sørum, 2004), and if secondary waste fractions (i.e., ashes), 
waste water and emission control devices are treated properly, the risk of high emissions of 
dioxins from waste incineration plants is low. 

Unlike dioxins (which are produced in the treatment), metals such as Cd, Ni and Zn 
are input specific and non-degradable. Thus, if they are present in the input waste, they 



59

will be present and emitted at some stage in the management chain. As stated previously, 
several examples exist where levels of metals in food waste are assumed to make produced 
bio-fertilisers unsuitable for farmland application. However, the results of the present 
work show that contamination levels normally are low (paper III). Also, it is important 
to consider only the net contribution of metals on farmland as the difference between 
metals added through bio-fertilisers and metals added through use of mineral fertilisers. 
The concentration of cadmium in mineral phosphorus used in Sweden was 5-6mg/kg P 
on average in 2010, while 137mg/kg P is the highest level proposed by the EU (Parkman, 
2011). The limit value for cadmium in digestate and compost used on farmland is according 
to the Swedish certification systems 1mg Cd/tonne of bio-fertiliser (SPCR 120 and SPCR 
152) (SP, 2010). Assuming average phosphorus content in bio-fertilisers equal to 0.5-
1.0kg/tonne gives an average of 1-2mg Cd/kg P if max levels of cadmium are assumed. It 
should also be mentioned that the contribution caused by land application of bio-solids is 
related to cadmium already existing in the biosphere, while the addition through mineral 
fertiliser application causes a net increase in the biosphere.

4.3.3 Soil degradation

According to Hayashi (2007), one of the most significant problems in the current LCIA 
methodology for evaluation of environmental impacts of agricultural practices (which as 
seen in the present work are closely related to LCAs of FW management) is the failure to 
consider factors such as soil quality, biodiversity, pesticide use, microbial risks and workers’ 
health and safety. However, scientific studies do exist suggesting that use of residues from 
biological treatment of FW in agriculture can be of great importance to several of these 
factors. For example, previous studies have shown that long-term (six years) amendment 
of chemical fertiliser decreases soil enzymatic activities and soil microbial biomass, while 
fertilisers in the form of food waste digestate potentially can increase the long-term soil 
fertility and increase yields due to the increased carbon stock in the soil and increased 
enzymatic activity (Liang et al., 2010). Lantz (2009) raises the issue of packing of farmland 
in relation to use of different types of fertilisers. The yield loss due to land-packing when 
digestate is used as fertiliser can according to him range from 0.7 to 25% in relation to 
when mineral fertiliser is used, and will depend largely on the chosen spreading technique 
(Lantz, 2009). In addition to the difficulty of quantifying such impacts, it can be discussed 
weather this type of soil quality indicator has an intrinsic value or if validation should be 
related to secondary effects, i.e., increased yields. Several of the existing guidelines within 
the field of food waste management suggest that aspects such as improved water retention 
and soil quality as a result of bio-fertilisation use at least should be mentioned qualitatively 
(JRC, 2011a (in relation to compost but not to digestate); Bjarnadottir et al., 2002).
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4.3.4 Other non-numerical impacts

Impacts in the nearby environment (noise, odour etc.) and workplace are difficult to 
address through current LCA methods. Attempts to address these issues have been 
made through monetised environmental burdens in cost-benefit analyses, although such 
evaluation systems also have been criticised due to the limited scientific basis of such 
monetisation (see for example Stirling, 1997). In addition to the lack of completeness in 
addressing different environmental conditions, other non-environmental aspects such as 
time consumption and creation of jobs are commonly left out of the scope of the LCA of 
the waste management systems, but can be vital to cover in the real situation. For example, 
previous studies have shown that plans to build treatment plants for FW in Sweden have in 
some cases been abandoned due to potential negative impacts in the nearby environment, 
leading to local resistance (Kahn, 2004). 

The discussion above is related to a general difficulty in use of LCA, namely the problem 
of addressing environmental impacts that are difficult to translate into numeric values. As 
previously pointed out by Kirkeby et al. (2006), LCA users and interpreters must keep in 
mind that the method is a decision-support tool, affected by subjective assumptions and 
choices, and not an objective decision-making tool. Other concerns such as economic 
resources, ethical issues and social willingness must be considered. In addition to this, the 
present work also shows that several environmental impacts which are translatable into 
numeric values often are not considered in current LCA studies of food waste management.

4.4 Need for cross-sector approaches and stakeholder 
collaboration

The present work highlights how environmental impacts related to different treatment 
alternatives for food waste are related to processes only indirectly linked to the waste 
management chain and outside the control of decision-makers of local waste management 
strategies. This poses a difficulty in the use of LCA as a decision support tool, as 
stakeholders making choices between different waste treatment alternatives in most cases 
probably will not be able to control both direct impacts and to a lesser extent upstream 
and downstream processes identified as vital for the overall environmental impact of 
different treatment alternatives. However, LCA can provide useful information regarding 
the relative importance of these factors, information that can be used in dialogues with 
relevant stakeholders. The tool can also highlight the importance of a holistic approach 
and extended collaboration between all stakeholders involved in the waste management 
chain in order to increase potential environmental benefits and avoid negative side effects 
of increasingly sustainable management of household waste. 
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5 CONCLUSIONS

Anaerobic digestion results in larger avoidance of global warming and formation of 
photochemical ozone as well as better energy balance compared to composting or 
incineration of household food waste. Substitution of chemical fertilisers with digestate 
accounts for between 45 and 60% of the total environmental benefits, depending on the 
use of biogas (e.g., car fuel or electricity production, respectively). Use of biogas as car fuel 
is preferable to its use for production of electric and thermal energy.

Although it should be remembered that these results are based on the conditions in the 
specific case presented here, this conclusion is supported by results from a review of 25 
comparative LCAs of food waste management systems performed over the period 2000-
2011, where anaerobic digestion of food waste was considered the most beneficial treatment 
alternative in relation to global warming in 64% of the studies in which anaerobic digestion 
was considered as a treatment alternative.

The work also presents a number of bottlenecks in relation to separate collection and 
further treatment of household food waste through anaerobic digestion, which must be 
addressed in order to increase recovery of energy and nutrients through anaerobic digestion 
of this waste fraction. These include an increase of the source-separation ratio, decreased 
losses of biodegradable material and nutrients during collection and physical pre-treatment 
of the material.

The source-separation ratio in multi-family dwelling households can be as low as 27% 
and spreading information through door-knocking campaigns and distribution of material 
needed for the separate collection do not necessarily increase the separation ratio significantly. 
The results also suggest there is a need for further development of technical systems for 
separate collection of household food waste. A household’s possibility of an accessible and 
attractive way to handle food waste needs to be addressed where the waste is generated, i.e., 
the interior accessibility must be addressed. This requires a multi-stakeholder approach, 
including not only municipal entities responsible for waste collection and management, 
but also stakeholders such as facility owners and landlords. Careful design of these systems 
is needed to encourage participation by households. 

Collection of food waste in paper/plastic/bio-plastic bags with use of physical pre-treatment 
before anaerobic digestion of produced biomass, currently the most common management 
system for household food waste in Sweden, can result in large losses of organic material 
and thus sub-optimisation of potential environmental benefits. Thus, there is large potential 
for further development of collection systems to increase the overall energy and nutrient 
recovery from this waste throughout the management chain.

When household food waste is collected separately for later anaerobic digestion, negative 
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environmental impacts related to the upstream system are in many cases lower than 
potential downstream savings. This is especially true in systems where the type of energy 
input in the upstream system is related to a lower environmental burden than savings 
in the downstream system. Thus, conservation of easily degradable carbon and nutrients 
through collection, pre-treatment, treatment, storage and farmland application processes 
as well as guarantees of low contamination risk of the material is of great importance to 
the environmental benefits of systems for separate collection of household food waste. As 
a result, an increase in energy and resource input can be justified in the collection phase 
if this results in increased potential for energy and nutrient recovery in the downstream 
system.

With the use of the life-cycle assessment methodology, key issues in the food waste 
treatment chain with a potentially high environmental impact can be identified. The most 
influential factors in relation to GHG emissions from the treatment alternatives compared 
in this work are related to: 

- characteristics of the treated material (food waste)

- losses of carbon and nutrients in the collection phase, including physical pre-treatment 
processes, as well as during storage/final disposal of secondary waste streams (including 
bio-fertilisers) 

- emission control from treatment facilities

- the actual potential for energy recovery through thermal treatment of food waste.

- potential benefits from application of organic fertilisers on farmland 

- dynamic uncertainties in relation to future developments of the power system, but 
also systems for production of thermal energy, production of chemical fertilisers and 
technological developments in relation to treatment alternatives

Many previously performed life-cycle assessments of food waste management systems have 
not addressed several of the processes seen as key issues based on the outcomes of the present 
work. Hence, establishment and use of more detailed guidelines in this field in order to 
increase both the general quality of assessments as well as to increase the possibilities of 
comparing different studies would be welcome. Such guidelines should highlight the need 
for internal consistency in system-boundary setting and use of substance-flow analyses to 
ensure fair comparisons between different alternatives in comparative life-cycle assessment 
studies.
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6 FURTHER RESEARCH 

The present study shows the potential environmental benefits connected to selective 
collection and anaerobic treatment of household food waste. However, the results also 
suggest that such benefits often are not realised due to low efficiency in the first step of the 
waste management chain – the separate disposal of household food waste by households. 
Thus, further research is needed in relation to incentives and improvements for households 
to participate in source-separation schemes, also including interior accessibility and 
convenience for households. 

The present work also shows that the technical design of different collection systems 
and connected physical pre-treatment processes can have a large effect on the potential 
environmental benefits from these systems. However, there is currently little knowledge 
of any potential influence on the household source-separation behaviour and different 
systems for separate collection of this waste fraction. Thus, a combination of research 
related to household behaviour and technical systems is much needed to maximise the 
environmental benefits from the system as a whole.

The results show that the environmental impacts of food waste management systems 
including biological treatment alternatives often are strongly affected by the use of the 
bio-fertilisers produced. Thus there is a need for improved knowledge about net emissions 
related to substitution of chemical fertilisers with bio-solids (including storage) under 
different circumstances, as well as development of quantitative methods for inclusion 
of benefits related to other perspectives for increased nutrient recovery than unrealised 
emissions and energy use connected to production of substituted chemical fertilisers.

Another area for further research is the assessment of environmental benefits from food 
waste minimisation. This is a difficult task, since the level of complexity and uncertainties 
can be expected to be tremendous. However, several studies have previously pointed 
out the large environmental impacts connected to food production and it is likely that 
the environmental benefits from more efficient food logistics and use, resulting in waste 
minimisation, are far more substantial than the gains that ban be achieved even with the 
most efficient waste collection and treatment systems. 
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POPULÄRVETENSKAPLIG 
SAMMANFATTNING

Svenska lägenhetshushåll genererar i snitt 2.8-3.4 kg matavfall per vecka. Allt fler svenska 
kommuner har under senare år valt att införa separat insamling och biologisk behandling 
av matavfall. Den främsta anledningen till detta var det miljömål som syftade till att 35 
% av matavfallet från hushåll, restauranger och storkök enligt riksdagens miljömål skulle 
behandlas biologiskt år 2010. Statistiken visar att målet inte nåddes. I detta arbete studerades 
införande av separat matavfallsinsamling bland flerfamiljshushåll i fem bostadsområden 
i södra Sverige. Resultaten visar att trots att hushållen tilldelats information både om 
miljöfördelarna kopplade till utsortering av matavfall och hur detta ska göras rent praktiskt 
(inklusive det material som krävs för att påbörja utsorteringen) är utsorteringsgraden 
ofta låg; mellan 22-27% och 44-48% i de hyreslägenheter respektive bostadsrätter som 
ingick i försöken. Muntlig information genom dörrknacknings-kampanjer ger enligt 
resultaten inga större ökningar i utsorteringsgraden. En anledning till bristande intresse 
för att delta i matavfallsutsortering är enligt studien platsbrist i köket. Det kan därför vara 
viktigt att tänka igenom hela utsorteringskedjan från hushållens perspektiv och inkludera 
även fastighetsförvaltare, kökstillverkare och inredningsarkitekter för att bereda plats för 
matavfallsutsortering som en naturlig del av köksutrustningen.

Miljöfördelarna med matavfallsutsortering kan vara stora. Detta kan studeras genom 
användning av livscykelmetodik, där all miljöbelastning förknippad med insamling, 
transporter och behandling av avfallet jämförs med de miljöfördelar som kan uppstå när 
de produkter som uppstår vid behandlingen, t.ex. kompost, el, värme, fordonsbränsle och 
biogödsel ersätter andra energibärare eller konventionellt producerad handelsgödsel.

Om matavfallet behandlas anaerobt och den producerade biogasen används som 
fordonsbränsle ger detta en nettominskning av emissioner av både växthusgaser och ämnen 
som leder till försurning och bildande av marknära ozon. Om avfallet däremot behandlas 
genom kompostering är miljöfördelarna betydligt mindre. Miljöfördelarna kopplade till 
biogasproduktion från matavfall är starkt kopplade till vilken typ av energi som ersätts 
genom användning av den biogas som produceras. Om producerad biogas används som 
ersättning för fossila drivmedel är minskningen av växthusgaser mer än tre gånger så 
stor som om biogasen används för produktion av svensk genomsnittsel och värme. Även 
användningen av biogödsel som ersättning för handelsgödsel på åkermark ger miljöfördelar. 
Dessa kan dock motverkas av de emissioner av metan, lustgas, ammonium och nitrat som 
enligt tidigare studier kan uppstå vid spridningen. Tidigare studier visar samtidigt även att 
sådana emissioner kan minimeras genom förändrade jordbruksrutiner. 
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Det är dock inte givet att det system där matavfall sorteras ut av hushållen i mindre 
papperspåsar som sedan slängs i avfallskärl är det mest effektiva sättet att genomföra 
insamlingen på. En stor del av innehållet går idag förlorat i den fysiska förbehandling 
som krävs för att materialet ska kunna behandlas i en våt rötningsprocess. Förlusterna kan 
motsvara 30 % av den potentiella biogasproduktionen och kväveinnehållet i matavfallet 
och innebär att mängden matavfall som verkligen behandlas biologiskt är mindre än vad 
som anges genom den nationella statistiken, som bygger på insamlingsdata. Förlusterna 
varierar dock stort mellan olika typer av tekniker för fysisk förbehandling och mellan olika 
anläggningar. 

För att ytterligare öka de potentiella miljöfördelarna kopplade till matavfallsutsortering 
och biogasproduktion av detta avfall krävs effektivare insamlingssystem som ger en högre 
utsorteringsgrad, effektivare förbehandling, ökad styrning mot använding av biogas som 
fordonsbränsle och ökade insatser för att minimera negativ miljöpåverkan vid användning 
av biogödsel på åkermark. Detta skapar ett behov av ökat samarbete mellan olika aktörer 
inom hela insamlings-, behandlings- och slutanvändarkedjan. 




