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1. Introduction 

1.1 Global trends in waste management 

Resource scarcity is among the most significant global megatrends at the mo-
ment. Human activities have exceeded the Earth’s capacity since the 1980s and 
the current pressure on natural resources means that 1.5 Earths would be re-
quired to meet the demands of humanity (Wackernagel et al., 2002; Wijkman 
& Skånberg, 2015; WWF, 2014). By 2050, the urban population will grow from 
the current by 2.5 billion people (UN, 2014), which increases the pressure on 
natural systems. Consequently, we will need a four to ten times more resource 
efficient economy by 2050 (EC, 2011). 
 
Several initiatives to achieve more sustainable consumption levels exist. For 
example, the European Flagship Initiative “Resource Efficient Europe” ad-
dresses challenges related to natural resources (EC, 2011). Decoupling eco-
nomic growth from the environmental impacts associated with waste genera-
tion is a key objective of the EU’s revised Waste Framework Directive (Di-
rective 2008/98/EC). The directive sets a binding 50 % recycling target for all 
member states by 2020.  Furthermore, in late 2015 the European Commission 
presented a new Circular Economy Package (EC, 2015a) that promotes sus-
tainable economic growth and circular material use. The circular economy 
refers to a system in which waste and energy leakages are minimized by clos-
ing material and energy loops (Seppälä et al, 2016). The Circular Economy 
Package suggests that by 2030, the recycling of municipal solid waste (MSW) 
must be increased to 65% (EC, 2016). At the same time, the purpose of the 
package is to boost global competitiveness, foster sustainable economic growth 
and generate new jobs by means of increased recycling.  
 
According to the Finnish Waste Act (646/2011), MSW refers to waste generat-
ed by households, holiday accommodation, or other housing, as well as the 
same type of waste generated by administrative, service, and business opera-
tions. At the European level, the term “MSW” is often used parallel to the plain 
“municipal waste” (EC 2017; EEA, 2013). In this dissertation, the term MSW is 
applied in order to clarify that municipal sewage sludge is not in the scope of 
the research. Also, the definitions of MSW vary within Europe (EEA, 2016a). 
The Finnish definition follows the definition of Eurostat (2017a) quite closely.  
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MSW management is closely linked to preventing resource scarcity and pro-
moting circular economy. MSW contains many materials for which recycling is 
environmentally beneficial (Björklund & Finnveden, 2005; Hischier et al., 
2005; Myllymaa et al., 2008) and decision-makers pay more and more atten-
tion to sustainable approaches in waste management (Costi et al., 2004). The 
potential impacts caused by wastes on the environment (pollution of air, soil, 
surface and ground water) and poor waste management that causes risks to 
public health are the catalysts for dealing with the problem (Herva & Roca, 
2013). MSW management should move from the linear economy that is based 
on landfill disposal, towards the circular economy based on recovery of the 
value of waste.  
 
MSW management has been in focus in numerous studies. Most of the previ-
ous studies have focused on the optimization of waste management systems 
from an environmental or economic point of view. Planning an efficient MSW 
management system is a very complex task, because it is necessary to simulta-
neously consider conflicting objectives. Economic, technical, and normative 
aspects need to be considered, paying particular attention to environmental 
issues (Costi et al., 2004). For example, Wilson et al. (2001) and Zotos et al. 
(2009) have discussed the enabling and preventing factors related to the plan-
ning of efficient MSW management in the European context. A spectrum of 
managerial methods has been developed to meet sustainability goals (Pires et 
al., 2011). The methods often deployed include cost-benefit analysis, material 
flow analysis (MFA), and risk assessment (Chang et al., 2011). Additionally, 
numerous life-cycle assessments (LCA) have compared different options for 
MSW management in the local circumstances (e.g., Cherubini et al., 2009; 
Cleary, 2009; Liikanen et al., 2017; Reich, 2005).  

 
MSW management is clearly one of the priority issues concerning the protec-
tion of the environment and sustainability of cities. Despite active research in 
the field, most European countries are facing challenges to reach the target of 
a 50% recycling rate for MSW by 2020. By 2014, only five of the EU-27 coun-
tries (Germany, Austria, Belgium, Netherlands, and Sweden) had achieved the 
target (EEA, 2016b). In Finland, insufficient data about MSW generation and 
composition in different areas has been one of the challenges to increasing the 
recycling rate (Häkkinen & Merilehto, 2012; Sahimaa, 2014). Up-to-date data 
on the composition of mixed MSW, i.e., residual waste after source separation 
of hazardous waste and recyclables, is a prerequisite for developing the waste 
management system (Dahlén & Lagerkvist, 2008). Since only the total amount 
of mixed MSW is annually monitored by Statistics Finland, separate composi-
tion studies are needed to determine the composition of this waste flow. In 
general, Finnish composition studies have been conducted with inadequate 
methods and the results are not comparable (Sahimaa, 2014).   
 
In addition to better composition data, Finland also needs additional data on 
MSW generation and recycling rates in different households as well as admin-
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istrative, service, and business operations to support decision-making and the 
selection of suitable policy instruments. No comprehensive research exists on 
MSW streams from these different waste producers. Therefore, the impact of 
different actions on the recycling rate has not been evaluated on a reliable ba-
sis.  
 

1.2 Research questions and structure 

The purpose of this dissertation is to analyze the recycling potential of the mu-
nicipal solid waste generated in Finland in order to provide scientific 
knowledge for the policy-making towards the 50% recycling target. The pur-
pose of the research was approached through the following four research ques-
tions:  

 
1. How can the composition of mixed MSW be studied reliably so that it is 

possible to determine the share of recyclable materials in the Finnish 
mixed MSW? (Papers I & II) 

2. How much do the different MSW fractions from different operations 
hold additional recycling potential? (Papers II & III & IV) 

3. What kind of changes are required in Finnish waste management sys-
tem in order to achieve a 50% recycling rate? (Paper III) 

4. To what extent is the material loss indicator suitable for measuring 
city-level recycling potential for municipal solid waste and other waste 
flows? (Paper IV)  

 
Table 1 presents the role of the each paper in answering the research ques-
tions. 
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Table 1. Contributions of papers I-IV to the different research questions. 

 
Research  
question Paper I Paper II Paper III Paper IV 

     
 

1 
-Literature review of 
MSW composition 
studies in Europe 
 
-Comparison of 
Finnish MSW com-
position studies 
 
-Survey: infor-
mation needs con-
cerning mixed MSW 
 
-MSW study meth-
od development 
 

-Survey: information 
needs concerning 
mixed MSW 
 
-Testing and modifica-
tion of the sorting 
instructions and the 
classification system of 
the method 
 
-Demonstration of 
MSW composition 
study in two different 
areas 

 
- 

 
- 

 
2 

 
- 
 

 -Determining share of 
recyclable fractions in 
Finnish mixed MSW 

-Waste flow model: 
MSW generation in 
different operations 
 
-Waste flow model: 
recycling rates of  
different fractions 
from different opera-
tions 
 

 -Determination of ma-
terial losses from MSW 
in different areas 

 
3 

 
- 

 
- 

-50% recycling scenar-
io: analysis of how 
much different actions 
would potentially 
increase the recycling 
rate 
 
 

 
- 

 
4 

  
- 

 
- 

  
- 

-Calculation of MSW 
material losses related to 
total material losses in 
nine Finnish cities 
 
-Evaluating applicability 
of material loss indicator 
for measuring recycling 
potential at the city-level  
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2. Background 

2.1 Municipal solid waste treatment in Europe 

In Europe, MSW constitutes around 10% of all waste generated (Eurostat, 
2017b). In 2014, the average MSW per person in the EU amounted to 475 kg. 
This is 10% down compared to the peak of 527 kg per person in 2002 (Euro-
stat, 2016). Globally, the amount of MSW is increasing rapidly due to urbani-
zation, whereas in Europe the trend has been on a downward curve since 2007 
(Eurostat, 2016; Hoornweg & Bhada-Tata, 2012). However, there has been no 
uniform trend across different countries. Between 2004 and 2014, MSW gen-
eration increased in 11 and decreased in 16 EU countries (EEA, 2016a). The 
MSW produced in different countries is dependent on economic development, 
consumer habits, and climate conditions, among other things (Hoornweg and 
Bhada-Tata, 2012). In general, the high income levels and high rate of urbani-
zation correlate positively with the amount of waste. The European Environ-
ment Agency (EEA) (2016a) points out that comparability of European MSW 
country data is limited and that there are differences in MSW definitions, re-
ported waste types, and data processing. 
 
In European countries, households normally generate 60-90% of MSW (Blu-
menthal, 2011). The organization of MSW management varies greatly. While 
almost everywhere municipalities have the responsibility for the management 
of household waste, the responsibility for non-household MSW is different 
from system to system (Wilson et al., 2001). 
 
There are major differences also in MSW treatment between the EU27 coun-
tries. In the worst performing countries, nearly all MSW is still landfilled. On 
the other hand, Germany, Austria, Belgium, Netherlands and Sweden recycled 
at least half of their MSW in 2014 (EEA, 2016a). In general, the share of MSW 
recycled in the EU has steadily increased, from 31% in 2004 to 44% in 2014 
(Eurostat, 2016). Finland has been going against the European trend: Recy-
cling rate slightly decreased between 2006 and 2014, being 32.6% in 2014 
(Statistics Finland, 2007, 2015). However, in 2015 the recycling rate leaped 
eight percentage points, mainly due to methodological changes in the calcula-
tion of the recycling rate (most fiber packaging was counted as industrial waste 
before 2015) (Statistics Finland, 2016a).  
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The political interest on MSW is high, because of its complex character and 
distribution among many waste generators. The prevention and environmen-
tally sound management of MSW is challenging, but it has the potential to re-
duce the environmental impact not only during the waste phase but also 
throughout the whole life cycle of the products consumed (EC, 2015b). Waste 
policies and targets set at the EU level include minimum requirements for 
managing certain waste types. The most relevant targets for MSW are the 
Landfill Directive’s (EC, 1999) landfill diversion targets for biodegradable 
MSW, the Packaging and Packaging Waste Directive’s (EC, 1994) recycling 
targets, and the Waste Framework Directive’s (EC, 2008) target on recycling 
and preparing for reuse (EEA, 2016a).  
 
According to EEA (2016a), local operational environment and policy instru-
ments affect the recycling rate in each country. Countries using many policy 
instruments have a higher MSW recycling rate than countries using few or no 
instruments. However, the way in which policy instruments are combined may 
be more relevant than the total number of instruments. All countries with re-
cycling rates above 45 % employ pay-as-you-throw (PAYT) schemes (Hogg et 
al., 2002), i.e., fees based on the weight or volume of the waste, as an econom-
ic incentive for households to recycle their waste. On the other hand, most 
countries with recycling rates below 20% do not such economic policy instru-
ments. This indicates that PAYT schemes are an effective instrument that 
promotes recycling. The role of PAYT systems are discussed in more detail in 
the sections 4.3 and 5 of this dissertation. All the countries that show waste 
disposed of landfills well below the EU-27 average of around 28% have either 
banned landfill disposal of biodegradable or mixed MSW, or have implement-
ed a ban combined with a landfill tax of at least EUR 30/metric ton. Other fac-
tors can also be expected to contribute to high recycling rates, such as the 
standard of living, environmental awareness in the country, waste manage-
ment tariffs and stringent implementation of waste management legislation. 
 

2.2 Operational environment of municipal solid waste manage-
ment in Finland 

In 2015, 2 738 280 metric tons of MSW were generated in Finland, while the 
recycling rate was 40.6% (Statistics Finland, 2016a). Besides this, 47.9% of 
MSW was incinerated and 11.5% disposed of in landfills. During the recent 
years, Finnish MSW generation has followed the development of GDP pretty 
closely (Figure 1). MSW generation is predicted to reach 3 million metric tons 
by 2030 (Salmenperä et al., 2015). 
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Figure 1. MSW treatment and development of GDP in Finland between 2000 and 2015, based 

on the data of Statistics Finland (2017a, 2017b). 

 
The Finnish waste management system is largely based on source separation 
since no mechanical-biological treatment (MBT) plants existed in the country 
before 2016. The landfill ban on organic waste (Ministry of the Environment, 
2013) from 2016 onwards led to vast investments in waste incineration plants. 
Finnish waste incineration capacity for MSW has actually doubled during the 
past few years (FSWA, 2017a). 
 
The purpose of the Finnish Waste Act (646/2011) is to “prevent the hazard and 
harm to human health and the environment posed by waste and waste man-
agement, to reduce the amount and harmfulness of waste, to promote the sus-
tainable use of natural resources, to ensure functioning waste management, 
and to prevent littering”. The Act divides the responsibility for MSW manage-
ment between three different operators: municipalities, companies with pro-
ducer responsibility, and owner of the waste. Kojo et al. (2016) evaluated how 
the responsibility (expressed as the share of MSW in percent of weight) is di-
vided between these actors: 
 

 municipalities 56 % 
 companies having producer responsibility 25% 
 owners of the waste 19% 

 
Municipalities are responsible for the waste management of households, pub-
lic services, social and healthcare services, and educational services. The mu-
nicipal waste management organizations order some of the services, for exam-
ple transport, from private companies. Municipalities have secondary respon-
sibility for waste from business operations, meaning that they must be ready to 
offer waste management services if the holder of the waste asks for it or if the 
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service supply in a certain area is inadequate (Ministry of Environment, 2015). 
In 2017, the division of responsibilities is subject to changes, since the current 
Finnish Government Program limits the responsibility of municipalities only 
to household waste. Thus, MSW from public services, social and healthcare 
services, and educational services will probably move from municipal waste 
management companies to private ones. In addition, the changes in the Public 
Procurement Act will limit the market-based services of municipalities to max-
imum of 10% of their turnover (Ministry of the Environment, 2017).    
 
Outside the responsibilities of municipalities, the owners of the waste are re-
sponsible for organizing waste management. They order the services from pri-
vate companies.  Also, producer responsibility has an important role to play in 
the Finnish MSW management. According to the Finnish Waste Act 
(646/2011), the producer has the responsibility to organize waste management 
for different packaging materials, paper, and waste electrical and electronic 
equipment (WEEE), among other fractions. The system based on the extended 
producer responsibility (EPR) for packaging was established during 2016. At 
the moment, the producers are liable for all collection and recycling costs and 
also for ensuring that the recycling requirements for packaging waste are met 
as set in the Finnish legislation. Producer responsibility for packaging applies 
to firms that pack products in Finland or import packed products for the Finn-
ish market and which have a turnover of EUR 1 million or more (RINKI, 
2017a). The RINKI bring site point network is obligated to have a minimum of 
1 850 points for fiber, metal, and glass packaging waste and 500 points for 
plastic packaging. This is considerably less compared to, for example, Swedish 
waste management system, where EPR is also applied, but some 5800 bring 
sites for packaging materials and paper exist (Avfall Sverige, 2017). 
 
Most of the RINKI bring site points are located near shops with good transport 
connections.  Paper is collected also straight from households in addition to 
bring site points, because producers of paper products shall arrange free-of-
charge transport for discarded paper products, except in the case of single-
family housing areas and sparsely populated areas. Municipalities have com-
plemented the collection of RINKI with their own collection (Ministry of the 
Environment, 2015). In case of complementary collection, municipalities must 
deliver discarded products to producer responsibility associations’ terminals.  
 
Due to different characteristics of different areas, households can have very 
varying standard of service concerning sorting possibilities. In this disserta-
tion, door-to-door collection refers to the waste management system where 
waste bins are provided for inhabitants in close proximity to the property1. 
Most conveniently, biowaste, paper, glass, metal, and paperboard are all col-
lected separately in a door-to-door collection system. Also, some plastic pack-
aging collection trials from households have been established. Inhabitants in 

                                                           
1 In the United Kingdom, door-to-door collection may also refer to the collection of waste sacks from door-
steps whereas the collection system, where waste bins are provided for inhabitants in close proximity to the 
property, is called kerbside collection.  
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sparsely populated areas may have only mixed MSW collection on door-to-
door basis. 
 
The municipalities determine waste management regulations themselves and 
the requirements for separate collection of fractions vary typically from one to 
20 housing units. The collection of recyclables is, in general, easier in Helsinki 
metropolitan area and other parts of southern Finland, which have the largest 
population centers, compared to the much more sparsely populated Northern 
and Eastern Finland. 
 

2.3 Composition studies of mixed municipal solid waste  

Mixed MSW forms approximately 50% of total MSW in Finland (Statistics 
Finland, 2016a). The rest comprises various recyclables collected separately 
(e.g., paper, paperboard, cardboard, biowaste, glass, WEEE, metal), as well as 
various miscellaneous separately collected fractions (e.g., miscellaneous pack-
aging, waste processed to refuse-derived fuel (RDF), street-cleaning residues). 
Information on the composition of mixed MSW is needed in the planning and 
assessing environmental impacts of waste management systems (Edjabou et 
al., 2015; Sharma and McBean, 2007). Additionally, information on the com-
position of mixed MSW can be utilized for more specific purposes: for the 
comparison of different waste collection systems (Dahlén et al., 2007), for the 
determination of various combustion properties (e.g., Horttanainen et al., 
2013; Zhou et al., 2014), for the planning and establishment of waste treat-
ment plants (Gidarakos et al., 2006), and for the LCA of waste management 
systems.  
 
Different study methods can be applied to examining MSW composition. The 
most common way to perform a composition study is manual sorting of waste 
fractions to certain categories. Yu and Maclaren (1995) consider questionnaire 
surveys for dealing with the same problem. Wagland et al. (2012) and Avfall 
Sverige (2009) have also suggested an image-based analysis method to deter-
mine the physical composition of a mixed waste material. A traditional waste 
composition study, by its nature, is based on analyzing samples. Pierre Gy’s 
Theory of Sampling (Pitard, 1993) covers the basic principles of sampling the-
ory and the teachings can also be utilized for mixed MSW composition studies 
(Dahlén and Lagerkvist, 2008). 
 
To ensure uniform geographical coverage for composition studies, stratifica-
tion is often applied. Stratification means dividing the study area into non-
overlapping sub-areas with similar characteristics (Dahlén and Lagerkvist, 
2008; EC, 2004; Edjabou et al., 2015; Sharma and McBean, 2007). A compo-
sition study is a multistage process, which also includes collecting existing lit-
erature data, planning, the actual sorting, as well as applying computational 
and statistical methods (YTV, 2004). Different stakeholders’ information 
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needs concerning MSW should be compiled before conducting a composition 
study. The information needs affect, among other things, the chosen classifica-
tion for waste fractions. 
 
In Europe, MSW composition studies have been reported in numerous coun-
tries: Denmark (Edjabou et al., 2015; Riber et al., 2009), Eastern European 
countries (Denafas et al., 2014), Greece (Gidarakos et al., 2006), Italy (Arena, 
2003), Macedonia (Hristovski et al., 2007), Netherlands (Cornelissen and 
Otte, 1995), Norway (Iversen and Pedersen, 2004), Poland (den Boer et al., 
2010), Spain (Montejo et al., 2011), Sweden (Avfall Sverige, 2011; Dahlén et al., 
2007; Petersen, 2005), Switzerland (SAEFL, 2004) and the United Kingdom 
(Burnley, 2007; Burnley et al., 2007). A variety of methods to conduct the 
studies have been developed based on local expertise and information needs.  
Edjabou et al. (2015) compared MSW composition studies from 13 different 
countries and verified the following: the absence of international standards for 
MSW makes a comparison of the results challenging. The focus of the studies 
varies from the entire MSW stream to household waste only. No widely ac-
cepted European standard of MSW composition studies exists so far (Dahlén 
and Lagerkvist, 2008). EC (2004) has introduced its own method, but it has 
not been widely accepted as a general guideline. Instead, many different meth-
ods are used throughout Europe and they vary greatly, even within one coun-
try. If the results from different studies different studies are to be compared, 
waste flows must be quantified consistently. Therefore, several countries have 
published their own national guidelines for conducting MSW composition 
studies. For example Scotland (Parfitt et al., 2015) and Sweden (Avfall Sverige, 
2013; RVF, 2005) have recommended methods for waste composition studies. 
Additionally, Nordtest (1995) has published a manual for MSW composition 
studies.  
 
In Finland, 19 mixed waste composition studies were reported between 2003 
and 2013, that is, before the publication of the new method presented in this 
dissertation. Tables 2 and 3 present the key characteristics and differences of 
each of these studies. 
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Table 2. Startification and sampling in Finnish mixed MSW composition studies from 2003 to 2013. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Location Reference
Criteria for 
stratification

Only  
household 
waste

Mass of 
sample (kg)

Number of 
samples

Total mass of 
samples (kg)

Joensuu region Mikkonen (2013) Municipality , 
type of area

No 7 5-216 12 1392

Kuopio Koponen et al. (2013) Size of property No 200-290 5 1211

Salo region Rouskis Oy  (2013) Municipality No 162-226 5 904

Seinäjoki region Lakeuden Etappi Oy  (2013) Contract area No approx. 28 58 1630

Helsinki region HSY  (2012) Size of property Y es approx. 100 34 3953

Tampere region Jonsson (2012) Type of area No 7 4-100 6 506

Turku region Kähkönen (2012) Type of area No 29-65 53 2621

Seinäjoki region Lakeuden Etappi Oy  (2011) Contract area No approx. 35 91 3500

South Karelia region Teirasvuo (2011) Type of area, season No 43-87 13 7 90

Tampere region Leino (2011) Type of area No 32-55 8 309

Jyväsky lä Kuitto (2010) Type of area, size of 
property

No approx. 60 9 543

Kajaani and Sotkamo Tampio (2010) Type of area No 246-866 3 1844

Mikkeli region Teirasvuo (2010) Type of area, season No 37 -95 8 654

Helsinki region Y TV (2008) Size of property Y es approx. 100 32 3307

Kuopio Hynynen (2008) Type of area, size of 
property

Y es 143-365 5 1351

Savonlinna Karvonen and 
Voutilainen (2007 )

Type of area No 152-262 3 605

Lahti region PHJ Oy  (2006) Size of property No 56-82 48 3300

Helsinki region Y TV (2004) Size of property , seaso Y es 59-133 108 13050

Turku Roström and 
Uggeldahl (2003)

Type of area, season Y es _a 86 6345

a  Sample size 600 l, mass not mentioned
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Table 3. Classification and statistical analysis in Finnish mixed MSW composition studies from 

2003 to 2013. 

 

 
 
As the tables show, the studies have adopted various stratification criteria and 
sampling procedures. Consequently, the results are difficult to compare. It is 
important to notice that most of these studies are non-scientific. For example, 
the representativeness of the samples is questionable due to their small size 
and low number. In many cases, sampling has been performed straight from 

Location Reference
Number of 
categories Fine fractiona Bulky  itemsb Statistical 

analy sis

Joensuu region Mikkonen (2013) 16 Included in miscellaneous 
category

Documented but 
not included

No

Kuopio Koponen et al. (2013) 19 Included in miscellaneous 
category

Own category No

Salo region Rouskis Oy  (2013) 18 Own category Documented but 
not included

No

Seinäjoki region Lakeuden Etappi Oy  
(2013)

16 - - No

Helsinki region HSY  (2012) 31 Siev ing (20 mm), div ided into 
different categories

Calculated value Y es

Tampere region Jonsson (2012) 23 Div ided into biowaste and 
miscellaneous category  

- No

Turku region Kähkönen (2012) 19 - Documented but 
not included

No

Seinäjoki region Lakeuden Etappi Oy  
(2011)

16 - - No

South Karelia region Teirasvuo (2011) 13 Included in miscellaneous 
category

Documented but
not included

No

Tampere region Leino (2011) 33 - Documented but 
not included

No

Jy väsky lä Kuitto (2010) 12 - Own category No

Kajaani and Sotkamo Tampio (2010) 10
Partly  own fraction, 
partly  included in 
miscellaneous category

- No

Mikkeli region Teirasvuo (2010) 18
Partly  own fraction, 
partly  included in 
miscellaneous category

Documented but 
not included

No

Kuopio Hy ny nen (2008) 17 Included in miscellaneous 
category

Own category No

Helsinki region Y TV (2008) 31 Siev ing (20 mm), div ided into 
different categories

Calculated value Y es

Savonlinna Karvonen &
Voutilainen (2007 )

17 Included in miscellaneous 
category

Own category No

Lahti region PHJ Oy  (2006) 17 Included in miscellaneous 
category

Own category No

Helsinki region Y TV (2004) 31 Siev ing (20mm), div ided into 
different categories

Calculated value Y es

Turku Roström & Uggeldahl 
(2003)

26 Siev ing (20mm), 
own category

Documented but 
not included

Y es

a The fine fraction means the small particles that remain on the sorting table or under the sieve after sorting the MSW 
fractions to different categories. The fine fraction may  cause significant inconsistencies in the comparisons of waste 
composition studies if handled in vary ing way s.
b Bulky  items refer to large objects such as furniture, car tires and microwave ovens that in some cases end up in mixed 
MSW. Bulky  items tend to be heavy  and thus have a significant effect on results if not handled correctly .

c Bulky  items not documented in the sorting conducted in spring and autumn.  



Background 

21 

waste collection trucks, which means that the origin of waste is not well known 
and the heterogeneity of waste can be considerable.  In addition, the studies’ 
quality of statistical analysis is generally low. Fifteen out of the nineteen stud-
ies did not include any kind of statistical analysis. In general, classifications 
have been most consistent in the case of paper, glass, metal, WEEE, and haz-
ardous waste. On the contrary, greater differences can be found in the classifi-
cations of biowaste, paperboard, cardboard, plastic and wood.  
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3. Materials and methods 

 

3.1 Development and testing of a method for mixed municipal 
solid waste composition studies  

Method development for MSW composition studies (Papers I & II) consisted 
of a large information gathering, stakeholder involvement process, and litera-
ture study. MSW management is undergoing a constant change in Finland and 
this is why different stakeholders’ information needs concerning MSW had to 
be carefully examined. The best practices from Finnish research reports as well 
as from different European study methods were compiled in order to establish 
a practical and statistically reliable method. The organizations involved in the 
process represent all the significant stakeholders in the Finnish waste sector: 
producer responsibility associations, waste management companies, the Min-
istry of the Environment, research institutes, service providers, consultants, 
and waste incineration plants. Two surveys, interviews and a workshop were 
carried out during the research. Consequently, the new classification system 
should thoroughly meet the information needs of different Finnish stakehold-
ers.   
 
In the test phase, two studies on mixed MSW composition were conducted in 
the late winter of 2015. The suggested new method was thus applied and fur-
ther developed in two case areas, Riihimäki and Turku, which represent two 
different kinds of living environments in Finland. Riihimäki is a rather small 
city in Southern Finland with approximately 30 000 inhabitants (Statistics 
Finland, 2017c). Turku, in contrast, is a considerably larger city in Southwest 
Finland. The population of Turku is approximately 180 000 inhabitants (Sta-
tistics Finland, 2017d). The primary objective of the studies was to investigate 
how the method and particularly its classification system work in practice. The 
new method was finalized and published and it was rapidly adopted by several 
waste management organizations. The study results from these early adopters 
were systemically compiled by the Finnish Solid Waste Association (FSWA). 

 
Due to time and cost constraints and focusing on testing the classification, 
precise stratification could not be carried out in the case areas. Sampling was 
performed from waste collection trucks, which had collected waste from their 
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normal collection routes. Thus, the division of the results between different 
kinds of properties or other stratification criteria could not be carried out. 
 

3.2 Development and application of a national waste flow model  

After gaining a reliable estimate on the recycling potential of mixed MSW in 
households, a spreadsheet-based waste flow model (FINREC) was developed 
(Paper III). The purpose of the model was to create a precise picture of the 
generation and recycling of different MSW fractions in the various operations. 
Figure 2 presents the operating principle of the model.  
 

Figure 2. Operating principle of the FINREC waste flow model. MBT refers to mechanical-

biological treatment. 

 
Accurate mixed MSW composition data from households was an important 
prerequisite for the model development. Also, a wide variety of waste genera-
tion and other housing data was collected for the model. The Finnish popula-
tion was divided into different housing types and densely versus sparsely pop-
ulated areas. In addition, a precise classification based on property size was 
carried out for each housing type. The data of FSWA (2014) on municipal 
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waste management regulations was combined with housing data in order to 
calculate the total number of people covered by door-to-door collection of dif-
ferent waste fractions. Waste management regulations in municipalities define 
the required door-to-door collection according to the number of apartments in 
each property. Different literature sources were used in order to gain reliable 
estimates of average waste generation rates for recyclables and other fractions 
in door-to-door collection, bring site collection and civic amenity sites. The 
applied values can be found in Paper III. 
 
Consistent data about waste in administrative, service, and business opera-
tions is not available in Finland. Thus, the amount of different waste fractions 
generated by administrative, service, and business operations was calculated 
by subtracting the household waste generation of each fraction from the total 
MSW generation recorded in the official waste statistics (Statistics Finland, 
2016a).   
 
Based on the above-mentioned input data, the baseline state of Finnish MSW 
management could be defined. This baseline state covers separate recycling 
rates for different fractions in households and administrative, service, and 
business operations, as well as the average composition of the remaining 
mixed MSW. During the data collection phase, the uncertainties and shortages 
in the different data sources were identified.  
 
After building the baseline state, also a 50% MSW recycling rate scenario was 
generated by assessing in the model five different changes in the Finnish MSW 
management system. The purpose of the scenario was to quantitatively 
demonstrate the actions required for a 50% recycling rate. The actions were 
identified by analyzing the input data collected during the model development. 
The modeled changes were as follows:  
 

 Recent investments in MBT plants 
 Decrease in losses from separately collected materials 
 Expansion of door-to-door collection from households 
 Increase in the sorting efficiency of households 
 Expansion of the separate collection from administrative, service, and 

business activities and increase in their sorting efficiency 
 
The recent investments in MBT plants, which started to operate in 2016, result 
in the additional recycled volume. The actual increase in recycling rate was not 
yet available to the latest 2015 waste statistics. The capacity of Fortum MBT 
plant is 100 000 tons of MSW per year. The estimated recycling rate for the 
facility is 50% (37% biowaste, 10% plastic, and 3% metal). However, the share 
of biodegradable waste suitable for recycling in the MSW processed at the 
MBT plant may actually remain low due to the restrictions on fertilizer prod-
ucts set in EU legislation. Additionally, Fortum’s circular economy village 
(Fortum, 2016) processes around 8000 tons of plastic packaging waste collect-
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ed from new bring site collection points of RINKI and door-to-door collection 
trials (Soini, 2016). Also, another mechanical treatment plant started to oper-
ate in Finland in 2016. This facility has the capacity for 66 000 tons and it will 
separate around 14 000 tons of recyclable fractions (paperboard, cardboard, 
plastic, metal) annually (Honkanen, 2015). 

 
The effect of the decrease in losses from separately collected materials was 
calculated in the model by adjusting the recycled share of certain separately 
collected fractions. The following increases in recycling versus energy recovery 
and landfill disposal were assumed: 
 

 Biowaste 93% ->95% 
 Paperboard and cardboard packaging 85% ->95% 
 Plastic 11% -> 60% 
 Mixed packaging 0% -> 80% 

 
Concerning the effect of a wider door-to-door collection system, it was as-
sumed that the collection would serve all row houses and apartment blocks 
with five or more housing units throughout Finland. However, in the case of 
plastics, the door-to-door-collection system was assumed only to cover proper-
ties with ten or more housing units.  
 
The fourth change - increase in the sorting efficiency of households - assumes 
that advice campaigns and a change of attitudes would increase residents’ mo-
tivation to sort wastes. Consequently, the recovery of biowaste, plastic, paper-
board, cardboard, metal, and glass intake would increase by 5% in the door-to-
door collection system (Kemppainen, 2016). Additionally, as an expert estima-
tion, it was assumed that weight-based PAYT scheme would be extended to 
cover 30% of inhabitants in row houses and apartment blocks. At the moment, 
waste management fees in row houses and apartment blocks are invisible for 
residents and pricing of waste management companies does not always sup-
port recycling adequately. The change would require investments in new kinds 
of identification and weighing systems or at least development of the existing 
price formation practices. Based on Reichenbach (2008), the following in-
creases in recycling were assumed to be reached with the help of PAYT: a 28% 
increase in biowaste and a 56% increase in paperboard and cardboard, metal, 
glass and plastic packaging. The potential decrease in waste accumulation 
caused by PAYT was not taken into account. 

 
The four scenarios mentioned above apply mostly to waste generated by 
households. So, the final task was to assess the required increase in recycling 
for administrative, service, and business operations so that the total recycling 
rate reaches 50%. 
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3.3 Testing of a city-level material loss indicator 

The fourth research question of this dissertation was to evaluate to what extent 
the material loss indicator is suitable for measuring city-level recycling poten-
tial for MSW and other waste flows (Paper IV). The development of the mate-
rial loss indicator is published in a report by Mattinen et al. (2014). The indica-
tor is utilized in the Finnish Sustainable Communities (FISU) network, which 
encourages its members to reduce their consumption of natural resources, 
among other targets. The FISU network is still at an early stage, so the ap-
plicability of the indicator has not been tested before this dissertation.  
 
Material loss is a circular economy indicator that measures how much material 
is lost from local material flows through landfilling or incineration. The indica-
tor takes into account different waste flows, which are divided into six differ-
ent categories based on the European Waste Catalogue (EWC) codes: 
 

 municipal solid waste 
 municipal sewage sludge 
 industrial solid waste 
 industrial sludge 
 construction waste 
 mining waste and excess soil. 

 
Two different waste treatments are covered in the material loss indicator: 
landfill  disposal of waste and incineration of non-renewable or recyclable 
waste. Non-renewable and recyclable materials that are incinerated include 
three different kinds of waste fractions: 
 

 completely non-renewable materials, such as plastics made of oil 
 non-renewable share of the materials that are partly renewable, such as 

textiles 
 materials for which recycling targets exist in the national waste legisla-

tion, such as paper and wood waste from construction, renovation and 
demolition. 

 
The data for the calculations was obtained from the Finnish compliance moni-
toring system, a database maintained by the Environmental Administration of 
Finland. The database has been created for monitoring environmental per-
mits, the processing of environmental permit applications and supporting lo-
cal administration in municipalities. The following nine (9) cities operated as 
pilot areas for the material loss indicator calculations: 
 

 Helsinki  
 Tampere  
 Turku 
 Jyväskylä  
 Lahti  
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 Pori  
 Joensuu  
 Lappeenranta  
 Forssa 

 
Figure 3 presents the location of each pilot city. These cities were selected to 
represent various population sizes in urbanized municipalities in the Finnish 
context while focusing on towns and cities with more than 50 000 inhabitants. 
Cities of this type cover more than half of Finnish population. Also, the cities 
represent different kinds of economic structures. The description of the key 
characteristics and economic structure of each city can be found in Paper IV. 
 

Figure 3. Location of each pilot city. Background map by the  

National Land Survey of Finland (2017). 
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4. Main results 

 

4.1 Recommendations for a mixed municipal solid waste compo-
sition study 

Overview of the recommended method 
 
Figure 4 presents the key stages of the recommended method for mixed MSW 
composition studies (Papers I & II). The recommended method comprises 
planning, stratification, sampling, classification and sorting of waste fractions, 
and statistical analysis.  
 

 
                   Figure 4. Key stages of a mixed MSW composition study. 
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Planning, stratification, and sampling 
 
Planning is an extremely important stage in waste composition studies. The 
objectives of the composition study steer the actual implementation. The ob-
jectives should address the following questions: 
 

 Why – information needs behind the study? 
 What – household waste or something else? 
 Where – suitable location? 
 When – different seasons or only one season? 
 How – what is the method? 

 
Stratification is performed according to the chosen criteria based on the local 
information needs. There is no one and only right stratification criterion: it 
depends on the objectives of the composition study. As a general rule, the min-
imum requirement for stratification should be separate composition studies 
for households and different kinds of administrative, service and business op-
erations due to differences in waste composition. Examples of different strati-
fication criteria for mixed MSW composition studies include waste producer, 
type of area, number of housing units in properties, collection system, season, 
income level and age structure. If economically feasible, separate sample 
trucks should collect waste within each stratum. This enables accurate stratifi-
cation. It is also beneficial to conduct the study in two to four different seasons 
to prevent the seasonal changes in waste composition from influencing the 
results.  
 
The waste bins should be emptied on a normal collection day in order to en-
sure a sufficient amount of waste. A collection interval of one week is good, 
because both the weekday and weekend waste is included. If the collection 
interval is shorter (in large properties for example), both weekdays’ and week-
ends’ waste should be included in the sample load. If the strata are highly dif-
ferent in size, it is wise to study more samples from larger strata.  
 
In the waste sorting area, a load from each sample truck is divided into sample 
piles. Each sample pile comprises waste from 100 to 200 households and 
weighs 1-2.5 metric tons. It is important to have a sufficient amount of waste 
in each sample pile in order to prevent the heterogeneity of waste flow from 
affecting the results. Sample piles are spread into elongated, flat piles and 
bulky items are separated. If waste is in sacks, the sacks must be cut open and 
waste must be spread. Mixing the sample pile and spreading it evenly into a 
flat shape for subsampling is necessary in order to prevent any grouping and 
segregation error. After these actions, subsamples are compiled in a way that 
every subsample contains waste from the top and bottom of the “waste carpet”. 
Fine fraction easily falls on the bottom and must be included in the subsample. 
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The recommended minimum mass for a subsample is 100 kg. Many different 
composition study methods support the use of this size as a subsample. This 
amount is also easy for one person to handle and move as it fits into the widely 
used 660 liter waste bin with wheels. At least six samples should be collected 
from each stratum.  

 
Classification and sorting  
 
Table 4 shows the classification system of fractions for Finnish MSW composi-
tion studies, developed in this dissertation (Papers I & II). The table systemati-
cally presents, whether waste in categories at the level 2 and level 3 is recycla-
ble. This was one of the main information needs according to the surveys (Pa-
pers I & II). Other information needs considered in the classification are bio-
degradability, combustibility, hazardousness, and share of producer responsi-
bility waste. Additionally, the waste categories at different levels are based on 
the type of material as well as the origin of the waste. The precise reasoning 
behind the classification system can be found in Papers I & II.   
 
All the studies that follow the classification are comparable at least at the first 
level, because the different levels are hierarchical. The performer of the study 
can choose one of the three levels for each primary category according to local 
information needs. Consequently, waste fractions can be sorted from 11 (level 
1) to 41 (level 3) categories. The use of a unified classification system through-
out the country ensures the accumulation of comparable mixed MSW compo-
sition data. However, the unambiguous definition of the categories is some-
what difficult. Each category has been examined carefully to prevent overlap 
and to find the right category for each fraction in MSW. Examples of fractions 
in each category can be found in Paper II. 
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Table 4. Classification system and recyclability of waste in different categories. 

 

  
 

Level 1 Level 2 & 3 Recyclablea

1. Biowaste 1.1 Kitchen waste Yes
1.1.1. Avoidable food waste Yes
1.1.2. Unavoidable food waste Yes
1.2 Garden waste Yes
1.2.1 Sticks and branches Yes
1.2.2 Other garden waste Yes
1.3 Other biowaste Yes

2.1 Paper packaging Yes
2.2 Non-packaging paper Yes/No
2.2.1 Producer responsibility paper Yes
2.2.2 Other recyclable non-packaging 
paper

Yes

2.2.3 Other non-packaging paper No

3.1 Paperboard packaging Yes
3.1.1 Aluminum-layered paperboard 
packaging

Yes

3.1.2 Other paperboard packaging Yes
3.2 Cardboard packaging Yes
3.3 Non-packaging paperboard 
and cardboard

Yes/No

3.3.1 Recyclable non-packaging paperboard 
and cardboard

Yes

3.3.2 Other non-packaging paperboard and 
cardboard

No

4.1 Wood packaging No2

4.2 Treated wood No
4.3 Untreated non-packaging wood No
4.3.1 Construction and demolition wood No
4.3.2 Other untreated non-packaging wood No

5.1 Plastic packaging Yes
5.1.1 Dense plastic packaging Yes
5.1.2 Plastic film packaging Yes
5.2 Non-packaging plastic No
5.2.1 Non-packaging dense plastic No
5.2.2 Non-packaging plastic film No

6.1 Glass packaging Yes
6.2 Non-packaging glass No

7.1 Metal packaging Yes
7.1.1 Aluminum packaging Yes
7.1.2 Other metal packaging Yes
7.2 Non-packaging metal Yes

8.1 Shoes and bags No
8.2 Textiles Yes/No
8.2.1 Clothes Yes3

8.2.2 Other textiles No

2. Paper

3. Paperboard and cardboard

4. Wood

5. Plastic

6. Glass

7. Metal

8. Textiles, shoes and bags



 

32 

Table 4 (continues from the last page). Classification system and recyclability of waste in dif-

ferent categories. 

 

 
 
During the composition study, each subsample is sorted into categories ac-
cording to the chosen level in the classification system. The total mass of each 
category consists of three parts: the actual sorted mass, the mass of the fine 
fraction (on the sorting table or under sieve) belonging to the certain category 
and the calculated share of bulky items separated from sample piles (Paper I). 
The purpose of calculating the share of bulky items is to decrease the influence 
of the varying particle size (heavy bulky items) on the mass of the subsamples. 
A sieve (usually 10 or 20 mm diameter) can ease sorting but is not compulsory. 
The fine material remaining below the sieve or on the sorting table is manually 
sorted into different categories. The remaining unrecognizable part of fine 
fraction is divided into different categories based on visual observation. 
 
Each subsample should be sorted on the collection day or the day after in order 
to prevent variations in moisture content and mass. Contamination and ab-
sorption of moisture during sampling must be prevented as far as possible. 
Correction factors have to be determined and used for different materials if the 
results are compared to dry materials such as packaging entering the market 
(Paper I). If second or third level classification is used, certain fractions should 
be sorted stepwise (Paper II).  
 

9.1 WEEE Yes
9.1.1 Fluorescent tubes, low energy and 
LED light bulbs

Yes

9.1.2 Other WEEE Yes
9.2 Small batteries Yes
9.3 Automotive accumulators Yes

10.1 Medicines No
10.2 Other hazardous chemicals No

11.1 Miscellaneous packaging No
11.2 Diapers and sanitary protectors No
11.3 Other miscellaneous waste No
11.3.1 Other combustible waste No
11.3.2 Rubble No
11.3.3 Other non-combustible waste No

c There are several different technologies for recycling clothes but recycling in Finland 
is minor at the moment (Dahlbo et al., 2015). 

b Wood packagings are usually reused or incinerated but can sometimes be recycled as 
material for chipboard manufacturing. 

aRecyclable as a term is ambiguous. Here it covers waste fractions that are separately 
collected in door-to-door collection, bring sites or civic amenity sites in Finland and can 
be potentially recovered as material.

11. Miscellaneous waste

9. WEEE and batteries

10. Hazardous chemicals
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EC (2004) recommends that confidence intervals should be determined for 
each waste category in the composition studies. In this way, differences in the 
applicability of the results can be pointed out. The weight-based results of the 
sorting procedure for each stratum and waste category form the basis for sta-
tistical analysis. The results of composition studies should be expressed with a 
95% confidence level so that the relative confidence interval (i.e., the maxi-
mum allowable error in random sampling error) of the total results is below 
10%. On the other hand, the relative confidence intervals of the predominant 
waste categories (i.e., biowaste; paper; paperboard and cardboard; plastic; 
glass; metal; textiles, shoes and bags; miscellaneous waste) should be below 
20%.   
 
The relative confidence intervals can be determined by assuming that the 
composition data follows a Student’s t-distribution. However, the composition 
data of different categories is not necessarily normally distributed (Paper II). 
Consequently, the relative confidence intervals cannot be determined to cate-
gories that are not normally distributed. Thus, the normality of the composi-
tion data should always be verified in the statistical analysis. Waste in certain 
categories (e.g., wood, hazardous chemicals, WEEE and batteries) may not 
follow normal distribution even in the case of a higher number of samples, 
because these waste fractions typically accumulate very irregularly in mixed 
MSW. 
 

4.2 Recycling potential of municipal solid waste  

By the end of 2016, a total of seven mixed MSW composition studies for 
households have utilized the recommended guidelines explained in section 4.1. 
This number also includes the two case studies from this dissertation (Paper 
II). Figure 5 shows the results of the case studies and the average results of all 
seven studies (HSY, 2016; Jätekukko Oy, 2015; Kauppila, 2016; Koskela & 
Elfving, 2015; Lehtinen, 2015). All the studies have adopted the classification 
system presented in section 4.1.  

 Statistical analysis  
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Figure 5. Mixed MSW composition in Finland based on two case studies and integrated results 

from all seven studies. 
 
The composition of mixed MSW is rather similar in the case studies. Biowaste, 
plastic, and miscellaneous waste form over 70% of the total mass. Compared to 
the average composition in Finland, the share of biowaste is clearly larger and 
the share of miscellaneous waste clearly lower in both of the case studies. Oth-
erwise, the results of the composition studies are relatively consistent with the 
average composition of mixed MSW. Recyclable shares of the mixed MSW 
were as follows: Riihimäki 82% and Turku 77% (Paper II). From the other five 
studies, recyclable share of the MSW could be determined only for HSY (2016) 
due to the selected classification levels. The share of recyclable fractions in the 
study of HSY (2016) was 71%.  
 
Table 5 presents the standard deviations, the coefficients of variation and the 
probability values from the Shapiro-Wilk test and the Mann-Whitney U test, as 
well as confidence intervals at the first level of classification. 
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Table 5. Statistical analysis of the case composition studies. The data points were not normally 
distributed in some of the categories and, consequently, the relative confidence intervals of all 
categories could not be determined. 

 
The coefficients of variation show the variability of the composition values in 
relation to the calculated mean. Table 5 shows that the proportions of hazard-
ous chemicals, wood, as well as WEEE and batteries varied relatively most in 
both case composition studies. Respectively, the proportions of biowaste, plas-
tic, as well as paperboard and cardboard varied relatively least in the studies.  
 
Confidence intervals can be determined for the normally distributed waste 
categories in the composition studies. The Shapiro-Wilk test p-values indicate 
whether the data is normal distributed or not. Since the table shows that the 
data points were not normally distributed in some of the categories, the rela-
tive confidence intervals of these categories could not be determined. In 
Riihimäki, four categories go under the 20% confidence interval, which is the 
recommendation of EC (2004).  In Turku, three categories fill the correspond-
ing criterion. Certain waste categories (e.g., wood, hazardous chemicals, 
WEEE and batteries) may not be normally distributed even in higher number 
of samples since they typically accumulate very irregularly in mixed MSW 
composition studies. This means that that the recommendation of EC (2004) 
to determine the confidence interval for the total results cannot necessarily be 
followed.   
 
The Mann-Whitney U test’s p-value indicates whether there is a statistically 
significant difference in the composition of mixed MSW among case areas. The 
Mann-Whitney U test does not require normally distributed data. The variabil-
ity of the distributions of metals and hazardous chemicals was statistically sig-
nificant between the case areas. Since the case areas were not divided into 

Standard Coefficient of Confidence Mann-Whitney  

deviation (%) variation U test p-valueb 

Riihimäki Turku Riihimäki Turku Riihimäki Turku Riihimäki Turku

Biowaste 4.87 8.83 0.10 0.21 0.908 0.004 11.5 - 0.17 0

Paper 2.85 3.18 0.42 0.44 0.684 0.048 36.2 - 0.801

Paperboard and cardboard 0.7 3 2.29 0.10 0.28 0.164 0.003 8.3 - 0.344

Wood 0.66 1.37 0.99 1.20 0.020 0.000 - - 0.565

Plastic 1 .99 3.05 0.13 0.17 0.104 0.181 11.0 7 .4 0.142

Glass 0.64 0.95 0.39 0.64 0.141 0.013 32.9 - 0.447

Metal 0.62 0.48 0.27 0.30 0.265 0.17 5 21.9 13.7 0.018

Textiles, shoes and bags 1.01 2.92 0.20 0.49 0.497 0.152 14.4 21.6 0.7 65

WEEE and batteries 0.21 0.48 0.53 1.05 0.918 0.001 47 .6 - 0.597

Hazardous chemicals 0.33 0.12 1.03 1.05 0.001 0.001 - - 0.004

Miscellaneous waste 5.40 4.45 0.48 0.33 0.121 0.57 9 38.8 15.2 0.219

ap-value < 0.05 (marked as red) indicates a non-normal distribution of data
bp-value < 0.05 (marked as red) indicates a significant difference among case areas

Waste category
p-valuea  interval +/- (%)

Shapiro-Wilk test
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non-overlapping strata in the studies, the influence of different socio-
economic differences on the waste composition could not be investigated. 
 
The MSW composition data analyzed above reveals that there is clearly addi-
tional recycling potential in Finnish mixed MSW. However, there seems to be 
certain bottlenecks that prevent additional recycling since Finland is far from 
achieving the 50% recycling target. The background data collected for the 
FINREC model (Paper III) indicates which fractions and which operations 
have the largest the additional recycling potential (Figure 6).  

Figure 6. Municipal solid waste generation and recycling rate for different waste fractions in 

2015. 
 
According to Figure 6, 64% of Finnish MSW was generated by households in 
2015. The total recycling rate for household waste was 37%. On the other hand, 
administrative, service, and business operations generated 36% of MSW with a 
47% recycling rate. The figure shows that the largest additional recycling po-
tential in both sectors lies in biowaste and plastic, which usually form over 
50% of the mixed MSW (Figure 5). The “Other” bars include mainly the mis-
cellaneous part of mixed MSW (rubble, vacuum cleaner bags, items made of 
several materials, etc.) as well as other miscellaneous fractions from MSW 
statistics. Consequently, the additional recycling potential from there is very 
limited.  
 
Tables 6 and 7 show that there is a large additional potential for expanded 
door-to-door collection, as well as improving the sorting efficiency (Paper III).  
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Table 6. Coverage of the door-to-door collection system for different waste fractions. 

 
Table 7. Sorting efficiencies for different waste fractions in different housing types. Sorting 
efficiency refers to the amount of source separated waste compared to total waste generation. 

 
The tables above reveal the challenge of the Finnish MSW management sys-
tem: the coverage of the door-to-door collection system is too narrow and sort-
ing efficiencies too low considering the 50% recycling target. In the case of 
biowaste, for example, setting the limit of door-to-door collection at five 
apartments in waste management regulations throughout Finland would in-
crease the coverage of door-to-door collection to around half a million new 
inhabitants. There is also a great potential to increase the recycling rate by 
setting up a door-to-door collection for plastic packaging provided that suita-
ble recycling options for the material are available. Almost half of the Finnish 
population lives in detached houses, which makes the creation of a compre-
hensive, cost-efficient door-to-door collection system challenging. In the case 
of metal and glass, the calculated sorting efficiencies are sensitive to the preci-
sion of background data because these fractions are generated to a smaller 
extent. 
 

<10 
apartments

10-19 
apartments

>19 
apartments

2-4
apartments

5-9
apartments

>9 
apartments

Densely  
populated 
areas

Sparsely  
populated 
areas

Inhabitants 17 2 7 30 412 533 1 282 47 0 311  994 342 232 43 7 46 1 909 120 7 7 4 219

Coverage of 
door-to-door 
collection [% of 
inhabitants] 
   Biowaste 44 87 87 18 43 7 8 20a 20a

   Paperboard and 
   cardboard

11 68 83 14 12 55 0 0

   Glass 18 34 7 6 7 22 40 0 0

   Metal 18 38 7 9 7 23 43 1 0

   Paper 100b 100b 100b 100b 100b 100b 0 0

   Plastic 0 0 0 0 0 0 0 0

aEstimated based on the coverage of door-to-door collection as well as frequency  of voluntary  home composting.   

bAccording to Finnish Waste Act (646/2011), property  holders shall arrange a reception point for the collection of discarded
 paper products.  This obligation does not, however, apply  to detached houses or other corresponding properties, 
 or properties located in a sparsely  populated area.

Apartm ent blocks Row houses Detached houses 

Door-to-door collection Bring site collection

Fraction
Apartm ent 
blocks [%] Row houses [%]

Detached 
houses [%]

Apartm ent 
blocks [%] Row houses [%]

Detached 
houses [%]

Biowaste 66 56 7 4 - - -
Paperboard and 
cardboard

52 46 47 24 21 22

Glass 82 7 3 7 5 23 20 21

Metal 33 29 30 17 14 15

Paper 100 97 98 58 54 55

Plastic - - - - - -
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4.3 Actions required for achieving a 50% recycling rate 

Figure 7 presents the effect of five modeled actions on the MSW recycling rate  
(Paper III).  

Figure 7. Effect of different actions on MSW recycling rate. 

 
The two new MBT plants, which started to operate in 2016, will increase the 
national recycling rate by up to 1.3 percentage points from 2017 onwards. One 
of the MBT plants also processes source-separated plastic from recently estab-
lished bring site collection points and door-to-door collection trials. These 
changes are included in the 1.3 percentage point increase.  

 
Decreasing the losses from separately collected recyclables and directing them 
to recycling could increase the recycling rate by up to 2.9 percentage points. 
According to the Finnish waste statistics (Statistics Finlans, 2016a), 6% of 
source-separated biowaste, 15% of source-separated paperboard and card-
board, and 89% of source-separated plastic was incinerated or landfilled in-
stead of being recycled in 2015. Also, 35 000 metric tons of mixed packaging 
waste was collected and incinerated, even though most of it could probably 
have been source-separated and recycled instead.  

 
The expanded door-to-door collection system would result in a 1.9 percentage 
point increase in the recycling rate. The largest contribution would come from 
the more efficient collection of biowaste (1.0 percentage points) and plastic 
packaging (0.6 percentage points). Advice campaigns and a PAYT system 
would result in a 1.2 percentage point increase in the recycling rate in total. 
Precise waste generation data from administrative, service, and business oper-
ations is lacking but it can be calculated that additional recycling from these 
activities should cover the remaining 2.2 percentage point increase in recy-
cling. This could be achieved by the following increases in the amount of 
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wastes to be collected separately, for example: biowaste 20%, plastic 40%, and 
paper 20%.  
 
The results demonstrate that vast and expensive expansions in door-to-door 
collection alone will not help reach the recycling target if people do not also 
separate the main recyclables more efficiently. MBT plants can help in taking a 
step towards the target but their effect is limited due to usage restrictions in 
the EU legislation on fertilizer products made of biowaste that is separated 
from mixed MSW. Consequently, biowaste from these facilities cannot be 
counted as recycled. Door-to-door collection should systematically cover all 
housing units with five or more properties. In the case of plastic packaging, the 
system should cover housing units with ten or more properties. If plastic pack-
aging collection is not established in Finland, the door-to-door collection of 
biowaste should cover all housing units with two or more properties and also 
60 000 additional inhabitants from detached houses should be included in 
biowaste collection or home composting. 
 

4.4 Contribution of municipal solid waste to total city-level mate-
rial losses 

Mixed MSW and other MSW fractions that are incinerated or landfilled form 
only a small part of all the materials that exit urban material cycles. Figure 8 
shows MSW related material losses compared to the material losses of other 
origin in the nine studied Finnish cities (Paper IV). 
 

Figure 8. Material losses from municipal solid waste compared to other material losses in nine 

Finnish cities. 
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Total material loss exceeds 3 t/a/capita in four cities and varies between 0.9 
and 2.1 t/a/capita in the remaining cities. Industrial waste as well as mining 
waste and excess soil dominate the total material loss in many cities. For ex-
ample in Pori, a single facility is responsible for 62% of the total material loss-
es. Therefore, the material loss indicator mainly reflects the local industrial 
structure and construction activities. MSW comprises 5.6-52.2% of the total 
material losses in the studied cities, which appears rather high considering the 
fact that MSW comprises only about 3% of the total waste annually generated 
in Finland (Statistics Finland, 2016b).  
 
Measured as metric tons per capita, material losses of MSW shows high varia-
tion (0.182-0.890 t per capita) between different cities. The high variation 
reflects the challenge in data collection from the Finnish compliance monitor-
ing system. In the system, the origin of waste disposed of in landfills or deliv-
ered to waste incinerators cannot necessarily be tracked to a certain city. Con-
sequently, the material loss of cities with incineration plants and large waste 
management centers becomes distorted. This is clearly the case at least in Lah-
ti, where the material loss of MSW is the largest. To minimize the bias, land-
filled waste was allocated to all of the municipalities within a certain waste 
management organization’s operational area based on population. Conse-
quently, the indicator does not necessarily reflect the real waste production of 
a certain city. The allocation of different waste flows cannot be done reliably, 
because operational areas of waste management organizations reach beyond 
the city borders. Local waste flows are so complicated and data availability 
from the Finnish compliance monitoring system so limited that the material 
loss indicator needs supporting tools and development of data sources in order 
to enable the monitoring of the local circular economy.  
 

4.5            Results summary                                                                                                            

It is important to know the share of recyclable fractions in mixed MSW in or-
der to develop Finnish waste management system towards the 50% recycling 
rate. Mixed MSW composition studies offer the required information but they 
have to be conducted in a sufficiently rigorous manner so that the results are 
reliable. The unified three level classification system developed in this study 
enables the accumulation of comparable MSW composition data throughout 
Finland. By stratifying the population, it is possible to achieve more reliable 
results than without stratification. Confidence intervals for the normally dis-
tributed waste fractions should be calculated in order to demonstrate the reli-
ability of the results.  
 
Based on the case study results from the new study method, recyclable frac-
tions comprise around 70-80% of mixed MSW. This confirms the fact that 
there is a lot of additional recycling potential in mixed MSW. However, in-
creasing the recycling rate to 50% is challenging and requires multiple actions. 
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Recycling has to be made easy by expanding the door-to-door collection sys-
tem. The separate collection of biowaste and plastic packaging plays a key role 
when moving towards the 50% recycling target. Additionally, increasing the 
sorting efficiency of different recyclables is important. Current data sources for 
the material loss indicator are insufficient to enable exact MSW recycling po-
tential calculations at the city-level. 
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5. Discussion 

 

5.1 Implications 

The purpose of this dissertation was to analyze the recycling potential of the 
MSW generated in Finland in order to provide scientific knowledge for the 
policy-making towards the 50% recycling target. A method for mixed MSW 
composition studies was developed and tested and the results were utilized for 
determining the recycling potential of Finnish MSW. Also, MSW was studied 
in the context of the total city-level material losses.  
 
The new composition study method covers all five phases of a composition 
study: planning, stratification, sampling, classification of waste fractions and 
statistical analysis. The method includes a new three-level classification sys-
tem. Multi-level classification systems have previously been suggested by 
Avfall Sverige (2013), Parfitt et al. (2015), and Edjabou et al. (2015). The new 
method takes into consideration Finnish information needs. It also tries to 
answer the shortcomings of previous European waste composition studies and 
combine the most relevant aspects from the waste composition study guides 
published so far (Avfall Sverige, 2013; European Commission, 2004; Nordtest, 
1995; Parfitt et al., 2015). Thus, the new method enables the accumulation of 
reliable MSW composition data and the estimation of the share of recyclable 
fractions in mixed MSW. Finnish waste management organizations have been 
active in adopting the new method (FSWA, 2017b). 
 
Based on the results of this dissertation, certain aspects of the Finnish MSW 
system can be highlighted. Firstly, there is a lot of additional recycling poten-
tial in the Finnish mixed MSW but achieving the 50% recycling rate requires 
multiple significant changes. Secondly, such significant changes are mainly not 
happening at the moment, implying that adopting new waste-related steering 
mechanisms is required. One of the most efficient ways to boost recycling 
could be the obligations for the separate collection of MSW laid down in the 
Waste Decree. These obligations should cover administrative, service, and 
business activities based on waste generation as well as household waste col-
lection based on size of property or population density. 
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At present, the challenge is that none of the waste management operators 
(municipal waste management organizations, producer responsibility associa-
tions, private companies) are obligated to increase the collection of recycla-
bles. Producer responsibility associations have already reached the recycling 
targets for packaging materials (RINKI, 2017b) and paper (PIR-ELY, 2016) 
and the Finnish Waste Act does not require the producer responsibility associ-
ations to organize a door-to-door collection of packaging materials. Part of the 
municipalities supplement the RINKI bring site points for packaging waste by 
door-to-door collection, but municipalities are not necessarily eager to consid-
erable expansions and investments in door-to-door collection for packaging 
materials because the producers are responsible for the collection of this waste 
flow. Also, the separate collection of biowaste has remained low in relation to 
the 50% recycling target. These inconsistencies between the relatively weak 
obligations and the 50% recycling target seem to be the main challenge in the 
Finnish MSW management system at the moment.  
 
Thirdly, increasing sorting efficiency is a critical aspect when moving towards 
the 50% recycling rate. The increase requires changing people’s attitudes 
gradually, advice campaigns, and new kinds of weight-based or other efficient 
PAYT systems. The behavioral aspects related to sorting efficiency are im-
portant and have been emphasized, for example, by Carrus et al. (2008),  
Daneshvary et al. (1998), and Wiqvist (2017). Advice campaigns have the most 
impact on users with a high level of awareness (Morlok et al., 2017).  Based on 
Finnish studies, over 50-year-old people are, in general, more active sorters 
than younger ones (Aamulehti, 2017; YTV, 2007). Concerning PAYT schemes, 
positive impacts have been reported by, for example, Reichenbach (2008), 
Dahlén & Lagerkvist (2010), and Van Houtven & Morris (1999). Finnish Waste 
Act (646/2011) requires that waste management fees shall, as far as possible, 
provide incentive to reduce the quantity and harmfulness of waste, and im-
plement waste management in accordance with the waste hierarchy. However, 
the practices concerning waste management fees vary a lot and have not been 
comprehensively studied throughout Finland. If the aim is to introduce differ-
ent kinds of PAYT schemes, the current waste collection systems probably  
need to be reformed. Different kinds of PAYT systems should be tested in or-
der to find the best suitable options for Finnish waste management system. In 
addition to advice campaigns and PAYT schemes, another additional aspect for 
increasing the sorting efficiency could be allowing other than packaging mate-
rials to separate collection. At the moment, there is not a possibility to sort 
other than packaging materials apart from metal. The same kind of change has 
been suggested also in Sweden (Naturvårdsverket, 2013).  
   
Fourth, based on the results of this dissertation, the relevancy of a 65% recy-
cling target proposed in the Circular Economy Package can be strongly ques-
tioned. Achieving a 65% recycling rate in Finland seems very challenging with-
out an extremely high – and very improbable – increase in sorting efficiency, 
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major expansions in the door-to-door collection system, and extensive invest-
ments in MBT plants. For example, if 15% of recyclables were separated from 
all of the remaining mixed MSW after achieving a 50% recycling rate, the na-
tional recycling rate would rise no more than 7 percentage points above 50%. 
On the other hand, if the leap from a 50% recycling rate for MSW to 65% 
should happen only by increasing source separation, around 75% of the main 
recyclables – including plastic – would have to be collected for recycling 
throughout the country. The realism of this kind of increase can be doubted, 
because over half of the Finnish population lives in detached houses and are 
mainly covered by bring site collection, where sorting efficiency of different 
fractions varies between around 15% and 60% at the moment (Table 7). With 
the current sorting efficiencies, a 65% recycling rate would not be reached even 
if door-to-door collection of all main recyclables covered all the inhabitants in 
Finland – including over 2.5 million inhabitants in detached houses. This kind 
of collection system would probably turn disadvantageous to environment, 
because greenhouse gases from the transportation would grow heavily 
(Niskanen, 2016).  
 

5.2 Reliability and validity of the results 

Method for MSW composition studies 
 
Several different factors can weaken the reliability of a mixed MSW composi-
tion study (Sfeir et al. 1999). These factors include poor planning, insufficient 
stratification, imprecise sorting, low number of samples, impurities, varying 
methods for classifying fine fraction and bulky items, as well as lack of a prop-
er statistical analysis. The new method presented in this dissertation tries to 
respond to each of these challenges. The classification was developed based on 
the Finnish information needs, so it may not perfectly answer the needs in 
different countries.  
 
The case studies concentrated on investigating how the classification system 
works in practice. Consequently, the studies did not precisely follow the rec-
ommended method. Sufficient number of samples was not sorted.  Also, fur-
ther improved stratification measures could have resulted in even better and 
more precise results.  Consequently, the case studies are not optimal examples 
of a reliably conducted composition study. It must be noticed that accuracy 
and usefulness of composition data is attained at the expense of increased 
study time and costs.  Since the composition data was not completely normally 
distributed in either of the studies (Table 5), the relative confidence intervals 
of the total results could not be utilized.   
 
MSW is, by its nature, heterogeneous so the share of recyclable fractions may 
vary in different cities. Along with increased data, more and more reliable es-
timates about the composition of Finnish mixed MSW can be calculated. 
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Scenario for a 50% recycling rate  
 
The 50% recycling scenario for Finnish MSW includes some assumptions and 
the data sources behind the calculations should be improved in the future. Due 
to partly unsatisfactory background data, the results should be considered as 
estimates, not exact numbers. There is uncertainty regarding the availability of 
data on the generation of waste in different administrative, service, and busi-
ness operations, because the amount of this waste had to be calculated by sub-
tracting the household waste from the total MSW reported in the Finnish 
waste statistics. The calculated values could not be cross-checked, so the po-
tential weaknesses of the waste statistics or assumed waste generation rates in 
households directly influence the amount of waste from administrative, ser-
vice, and business operations. Due to the complexity of modeling, the potential 
changes in future waste composition were not evaluated, so the starting point 
and scenarios were based on waste data from 2015. Bring site collections in 
Finland underwent major changes in 2016, because the responsibility for col-
lection points shifted from the municipal authorities to the producer responsi-
bility organization RINKI. During the change, the location of many bring site 
collection points changed. The effect of this change on the sorting efficiency of 
recyclables is not yet known, and the assumptions on sorting activity at bring 
sites were therefore based on the old system. The data on waste regulations in 
different municipalities was not comprehensive. Around 5% of the Finnish 
population was not covered by the data, and therefore the coverage of door-to-
door collection system and overall recycling rate of households may be slightly 
underestimated. Paper and paperboard/cardboard are included in the same 
category in the waste classification. The share of paper was evaluated based on 
the producer responsibility data (PIR-ELY, 2016). All paper and paper-
board/cardboard packaging was assumed to consist of paperboard/cardboard. 
 
Indicator calculations  
 
Material losses provide an overview of how much MSW contributes to city-
level waste generation, but there are certain factors that weaken the reliability 
of indicator calculations. The main weaknesses are the availability of city-level 
data and the allocation of waste flows. The origin of MSW disposed of in a 
landfill or delivered to a waste incinerator cannot be tracked to a certain city 
on the basis of the Finnish compliance monitoring system. Consequently, the 
estimates of material losses of cities with incineration plants and large waste 
management centers can become distorted. The allocation of waste landfilled 
at municipal landfills for each case city was calculated based on the ratio be-
tween the case city population and the total population in the waste manage-
ment organization’s operational area. Consequently, the numbers actually re-
flect the waste generation in the certain city and its surrounding municipali-
ties. The share of MSW of total city-level material loss varies a lot due to dif-
ferent industrial structures in different areas. The indicator does not straight-
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forwardly reflect the local environmental impacts: the environmental impact 
of, for example, 1 metric ton  of excess soil and 1 metric ton of mixed MSW 
disposed of in a landfill are rather different. The same weakness can be identi-
fied in the case of the material input per service unit (MIPS) indicator (Sche-
pelmann et al., 2008). 
 

5.3 Recommendations for future research 

Many interesting future research needs were identified during the study. Data 
availability of waste from administrative, service, and business operations is 
generally weak and so, evaluating the additional recycling potential is chal-
lenging. MSW composition studies and waste generation rates from different 
administrative, service and business operations would be urgently needed in 
order to clarify the recycling potential from these activities. It is noticeable that 
these actors constitute a much more heterogeneous group compared to house-
holds. So far, the above-mentioned operators have not been active in sharing 
their waste data or organizing waste composition studies. Also, the coverage of 
door-to-door collection system in these operations has remained relatively 
unknown. 
 
Different actions for developing the recycling rate should be evaluated from an 
economic, environmental and employment point of view. For example, waste 
management regulations should not force a door-to-door collection from the 
properties where it is environmentally unsustainable. Optimizing the system 
also requires a profound impact assessment of the potential new steering 
mechanisms. For example, tax on waste incineration for MSW should be eval-
uated thoroughly in the Finnish context. In EU, at least Belgium, Austria, 
France and Denmark levy a tax on waste incineration (Salmenperä et al., 
2016). Additionally, large-scale demonstrations of different kinds of PAYT 
schemes in different housing types would be needed in order to understand 
the effect of PAYT on waste generation and sorting activity. Waste manage-
ment fees are already charged based on the collection interval but the fees 
blocks are mainly invisible for inhabitants in row houses and apartment, i.e. 
there is no incentive to decrease waste generation or increase recycling. How-
ever, there has already been active research on weighing mass or measuring 
the degree of fullness for waste bins (Serkkola & Niska, 2016) and the data 
could be potentially reported to inhabitants in the future. This could potential-
ly decrease waste generation and motivate to increase recycling. Also, increas-
ing the demand for recycling materials and developing successful business 
models are important when moving towards the 50% recycling target. Multi-
compartment bins and door-to-door collection for textiles are also potential 
means that could lead to increased recycling (Havukainen et al., 2016). All the 
above-mentioned actions require more profound research in the future. 
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Finally, comparisons of data collection methods and recycling rates between 
different European countries should be carried out. For example, Wales is one 
interesting example country, where MSW recycling rate has boomed from 
around 30% in 2006 to over 60% in 2015 (Elliot and Papineschi, 2017). Alto-
gether five EU countries have achieved recycling rates of more than 50% (EEA, 
2016a). These countries include Sweden and Austria. For example in 2015, 
MSW generation was 500 kg/capita in Finland compared to 447 kg/capita in 
Sweden and 560 kg/capita in Austria (Eurostat, 2017b).  Based on Avfall Sve-
rige (2015) and BMLFUW (2015), higher volume of biological treatment and 
plastic recycling per capita forms the largest difference in the recycling rate 
compared to Finland. In Austria, biological treatment per capita is around 70% 
higher than in Finland while in Sweden it is around 20% higher than in Fin-
land. The total material recycling per capita for other recyclables is actually 
around 10% higher in Finland than in Sweden and Austria (Avfall Sverige, 
2016; BMLFUW, 2015; Statistics Finland, 2016a).  
 
However, a detailed comparison of the recycled amounts of MSW is difficult. 
EEA (2016a) verifies that comparability of the available country data is limited 
and that differences exist in MSW definitions, reported waste types, and data 
processing between different countries. Based on Neubauer (2017), the data 
collection method for waste statistics in Austria differs significantly from the 
Finnish method. Varying data collection methods can naturally have consider-
able effect on the calculated recycling rate. This was discovered in Finland be-
tween 2014 and 2015, when a change in the data collection related to paper-
board and cardboard packaging suddenly increased the national MSW recy-
cling rate by seven percentage points (Statistics Finland, 2015; Statistics Fin-
land 2016). It can be questioned how meaningful it is to set a common recy-
cling target for all the different countries in the EU, as far as the countries pro-
duce their numbers with varying methods and MSW can include very different 
waste flows in each country.  
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6. Conclusions 

This dissertation examined MSW recycling potential in Finland. The issue is 
very topical, since Finland is almost 10 percentage points behind from the EU 
target of a 50% recycling rate by 2020. The dissertation offers new insights 
into environmental policy-making by shedding light on the data gab related to 
MSW. A new method for mixed MSW composition studies was developed and 
tested for household waste. The method enables the collection of comparable 
and reliable data on MSW recycling potential throughout Finland. It has al-
ready been actively applied by several waste management organizations, which 
proves the applicability of the method in practice. At the national level, largest 
additional recycling potential in MSW comprises of biowaste, plastic, paper-
board and cardboard, as well as paper. These fractions cover around 70% of 
annual mixed MSW generation in Finland. MSW generation and composition 
from administrative, service, and business operations remains relatively un-
known, because waste composition studies as well as research on the coverage 
of door-to-door collection in these operations are mainly lacking. Based on the 
material loss calculations, measuring local MSW recycling potential at the mu-
nicipality level stands in need of more specific data sources in addition to 
Finnish compliance monitoring system. 
 
Achieving the 50% recycling rate requires a combination of new steering 
mechanisms, technical solutions, and better public awareness. Learning the 
best practices from the European countries with high recycling rates would 
provide a useful starting point for the development of Finnish waste manage-
ment system. Based on the results of this dissertation, the introduction of 
stricter obligations on separate collection of waste fractions via the national 
waste legislation is in an important role related to the 50% recycling target. If 
some kind of stricter recycling obligations will be implemented, the sharing of 
responsibilities between municipalities and producer responsibility associa-
tions is a key aspect that needs to be considered. In the EU, Finland should 
take an active role in bringing forward how challenging the 65% recycling tar-
get for MSW recycling actually is considering the insights gained through this 
dissertation.  
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