
Vol.:(0123456789)

Clean Technologies and Environmental Policy (2025) 27:8297–8314 
https://doi.org/10.1007/s10098-025-03263-0

ORIGINAL PAPER

Scenario‑based modelling of waste generation and separation 
potential at the municipal level

Veronika Smejkalová1 · Radovan Šomplák1 · Jaroslav Pluskal1 · Lucie Němcová1

Received: 16 January 2025 / Accepted: 7 July 2025 / Published online: 30 July 2025 
© The Author(s) 2025

Abstract
Efforts to save the environment and primary resources have led to the release of a Circular Economy Package by the EU. 
One of the basic principles is to turn waste into raw material and use the potential hidden in waste. For a sustainable waste 
management system, it is necessary to build an adequate infrastructure for material recovery and energy recovery of waste. 
This paper presents a modelling approach that supports the allocation of national waste separation targets to municipalities 
based on their local potential. With regard to the dynamic development of waste management, the waste produced will likely 
be affected by interventions in the future. This aspect is modelled using scenarios. The uniqueness of the presented model-
ling approach is mainly in the use of the properties of the hierarchical data structure, and the coherence of the process at the 
national and regional levels needs to be ensured. Potential for increasing waste separation is identified, and it is assumed that 
all municipalities contribute to increasing the separation efficiency until the separation potential is fulfilled. Three national 
scenarios are developed for the Czech Republic in the case study. Separation rates are defined individually for selected frac-
tions. While the separation rate is not equal to the official recycling rate, the ambitious separation rate values in the third 
scenario (e.g. 80% for plastics and biowaste) indicate the potential to support future CEP recycling targets. The results support 
strategic waste management planning and infrastructure development tailored to regional conditions.
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Graphical abstract
Graphical representation of the proposed methodology for projecting changes in waste production resulting from external 
interventions.
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Introduction

Environmental policy in the EU places a strong emphasis 
on the protection of the environment and primary resource 
saving. Consequently, waste management (WM) is directed 
towards the circular economy, which is anchored in EU 
legislation, specifically the Circular Economy Package 
(CEP). Directive (EU) 2018/851 (EUR-Lex 2018b) sets 
the minimum percentage of recycled or reused municipal 
solid waste (MSW) to 55% in 2025, 60% in 2030, and 65% 
in 2035. Directive (EU) 2018/852 (EUR-Lex 2018c) then 
gives details about minimum recycling and reuse for indi-
vidual types of packaging waste. The maximum landfill of 
MSW is set to 10% in 2035 by Directive (EU) 2018/850 
(EUR-Lex 2018a). Mentioned EU legislation should be 
incorporated on the national level for each EU member 
state. The current state and development trends indicate 
failure to meet these goals in most EU countries (Smejka-
lová et al. 2022). Failure to meet CEP targets could result 
not only in environmental damage but also in economic 
sanctions or loss of funding opportunities at the EU level. 
For environmental policy management, it is essential to 

find the potential of regions resp. municipalities where 
changes can be made to help meet national targets. This 
municipal heterogeneity is a key factor considered in the 
model presented in this paper. This forms the foundation 
for disaggregating national targets into regionally specific 
and achievable actions.

The paper presents the mathematical model to support 
complex issues of environmental policy in the area of WM. 
Specifically, it is about finding the potential for more effec-
tive MSW separation, leading to the fulfilment of the set 
targets. It is therefore necessary to plan the required infra-
structure to be able to adequately manage waste. The pre-
sented mathematical model represents support primarily for 
two areas of WM.

Legislative targets setting: The targets must take into 
account the current form of WM and the reality of their 
achievement. Overly ambitious targets are not a suitable 
motivation for better WM, and on the contrary, the dead-
line for their meeting is often postponed. The targets are 
usually set at the national level. However, their meeting is 
conditional on activities at lower levels of territorial divi-
sion (region, municipality). Using the presented model, the 
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authorities can estimate the impact of the national targets 
will have on individual municipalities. Thanks to this, it 
is possible to set individual targets appropriately and thus 
increase the probability of their timely meeting.

Infrastructure development: Adequate infrastructure is a 
precondition for achieving legislative targets. This includes 
decisions about location, capacity, and technology for new 
or upgraded facilities. These decisions must be based on reli-
able estimates of future waste quantities and composition.

Waste composition, separation, and treatment—
literature review

The composition of mixed municipal waste (MMW) is a 
fundamental input for designing waste management strate-
gies (Hatik and Gatina 2017). It directly influences the yield 
of material recovery, the calorific value of residual waste, 
and the overall system efficiency. MSW is far from homo-
geneous—its composition varies by settlement type, level 
of source separation, seasonal changes, and socio-economic 
context (Rosecký et al. 2021). Regional differences in both 
waste generation and composition are significant, meaning 
that national averages may lead to misleading conclusions 
and inefficient investment when applied at local or munici-
pal levels. Spatial variability in waste composition presents 
both a challenge and an opportunity for modelling and plan-
ning. Pluskal et al. (2022) demonstrate that incorporating 
stochastic approaches and composition-based scenarios sig-
nificantly improves the accuracy of waste-to-energy (WtE) 
facility capacity planning. For both investment decisions and 
regulatory target setting (e.g. within the CEP), it is essential 
to estimate what volumes and qualities of output streams can 
be expected in specific locations.

Waste separation is a critical tool in the transition to a 
circular economy. Its effectiveness depends not only on tech-
nology but also on user behaviour and collection system 
design (Felcis et al. 2025). Separation typically occurs at 
the source through colour-coded bins or bags (door-to-door 
systems), or at central sorting facilities. In the context of 
modelling, separation defines the quantity of fractions that 
can be used for material recovery and the remaining volume 
for energy recovery. Technological trends indicate increasing 
automation of sorting processes. Robotic systems with visual 
recognition (Seredkin et al. 2019) and pneumatic separation 
systems (Ji et al. 2022) enhance output quality, but their 
application is economically viable only at scale. Smaller 
municipalities often rely on manual or semi-automatic sys-
tems with lower efficiency. The resulting quality of separated 
fractions greatly influences their potential for reuse—con-
taminated or mixed plastics, for instance, are often unsuit-
able for recycling and end up in energy recovery streams 
(Saito et al. 2017).

From a modelling perspective, separation must be 
understood not only as a technical process but also as a 
“decision node” that determines what share of the waste 
stream is diverted to material recovery and what remains 
for treatment. This has significant implications for capac-
ity planning: an increase in separation reduces the volume 
of residual waste for WtE, which may challenge the eco-
nomic viability of such plants, especially in smaller or less 
urbanized regions.

Energy recovery of waste is currently considered the 
most suitable method for treating non-recyclable fractions. 
According to Van Caneghem et al. (2019), WtE is an irre-
placeable part of the waste system—it not only reduces 
waste volume but also substitutes fossil fuels in energy 
generation. However, not all WtE technologies are equal. 
Li et al. (2021) show that environmental impacts depend 
on technology choice, system design, and input compo-
sition. Lombardi et al. (2015) provide a comprehensive 
overview of WtE technologies, noting that traditional 
incineration with energy recovery is the most common. 
More advanced technologies, such as gasification and 
plasma gasification, offer higher efficiency and lower emis-
sions but also require larger capital investments (Shareef-
deen et al. 2015; Dong et al. 2018). Vukovic and Makogon 
(2022), analysing 146 plants, emphasize that technology 
choice is regionally dependent—shaped by waste avail-
ability, policy frameworks, and local economic conditions.

The composition of the input stream strongly affects 
calorific value, the need for auxiliary fuels, and emissions. 
Mayer et al. (2019) stress that seasonal fluctuations and 
high proportions of biodegradable waste (e.g. kitchen bio-
waste) lower calorific value and increase moisture, reduc-
ing energy efficiency. Scenario-based models that account 
for such factors (Pluskal et al. 2022) allow more precise 
capacity design and performance estimation at the local 
scale. From an environmental perspective, the concept 
of substitution—i.e. to what extent WtE displaces fos-
sil energy—is crucial. Boakes et al. (2023), in a Belgian 
case study, show that properly designed WtE systems can 
deliver substantial greenhouse gas savings if integrated 
with a high separation rate and efficient district heating 
infrastructure.

Landfilling is considered the least preferred option in the 
waste hierarchy, and EU legislation requires its reduction 
to under 10% by 2035 (EUR-Lex 2018a). However, with-
out efficient separation systems and sufficient material and 
energy recovery capacities, these targets are unlikely to be 
achieved. In this context, integrated modelling tools are 
needed to assess the current state, simulate future develop-
ment, and support regional and MSW management planning. 
The model introduced in this study addresses these require-
ments. It combines information on waste composition, sepa-
ration potential, and treatment capacities to generate realistic 
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and locally specific scenarios. These can be used to guide 
infrastructure development and policy-making in line with 
circular economy principles.

Waste production projections—literature review

Adequate detailed plans must be used for changes in WM. 
These plans are based on forecasts and projections of the 
expected waste production and composition (Goel et al. 
2017). The forecast represents the most probable scenario of 
future development if the current conditions are maintained. 
It is based on historical data and does not include (with the 
necessary exceptions) the expert aspect, e.g. a change in 
trend due to expected changes of influencing factors, etc. 
(Ghinea et al. 2016). The forecast will be referred to as a 
business-as-usual scenario (BAU), and current research still 
brings new findings and approaches in the case of municipal 
solid waste (Kumar et al. 2024). The BAU scenario refers to 
a development in which current trends in waste generation 
are assumed to continue. The scenario is modelled as if no 
interventions in the waste management system were to occur 
in the future.

In contrast, the projection is based on some defined sce-
nario of future development. Projections in WM are created 
when the system is interfered with by external influences, 
and thus, the historical trend changes. These effects (leg-
islative, technological progress, etc.) cannot be forecasted. 
Therefore, the modelling of projections, i.e. scenarios of 
future development in relation to specific conditions chosen 
by the author, is often approached. Scenarios are compared 
to the BAU scenario in order to simulate and evaluate the 
impact of various scenarios. Therefore, the authorities take 
measures to improve the way of waste treatment and meet 
the set interventions (legislative, financial, etc.). The mod-
elled scenarios reflect expert opinion and are usually cre-
ated for several variants from pessimistic through neutral 
to optimistic. It is essential to model the scenarios regard-
ing the territorial hierarchy and the current state of WM in 
each territory. The results then show the different potential 
between regions and thus provide feedback to the authori-
ties. They can then target the interventions effectively and 
support the fulfilment of the given scenario and thus the 
national target in WM.

Scenarios in WM may be created by using the impact 
of some influencing factors and their expected develop-
ment. An example is the model for estimating waste pro-
duction in various scenarios of economic and demographic 
development, including the tourism impact in the coastal 
area (Bramati 2016). Another commonly used technique 
is the incorporation of expert knowledge about the prob-
lem. The experts’ estimates were incorporated into the 
model for creating projections in WM by Estay-Ossandon 
et al. (2018b). This approach makes it possible to take 

into account expected changes (legislative, technological, 
social, etc.) which cannot yet be observed in historical 
data. Regarding the methodology itself, methods of projec-
tions like system dynamics and scenario analysis (Estay-
Ossandon et al. 2018a) were used for the MSW production 
and treatment model. The results showed that by maintain-
ing the BAU it will be impossible to meet the set targets 
for MSW treatment. The strength of policy measures to 
reduce the amount of MSW produced is evaluated through 
scenarios for the Swedish case by Sjöström and Östblom 
(2010). The mentioned studies deal with scenarios in an 
aggregated form for the national level and are not fur-
ther distributed to the regional level. This is a significant 
shortcoming, especially in large countries, where there is 
high inter-regional variability. Then, it is not possible to 
target effective measures with regard to the potential and 
character of the site.

Due to the territorial hierarchy, it is appropriate to use the 
possibility of disintegrating national targets, which can be 
divided into individual regions according to their potential 
for change. The data scaling from the national level (NUTS 
1) down to more regional type of levels (NUTS 2, NUTS 
3, etc.) is widely used in miscellaneous areas, for example, 
energetics (Müller et al. 2019), the impact of Brexit on the 
industrial sectors employment (Brautzsch and Holtemöller 
2021) or distribution of knowledge production function 
(Vadia and Blankart 2021). Sometimes the focus is not 
intended primarily to the scaling down to lower units, but 
the conversion of data due to administrative changes. An 
example may be a study (Rizzati et al. 2022), which focused 
on future residential electricity demand in Italy at the local 
level based on population, land use, socio-economic, and 
climate scenarios for the year 2050. Data for the histori-
cal electricity consumption were available on the province 
level. The majority of the provinces corresponded to NUTS 
3 division. Several provinces were newly established during 
the period of interest, so the conversion for those to NUTS 3 
was done by using the population data. The paper quantifies 
the effect of socio-economic and geographical variables on 
residential areas and electricity demand. Rizzati et al. (2022) 
mentioned different takeaways about the policy implications 
of the modelled scenarios such as the reaction to the expan-
sion of residential land or decarbonizing the energy mix. 
Territorial similarity is also used in WM to estimate waste 
production and composition, which is essential information 
when planning WM. It is not usually feasible to perform 
detailed analysis in all relevant localities (regions, munici-
palities) (Šomplák et al. 2022a). Using stratification, suffi-
ciently representative areas are selected, where the analysis 
is carried out and then there is a generalization to other terri-
torial units of a similar character (Guérin et al. 2018). In this 
case, the task arises at the hierarchical level in the opposite 
direction, where the information for higher levels (regional, 
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national) is generalized based on information from a lower 
level. The aim is to obtain the most accurate estimate of the 
actual composition of the waste using a limited number of 
analysis (Miezah et al. 2015).

In the area of WM, targets are set at the national level (e.g. 
CEP) and the intention is to distribute these national plans 
to lower territorial units. For territorial units where there is 
great potential for change, greater change can be expected (e.g. 
increasing waste sorting); it is therefore necessary to identify 
the potential for change. The benefit of scenario solutions is 
especially in cases where there are links between data. Data 
on waste production for lower territorial units have higher 
variability than aggregated data. Aggregated data were used 
to smooth lower-level estimates of links between waste frac-
tions (Šomplák et al. 2022b). All territorial units show a shift 
towards meeting the scenario if the potential allows. Simul-
taneously, individual territories do not overtake in the sense 
of fulfilling the potential, so the monotony is maintained. If 
some more detailed information is known, the monotonicity 
condition may not be respected. In general, it is appropriate 
to deviate as little as possible from the BAU scenario while 
meeting the requirements of the scenario.

Novelty of the contribution

This study introduces a model that allocates national waste 
management targets to the municipal level based on the esti-
mated separation potential and the specific composition of 
waste. Unlike conventional approaches that operate on an 
aggregated level and often disregard local differences (e.g. 
Sjöström and Östblom 2010), this model accounts for ter-
ritorial heterogeneity and is applicable across highly dis-
aggregated systems (e.g. over 6,000 municipalities in the 
Czech case study).

The model applies a hierarchical structure and follows the 
principle of monotonic fulfilment, where municipalities do 
not exceed their estimated potential and do not “overtake” 
each other in fulfilling the targets. This ensures that all ter-
ritories contribute proportionally to the achievement of the 
national goal, according to their capabilities. The model also 
reflects newly emerging waste streams, which arise due to 
system changes (Smejkalová et al. 2020) or technological 
developments (Wang et al. 2021). Additionally, waste pre-
vention is included as a factor that influences both the overall 
waste generation and the separation potential.

The approach is flexible, transferable beyond the Czech 
context, and connects national policy goals with locally fea-
sible implementation. It serves as a practical tool for infra-
structure and intervention planning in line with the princi-
ples of the circular economy (EUR-Lex 2008).

Analytical approach

The projection is based on the need to increase waste separa-
tion, which is a necessary prerequisite for achieving higher 
levels of material recovery of MSW. At the beginning of 
the modelling process, MSW is divided into two categories: 
unseparated residue (UR) and separated waste (SEP). The 
UR includes primarily MMW, bulky waste (BW), and other 
streams such as street sweepings. According to Directive 
2008/98/EC (EUR-Lex 2008), MMW is residual household 
and similar waste that has not been separated at source. BW 
refers to large household items such as furniture, mattresses, 
and carpets that cannot be collected through regular waste 
collection systems (European Environment Agency 2025). 
SEP represents the waste that is already being separately 
collected. The increase in separation is modelled as a shift 
of specific fractions from the UR to the SEP stream. In other 
words, it is assumed that by improving waste sorting, certain 
fractions within the UR can be recovered and added to the 
SEP. Additionally, the model allows for the inclusion of new 
waste streams (denoted as h ) that are not currently part of 
SEP or MSW. These represent materials that were not pre-
viously considered waste—for example, kitchen biowaste 
composted at home. If newly collected, such streams may 
become part of SEP in the future. The efficiency of separa-
tion at the source (by waste producers) is expressed by the 
separation rate (SR). To assess the quality of separation for 
different waste types, the SR can be determined individually 
for each monitored waste fraction. This allows for a more 
detailed evaluation of how effectively each material stream 
is being separated.

The approach for this type of projection consists of two 
main steps. In the first phase, the scenario will be set at the 
national level so that the required target is achieved, Sect. 
“Setting the scenario at the national level”. In the next phase, 
the national targets are divided into regional level 2.2. The 
marking of parameters in the mathematical notation follows 
the rule of indices, which is shown in Fig. 1 for parameter 
SR. Some parameters do not include all indices. For exam-
ple, the national level has the upper NUTS index marked as 
N1, and the lower index j for the territory no longer occurs, 
e.g. SRBAU,N1

�,p,u,f
 . If the parameter does not include all indexes, 

they are usually removed from the last one, e.g. prevSC,N1
�,p

 . 
The exception is the amount of SEP fraction f  ( KSC,N1

�,p,f
 resp. 

K
SC,N2

�,p,f ,j
 ), where there is no index u for UR (Table 3 resp. 

Table 4) and amount of UR fraction u ( LSC,N2
�,p,u,j

 ), where there 
is no index f  for waste fraction (Table 4).
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Setting the scenario at the national level

The amount of SEP in the scenario is increased by diverting 
the separable fractions f  from set UR or production of new 
waste stream h . Furthermore, it is possible to reflect in the sce-
nario a reduction in MSW production due to waste production 

prevention. The applied prevention rate proportionally reduces 
the generation of all MSW components, i.e. both UR and SEP 
fractions. As a result, a scenario with higher prevention may 
lead to lower absolute values of SEP, even when assuming 
higher separation rates. The user therefore has the option to 
choose the SR from UR, new waste stream h production, and 
the percentage of MSW production prevention. The starting 
point for compiling the scenario is the BAU scenario (Sme-
jkalová et al. 2022). Scenario modelling takes into account the 
relationship between UR generation and SEP to more accu-
rately estimate separation potential. An optimization-based 
model for the description of these links was introduced in the 
TIRSMZP719 project (TIRSMZP719, 2019). The result is a 
value �p,u,f  which indicates what percentage of newly separated 
waste fraction f  comes from individual UR u (Šomplák et al. 
2022b). These links �p,u,f  are included in the setting of the 
scenario at the national level. Input parameters for setting the 
scenario are available in Table 1 including description and data 
source, i ∈ T indicates the last year with historical data, and 
� ∈ T indicated the year of modelling scenario.

The optional parameters are listed in Table 2, and it is pos-
sible to specify the MSW generation prevention, SR of indi-
vidual fractions, and production of new waste fraction. Mark-
ing values in a modelled scenario will use the SC superscript 
(scenario).

The output of the scenario set at the national level is the 
values given in Table 3. In the next step (Sect. “Division of 
the targets into lower territorial units”), the scenario is divided 
into lower levels of territory.

In the way given in Tables 1, 2, and 3, the scenario at the 
national level in the target year � is calculated. The waste pro-
duction kSC,N1

�,p,u,f
 for the whole time series over the years � up to 

Fig. 1   Indices in the mathematical notation

Table 1   Input values for setting the scenario in the year τ at the national level

Symbol Description, [unit] Data source

k
BAU,N1

�,p,u,f
Forecasted SEP of fraction f  in the year �, from producer p , 

which originates in a specific u , [t]
BAU

k
BAU,N1

�,p,u,f
Change in production from the last year with data i to the period 

of the year � , [t]
k
BAU,N1

�,p,u,f
= k

BAU,N1

�,p,u,f
− k

BAU,N1

i,p,u,f

�
BAU,N1

p,u,f
Coefficient of transfer from UR u to SEP for fraction f  , [–] Results of the model described in study (Šomplák et al. 2022b)

L
BAU,N1

�,p,u
Forecasted amount of individual UR u , [t] BAU

l
BAU,N1
−
�,p,u,f

Percentage of fraction f  in u , [%] Analyses of UR composition

l
BAU,N1

�,p,u,f
Amount of fraction f  in u , [t] The amount of f  in u is not directly part of the BAU. The value of 

�p,u,f  indicates the extent to which the increase in separation until 
the year � is due to separation from u . Thus, the potential of this 
faction in the u is affected

l
BAU,N1

�,p,u,f
= L

BAU,N1

�,p,u
l
BAU,N1
−
�,p,u,f

− �
BAU,N1

p,u,f
k
BAU,N1

�,p,u,f
.

SR
BAU,N1

�,p,u,f
SR of fraction f  from u , [%]

SR
BAU,N1

�,p,u,f
=

k
BAU,N1

�,p,u,f

k
BAU,N1

�,p,u,f
+lBAU,N1

�,p,u,f
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the target year � is given by the formula (1). Index �0 indicates 
the first forecasted year, and Eq. (2) defines the total amount 
of fraction f separated (SEP), irrespective of its origin u.

Division of the targets into lower territorial units

This part of the text proposes an approach that meaningfully 
estimates the potential of individual lower territorial units 
for increased waste separation. The presented approach for 
scenario modelling is based on assumptions that have been 
mentioned in Sect. “Novelty of the contribution”. The cho-
sen scenario aims to set the production of the selected waste 
fraction so that the sum over all municipalities corresponds 
to the national level described in Sect. “Setting the scenario 
at the national level”. Increased production of this fraction 
f  has a logically positive effect on SR. An important aspect 
for real results is the well-estimated separation potential in 
the form of maximum SR ( maxSR

BAU,L2

p,u,f ,j
).

(1)k
SC,N1

𝜏,p,u,f
= k

BAU,N1

𝜏,p,u,f
+

k
SC,N1

𝜏,p,u,f
− k

BAU,N1

𝜏0,p,u,f

k
BAU,N1

𝜏,p,u,f
− k

BAU,N1

𝜏0,p,u,f

(

k
BAU,N1

𝜏,p,u,f
− k

BAU,N1

𝜏0,p,u,f

)

∀𝜏 ∈ T ,∀p ∈ P,∀u ∈ U,∀f ∈ F.

(2)K
SC,N1

�,f
=
∑

p∈P

∑

u∈U
k
SC,N1

�,p,u,f
∀f ∈ F.

The presented approach aims to divide the necessary 
increase in waste separation to the municipalities based on 
the potential that individual territories have for improving 

Table 2   Optional parameters for 
scenario setting

Nomenclature Description [unit]

prev
SC,N1

�,p
Reduction of MSW production due to prevention, [%]

SR
SC,N1

�,p,u,f
SR of fraction f  from u for the scenario, [%]

N
SC,N1

�,p,h
Total production of new waste fraction h (both SEP and residue in UR), [t]

�
BAU,N1

p,u,h

Coefficient of transfer of new waste fraction h from UR u to SEP for new 
waste fraction h or the opposite direction (plus or minus value), [–]

Table 3   Outputs of the modelled scenario on the N1 territory level

Nomenclature Description [unit] Calculation formula

k
SC,N1

�,p,u,f
Amount of separated fraction f  , originat-

ing from u , [t]
k
SC,N1

�,p,u,f
=
(

1 − prev
SC,N1

�,p

)

(kBAU,N1

�,p,u,f
+ l

BAU,N1

�,p,u,f
)SRSC,N1

�,p,u,f

K
SC,N1

�,p,f
The total amount of separated fraction 
f  , [t]

The value is given as a sum of SEP waste in the scenario over set u ∈ U

K
SC,N1

�,p,f
=
∑

u∈Uk
SC,N1

�,p,u,f
.

n
SC,N1

�,p,u,h
Amount of separated fraction h, [t]

n
SC,N1

�,p,u,h
= �

BAU,N1

p,u,h
N

SC,N1

�,p,u,h
.

l
SC,N1

�,p,u,f
Amount of fraction f  in u , [t] l

SC,N1

�,p,u,f
= (kBAU,N1

�,p,u,f
+ l

BAU,N1

�,p,u,f
)
(

1 − SR
SC,N1

�,p,u,f

)(

1 − prev
SC,N1

�,p

)

.

L
SC,N1

�,p,u
UR generation, [t] L

SC,N1

�,p,u
= L

BAU,N1

�,p,u

�

1 − prev
SC,N1

�,p

�

−
�

∑

f∈Fl
BAU,N1

�,p,u,f

�

1 − prev
SC,N1

�,p

�

−
∑

f∈Fl
SC,N1

�,p,u,f

�

.

L
SC,N1

�,p,u
= L

BAU,N1

�,p,u

�
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SC,N1

�,p

�

−
�

∑

f∈Fl
BAU,N1

�,p,u,f

�

1 − prev
SC,N1

�,p

�

−
∑

f∈Fl
SC,N1

�,p,u,f

�

.

l
SC,N1

�,p,u,f

Amount of new fraction h in UR u , [t]
l
SC,N1

�,p,u,f
= (1 − �

BAU,N1

p,u,h
)NSC,N1

�,p,u,h
.

Fig. 2   Schematic description of the approach
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separation. The potential for higher separation is evaluated 
by SR

BAU,L2

�,p,u,f ,j
 , which means the percentage fulfilling the speci-

fied maxSR
BAU,L2

p,u,f ,j
 ( SR

BAU,L2

�,p,u,f ,j
= SR

BAU,L2

�,p,u,f ,j
∕maxSR

BAU,L2

p,u,f ,j
 ). As 

mentioned above, an increase in waste separation is primar-
ily required in municipalities, which according to the BAU 
scenario have lower SR

BAU,L2

�,p,u,f ,j
 . These municipalities therefore 

have significant potential for improvement. A linear depend-
ence is assumed for the increase in SR

BAU,L2

�,p,u,f ,j
 , see Fig. 2. The 

parameter q
�,p,u,f  defines the linear relationship between the 

BAU and scenario values for each fraction and is the result 
of the model calculation. It is illustrated in Fig. 2. The sce-
nario for the limit increase of SR, i.e. the maximum possible 
separation that can be achieved with respect to maxSR

BAU,L2

p,u,f ,j
 , 

is shown in red. However, the aim of this task is to model 
the specific percentage increase of SR (denoted ΔSR

SC,L2

�,p,u,f ,j
 ) 

in individual municipalities j . The value ΔSR
SC,L2

�,p,u,f ,j
 gives the 

difference of SR
BAU,L2

�,p,u,f ,j
 according to the BAU scenario, and 

the modelled scenario for fraction f  originates in u and ter-
ritory j . The modelled scenario is shown in Fig. 2, marked 
in black colour. For the sake of clarity, two fictitious munici-
palities are illustrated in Fig. 2, denoted by the indices j = 1 
and j = 2. According to the BAU scenario (green line), the 
municipality j = 1 has a lower fulfilling of separation poten-
tial SR

BAU,L2

�,p,u,f ,j
 of the modelled waste fraction f  than the 

municipality j = 2. This fact is captured by the location of 
the SR

BAU,L2

�,p,u,f ,j
 of these two municipalities on the horizontal 

axis. Based on the linear dependence, the necessary increase 
ΔSR

BAU,L2

�,p,u,f ,j
 for these municipalities denoted ΔSR

BAU,L2

�,p,u,f ,1
 and 

ΔSR
BAU,L2

�,p,u,f ,2
 is determined. The resulting fulfilment of 

Fig. 3   The effects of the increase in the SR on the composition of the waste

Table 4   Outputs of the scenario on the L2 territory level

Nomenclature Description [unit] Calculation

SR
SC,L2

�,p,u,f ,j
SR in the scenario of fraction f  , originat-

ing from u , [%]
SR

SC,L2

�,p,u,f ,j
= maxSR

BAU,L2

p,u,f ,j

(

SR
BAU,L2

�,p,u,f ,j
+ ΔSR

SC,L2

�,p,u,f ,j

)

.

k
SC,L2

�,p,u,f ,j
The separated fraction f  , originating from 
u , [t]

k
SC,L2

�,p,u,f ,j
= SR

SC,L2

�,p,u,f ,j

(

1 − prev
SC,N1

�,p

)(

k
BAU,L2

�,p,u,f ,j
+ l

BAU,L2

�,p,u,f ,j

)

.

K
SC,L2

�,p,f ,j
Total amount of separated fraction f  , [t] K

SC,L2

�,p,f ,j
=
∑

u∈Uk
SC,L2

�,p,u,f ,j
.

l
SC,L2

�,p,u,f ,j
Amount of fraction f  in UR u , [t] l

SC,L2

�,p,u,f ,j
=
(

1 − SR
SC,L2

�,p,u,f ,j

)(

1 − prev
SC,N1

�,p

)(

k
BAU,L2

�,p,u,f ,j
+ l

BAU,L2

�,p,u,f ,j

)

.

L
SC,L2

�,p,u,j
Generation of UR u , [t] L

SC,L2

�,p,u,j
= L

BAU,L2

�,p,u,j

�

1 − prev
SC,N1

�,p

�

−
��

1 − prev
SC,N1

�,p

�

∑

f∈F(l
BAU,L2

�,p,u,f ,j
− l

SC,L2

�,p,u,f ,j
)
�

.

n
SC,L2

�,p,u,h
Amount of separated fraction h, [t]

n
SC,L2

�,p,u,h
= n

SC,N1

�,p,u,h

∑

f∈Fk
SC,L2

�,p,u,f ,j
∑

f∈Fk
SC,N1

�,p,u,f ,j

.
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separation potential according to the scenario is then deter-
mined by the sum SR

BAU,L2

�,p,u,f ,j
+ ΔSR

SC,L2

�,p,u,f ,j
 . Individual munici-

palities j do not have the opportunity to overtake others in 
terms of fulfilling the maxSR

BAU,L2

p,u,f ,j
 ( SR

BAU,L2

�,p,u,f ,j
) . However, 

they may overtake in the SRBAU,L2

�,p,u,f ,j
 , because each municipal-

ity may have a different maxSR
BAU,L2

p,u,f ,j
.

Within the modelled scenario, the amount of the moni-
tored fraction f  in the UR u and its separated amount will 
change. The schematic representation of the difference 
between the BAU scenario and the modelled scenario is in 
Fig. 3a) and b), for a fictitious municipality with index j = 
1. Specifically, Fig.  3a) shows the dependence of the 
SR

SC,L2

�,p,u,f ,1
 on SEP ( kSC,L1

�,p,u,f ,j
) of fraction f  , and this is also a 

linear dependence limited by maxSR
BAU,L2

p,u,f ,j
 . In Figure 3b, 

there is a representation of the influence of the scenario 
solution on the amount of f  in u . When increasing the 
SR

SC,L2

�,p,u,f ,1
 in the municipality j = 1, the amount of fraction 

f  in u ( lSC,L2
�,p,u,f ,1

 ) will decrease. The line in Fig. 3b marks the 
linear dependence of the lSC,L2

�,p,u,f ,1
 on amount SRSC,L2

�,p,u,f ,j
 . The 

red point on the horizontal axis in Fig. 3b indicates the 
maxSR

SC,L2

p,u,f ,j
 . Because of the fact, that maxSR

SC,L2

p,u,f ,j
 cannot 

reach 100% in real data, the fraction f  still remains present 
in the u even with this maxSR

SC,L2

p,u,f ,j
.

The model aims to determine the parameters q
�,p,u,f  (see 

Fig. 2) of the linear dependence (3).

The requirement for the problem statement is that frac-
tion f  separation in all municipalities corresponds to 
national separation, see (4).

On the left side of Eq. (4), the new SR within the mod-
elled scenario is multiplied by the total production of the 
fraction f  , i.e. (kSC,L2

�,p,u,f ,j
+ l

SC,L2

�,p,u,f ,j
) . After summation, this 

amount must be equal to the sum of the national generation 
in the scenario kSC,N1

�,u,f
 . After adjustment, the unknown 

parameter q
�,p,u,f , is determined by (5). The outputs of the 

scenario on the municipal level (LAU 2) are given in 
Table 4.

(3)ΔSR
SC,L2

�,p,u,f ,j
= q

�,p,u,f (1 − SR
BAU,L2

�,p,u,f ,j
) ∀p ∈ P,∀u ∈ U,∀f ∈ F,∀j ∈ J.

(4)
∑

j∈J

(

SR
BAU,L2

�,p,u,f ,j
+ ΔSR

SC,L2

�,p,u,f ,j

)

maxSR
BAU,L2

p,u,f ,j
(kBAU,L2

�,p,u,f ,j
+ l

BAU,L2

�,p,u,f ,j
) = k

SC,N1

�,p,u,f
∀p ∈ P, ∀u ∈ U,∀f ∈ F.

(5)q
�,p,u,f =

k
SC,N1

�,p,u,f
−
∑

j∈J(SR
BAU,L2

�,p,u,f ,j
maxSR

BAU,L2

p,u,f ,j
)(kBAU,L2

�,p,u,f ,j
+ l

BAU,L2

�,p,u,f ,j
)

∑

j∈J

�

1 − SR
BAU,L2

�,p,u,f ,j

�

maxSR
BAU,L2

p,u,f ,j
(kBAU,L2

�,p,u,f ,j
+ l

BAU,L2

�,p,u,f ,j
)

∀p ∈ P,∀u ∈ U,∀f ∈ F.

Case study

This section presents a case study for waste production in the 
Czech Republic in 2035. This is a key period in terms of EU 
legislation, see Sect. “Introduction”. In the Czech Republic, 
48% of MSW was landfilled in 2020 and 39% of MSW is 
destined for material recovery (VISOH 2022). To meet the 
EU targets, it is therefore necessary to streamline material 
recovery, a prerequisite for the material recovery is waste 
separation. The SR according to BAU in 2035 is estimated at 
44% with the forecast of MSW production 6,823 kt. The SR 
is increased within scenarios. The legislation of the Czech 
Republic supports the separation of waste as follows (Act 
No. 541/2020 Coll.):

•	 Separation of new waste fractions: textile from 2025.
•	 Increasing the landfill fee: annual increase until 2029.
•	 The obligation of municipalities to achieve minimum 

separation: 60% in 2025 and the next 5% each five years 
up to 2035.

•	 BW sorting: at least metals, plastics, and wood from 
2023.

•	 The obligation to separate MSW in companies: paper, 
plastics, glass, metal, and biowaste from 2021.

•	 Landfill restrictions for some waste fractions: wastes 
from electrical equipment, batteries, tyres, and MSW 
with a calorific value higher than 6.5 MJ/kg in the dry 
matter.

•	 Prohibition of landfilling of usable waste: from 2030.
•	 And others.

These legislation interventions beyond the BAU are 
likely to lead to a higher waste separation. However, it can 
be expected to get more waste polluted or otherwise inappro-
priate for material recovery in SEP. So, it is necessary to take 
into account the fact that not all SEP is material recovered. 
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After sorting the waste on the sorting lines, the non-recy-
clable residue in the form of return streams is intended for 
energy recovery or, in the worst case, landfilling (Pluskal 
et al. 2021).

It is worth noting that no increase in the production of 
a new waste stream is considered for the creation of the 
scenarios in the case study. It is assumed that it is fully 
described in the BAU scenario of the forecast. Only the 
transfer from UR and the impact of waste prevention are 
modelled. In this study, three scenarios (SC1, SC2, and 
SC3) of waste separation at the national level for the Czech 
Republic are compiled and subsequently, and they are 
divided into the level of municipalities. The increase in SEP 
production is made possible by the separation from UR frac-
tions, and in this study for the Czech Republic, MMW and 
BW are considered as UR. Waste fractions f  are commonly 
separated waste fractions: paper (PAP), plastic (PLA), glass 
(GLA), textiles (TEX), metals (MET), biowaste from gar-
dens (BIO-G), biowaste from kitchens (BIO-K), and wood 
(WOO). Waste production is divided according to the pro-
ducer p into waste from municipalities and industry.

Input data and calculation

The potential for increasing separation in 2035 ( lBAU,N1

�,p,u,f
 ) is 

determined from the current composition of UR and an 

estimate of the transfer between UR and SEP ( �BAU,N1

p,u,f
 ), and 

values are given in Table 5. For this study, the UR composi-
tion (EKO-KOM 2019) and transfer between UR and SEP 
(Šomplák et al. 2022b) are considered for fresh matter and 
represent the average from the whole year. The values are 
considered the same for all municipalities. This is a signifi-
cant simplification of the model, where in the case of com-
plete input data, information should be available for each 
municipality. However, there are currently insufficient data-
sets to determine the composition of MMW at the munici-
pality level. It is assumed that PLA, MET, and WOO can be 
separated from BW, and no significant representation in BW 
is expected for the other fractions ( f  ) considered. The com-
position of BW is taken from a study (Sekito et al. 2003), 
and it is a case study from Japan. The authors do not antici-
pate significant differences in the composition of BW 
depending on the geography, as can be expected, for exam-
ple, for biowaste. Studies from the EU, such as Denmark, are 
also available (Larsen et al. 2012). However, the Danish 
study only lists components of BW suitable for material 
recovery, so it is not the overall composition of BW. Further-
more, a transfer from BW to SEP is not expected in the his-
torical data, so there is no value for transfer in Table 5. The 
maximal SR is not limited in this study, so maxSRSC,L2

p,u,f ,j
= 1. 

In the further research, it would be beneficial to supplement 
the input data, especially with the composition of UR and 
the related potential of separation at the level of 
municipalities.

The evaluation of the potential in the BAU scenario in the 
municipalities is shown on the maps (Fig. 4) for MMW pro-
duced by municipalities. The low value of the SR (Fig. 4a) 
means great potential for improvement. Low SR is often in 
connection with a high amount of SEP in MMW (Fig. 4b). 
The intervention is effective in targeting municipalities that 
have a large amount of SEP in MMW and simultaneously 
low SR. These municipalities are able to contribute more to 
the national goal. The maps for municipalities show a better 
level of BAU for the east part of the Czech Republic. The 
most significant potential seems to be the south-west part 
(South Bohemian region), north-west part (Ústí nad Labem 
region), and area around the capital city Prague (Central 
Bohemian region). In the case of industry waste, the poten-
tial will be highly dependent on the type of industry operated 
in the locality. Historical data do not consider a transfer from 
BW to SEP, so the potential according to BAU is the same 
for all municipalities.

The potential for change is given by the composition of 
UR in BAU. Optional parameters are the rate of waste pre-
vention, SR from MMW and SR from BW. In consultation 
with WM experts who participate in the creation of Czech 
legislation (Act No. 541/2020 Coll.), three scenarios are 
formulated: realistic (SC1), positive (SC2), and optimistic 

Table 5   Input information for determining the potential in the BAU 
scenario

*WOO was not addressed in the paper (Šomplák et al. 2022b). There-
fore, an estimate is made of the same value as BIO-G. In both cases, 
it is waste that has the character of garden waste
**Others include combustible waste, undersize fraction, mineral 
waste, hazardous waste, and electronic waste
***The composition of the BW lists only those fractions that will be 
separated according to the legislation. The Others item, therefore, 
includes all other fractions (PAP, GLA, TEX, etc.)

MMW BW
Composition [%]
(EKO-KOM 2019)

Transfer [-]
(Šompák et al. 
2022b)

Composi-
tion
[%] (Sekito 
et al. 2003)

PAP 8.7% 0.86 –
PLA 10.1% 0.94 20.9%
GLA 4.0% 0.87 –
TEX 2.1% 0.99 –
MET 2.5% 0.04 20.3%
BIO-G 15.3% 0.20 –
BIO-K 10.3% 1.00 –
WOO 1.0% 0.20* 42.4%
Others** 46.0% 16.4%***
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(SC3), see Table 6. The scenarios are not intended as bind-
ing policy proposals but serve to demonstrate the function-
ality of the model on realistic, nationally relevant inputs. 
Since the model is fully flexible, users can define their own 
target values and explore how municipalities would need to 
respond in order to meet specific goals.

Results and discussion

The input values given in Tables 5 and 6 are according to 
the procedure of Sect. “Analytical approach” calculated sce-
narios first at the state level and then for municipalities in 
the Czech Republic. Graphically, the composition of SEP 
and UR is indicated in Fig. 5 for producer municipalities. 
The first column in Fig. 5 always indicates the BAU and 
the modelled scenarios follow. In the modelled scenarios, 

a) Sorting rate of MSW

b) Amount of separable waste in MMW

Fig. 4   Map of separation potential from MMW produced by municipalities, Czech Republic, municipality level, year 2035
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Table 6   Setting of modelled 
scenarios, Czech Republic, the 
year 2035

Producer Municipalities Industry

Scenario BAU SC1 SC2 SC3 BAU SC1 SC2 SC3

Prevention [%] 0% 0% 5% 12% 0% 0% 5% 12%
SR from MMW [%] PAP 78% 82% 84% 90% 89% 91% 91% 95%

PLA 62% 65% 67% 80% 13% 20% 25% 80%
GLA 79% 84% 86% 90% 43% 46% 48% 90%
TEX 65% 75% 80% 90% 50% 50% 52% 55%
MET 82% 88% 93% 95% 41% 43% 50% 85%
BIO-G 84% 83% 83% 85% 74% 74% 74% 85%
BIO-K 2% 20% 27% 80% 53% 60% 65% 80%
WOO 83% 85% 86% 87% 82% 84% 86% 87%

SR from BW [%] PLA 0% 20% 25% 80% 0% 20% 25% 80%
MET 0% 20% 25% 80% 0% 20% 25% 80%
WOO 0% 20% 25% 80% 0% 20% 25% 80%

a) Separated waste from municipalities b) Unseparated residue from municipalities

c) Separated waste from industry d) Unseparated residue from industry

Fig. 5   The results of the scenario modelling, Czech Republic, the year 2035
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there is a higher production of SEP fractions, although their 
total production is corrected in SC2 and SC3 by preventing 
MSW production. According to BAU, there is already more 
than half of non-separable waste (“Others”) in MMW, and 
this waste cannot be transferred from UR by separation. The 
scenarios show that some fractions have a greater potential 
for higher separation than others. It can be mentioned BIO-K 
in MMW, which in the case of MMW from municipalities 
occupies a significant part of MMW, and according to the 
model, it can be successfully separated. In the scenarios, 
separable components from MMW and BW are eliminated. 
This reduces the potential for further separation, and most 
UR is represented by “Others”.

According to BAU specified in the project (TIRSMZP719, 
2019), production of 6,823 kt MSW, 2,753 kt MMW, and 
822  kt BW (total from municipalities and industry) is 
expected in 2035. Under the scenarios, the production of 
these UR representatives is reduced, according to the opti-
mistic SC 3 to 6,004 kt MSW, 1,903 kt MMW, and 399 kt 
BW. The SR of MSW for SC 3 is 58%. In the case of SR 
from MSW, the development of the other components is not 
addressed, and therefore, this result is only indicative from 
the point of view of comparing the BAU and the scenario. 
Therefore, the result is then displayed with regard to MMW. 
The SR from MMW is estimated at 72% based on BAU 
in summary for all waste fractions considered. According 
to the modelled scenarios (SC1, SC2, SC3), the separation 

can be increased to 73%, 77%, and 87%. All the presented 
information related to waste amount and SR is crucial for 
infrastructure planning. Such inputs into subsequent opti-
mization tools can help to properly adjust the supply chain. 
It is also essential to include all UR fractions for the overall 
assessment of the SR of MSW, not only the main MMW. It 
is necessary to emphasize that the SR is not the same as the 
recycling rate, so these values cannot be directly compared 
with the targets included in the CEP (Sect. “Introduction”). 
Real waste treatment is affected by several decision uncer-
tainties (Soltani et al. 2017).

Figure 6 shows the change in the SR for MMW produced 
by municipalities in individual scenarios. The value for the 
national level is marked as NUTS 1. Across all regions and 
municipalities, an upward shift in SR can be observed when 
comparing the scenarios with the BAU baseline. This trend 
reflects the influence of more ambitious targets and improved 
separation performance built into the scenario settings. The 
most pronounced increases are seen in municipalities that 
initially had low SR under the BAU scenario, as they offer 
the greatest room for improvement. A significant differ-
ence in the distribution of histograms can be seen between 
producers (municipalities and industry). This is probably 
because the nature of industrial waste varies greatly from 
one municipality to another and is influenced, among other 
things, by the industry field. The composition of waste pro-
duced by municipalities is not so variable, and the difference 

Fig. 6   Separation rate in municipalities, year 2035, municipality producer (blue) and industry producer (brown)
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is especially in SR. In the case of industrial waste, it is there-
fore even more important to set up interventions adequate to 
the given locality.

The modelled scenarios provide not only quantitative esti-
mates of separated waste streams but also valuable strategic 
insights for planning the development of waste management 
systems. The results indicate that increasing the SR leads 
to a reduction in the amount of residual waste available for 
energy recovery. While this trend aligns with long-term cir-
cular economy goals, it raises questions about the opera-
tional sustainability of waste-to-energy (WtE) facilities.

In the context of the Czech Republic, however, it is 
important to note that current WtE capacities are insuffi-
cient. Therefore, even with increased material recovery, no 
significant disruption to WtE operations is expected. Instead, 
the collection areas may simply need to be expanded to 
ensure sufficient feedstock. At the same time, infrastructure 
planning should consider the fact that a portion of separated 
waste remains non-recyclable and returns as a residue from 
sorting lines—this return stream is still suitable for energy 
recovery and must be accounted for in system design.

The scenarios also demonstrate how national targets can 
be disaggregated at the municipal level based on local capa-
bilities and potential. This enables targeted interventions 
tailored to the characteristics of each municipality, such as 
expanding the collection network, promoting home compost-
ing, raising public awareness, or introducing financial incen-
tives. Thanks to the model’s high spatial resolution, such 
measures can be implemented effectively and with regard 
to local needs.

It is also important to emphasize that the presented sce-
narios do not represent specific infrastructure investment 
plans, but rather a strategic planning framework. This frame-
work helps to identify regions with the greatest potential 
for achieving circular economy targets. The practical imple-
mentation of such strategies will depend on further factors 
such as available funding, regional cooperation, spatial con-
straints, and public acceptance.

Data limitation and sensitivity analysis

This chapter summarizes the necessary input data used in 
the proposed model and evaluates its limitations in terms of 
availability, spatial resolution, and quality. Special emphasis 
is placed on the impact of these limitations on the model 
results when applied to the level of individual municipali-
ties. The following table (Table 7) summarizes the key input 
data used in the model, their application, and any limitations 
concerning spatial resolution, availability, and reliability.

Although the model enables calculations down to 
the municipal level, this high spatial resolution imposes 
demands on the availability and granularity of input 
data. While data on waste generation are available for all Ta
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municipalities, their quality and consistency may be sub-
ject to discussion. These data are nevertheless used as the 
official basis for monitoring progress towards EU targets, 
and their maximum credibility is generally assumed—no 
more reliable alternative datasets currently exist. In reality, 
discrepancies may occur, and potential inaccuracies could be 
addressed using correction methods such as data reconcilia-
tion. However, such adjustments are beyond the scope of this 
analysis. The BAU scenario represents a fixed starting point 
for the presented modelling approach. If the BAU inputs are 
different, the results of the modelled scenarios would shift 
accordingly. In that case, national targets would be adjusted 
to match the revised baseline and redistributed proportion-
ally to the municipal level.

The composition of MMW (percentage share of indi-
vidual fractions) and the transfer coefficients are used at 
the municipal level to calculate the quantity of monitored 
fractions in MMW under the BAU scenario. Furthermore, 
a sensitivity analysis of the results of different MMW com-
positions at the municipal level is performed. A dedicated 
sensitivity analysis of the transfer coefficients is not con-
ducted. However, it is important to note that these coeffi-
cients play a functionally equivalent role in the model as 
the MMW composition—both act as proportion-based 
parameters used to estimate the number of individual waste 
fractions under the BAU scenario. As such, their effect 
on the model’s outputs is assumed to be comparable. The 
sensitivity analysis performed for MMW composition thus 
provides a relevant approximation of the uncertainty range 
that would be expected from variability in parameters of 
this kind. This chapter focuses on analysing the effect of 
these coefficients through the generation of different MMW 

composition scenarios, representing potential variability in 
input data across municipalities.

Only a limited number of municipalities have access 
to a local analysis of their MMW composition. Currently, 
models are being developed to estimate waste composition 
based on municipality-specific characteristics using strati-
fication approaches (e.g. Šramková et al. 2021). However, 
the Czech Republic still lacks a sufficiently comprehensive 
database to fully represent the spatial variability of MMW 
composition across all municipalities.

Due to this limitation, the case study in this manuscript 
uses a uniform national average composition of MMW for 
all municipalities. To evaluate the impact of the simplify-
ing assumption of a uniform MMW composition across 
all municipalities, a sensitivity analysis is performed. The 
objective is to assess how spatial variability in waste com-
position affects model outputs, particularly the SR of the 
monitored fractions (PAP, PLA, GLA, TEX, MET, BIO-G, 
BIO-K, WOO). In the following text, the term composition 
scenario is used to describe individual input data variants 
that differ in the distribution of MMW composition.

The monitored fractions represent 54% of the total 
MMW at the national level (Table 5). The remaining por-
tion consists of other components that cannot be further 
separated and are not addressed in detail in this analysis. 
For each monitored fraction, a share in MMW is gener-
ated, and the other components are complemented to reach 
a total of 100%.

For each composition scenario, the MMW composition 
in individual municipalities is generated from a normal 
distribution:

Fig. 7   Difference in SR 
compared to uniform MMW 
composition, ten composition 
scenarios
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•	 Mean value: For each monitored fraction, the mean value 
is equal to the national estimate of its share in MMW 
(Table 5).

•	 Standard deviation: Set as � =
0.3mean value

2
 , corresponding 

to a ± 30% range around the mean within 95.4% of cases 
under a normal distribution.

Across 10 composition scenarios and over 6,000 munici-
palities, local SR of monitored fractions ranged from 53.9 
to 91.8%. In each scenario, the minimum and maximum SR 
values among municipalities are recorded; the average of the 
minimum values is 55.7%, while the average of the maxi-
mum values reached 91.0%.

The reference case is considered to be the calculation 
based on a uniform, national MMW composition. Compared 
to the individual composition scenarios, the maximum devi-
ation in SR observed across all municipalities and scenarios 
is 4.3% points. The dispersion of SR values among munici-
palities is slightly greater in the composition scenarios than 
in the uniform variant, although the average values remained 
very close.

A graphical output of this analysis is presented in the 
form of a box-and-whisker plot (Fig. 7), which illustrates the 
differences in SR at the municipal level between the uniform 
composition and each of the ten composition scenarios. Each 
box represents one scenario, and the y-axis shows the devia-
tion in SR for each municipality compared to the baseline.

The results of this sensitivity analysis demonstrate that 
using a uniform MMW composition has no significant 
impact on the overall model outputs. The national composi-
tion estimate effectively reflects a weighted average across 
municipalities and does not introduce systemic bias into the 
results. It only partially reduces spatial variability, which 
is otherwise accounted for through other municipality-level 
input data such as waste generation amount and transfer 
coefficients.

Moreover, this analysis confirms that the modelling 
approach is relatively robust—even with substantial uncer-
tainty in input data (up to ± 30% variability in MMW com-
position), the resulting deviation in SR does not exceed 4.3% 
points. In cases where empirical data on the composition of 
MSW are not available, aggregated estimates at the state 
level can be used.

Conclusion

This paper presents a modelling framework for projecting 
future development in waste generation and separation. The 
approach enables the definition and distribution of national 
targets across municipalities based on their specific poten-
tial. The primary goal is to support scenario-based plan-
ning in WM, with the model providing a flexible tool for 

evaluating the effects of prevention, separation, and policy 
changes. The use of the model is demonstrated through a 
case study in the Czech Republic.

The Czech case study illustrates how the model reflects 
regional disparities in current performance. According to the 
BAU scenario, municipalities in the east part of the coun-
try (Moravia) generally achieve higher separation rates than 
those in the western part (Bohemia). Therefore, the greatest 
potential for improving national outcomes lies in targeted 
interventions in Bohemia.

In this study, three different scenarios for increasing the 
SR are defined, with scenario SC3 representing the most 
ambitious variant, assuming the highest SR values for indi-
vidual waste fractions. In scenario SC3, the most optimistic 
variant, the total MSW production in 2035 is projected to 
decrease from 6,823 kt (BAU) to 6,004 kt, and the SR of 
the monitored fractions from MMW can increase from 72% 
(BAU) to 87%. These results show how targeted measures 
and realistic assumptions about prevention and sorting effi-
ciency can significantly influence system performance and 
strategic planning.

In the model, SR is defined for each monitored fraction 
individually (e.g. PAP, PLA, GLA, TEX, MET, BIO-G, 
BIO-K, WOO), rather than as an aggregated value for the 
entire MMW. It is also important to emphasize that SR does 
not correspond to the recycling rate—SR reflects the share 
of separately collected waste, whereas the recycling rate 
includes only the portion that is actually materially recov-
ered. Separated waste always contains a certain share of 
materials that are unsuitable for recycling (e.g. contaminated 
components), which are further directed to energy recovery 
or disposal.

For this reason, the modelled SR values cannot be directly 
compared to the Circular Economy Package (CEP) targets 
(55% in 2025, 60% in 2030, and 65% in 2035). Nevertheless, 
based on the SR values for individual fractions in scenario 
SC3, it can be concluded that the defined SR is ambitious 
enough to provide a basis for achieving these targets—even 
when accounting for typical sorting losses. For example, for 
plastics (PLA) and kitchen biowaste (BIO-K), which are key 
fractions in terms of volume, SRs of 80% are considered in 
scenario SC3. This level provides sufficient margin for meet-
ing the 65% recycling target at the national level.

The quality of the scenario is significantly affected by 
the estimation of potential in municipalities. It is therefore 
essential to have an adequate estimate of the composition of 
the UR and the rate of transfer between waste fractions. In 
general, these parameters depend on local conditions, and 
it is therefore appropriate to evaluate them individually for 
each municipality. There has been a simplification in the 
case study of this paper; due to a lack of data, the same com-
position and transfer are considered for each municipality.
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Future research should focus on collecting more granu-
lar data on local waste composition and improving transfer 
estimates between waste streams. This would increase the 
model’s robustness and support its application in real-world 
policy-making and infrastructure design.
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