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Abstract
Municipal solid waste management has a potential to increase circularity by reduction of virgin material extraction and use 
of secondary materials. A scenario analysis tool was developed to assess whether circular economy goals are attainable with 
the existing infrastructure and technologies by calculating sorting and recycling rates using waste amount and composition 
estimations. Three scenarios, Current Road (business as usual), Circular Road (improved sorting) and Frugal Road (waste 
reduction), were developed and implemented. Sorting rates targets for food waste are achieved in all scenarios. For plastic, 
sorting rate targets are achieved only for Circular and Frugal, while European Union recycling targets are not reached in any, 
showing the important role of recycling efficiency. Policy makers can use the scenario development approach of this study to 
evaluate if circular economy goals are attainable with the current system and assess the impact of key factors such as waste 
generation and sorting behavior. The scenario analysis tool can be utilized to simulate the effects of different measures in 
the waste amounts and composition, which is crucial for the planning of the future management system. Further, sorting 
and recycling rates provide quantitative information about the circularity gap and qualitative information on bottlenecks 
and opportunities.
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Introduction

Background

Municipal solid waste (MSW) management has an important 
role in improving circularity through the implementation 
of circular economy principles such as reduction of virgin 
material extraction and use of secondary materials, as stated 
in the latest Circularity Gap Report (2023) [1]. Large quan-
tities of diverse materials are handled in the MSW system 
with a high potential for reuse and recycling. Circularity 
of MSW management depends on various factors, such as 
source sorting of waste which is affected by social factors 
[2], recyclability of materials, and recycling efficiency of the 

recycling process [3]. All these factors must be considered 
for a circular MSW system.

Sorting and recycling targets constitute the key circular 
economy goals for MSW fractions. Targets for Norway are 
given in Table 1 [4, 5]. It is important to estimate sorting and 
recycling rates with a possibility of investigating whether the 
targets are attainable given certain boundaries.

Table 1 shows that 14.6% of Norwegians did not have 
separate food waste collection in 2017, indicating a large 
potential for improved sorting. There is also a specific target 
only for food: to halve waste in the entire production and 
supply chain, and the post-harvest losses including MSW 
[6]. Food waste is the largest fraction in household residual 
waste, showing a great unexploited potential as the share 
can be as high as 50 wt.% [7]. Correct food waste sorting 
will influence both the residual and food waste management 
systems, such as the required installed capacity for MSW 
incineration and biogas plants (the main treatment method 
for food waste in Norway) [4]. The circularity potential in 
food waste goes beyond the biogas, as digestate, a co-prod-
uct of biogas production, can be used for soil enhancement 
due to its organics and minerals content.
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Table 1 also shows that 12.5% of Norway did not have 
separate plastic waste (which is up to 95% packaging [3]) 
collection in 2017, but plastic waste was collected together 
with residual waste and sorted at a central sorting facility. 
The gap between the current recycling rate and the target is 
largest for plastic, indicating the need for improvement, as 
also shown in our earlier study [8].

In accordance with the waste reduction ambition, the 
residual waste fraction has an important role in achieving 
circularity. Residual waste contains both correctly sorted 
residual waste, namely unrecyclable fractions, but also 
incorrectly sorted recyclable fractions. Therefore, it is cru-
cial to connect the amount to information about its com-
position to estimate the recycling potential correctly. The 
main residual waste treatment in Norway is incineration with 
energy recovery (WtE, Waste-to-Energy). Incineration of 
certain fractions might impose health and safety risks, cause 
environmental challenges, and create operational issues in 
the plant. In this article, the focus will be on the residual, 
food, and plastic waste fractions.

Aim and novelty

The construction and implementation of waste management 
scenarios, using models and software tools, aims to support 
decision-making and the selection of best practices. Exist-
ing scenario analysis studies mainly focus on the evaluation 
of different managements strategies to maximize environ-
mental performance, for a limited number of MSW frac-
tions (mostly residual waste) from a single source (doorstep 
collection from household) without considering impurities 

in the source-sorted waste fractions such as plastic in food 
waste. Wang and Becidan (2021) developed scenarios 
including population change, waste generation per inhab-
itant, and recycling targets as stated in the EU’s Circular 
Economy Action Plan and suggested that it would be ben-
eficial to consider consumer behavior in future scenario 
work [9]. Engelmann et al. (2022) developed scenarios with 
different MSW compositions and treatment methods using 
GHG emissions, energy savings, and economic impacts as 
the evaluation criteria without using historical data nor con-
sidering sorting and recycling rates [10]. Zibouche et. al 
(2023) performed life-cycle assessment for different solid 
waste management options, treating MSW as a single stream 
with a constant composition [11]. In the work by Gombojav 
and Matsumoto (2023), plastics contaminated with other 
waste were evaluated as part of MSW fractions. Two com-
position values for summer and winter seasons were used as 
constant and only the change in amount was considered in 
alternative treatment scenarios with no regard of source of 
generation [12]. Yamada et al. (2023) took the generation 
sources into account when assessing the management sce-
narios to achieve zero greenhouse gas (GHG) emissions by 
2050 both for municipal and industrial waste [13].

The background statistical data used for scenario analysis 
need to be sound and accurate. The composition of each 
waste container or the impurity of the sorted waste fraction 
is necessary to obtain a realistic overview of the total situ-
ation, considering all fractions in the MSW system. Source 
of waste generation should extend only from households 
(doorstep collection) to include waste from collection points 
(drop-off collection) and Commercial and Industrial (C&I) 

Table 1  Targets and current situation (2017) for MSW fractions in Norway [12, 13]

MSW fraction Current situation (percentage of population with 
collection)

Current situation 
(sorting rate)

Target for the municipalities

Paper 99.8% doorstep collection, 0.2% drop-off collection 76% 80% and 85% source-sorting by 2028 and 2035. 75% 
and 85% recycling by 2025 and 2030 (packaging).

Glass 55.1% doorstep collection, 44.4% drop-off collec-
tion, 6.5% central sorting, 0.5% no sorting

78% 85% and 90% source-sorting by 2028 and 2035 
(packaging). 70% and 75% recycling by 2025 and 
2030 (packaging).

Metal 55.1% doorstep collection, 44.4% drop-off collec-
tion, 6.5% central sorting, 0.5% no sorting

39% 85% and 90% source-sorting by 2028 and 2035 
(packaging). 70% and 80% recycling by 2025 and 
2030 (iron packaging). 50% and 60% recycling by 
2025 and 2030 (aluminum packaging).

Plastic 87.3% doorstep collection, 0.2% drop-off collection, 
12.5% central sorting

28% 50%, 60%, and 70% source-sorting by 2028, 2030, 
and 2035. 50% and 55% recycling by 2025 and 
2030 (packaging).

Textiles 9% doorstep collection, 89.9% drop-off collection, 
1.2% no sorting

0.3% (estimation) Separate collection from 1. January 2025.

Food waste 85.4% doorstep collection, 14.6% no sorting 44% Separate collection or home composting from 31. 
December 2023. 55%, 60% and 70% source-sorting 
by 2025, 2030 and 2035.

Garden 26.1% doorstep collection, 72.8% drop-off collec-
tion, 1.1% no sorting

74% Separate collection with no specific target.
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waste (with varying proportions depending on the area) also 
being part of the MSW. Thus, it is crucial to collect and link 
these different data sources to describe the system precisely, 
despite data uncertainty challenges [14]. Furthermore, it is 
important to perform the scenario analysis at the right geo-
graphical resolution so that results are detailed and accurate 
enough to support decision-making not only at an interna-
tional (EU) or national level, but also at the city/regional 
level [9]. In this study, we chose a typical Norwegian town 
as the analysis area.

The aim of this study is twofold: (i) To precisely describe 
the MSW system of a Norwegian town by analyzing and 
linking different data sources, and (ii) to develop a scenario 
analysis tool for assessing whether the circular economy 
goals are attainable with the existing infrastructure and tech-
nologies, by estimating future sorting and recycling rates 
based on MSW compositions and amounts for scenarios 
with different principles.

The originality of this work is due to these aspects; (1) 
a detailed description of a MSW management system from 
generation to end treatment by linking different types of data 
to define the composition and amounts at the subfraction 
level generated by various sources; (2) the contamination of 
sorted waste fractions by “other waste” is considered using 
waste composition analysis of not only residual waste but 
also recyclable fractions; (3) sorting and recycling rates are 
calculated for all MSW subfractions using specific recycling 
efficiencies that accounts for material impurities, nonrecy-
clable parts and recycling technology; (4) the development 
of a scenario analysis tool and application for a representa-
tive Norwegian city using information that is mainly avail-
able in Norwegian, thus contributing to scientific literature 
with local data; (5) the in-depth analysis of historical data to 
develop “what-if” scenarios based on the accurate descrip-
tion of the MSW system; and (6) development and imple-
mentation of a business-as-usual scenario using historical 
trends as well as ambitious scenarios with major changes 
to assess whether circular economy targets are attainable.

Methodology

The scope of this article is the MSW generated in a town 
in central Norway. The reference year 2019 was chosen to 
avoid any covid effect. However, covid does not seem to 
have a significant effect according to a recent study [14]. The 
town had a population of approximately 15500 and was cho-
sen to be representative for the country, i.e., it had a popula-
tion density of 1455 people/km2 in 2019, while the average 
for 359 settlements in Norway was 1244 people/km2 [15].

Terminology

Terms used in this article are listed below [16].
MSW (municipal solid waste) is the mixture of house-

hold and household-like C&I waste that is collected by 
municipalities.

Household waste is waste from private households.
Household-like Commercial and Industrial (C&I) waste 

is waste from both private and public businesses, that has 
similar properties to that of household waste.

Waste fractions refers to the main waste fractions (see 
Fig. 1). Descriptions of main fractions can be found in sta-
tistics Norway [16].

Subfraction is a subcategory of a waste fraction. Subfrac-
tions of paper, plastic, food, metal, and glass are considered 
in this study.

Waste composition refers to the weight-percent distribu-
tion of waste.

Doorstep collection refers to waste bins and containers 
placed near the waste source.

Drop-off collection consists of recycling points and civic 
amenity sites to which the consumers bring their waste.

Waste sorting means sorting of a waste fraction that has a 
recovery potential, which can be done where waste is gener-
ated (source-sorting) or in dedicated plants after collection 
(central sorting).

Waste recycling refers to material recovery of recyclable 
waste fractions.

Recycling efficiency is a measure (in %) of what is recy-
cled after cleaning and pre-processing.

Waste collection system and background data

The studied town’s 2019 waste system consisted of a door-
step collection system for four fractions, with the remain-
ing fractions collected via drop-off. The doorstep collected 
fractions were residual, food and paper waste, collected in 
separate containers, and plastic waste, collected in a separate 
plastic bag that is collected with the paper container [17]. 
Some apartment buildings had large common containers, 
where the plastic was discarded in the same container as the 
paper, with the plastic in tied-up plastic bags and the paper 
left loose [18]. This latter solution was found to give poorer 
outcomes both in terms of collection rate of plastic (kg/
inhabitant) and correct sorting [19]. Glass and metal pack-
aging waste was delivered to central recycling points, and 
all other fractions to civic amenity sites by the inhabitants.

The amounts of different waste fractions were obtained 
from Statistics Norway [20, 21] for 2019, and the split 
between the different collection systems is based on data 
for 2020 and 2021. This was done due to a change in the 
data collection system in 2019. Waste composition analy-
ses were gathered for the following fractions: Residual 
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[22], food [23], paper and plastic from doorstep collec-
tion [22, 24, 25]; glass and metal packaging from central 
collection point [26]; combustible waste and plastic from 
civic amenity site [27]; and C&I waste fractions residual 
waste [22], plastic and paper [22].

The background data consisted of the amounts and 
composition from 28 different waste containers contain-
ing 14 distinct waste fractions, for both household and 
household-like C&I waste, as well as more detailed data 
on 16 subfractions originating from 5 waste fractions 
(paper, glass, plastic, metal, and food). The data structure 
is illustrated in Fig. 1.

The composition of each waste container (Fig. 1a) cov-
ers the actual amount of each waste fraction and subfrac-
tion listed in Fig. 1b.

Scenario descriptions

Current road

This scenario can be considered as “business as usual”, as 
it is based on historical changes in waste subfractions for 
each waste container. Annual changes were calculated from 
2015 to 2019 and their average was used as the input to 
the tool. Municipality borders changed throughout years; 
therefore, changes in waste fraction and subfraction amounts 
were calculated on a per person basis. Population change 
(+ 0.2% per year) was kept constant in all three scenarios. 
Annual changes in sorted waste fractions per person is given 
in Table 2.

Similar annual changes were applied to each subfraction, 
except ‘reading material and other paper’ (a paper waste 

Fig. 1  Organization of the waste collection system with sources and containers (a) and main waste fractions and subfractions (b)
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subfraction) set to − 7% and ‘metal packaging’ (a metal 
waste subfraction) to 2% based on historical trends.

Circular Road

Circular Road assumes a drastic improvement in consum-
ers’ sorting behavior due to an increased awareness of the 
importance of correct sorting. The focus is quantification of 
the effects of improved source sorting. The changes in total 
amounts of subfractions were kept the same as in Current 
Road; however, they were “moved” to the correct containers 
to reflect better sorting by households. The improvement in 
sorting behavior was set to 10% for all recyclable fractions. 
For example, every year from 2020, 10% of the plastic dis-
carded in the wrong container (residual waste container) is 
diverted to the right container (plastic waste container). The 
sorting system in place is assumed to be unchanged, i.e., no 
new containers or sorting of new fractions.

Frugal Road

Frugal Road assumes a drastic change in consumer behav-
ior and lifestyle, with increased awareness of consumption 
and waste, resulting in reduced household consumption. 
Increased consumer awareness also improves waste sorting, 
as the more aware consumers are assumed to be, the more 
aware they will be regarding what the recyclable and reus-
able/edible waste fractions are. The focus is on quantifica-
tion of the effects of waste generation reduction combined 
with increased sorting awareness. The assumptions below 
were implemented in the scenario analysis tool to reflect 
this evolution:

• All incorrectly sorted waste fractions, except plastic 
waste bags, are eliminated from all containers;

• Edible food waste and reading material subfractions 
are eliminated from their respective containers, due to 
increased awareness about food waste and a shift from 
printed to digital reading material;

• Annual changes in waste fractions are kept as in Current 
Road and Circular Road except when the rate of change 
was positive. In that case, the rate was set to 0% to reflect 
the changing, more frugal behavior.

Above-mentioned fractions were assumed to disappear 
almost entirely from the above-mentioned containers by 
2035. There will be small amounts remaining in the contain-
ers due to human error. The rate of decrease was specified 
individually for each and applied relative to the previous 
year for each year from 2020 to 2035.

Scenario analysis tool

An Excel-based scenario analysis tool was developed using 
the background data described in section “Waste collection 
system and background data” as the basis for implementa-
tion of the scenarios explained in section “Scenario descrip-
tions”. In the first step of the calculations (Figure in appendi-
ces), the amounts of each subfraction in every container was 
calculated for each year from the reference year (2019) until 
the chosen time horizon (2035), using the annual changes 
given in Table 1 and/or scenario descriptions for waste frac-
tions and population. The calculation of subfraction amounts 
is done using Eqs. 1 and 2.

where changei,j,net is the annual net change per person in 
the amount of subfraction i in container j ; changepop is the 
annual population change; and changei,j is the annual change 
per person in the amount of subfraction i in container j , 
which was assumed to be constant for each year. The sub-
script i denotes the recyclable subfraction that is i = 1, .., 18 
that are given in Table 3. The subscript j denotes container 
that is j = 1, .., 28  for containers shown in Fig. 1.

where amounti,j,k and amounti,j,k+1 is the amount of subfrac-
tion i in container j at year k and k + 1 , respectively. The 
subscript k denotes the year that is k = 2019, .., 2035.

In the second step of the calculations (Figure in appen-
dices), sorting rate (%) and recycling rate (%) are calcu-
lated using Eqs. 3 and 4, respectively. The sorting rate of 
a recyclable waste fraction is defined as the ratio between 
the amount of correctly sorted waste and the total amount 
of generated waste of the respective fraction. The recycling 
rate is the multiplication of the sorting rate and recycling 

(1)
changei,j,net =

((

100% + changepop
)

∗
(

100% + changei,j
))

− 100%,

(2)amounti,j,k+1 = amounti,j,k ∗
(

1 + changei,j,net
)

,

Table 2  Annual changes in 
container weights by waste 
fraction per person used in 
Current Road and Circular Road 
scenarios

Container by waste 
fraction

Annual 
weight 
change

Residual − 2%
Food + 4%
Plastic + 5%
Paper − 4%
Glass + 2%
Metal + 4%
E-waste − 3%
Garden − 4%
Hazardous + 1%
Wood − 1%
Construction 0%
Other 0%
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efficiency, since it should be calculated as the ratio between 
the amount of waste actually recycled and total amount of 
generated waste, according to the most recent EU Directive 
[28].

where SRi,k is the sorting rate of subfraction i in year k . 
Jright is the correct container for subfraction i , and Jtotal is 
all containers containing subfraction i.

where RRi,k is the recycling rate of subfraction i at year k . 
Reff i is the recycling efficiency of subfraction i , given in 
Table 3. Recycling efficiency is a measure of what is recy-
cled after cleaning and pre-processing, as there are impuri-
ties and non-recyclable materials (such as composite materi-
als) in the sorted waste [3].

It is important to note that food waste and garden waste 
recycling rates are assumed to be 100% due to generation 
and utilization of digestate in the former and compost in the 
latter. Both are assumed to contain nutrients of these waste 
fractions that are used up by the microorganisms in soil over 
time even though they are heterogenous mixtures of materi-
als with different degradation times, for example, shell and 
core of fruits and fruits in food waste; leaves and branches 
in garden waste.

(3)SRi,k =

∑Jright

j=1
amounti,j,k

∑Jtotal

j=1
amounti,j,k

∗ 100%,

(4)RRi,k = SRi,k ∗ Reff i,

Results and discussion

Waste amounts, compositions, sorting, and recycling rates 
are calculated for all fractions and subfractions. The results 
presented here focus on residual, food and plastic waste.

Waste amounts

The scenario analysis tool implements the scenarios and 
estimates the resulting waste amounts. Annual subfraction 
amounts by container are calculated for 2019–2035, using 
equations 1 and 2 and the annual changes given in Table 2. 
Figure 2a shows the total amount of waste in all 28 contain-
ers (Fig. 1) in the scenario Current Road,  that is 3% more 
than in the reference year, meaning that historical changes 
indicate the MSW will continue to increase if existing trends 
are to remain.

The household residual waste container has the most 
diverse waste content, with 21 waste subfractions (see 
Fig. 1) due to incorrect sorting. There are four different 
residual waste containers in the waste system, namely resid-
ual and combustible waste for household and C&I waste 
(Fig. 1). Figure 2b shows the sum of these four containers 
for the Current Road scenario. As can be seen in Fig. 2b, 
estimations (in dark blue) are in line with historical data 
(in light blue). The total amount of waste in residual waste 
containers in 2035 is estimated to be 1613 tons, which is 
25% lower than the 2158 tons of the reference year. The col-
lection fee is set based only on the size of the residual waste 
container [32], which may curtail the residual waste amount. 

Table 3  Recycling efficiency of 
recyclable subfractions

Main fraction Subfraction Recycling efficiency 
(%)

Source

Paper Beverage carton 93 [29]
Corrugated cardboard 98
Other cardboard packaging 97
Reading material and other paper 81 [30]

Plastic Hard plastic packaging 66 [31]
Other foil packaging 55
PET deposit bottles 44
Other plastic 16
Sacks/bags for waste 64

Food Edible 100 Assumption
Non-edible 100
Kitchen paper towel 100

Glass Glass packaging 99 [29]
Other glass 99

Metal Metal packaging 81 [29]
Other metal 81

Garden Garden 100 Assumption
E-waste E-waste 40 Assumption
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Another factor can be that the MSW companies were roll-
ing out doorstep collection of glass and metal, which was 
reported to reduce the amount of glass and metal found in 
the residual waste container [33]. Targeted communication, 
involvement, and guidance to citizens over time are also con-
sidered important.

There are two food waste containers (doorstep collection 
for households and C&I waste), and they contain six waste 
subfractions, namely residual waste, sacks/bags for waste 
(plastic), garden waste, edible food waste, non-edible food 
waste, and kitchen paper towel. The latter three subfractions 
are correctly discarded in the food waste containers, while 
the former three are a result of incorrect sorting. Figure 2c 
shows the sum of the two food waste containers for the Cur-
rent Road scenario. The total amount of waste in the food 
waste containers in 2035 is estimated to 93% more than 
in 2019. This increase impacts both the waste collection 
and the treatment system. The installed capacity of biogas 
plants must be sufficient to treat this amount of food waste, 
including the incorrectly sorted subfractions which can be 
separated in a pre-treatment step at the expense of increased 
costs.

There are four containers for collection of plastic waste 
in the waste system: Plastic containers at drop-off collec-
tion, and paper and plastic containers as part of the door-
step collection system, for both household and C&I waste. 
Figure 2d shows the sum of these four containers for the 

Current Road scenario. The plastic waste containers also 
contain incorrectly sorted waste. The total amount of waste 
in the plastic waste containers in 2035 is estimated to be 249 
tons, which is 124% more than the 111 tons in 2019. This 
significant increase will require higher capacity for the waste 
collection, sorting and treatment for plastic. Today, most of 
the plastic waste is sent abroad for recycling, either directly 
after collection, or via a central sorting facility. Incorrectly 
sorted waste in the plastic containers, thus, increases the 
environmental and economic costs substantially, considering 
the whole value chain. Incorrectly sorted fractions must be 
considered when planning for and operating central sorting 
facilities, as well as plastic recycling plants that can easily be 
overlooked or go uninvestigated in waste management phase.

Figure 3b shows that the total amount of waste in the 
residual waste containers for Circular Road is 44% lower 
than in 2019. The decrease is larger than in Current Road, 
as improved sorting behavior in the Circular Road scenario 
means that recyclable waste fractions are increasingly dis-
carded in their correct containers (a 10% annual increase 
between 2019 and 2035). The total amount of waste in the 
food waste containers and plastic in plastic containers are 
estimated to be 111% and 202% more than in the reference 
year, shown in Fig. 3c–d.

For the Frugal Road scenario, Fig. 4a shows that the total 
waste amount is 38% lower in 2035 compared to the refer-
ence year 2019 after removing all subfractions (see section 

Fig. 2  Amounts of total waste 
(a), residual waste (b), food 
waste (c) and plastic (d) for 
Current Road scenario (in dark 
blue) together with historical 
data (in light blue)
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Fig. 3  Amounts of total waste 
(a), residual waste (b), food 
waste (c) and plastic (d) for 
Circular Road scenario (in dark 
blue) together with historical 
data (in light blue)

Fig. 4  Amounts of total waste 
(a), residual waste (b), food 
waste (c) and plastic (d) for Fru-
gal Road scenario (in dark blue) 
together with historical data (in 
light blue)
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“Scenario descriptions”) that can be reasonably eliminated 
from the waste system. The waste amounts found in the 
residual, food and plastic waste containers are estimated to 
be 62, 51 and 7% lower, respectively, in 2035 compared to 
2019. Food waste reduction reaches the goal of 50% (which 
is set for the entire production and supply chain [6]) when 
edible food waste is eliminated in disposal part of household 
and C&I waste by 2030 as specified in Frugal Road.

To summarize, by 2035, the total waste amount is 38% 
lower in the Frugal Road scenario while it is 3% higher in 
Current and Circular Road. Residual waste is estimated to 
decrease in all three scenarios with Frugal Road having the 
largest decrease. The food waste amount is higher in both 
Current and Circular Road, while lower in Frugal Road com-
pared to 2019. Finally, plastic is higher in all three.

Waste composition

The composition of each waste container, i.e., how much of 
each subfraction is found in a particular container, is esti-
mated in the scenario analysis tool for each year from 2020 
to 2035. The composition provides information about incor-
rectly sorted waste. This is crucial information to improve 
recycling: for planning and operating measures such as a 
central sorting plant. The contents of the residual waste 
container are incinerated in waste incineration plants. Thus, 
its composition gives information necessary for the estima-
tion of the fossil vs biogenic carbon percentage [3], gas and 

particulate matter emissions. It may also impact bottom and 
fly ash formation in the plant [34], thus the potential for 
mineral and metal recovery from the ashes after incineration, 
which contributes to the circularity of the MSW system. It 
is important to note that recovery of materials directly from 
the raw waste stream is favorable rather than the recovery 
from the ashes after they are incinerated since recovery rates 
are lower due to quality degradation. For example, recycling 
efficiency of metal waste fractions is 81% (Table 3) while 
given as 41% (maximum) for metals recovery from bottom 
ash [35]. These aspects are directly related to costs (fees, 
consumables, etc.), environmental impacts, and health and 
safety (risk of explosion due to batteries, air quality, etc.). 
Incineration plant operation is highly influenced by the waste 
composition due to its effect on the heating value that is one 
of the main factors affecting output and profitability of a 
WtE plant. Its estimation improves plant operation, resulting 
in increased plant efficiency, and lower emissions and main-
tenance costs [36]. For the same reasons, during planning, 
scaling, and design of new incineration plants, residual waste 
composition needs to be considered carefully. Therefore, we 
focus on the composition of the residual waste container in 
this study, given in Fig. 5.

Figure 5a shows the composition of the residual house-
hold waste container for the reference year 2019. The resid-
ual waste content (the correct fraction for this container) is 
36%. The second largest waste fraction is food waste (22%), 
showing a large recycling potential. The third largest fraction 

Fig. 5  Composition of residual 
waste in all years for reference 
year 2019 (a), Current Road (b), 
Circular Road (c) and for Frugal 
Road in 2035 (d)
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is plastic (16%), which contributes to fossil carbon emissions 
together with textiles (6%).

Textiles require special attention since their amount in 
residual waste has been increasing steadily, and they must 
be collected and treated separately from 2025 [4]. In this 
study, only textiles found in the residual waste container 
are considered, as source-sorting done by consumers via 
drop-off collection points is currently handled by charitable 
organizations in the study area of this article, thus out of 
scope for MSW. However, it has been reported that 50% of 
textiles found in residual waste are reusable [4], showing a 
significant potential for circularity.

Garden waste (4%) can be valorized via biogas produc-
tion or composting. Metal, glass and paper are recyclable 
waste fractions, each with a 5% share in the residual waste 
composition, showing an important recycling potential as 
well as a potential for metal recovery from the ashes after 
incineration even through lower recovery rate compared to 
recycling of raw waste streams. Both e-waste and hazardous 
waste have a 1% share. Even though their share is minor, the 
risk imposed by their presence in the residual waste is quite 
high. For example, batteries (e-waste) can cause explosions 
when they are subjected to pressure in the mechanical grind-
ers in the incineration plants, which is both a safety issue and 
causes negative environmental impacts.

In Current Road, the composition is kept the same 
throughout all the years, thus for 2035, as assumed for this 
scenario (Fig. 5b).

In Circular Road, the share of residual waste increases 
to 61% since the recyclable waste fractions are discarded in 
the correct containers due to the assumed improved sorting 
behavior. Even though recyclable plastic subfractions (‘hard 
plastic packaging’, ‘other foil packaging’ and ‘PET deposit 
bottles’) are assumed to be sorted out from the residual 
waste, the share of plastic is still 12%. This is due to ‘other 
plastic’ and ‘sacks/bags for waste’ remaining and evolving 
at the same rate as the total residual waste. The third largest 
fraction is textiles (10%) since the amount follows the resid-
ual waste development. The share of food waste decreased to 
7% in 2035 compared to 22% in 2019 due to better sorting. 
The packaging subfraction of glass and metal is assumed 

to be reduced in Circular Road due to better sorting, while 
the subfractions of other glass and metal are kept the same 
as in Current Road scenario. This results in glass and metal 
shares of 3 and 4%. E-waste and hazardous waste are elimi-
nated from the residual waste, implying that a 10% annual 
improvement in sorting is sufficient.

In Frugal Road, all waste fractions except ‘sacks/bags for 
waste’ (7%) and residual waste (93%) itself are assumed to 
be eliminated entirely due to waste reduction measures and 
better sorting awareness.

Sorting rate

The scenario analysis tool provides qualitative and quanti-
tative information about waste distribution in the specific 
containers, which is one of this study’s novel contributions 
to scientific literature. Plastic subfractions are dispersed in 
the MSW system. They are found in 10 different containers 
of which only 4 are correct, namely the paper and plastic 
waste container (doorstep collection) and the plastic con-
tainer (drop-off collection) for household and C&I waste as 
shown in Fig. 6 for 2019.

The total amount of plastic waste generated in 2019 
was 400 tons, out of which 295 tons ended up in the wrong 
containers. The container with the largest amount of plas-
tic, also missorted, is the residual waste container, which 
is approximately 50% of the total plastic waste generated. 
This is in line with our previous findings where the analysis 
was done for a larger city [8], demonstrating the significant 
role of consumer engagement to increase circularity. The 
plastic disposed of in the residual waste container is sent to 
incineration, increasing the fossil  CO2 emissions. Measures 
focusing on household (source) sorting behavior can yield 
an improved sorting rate of plastic.

Figure 7 shows sorting rates of plastic subfractions and 
the Norwegian sorting rate target in the specific year for all 
three scenarios together with the reference year 2019.

In 2019, the sorting rate of plastic was 29%, with ‘PET 
deposit bottles’ having the highest sorting rate of 65% and 
‘sacks/bags for waste’ having the lowest (13%). Even though 
PET itself (together with other recyclable plastic polymers 

Fig. 6  Distribution of plastic 
waste in different containers in 
2019 (amounts are in tons), cor-
rectly sorted plastic distribution 
on the left, incorrectly sorted 
plastic distribution on the right
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such as HDPE, LDPE, PP, PS) can be discarded in the plas-
tic waste container, meaning it is not counted as incorrect 
sorting in this study, there is a separate collection and recy-
cling system for PET deposit bottles operated by a private 
company, thus they are not part of the MSW system and out 
of the scope of this study. The low sorting rate of ‘sacks/
bags for waste’ is mainly due to their mandatory use in waste 
disposal at source.

‘Other plastics’ has the second lowest sorting rate (16%) 
in 2019 and can include recyclable plastic that is not packag-
ing (plant pots), as well as unrecyclable plastic (plastic furni-
ture). This may cause ambiguity during sorting, resulting in 
a lower rate of sorting, which can be improved through infor-
mation and clear labelling of recyclable fractions. However, 
a higher sorting rate might not mean higher recycling rate 
since there is no information about the recyclable fraction 
of ‘other plastics’. The subfractions ‘hard plastic packaging’ 
and ‘other foil packaging’ have sorting rates of 34% and 
35%, and the household residual waste container contains 
most of the rest (see Fig. 6).

If historical trends continue, as assumed in the Current 
Road scenario, the scenario analysis tool estimates that sort-
ing rates of plastic will be 43%, 46% and 55% in 2028, 2030, 
and 2035, respectively. The gap between the actual sorting 

rates and the stricter targets increases over time. Both Circu-
lar Road and Frugal Road fulfils the sorting rate targets for 
all three years, but the latter has a higher sorting rate than the 
former for total plastic (Fig. 7b–c). The same applies for all 
subfractions except for ‘bags/sacks for waste’, as the rate of 
change is kept the same in Circular Road (increase in sorted 
plastic) as in Current Road, while in Frugal Road there is no 
increase in sorted plastic.

Figure 8 shows the sorting rates of the food waste sub-
fractions and the Norwegian sorting rate targets for all three 
scenarios in 2028, 2030, and 2035, together with the refer-
ence year 2019.

Figure 8 shows that all three sorting rate targets for food 
waste are fulfilled in all three scenarios, with Frugal Road 
having the highest sorting rates. Food waste is found in a 
total of 8 containers in the MSW system: food waste (the 
correct container), residual waste, paper and plastic waste, 
and combustible waste; for both households and C&I for 
all four containers. Similar to plastic, incorrectly sorted 
food waste is mainly found in the household residual waste 
container. Although total amounts of individual subfrac-
tions are the same in Current Road and Circular Road, 
which container they are discarded into differs, with an 
improved sorting rate (10% increase per year) in the latter 

Fig. 7  Sorting rates of plastic 
subfractions, total plastic and 
sorting targets in 2019, 2028, 
2030 and 2035 for Current 
Road (a), Circular Road (b) and 
Frugal Road (c)
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scenario. In the reference year, the share of edible food 
waste found in the household residual waste container 
was 16.6% while the shares of non-edible food waste and 
kitchen paper towel were 2.3% and 3.2%. This resulted in a 
larger improvement in the sorting rate of edible food waste 
compared to the other two food waste subfractions for Cir-
cular Road. In Frugal Road, the edible food waste fraction 
is assumed to be almost entirely eliminated from the MSW 
system; however, rate of decrease (40%) is relative to the 
amount in the previous year resulting in small amount 
amounts left in the containers For example, 0.52 tons of 
edible waste is in correct containers, while 0.63 tons in 
incorrect containers; thus, the sorting rate becomes 45% 
even though total amount of edible food waste decreases 
to 1.15 tons in 2035 compared to 675 tons in 2019.

In summary, Frugal Road achieves better sorting rates 
for, and lower amounts of plastic and food waste compared 
to the other two scenarios, although all three scenarios 
fulfil the sorting targets. This shows how selective waste 
reduction can be more impactful than increased sorting. 
Therefore, measures to reach circular economy goals 
should also include waste reduction targets of recyclable 
fractions to achieve better sorting rates overall.

Recycling rate

Recycling rates are calculated for each subfraction using 
sorting rate and recycling efficiencies (Table 3) as given in 
Eq. 4. Recycling rate refers to the amount of waste that is 
recycled after deducing the process losses, impurities, dirt, 
and unrecyclable materials. Relation between recycling 
efficiency, sorting rate and recycling rate are illustrated in 
Fig. 9 for plastic subfractions and total plastic in 2019. Even 

Fig. 8  Sorting rate of food 
waste subfractions, total food 
waste and sorting targets in 
2019, 2028, 2030 and 2035 for 
Current Road (a), Circular Road 
(b) and Frugal Road (c)

Fig. 9  Recycling efficiency, sorting rate and recycling rate of plastic 
subfractions and total plastic in 201911
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though the recycling targets given in Table 1 apply only to 
plastic packaging and do not apply in Norway per today, 
they were considered in this study to assess the future MSW 
system. Norway has chosen to use sorting targets to reach the 
recycling targets, as domestic recycling is limited. Norwe-
gian MSW actors are mainly responsible for handling plas-
tic waste, giving them a potential to impact sorting rates. 
Fig. 10 shows recycling rates and targets for plastic.

Fig. 9 shows that highest recycling efficiency of 66% that 
is for hard plastic packaging fraction results in the smallest 
losses, thus smallest difference between sorting and recy-
cling rates. Similarly, lowest recycling efficiency of 16% 
belongs to other plastic that results in the largest deviation 
between sorting and recycling rates.

As shown in Fig. 10, in 2019 ‘PET deposit bottles’ is 
the plastic subfraction with the highest recycling rate, as a 
result of the higher sorting rate. It is followed by the 'hard 
plastic packaging’ and ‘other foil packaging’ subfractions 
with recycling rates of 22% and 19%. The latter has a higher 
sorting rate than the former; however, its recycling efficiency 
is lower, resulting in a lower recycling rate.

Recycling rate targets for plastic cannot be achieved in 
any of the three scenarios even though sorting rate targets 
are achieved. Even in Frugal Road, which has the highest 

recycling rate of the three scenarios, the recycling rate 
needs to increase by 25% until 2030. For Current Road, the 
recycling rate has to more than double to reach the target. 
This shows the importance of recycling efficiency, which is 
influenced by several factors. On the technology side, the 
recycling process determines which types of plastic and 
polymers can be recycled. Innovative technologies such as 
chemical recycling enable recycling of more plastic poly-
mers compared to conventional mechanical recycling, thus 
increasing the recycling efficiency [37]. On the producer 
side, plastic product or packaging producers can improve the 
recyclability of their products by using selected plastics and 
limiting mixing of different polymers in one product. On the 
consumer side, engaging consumers for appropriate clean-
ing of the waste prior to disposal can improve the recycling 
efficiency, and there are consumer driven changes to reduce 
plastic waste such as banning single-use plastics.

For 2030, the targets for plastic are 60% for the sorting 
rate and 55% for the recycling rate. This means that if the 
sorting rate target is precisely met, the recycling efficiency 
must be at least 92%. As can be seen in Table 1, no plas-
tic subfraction has such a high recycling efficiency at the 
moment; 66% is currently the highest for hard plastic pack-
aging. Therefore, the understanding of recycling efficiency 

Fig. 10  Recycling rate of plastic 
subfractions, total plastic and 
recycling target in 2019, 2025, 
and 2030 for Current Road (a), 
Circular Road (b) and Frugal 
Road (c)
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is necessary to evaluate whether recycling rate targets are 
attainable with the existing technology combined with sort-
ing targets.

The quantitative mapping of all waste subfractions done 
in this study makes it possible to calculate the recycling rate 
for all waste fractions and subfractions, to compare them 
with the respective targets (Table 1) at the right geographical 
resolution, the importance of which is highlighted by other 
researchers in the field [38]. This provides an improvement 
over existing calculation methods since currently packaging 
waste data is only available at the national level [8].

Conclusions

In this study, a scenario analysis tool was developed to 
assess whether the circular economy goals are attainable 
with the existing infrastructure and technologies, by esti-
mating sorting and recycling rates of MSW fractions. The 
background data consisted of amounts in and composition of 
28 waste containers containing 14 waste fractions, for both 
household and household-like C&I waste, as well as detailed 
data on 16 subfractions of 5 waste fractions (paper, glass, 
plastic, metal and food). This was developed by linking dif-
ferent data sources, to achieve a detailed description of the 
system. The background data was the basis to implement 
three scenarios: Current Road (business as usual), Circular 
Road (improved sorting) and Frugal Road (selective waste 
reduction of recyclable fractions). Amounts, sorting rates, 
and recycling rates were calculated for all fractions and sub-
fractions from 2019 until 2035; however, the focus of this 
article was residual, food, and plastic waste. Results showed 
that the amount of residual waste will decrease in all three 
scenarios, with Frugal Road having the largest decrease 
of 62% by 2035. Sorting rate targets for food waste were 
achieved in all three scenarios. For plastic, the Norwegian 
sorting targets were achieved only for Circular Road and 
Frugal Road, while the recycling targets were not reached in 
any of the scenarios. This demonstrates the important role of 
recycling efficiency, which can be improved through proper 
disposal (e.g., cleanliness), technology development (e.g., 
sorting technology) and increased recyclability of products 
(design for recycling). The waste reduction strategy resulted 
in higher sorting and recycling rates compared to improved 
sorting only; however, both strategies need to be adopted to 
achieve circular economy goals. The main contributions of 
this study can be stated as:

1. The linking of different sources of waste data provides 
a detailed description of the MSW system for a specific 
region, giving a new and deeper insight into how much 
waste is incorrectly discarded and in which containers.

2. The scenarios are targeted towards concrete circular 
economy goals, both sorting behavior and waste reduc-
tion strategies, as well as the recycling technology and 
products production perspective that are related to 
recycling efficiency can be implemented in the scenario 
analysis tool.

3. The scenario analysis tool has a high level of detail, 
which makes it possible to modify amounts of subfrac-
tions found in each waste container, to implement spe-
cific measures and quantify their effect on the MSW 
system. The tool is highly flexible and can be used for 
many applications.

The methodology for a detailed MSW system description 
can be useful for other impact assessment studies requir-
ing waste composition data, such as LCA. We envision that 
the scenario development approach can be useful for policy 
makers to evaluate, e.g., how attainable circular economy 
goals are with existing infrastructure and technologies. 
Finally, the scenario analysis tool can be utilized to simulate 
the effects of different measures and changes on the waste 
amounts and composition, as well as technology develop-
ments on the recycling rates. This is crucial for the planning 
of future waste management systems. The tool can be use-
ful to many different stakeholders, from MSW companies 
to policy makers, and for many different applications, from 
what-if scenarios to detailed assessments of which levers 
to pull to reach own objectives. The calculation of sorting 
and recycling rates provide information regarding the cur-
rent circularity gap in our society. Future work can focus 
on improving the accuracy of the recycling efficiency with 
specific data on impurities, recyclable material fraction and 
losses in conversion process for higher precision of the sce-
nario analysis tool.

Appendix

See Figs. 11, 12

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10163- 024- 01992-w.
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Fig. 11  Screenshot of the first step of the scenario analysis tool

Fig. 12  Screenshot of the second step of the scenario analysis tool
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