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Sustainable waste management presents a critical global challenge, necessitating the development of strategies
for waste reduction and enhanced recycling. This study explores the impact of pay-as-you-throw tariffs (PAYTT)
on promoting sustainable urban waste management. Propensity score matching was employed to analyse data
from 7583 Italian municipalities. The study assesses the effects of PAYTT on both total and unsorted urban waste
and evaluates their influence on the quantity and quality of separate waste collection. The findings indicate that
the implementation of PAYTT effectively aligns with EU waste hierarchy policies. Municipalities adopting PAYTT

experience reduced total and unsorted waste generation, along with improved quantity and quality of separate
waste collections. Consequently, PAYTT holds significant potential for widespread application throughout the
EU, contributing to enhanced separate waste collection efforts.

1. Introduction

Sustainable urban solid-waste management is an important global
issue. Both developed and developing countries are seeking new policies
and instruments to foster waste reduction and enhance segregated
collection for better recycling (Di Foggia and Beccarello, 2020). In
Europe, the waste hierarchy is considered a roadmap for urban waste
management. At the international level, the Sustainable Development
Goals (SDG) have drawn attention to the role of waste management in
achieving sustainable production and consumption. Embracing these
frameworks, the Waste Framework Directive 2008/98/EC (WFD) ad-
vocates for prevention, reuse, and recycling while discouraging waste
treatment through incineration and landfilling (Egiiez, 2021), alongside
an increase in landfilling fees (Mak et al., 2019).

Further, efforts should be made to incentivise the application of the
waste hierarchy in accordance with Directive 851/2018, amending
Directive 2008/98/EC. These measures may include implementing
charges and restrictions for landfilling and incineration, as well as sound
planning of investments in waste treatment options to reduce opportu-
nities for higher hierarchy levels (Romano et al., 2021). Indeed, recent
research has highlighted that excess incineration capacity diminishes
recycling (Yamamoto and Kinnaman, 2022), in contrast to previous
findings (Gradus et al., 2019). Moreover, committed policies, such as
adoption of zero-waste strategy by municipalities, could increase waste
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segregation at the source and separate waste collection (Romano et al.,
2019). SDG 12 mandates the minimisation of natural resource con-
sumption and waste generation, promoting, among other measures, the
adoption of ad hoc policies, the reduction of food waste, and the
augmentation of recycling rates.

Among the instruments aimed at enhancing incentives to adhere to
the waste hierarchy, the EU Directive 851/2018 includes PAYTT (also
known as unit-based or weight-based pricing), applying the polluter-
pay-principle. This could foster separation of recyclable waste at
source, thereby reducing mixed waste (Ukkonen and Sahimaa, 2021).
PAYTT operates under the same payment principles as other public
services, such as water, gas, or electricity, where citizens are billed
solely for their usage. This system aims to enhance the efficiency of
public goods provision while reducing environmental impact (Messina
and Tomasi, 2020). In the context of urban waste, households are
charged based on the quantity they dispose of (Folz and Giles, 2002).

Many municipalities have implemented PAYTT, where households
are charged based on the amount of waste they dispose of, rather than
relying on factors such as property size or the number of household
members, as observed in the general property tax-based "pay-as-you-
own" system (Messina et al., 2023; Andersson and Stage, 2018; Reich-
enbach, 2008). According to a study conducted by the European Com-
mission in 2012 (EC, 2012), while 17 EU member states employed
PAYTT for municipal waste, only three of them—Austria, Finland, and
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Ireland—implemented these tariffs across all municipalities.

The extant literature highlights both the strengths and weaknesses of
PAYTT, underscoring the need for further research to describe their real
effects on waste generation and effective recycling (Dijkgraaf and Gra-
dus, 2004; Folz and Giles, 2002; Messina et al., 2023; Zhang et al.,
2022). Among the strengths consistently reported by households are the
fair allocation of costs based on waste generation, waste reduction,
transparency of waste management costs, increase in recycling and
composting, and price reduction (Di Foggia and Beccarello, 2023;
Messina et al., 2023; Ukkonen and Sahimaa, 2021). However, the
weaknesses include increased costs, design complexity, the need for a
holistic approach, encouragement for waste tourism and illegal dump-
ing, and increased amounts of contaminants in recyclables (Dahlén and
Lagerkvist, 2010; Elia et al., 2015; Van Houtven and Morris, 1999).

We investigate the role, if any, of PAYTT not only in reducing un-
sorted and unrecyclable urban waste generation (Messina and Tomasi,
2020; Messina et al., 2023), but also in increasing separate collection
rates and the quality of separately collected waste. Separate collection is
essential to increase waste recycling (Connet, 2013) through the sepa-
ration of waste at household levels. At the European level, the European
Waste Directive (2008/98/CE) requires the separate collection of at
least plastic, paper, glass, and metals, along with organic waste that is
collected separately to produce agricultural compost. Indeed, separate
collection systems for wet and dry waste reduce contamination per-
centages but necessitate oversight and citizen engagement (Cheela et al.,
2021).

The present study investigates the role of PAYTT in fostering sepa-
rate collection in Italian municipalities, to understand the relevance of
its role in meeting the targets defined by national and European regu-
lation. Moreover, as enhancing effective recycling hinges not only on the
quantity of separate collection but also on the quality of materials
collected separately—meaning the reduction of unsuitable materials
that hinder recyclability and increase subsequent separation costs—we
also examine the impact of PAYTT on improving the quality of materials
separated at the source. Indeed, we included a variable in our dataset to
denote the quality of separate collection, i.e., the revenue received by
municipalities from CONAI for separate collection of paper and card-
board. CONAI is the Italian National Packaging Consortium involved in
recycling packaging waste. CONAI is a private non-profit organisation
established to promote and foster the separate collection, sorting,
recycling, and recovery of packaging waste in Italy with respect to
extended producer responsibility (EPR) rules and EU regulations for
recycling and packaging (Rigamonti et al., 2019; Minoja and Romano,
2021). The revenues paid by CONAI to municipalities vary based on the
purity of the segregated waste collected. In Italy, paper and cardboard
constitute the most significant types of segregated waste, accounting for
over 34% of separate collections in 2020 (excluding organic biowaste,
which is managed outside the CONAI system) (ISPRA, 2022).

2. Literature review

Experiences in the application of PAYTT have been available in many
different countries for decades owing to their expected role in increasing
household responsibility, reducing unsorted waste, and increasing
reuse, composting, and recycling in a circular economy view. Indeed,
PAYTT provides a direct economic incentive to foster waste separation
at the source (Alves et al., 2020) and regulators should encourage its
adoption to overcome political, cultural, and technical constraints
(Marques et al., 2018). Notably, PAYTT enjoys acceptance among
households; indeed, Brown and Johnstone (2014), using data on four
OECD countries, reported that people experiencing a PAYTT tend to
progressively become more supportive of it, with a relevant mediating
role of pro-environmental behaviour (Vorobeva et al., 2022).

Existing research has explored various contexts concerning the ef-
fects of implementing PAYTT systems. In the United States, during the
1990s, an increasing number of municipalities began implementing
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PAYTT (Van Houtven and Morris, 1999). Fullerton and Kinnaman
(1996) investigated the effects of implementing the price per bag of
garbage method. They found that households reduced the number of
bags disposed of, although the weight of household garbage did not
necessarily decrease. Recycling rates increased by 16%, although illegal
dumping offset some of the actual waste reduction (estimated at
approximately 10%). The authors concluded that social benefits in terms
of waste reduction and increased recycling did not cover the adminis-
trative cost of the price per bag of garbage. In contrast, Van Houtven and
Morris (1999) found that a PAYTT experiment in Georgia significantly
reduced waste collection and landfilling, thereby, reducing collection
and disposal costs.

In a US context, Folz and Giles (2002) discovered that municipalities
with PAYTT systems recycle a greater quantity of waste compared to
others, with a higher Citywide Recycling Diversion Rate.

Gradus et al. (2019) delved into PAYTT and curb-side collection
methods, with the latter being the most common policy adopted in the
USA to reduce landfilling. Only 10% of municipalities combine this
policy with others, such as waste-to-energy programs or PAYTT. The
authors explored the factors influencing curb-side recycling and PAYTT
adoption, which are more prevalent in municipalities with higher pop-
ulation density, larger government budgets, and lower poverty rates.
PAYTT, however, is a less common strategy, particularly in rural areas
and affluent communities. The results suggested that PAYTT may be
more effective than curb-side recycling in reducing household waste
generation, but citizens need to be educated about the effectiveness of
economic incentives, and policymakers must be convinced that the
benefits outweigh the costs.

In Canada, Lakhan (2015) found that PAYTT systems are effective in
promoting waste diversion, but such systems are not appreciated by
majority of households considering both their efficacy and fairness.

In Europe, relevant progress in applying PAYTT began approxi-
mately 35 years ago (Reichenbach, 2008), along with the availability of
transponder technology. Specific technical requirements must be in
place to implement PAYTT (Ukkonen and Sahimaa, 2021). Dijkgraaf and
Gradus (2004) focused on the Netherlands and revealed that by 2000,
more than one in five municipalities had introduced unit-based user fees
for waste collection, depending on the amount of waste produced by
each household. Moreover, they found that the introduction of
unit-based pricing resulted in a significant change in citizen behaviour,
with better results than weight- and bag-based pricing systems. Later,
Dijkgraaf and Gradus (2008) demonstrated that unit-based pricing
lowers the cost of municipal waste collection, even if this cost advantage
decreases over time. Moreover, unit-based pricing was shown to be more
effective in reducing costs than contracting urban waste collection. In
the Netherlands, Allers and Hoeben (2010) estimated waste generation
reductions for both unsorted and biodegradable waste. Moreover, they
discovered an increase in recycling, particularly of paper. In Greece,
Karagiannidis et al. (2008), found that PAYTT decreases the cost for
both municipalities and citizens, if expected waste reduction occurs.
Conversely, Le Bozec (2008), while investigating two French commu-
nities, found that municipalities struggled to balance their budgets when
implementing PAYTT. Nevertheless, he also identified a reduction in
total domestic and residual household waste. In contrast, Slavik and
Pavel (2013), in the context of the Czech Republic, demonstrated that
variable urban waste charges have a more positive impact on increasing
separate collection and reducing waste generation compared to fixed
charges. Moreover, variable systems do not entail higher administrative
costs for municipalities.

Dahlén and Lagerkvist (2010) reported both positive and negative
effects of the introduction of PAYTT. Among the positive outcomes were
increased household interest in waste management and reduced bulky
waste in bins. Negative effects included reduced collection frequency
initially, a temporary increase in waste volumes, private incineration of
waste, and workplace disposal of household waste. Andersson and Stage
(2018) discovered that in Sweden, PAYTT was less effective than the
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separate collection of food waste in reducing incineration and increasing
recycling. According to their study, the introduction of weight-based
waste tariffs did not significantly reduce household waste generation,
nor did it affect the quantity of recyclable waste, such as paper or
packaging.

Morlok et al. (2017) reported a decline in residual waste, recycling,
and waste fees over a twenty-year period of PAYTT implementation in
Germany. However, they also found that PAYTT had no effect in
reducing the total amount of waste generated. In Italy, Messina and
Tomasi (2020) noted changes in citizens’ behaviour following the
introduction of PAYTT, with decreases in total waste and unsorted waste
generation. Municipal costs for municipalities adopting PAYTT also
decreased, reducing the expense associated with managing undifferen-
tiated waste. Additionally, Messina et al. (2023) conducted an estima-
tion of the impact of the general introduction of PAYTT in Italy,
revealing a significant reduction in both the quantity of waste produced
and the associated costs.

Additional recent studies have aimed to provide deeper insights into
specific contexts and waste types, such as textile waste (Perebynos et al.,
2023). For example, Alves et al. (2020) investigated the effect of
introducing PAYTT in the insular areas of Portugal for non-domestic
users, such as hotels. Their simulations show that applying PAYTT can
significantly reduce tariffs. In contrast, Van der Werf et al. (2020)
focused on food waste in Toronto, Canada, and found that the PAYTT
waste program was effective in diverting food waste from unsorted
waste; however, it did not contribute to reducing food waste generation.

The existing literature highlights the need for further studies to
better clarify the effects of the introduction of PAYTT with reference to
environmental targets, such as separate collection at source, encom-
passing both quality and quality. Further studies are needed to delve
into diverse contexts, leveraging comprehensive datasets involving a
larger number of municipalities.

3. Material and method
3.1. Data collection and variables

This study encompasses the analysis of 7583 Italian municipalities,
which accounts for approximately 96% of the total. In 2020, 12.5% of
these municipalities adopted PAYTT, a proportion akin to that in Swe-
den (Andersson and Stage, 2018) and the Netherlands (Chamizo--
Gonzalez et al., 2016). Similar to several other countries, many Italian
municipalities employ flat fees, as research in Spain has shown that
dwelling values are not strongly correlated with waste generation
(Chamizo-Gonzalez et al., 2016).

Data were collected from three freely available public sources which
produce official statistics: The Italian Institute for Environmental Pro-
tection and Research (ISPRA), CONAI, and Italian National Institute of
Statistics (ISTAT). The PAYTT was chosen as the treatment variable,
given the study’s aim to evaluate its impact on waste collection. Four
outcome variables were used to assess municipal waste collection per-
formance: Separate collection rate, Per-capita unsorted and unrecyclable
urban waste, Per-capita total waste, and Revenues for separate paper and
cardboard collection. Separate collection rate and Revenues for separate
paper and cardboard collection were derived directly from ISPRA. Spe-
cifically, Revenues for separate paper and cardboard collection represent
the payment that each municipality receives from the CONAI, based on
the quality of separate paper and cardboard collections.

Following the existing literature (Bosch et al., 2000; Gaeta et al.,
2017; Garcia-Sanchez, 2008; Lombardi et al., 2021; Romano et al.,
2022) a set of control (or confounding) covariates was also collected.
Specifically, demographic structure, education level, and income of the
resident population were considered because they may influence citi-
zens’ behaviour regarding waste generation and separate waste collec-
tion (Gaeta et al., 2017; Romano et al., 2022; Sidique et al., 2010).
Moreover, some characteristics of the municipalities were considered
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because they can affect the decision to adopt PAYTT as well as the
organisation of waste collection services. Finally, the covariate Zero
Waste Policy (ZW policy) was also considered as a potential confounder,
as it indicates the commitment of a municipality to comply with prin-
ciples aiming to redesign the lifecycle of waste (Connet, 2013; Romano
et al., 2019). This commitment may influence its waste collection per-
formance PAYTT adoption decisions.

Table 1 provides an overview of the variables, their roles in the
analysis, and descriptive statistics for municipalities in the treatment
group, other municipalities, and overall. Significantly different mean
values of the control covariates between municipalities in the treatment
group and others highlight a potential bias owing to the non-random
selection of municipalities into the two groups. Consequently, a direct
comparison of outcome variable averages between treated and un-
treated municipalities may yield misleading results.

3.2. Empirical approach

To investigate whether PAYTT significantly impacts waste collec-
tion, the groups of municipalities exposed and not exposed to treatment
conditions were compared. However, given the non-random assignment
of municipalities to the two compared groups, any difference in the
outcome variables could be due to the different characteristics of the
municipalities in these groups, rather than the adoption of the PAYTT.
To produce unbiased estimates and adjust for potential selection bias, a
control group of municipalities was created based on the propensity
score matching (PSM; Rosenbaum and Rubin, 1983). Using PSM, treated
municipalities were matched with non-treated municipalities with
similar characteristics, based on a set of observed confounding cova-
riates summarised by the propensity score (PS). A binary logistic
regression model was used to estimate the PS for each municipality,
where the dependent variable takes a value of 1 for municipalities in the
treatment group (i.e., those adopting the PAYTT) and O for others,
whereas the independent variables were the observed control cova-
riates, as described in Sub-Section 3.1. The rationale behind PSM is that,
if, conditional on the set of observed confounding covariates, the two
municipalities have similar PS values, but one is in the treatment group
and the other is in the comparison group, then any difference between
the outcome variables can reasonably be attributed to the effect of
treatment.

The main assumptions underlying PSM are conditional ignorability
and common support (Rosenbaum and Rubin, 1985). The first implies
that there are no unobserved confounders while the second implies that
all municipalities are subject to both levels of treatment, which requires
an overlap of PSs between the two groups. After matching, the Average
Treatment Effect for the Treated (ATT) was estimated to measure the
average effects of PAYTT on those municipalities that effectively
implemented it. In this study, the ATT was derived using a
kernel-matching algorithm. Using this algorithm, all treated units were
matched with a weighted average of all controls, with weights inversely
proportional to the distance between the PS of the treated and controls
(Heckman et al., 1998). Normal and Epanechnikov kernel functions,
along with varying bandwidths (0.01 and 0.08), were used to verify that
the significance of the estimates remained robust. To assess the quality
of matching and check whether PSM produced a truly comparable group
for municipalities exposed to treatment, the covariate balance was
evaluated by comparing treated and control municipalities before and
after PSM for each matching covariate, using two-sample t-tests,
standardised bias (SB), and percentage of bias reduction (PBR) (Rose-
nbaum and Rubin, 1985). To verify the common support assumption,
density distributions of the PS scores in the control and treated groups
were compared graphically before and after kernel matching. To further
test the robustness of the results, kernel-based ATT estimates were
compared with those obtained using the following matching algorithms:
3:1 and 5:1 nearest neighbours and radius matching with radii of 0.05
and 0.10 (for a detailed description of these matching algorithms, see
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Table 1
Descriptive statistics for the outcome variables.
Variable Description Unit Role Group Obs Mean Std.
Dev.
PAYTT PAYTT weight-based 0 =No, 1 = Yes Treatment  — 7583  0.125 0.331
Separate collection rate Share of separate collections on total waste Ratio Outcome Treatment 947 0.796 0.107
Other 6636  0.644 0.175
Overall 7583 0.663 0.176
Per-capita unsorted and Amount of unsorted and unrecyclable urban waste Tons per inhabitants Outcome Treatment 947 634.1 1451.6
unrecyclable urban waste divided by the resident population
Other 6636  1488.3 13337.9
Overall 7583  1381.7 12490.9
Per-capita total waste Amount of total waste divided by the resident Tons per inhabitants Outcome Treatment 947 3799.7 7783.1
population
Other 6636  3544.2 24012.5
Overall 7583  3767.8 22630.7
Revenues for separate paper and Revenues received by a municipality for separate Euros per inhabitant Outcome Treatment 947 31.6 10.2
cardboard collection paper and cardboard collection
Other 6636  24.3 13.4
Overall 7583  25.3 13.3
ZW policy Whether the municipality adopts a Zero Waste (ZW) 0 = No, 1 = Yes Control Treatment 947 0.072 0.258
policy
Other 6636  0.028 0.166
Overall 7583 0.034 0.181
North Municipality located in northern Italy 0=No, 1 = Yes Control Treatment 947 0.959 0.199
Other 6636  0.497 0.500
Overall 7583  0.555 0.497
Central Municipality located in central Italy 0 =No, 1 = Yes Control Treatment 947 0.034 0.181
Other 6636  0.132 0.338
Overall 7583  0.120 0.325
South Municipality located in southern Italy 0 =No, 1 = Yes Control Treatment 947 0.010 0.086
Other 6636  0.371 0.483
Overall 7583  0.326 0.469
Average age Average age of the resident population Years Control Treatment 947 45.2 2.9
Other 6636 46.9 3.4
Overall 7583  46.7 3.4
Pop density Population density Inhabitants per square Control Treatment 947 294.3 415.4
kilometre
Other 6636  310.1 676.4
Overall 7583  308.1 649.6
Area Area of the municipality Squares kilometres Control Treatment 947 34.7 39.0
Other 6636  38.0 52.2
Overall 7583  37.6 50.8
Average income Yearly average income per capita Euros per inhabitant Control Treatment 947 159979 22175
Other 6636  12849.8  3428.5
Overall 7583 132429  3461.7
Population Resident population Number Control Treatment 947 7330.8 14156.8
Other 6636  7779.7 45961.0
Overall 7583  7723.7 43285.0
Females Share of females in the population Ratio Control Treatment 947 0.501 0.034
Other 6636 0.500 0.096
Overall 7583  0.500 0.090
Foreigners Share of foreigners in the population Ratio Control Treatment 947 0.076 0.037
Other 6636  0.057 0.039
Overall 7583  0.060 0.039
Graduated or PhD Share of graduated or PhDs in the population Ratio Control Treatment 947 0.0648 0.024
Other 6636  0.068 0.030
Overall 7583 0.067 0.030
Pop 0—14 years Share of people aged 0—14 in the population Ratio Control Treatment 947 0.133 0.023
Other 6636  0.117 0.027
Overall 7583 0.254 0.044
Pop 64 years or over Share of people aged 64 or over in the population Ratio Control Treatment 947 0.231 0.044
Other 6636  0.258 0.055
Overall 7583  0.254 0.054
No education Share of illiterate people in the population Ratio Control Treatment 947 0.034 0.023
Other 6636  0.045 0.023
Overall 7583  0.044 0.022
Elementary license Share of people with primary education in the Ratio Control Treatment 947 0.163 0.027
population
Other 6636  0.174 0.045
Overall 7583 0.173 0.043

Caliendo and Kopeinig, 2008). Finally, a sensitivity analysis, using the
Rosenbaum bounds approach (Rosenbaum, 2002), was conducted to
assess the potential impact of omitted confounders or hidden biases on
the significance of the estimates. Fig. 1 was inserted to better explain the
empirical approach and the steps for the implementation of the PSM to

summarise the different steps. Step 1 is addressed in Sub-Section 3.1
where the outcome, treatment, and matching variables are illustrated.
Steps 2 and 3 are described in Sub-Sections 3.2 and 4.1, whereas steps
from 5 to 7 are presented in Sub-Section 4.2.
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Step1 Step2 Step3 Step5 Step6 Step7
. Propensity Choosethe Covariate Treatment L
Variable N R N Robustness |\ Sensitivity
- —| score — matchin — balance — effect — — .
selection L ng . L check analysis
estimation algorithm evaluation estimation

Fig. 1. Steps in the implementation of the PSM.

4. Results
4.1. PS estimation and evaluation of covariate balance

Table 2 shows the regression coefficients from the binary logistic
regression model used for the PS estimates. Given the small p-value of
the Wald chi-square test for the overall model (p < 0.0001), the set of
selected control (or matching) covariates is predictive of the probability
that a municipality will adopt the PAYTT. Moreover, with a McFadden’s
pseudo R? value of 0.258 and an accuracy rate of 89.0% in classifying
municipalities into the correct treatment group, the model fit is
satisfactory.

Table 3 shows the results of the covariate balance test, conducted by
comparing the treatment and control groups, before and after matching
for the same set of covariates used to estimate PS. This shows that,
before PSM, there was a significant difference between the two groups,
in almost all control covariates. The mean and median percentage biases
were 42.0 and 36.2, respectively. Conversely, after PSM, only four
covariates demonstrated a significant difference at the 5% level; the
mean and median percentage biases reduced considerably to 5.9% and
3.6%, respectively, whereas the PBR decreased by 78.6% on average.
These results indicate the successful achievement of covariate balance
through PSM.

Fig. 2 shows the density distribution of the PS scores in the control
and treated groups before and after kernel matching and highlights that,
after matching, the area of common support increased, and the PS scores
of the two groups overlapped almost completely. Therefore, the
assumption of common support is met.

4.2. Impact estimation of the adoption of the PAYTT

The ATT estimates conducted within the common support are pre-
sented in Table 4. This table includes the average values of response
variables for treated and matched control municipalities, the corre-
sponding differences, t-values for Normal and Epanechnikov kernel
functions, and varying bandwidth values. Additionally, Rosenbaum
bounds (R-bounds) were calculated to assess sensitivity to potential
omitted confounders. Estimates are sensitive when observed R-bounds
are close to 1, while values greater than 1 suggest lower sensitivity.

Overall, PAYTT significantly influenced all considered outcome

Table 2
Regression coefficients in the model estimation of the propensity scores.
Coefficient Std. Err. z p > |z|

ZW policy 1.753 0.202 8.67 0.000
North 3.565 0.458 7.78 0.000
Central 1.590 0.460 3.46 0.001
Average age —0.220 0.092 —2.38 0.017
Pop density —0.001 0.001 —6.23 0.000
Area 0.004 0.001 4.07 0.000
Average income 0.002 0.001 8.09 0.000
Population <0.001 <0.001 -0.77 0.439
Females 2.125 1.158 1.83 0.067
Foreigners 3.867 1.202 3.22 0.001
Graduate or PhD —-7.310 2.692 -2.72 0.007
Pop 0—-14 years —0.415 4.995 —0.08 0.934
Pop 64 years or over 0.631 4.108 0.15 0.878
No education —6.113 5.367 -1.14 0.767
Elementary license 0.614 2.068 0.30 0.691

Constant 1.560 3.924 0.40 0.691

variables, and the ATT estimates remained consistent across different
kernel functions and bandwidth sizes.

The PAYTT significantly increased the Separate collection rate (p <
0.001). Specifically, in the municipalities where the tariff was intro-
duced, separate waste collection rates were estimated to be approxi-
mately 10% higher than those of the municipalities in the matched
control group. This implies that households in PAYTT-adopting munic-
ipalities were more successful in separating waste at the source, aiding
municipalities in achieving their waste management goals and reducing
costs associated with waste separation facilities. Therefore, PAYTT ap-
pears to be an effective incentive for promoting pro-environmental be-
haviours among households. This result remains robust to hidden bias,
with R-bounds ranging from 6.8 to 8.0 depending on the kernel function
and bandwidth size.

Municipalities where the PAYTT was introduced also produced a
lower quantity of Per-capita unsorted and unrecyclable urban waste (p <
0.001), with average values ranging between approximately —0.071 and
—0.076 tons per inhabitant. This result is also robust to hidden bias (R-
bounds varying from 9.0 to 11.3). Moreover, Per-capita total waste was
lower in municipalities where the PAYTT was introduced (p < 0.05),
with a value varying approximately between —0.048 and —0.112 tons
per inhabitant, and the estimates were robust. Finally, Revenues for
separate paper and cardboard collection were higher in municipalities
where the tariff was introduced (p < 0.001), on average about 2.7-3.6
Euros per inhabitant and robust to hidden bias (R-bound ranging from
1.4 to 1.5).

In Table 5, the ATT estimates obtained, using 3:1 and 5:1 nearest
neighbours and radius matching, with radii of 0.05 and 0.10, are shown
for the four outcome variables to further check the robustness of the
results. By comparing Tables 4 and 5, the estimates are nearly identical,
confirming the robustness and reliability of results. Indeed, again the
municipalities where the tariff was introduced have separate waste
collection rates approximately 10% higher than those of the munici-
palities in the matched control group. Further, municipalities where the
PAYTT was introduced also produced a lower quantity of Per-capita
unsorted and unrecyclable urban waste, with average values ranging be-
tween approximately —0.073 and —0.079 tons per inhabitant, very
similar to results showed in Table 4. Per-capita total waste was lower in
municipalities where the PAYTT was introduced (p < 0.05), with a value
varying approximately between —0.058 and —0.069 tons per inhabitant.
Lastly, Revenues for separate paper and cardboard collection were higher in
municipalities where the tariff was introduced (p < 0.001), on average
about 2.6-3.2 Euros per inhabitant.

5. Discussion and conclusion

The study investigates the effects of introducing PAYTT, utilising
data from Italian municipalities and employing a propensity score
matching approach. The impact, measured in terms of separate waste
collection rates, urban waste generation, and the quality of separate
collection, is assessed by comparing municipalities that have imple-
mented PAYTT with those that have not. To align with the waste man-
agement hierarchy and achieve the targets set by the EU framework and
SDGs, municipalities across the EU must reduce waste generation, in-
crease segregated waste collection, enhance source separation quality,
minimise errors, and thereby create more effective recycling
opportunities.

The empirical results confirm the expected results and the capability
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Table 3
Covariate means, standardised percent bias (SB) in treated and control groups before and after matching, and percent of bias reduction (PBR).
Covariate Before matching After matching PBR (%)
Treated Control SB (%) p >t Treated Control SB (%) p >t
ZW policy 0.072 0.028 19.9 0.000* 0.064 0.114 —-22.9 0.000* -15.0
North 0.959 0.497 121.4 0.000* 0.958 0.942 2.8 0.365 98.1
Central 0.034 0.132 —-36.2 0.000* 0.034 0.040 -2.0 0.531 94.4
Average age 45.2 46.9 —53.7 0.000* 45.3 45.6 -10.7 0.010 80.1
Pop density 294.3 310.1 -2.8 0.486 295.3 300.3 -0.9 0.786 68.2
Area 34.7 38.0 -7.2 0.061 33.8 38.6 -10.5 0.071 —45.9
Average income 15,998 12,850 109.0 0.000* 15,965 15,983 —-0.6 0.873 99.4
Population 7330.8 7779.7 -1.3 0.765 7104.7 8069.2 -2.8 0.500 -114.1
Females 0.501 0.500 1.5 0.738 0.501 0.501 0.0 0.992 97.1
Foreigners 0.076 0.057 51.1 0.000* 0.076 0.077 -1.5 0.748 97.1
Graduate or PhD 0.065 0.068 -10.6 0.005 0.065 0.067 -8.0 0.080 24.1
Pop 0—14 years 0.133 0.117 62.8 0.000* 0.133 0.130 10.3 0.014 83.5
Pop 64 years or over 0.231 0.258 —54.1 0.000* 0.232 0.236 —-8.4 0.042 84.5
No education 0.034 0.045 —-67.1 0.000* 0.034 0.034 -2.9 0.340 95.6
Elementary license 0.163 0.174 -31.6 0.000* 0.162 0.163 —-2.2 0.599 93.0
Mean bias 42.0 5.9
Median bias 36.2 3.6
I Table 4
|
5! 81 ATT estimates using the kernel-based matching.
| Variable Treated  Controls  Difference  p- R-
! value bounds
64 | 6
| Separate collection rate
o \‘ . . ) Normal kernel 0.796 0.696 0.100 0.000 7.0
Z —— treate 2 —— treate .
&4 —— conrol 5 ,] C control bandwidth = 0.01
| Normal kernel 0.796 0.689 0.107 0.000 8.0
| bandwidth = 0.08
\ y Epanechnikov kernel 0.796 0.696 0.010 0.000 6.8
\ 21 \ bandwidth = 0.01
Epanechnikov kernel 0.796 0.697 0.099 0.000 7.5
bandwidth = 0.08
o Per-capita unsorted and unrecyclable urban waste
o 2 4 & 8 0 > 4 & 8 Normal kernel 0.098 0.174 —0.076 0.000  10.0
PS BEFORE matching PS AFTER matching bal’ldWldth —0.01
Fig. 2. Density plots of PS for treated and control groups before and after Norma} kernel 0.098 0.169 -0.071 0.000 110
k 1 hi bandwidth = 0.08
ernel matching. Epanechnikov kernel ~ 0.098  0.173 ~0.075 0.000 9.0
bandwidth = 0.01
of PAYTT to comply with urban waste management regulation and reach Epanechnikov kernel ~ 0.098 0.171 —0.073 0.000 113
the expected target of waste reduction and separation at source, in the ’ band",‘;ld:hj O'OSt
. . . er-capita total waste
hgh.t .Of the was.te h.1erarchy deﬁnediby the EU Indeed, the result§ show a Normal kernel 0.487 0.599 _0112 0000 35
positive contribution of PAYTT in reducing waste generation and bandwidth = 0.01
increasing both quantity and quality of separate collection, thereby Normal kernel 0.487 0.535 -0.048 0.040 3.3
promoting material recycling. bandwidth = 0.08
s . .. ier Epanechnikov kernel 0.487 0.577 —0.090 0.000 3.3
The empirical results show that, in Italy, the municipalities that bandwidth — 0.01
adopted a PAYTT generated less unsorted waste, confirming previous Epanechnikov kernel ~ 0.487 0.551 _0.064 0.019 37
studies (Allers and Hoeben, 2010; Alves et al., 2020; Le Bozec, 2008; bandwidth = 0.08
Messina and Tomasi, 2020; Morlok et al., 2017; Van Houtven and Revenues for separate paper and cardboard collection
Morris, 1999). The annual waste was reduced by about 75 kg per capita. bNordma_ld]zEmez) o1 31.6 28.8 2.8 0.000 1.5
. . . andwi = 0.
Con51de1:1ng t.hat Chamizo-Gonzalez et al. (2016) showed that the value Normal kernel 316 28.0 36 0000 2.0
of dwellings is not related to the waste generated, these results support bandwidth = 0.08
the introduction of PAYTT to increase the commitment of municipalities Epanechnikov kernel ~ 31.6 28.9 2.7 0.000 1.4
with the first step of the waste hierarchy. bandwidth = 0.01
Epanechnikov kernel 31.6 28.6 3.0 0.000 1.6

Municipalities that adopted the PAYTT show a higher separate
collection rate than others, with an average difference of 10%. This
means that through PAYTT, municipalities are better able to encourage
citizens to separate source household waste, thanks to the economic
incentive linked to tariff reduction. Moreover, separate collection of
individual waste fractions is seen as a precondition for fostering high-
quality recycling and increased recycling rates (BiPRO/CRI, 2015).
Therefore, higher separate collection potentially drives higher recycling,
confirming previous findings that highlight higher recycling results for
municipalities that follow PAYTT (Allers and Hoeben, 2010; Folz and
Giles, 2002; Fullerton and Kinnaman, 1996; Morlok et al., 2017). On this
matter, to foster recycling the European Waste Directive (2008/98/CE)

bandwidth = 0.08

imposes at least the separate collection of organic waste, plastic, paper,
glass, and metals. Indeed, for example, organic waste and sustainable
food waste management are central in constructing a circular bio-
economy (Mak et al., 2020). Separate collection is considered at both the
European and national levels as a relevant strategy for addressing urban
waste (Romano et al., 2022), enhancing household responsibility and
engagement while reducing treatment costs.

Regarding the quality of separate collection, results indicate that
municipalities adopting PAYTT can achieve higher revenues from the
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Table 5
ATT estimates using nearest neighbours and radius matching.

Variable Treated Controls Difference p-value R-bounds

Separate collection rate
3:1 0.796 0.698 0.098 0.000 5.5
5:1 0.796 0.699 0.097 0.000 6.0
radius = 0.05 0.796 0.697 0.099 0.000 7.5
radius = 0.10 0.796 0.694 0.102 0.000 7.7

Per-capita unsorted and unrecyclable urban waste
31 0.098 0.177 —0.079 0.000 7.3
5:1 0.098 0.174 —0.076 0.000 8.5
radius = 0.05 0.098 0.172 —0.074 0.000 11.0
radius = 0.10 0.098 0.171 —0.073 0.000 11.5

Per-capita total waste
31 0.487 0.556 —0.069 0.008 11.5
5:1 0.487 0.550 —0.063 0.007 11.5
radius = 0.05 0.487 0.553 —0.066 0.018 3.9
radius = 0.10 0.487 0.545 —0.058 0.025 3.8

Revenues for separate paper and cardboard collection
31 31.6 28.6 3.0 0.000 1.6
5:1 31.6 29.0 2.6 0.000 1.4
radius = 0.05 31.6 28.6 3.0 0.000 1.5
radius = 0.10 31.6 28.4 3.2 0.000 1.7

separate collection of paper and cardboard, facilitated by the national
recycling consortium’s assessment of the collected paper and card-
board’s purity. Thus, municipalities adopting PAYTT demonstrate not
only increased quantity but also improved quality in separate collections
compared to others.

Furthermore, in Italy, PAYTT promote not only a reduction in un-
sorted waste generation and higher care in separation at source, but also
a general reduction in total waste generated. This contributes to
achieving the top priority of the EU waste hierarchy: waste reduction.

The empirical findings of the study hold significant implications for
policymaking. Local governments should consider adopting PAYTT as
an effective lever for better compliance with existing legislative frame-
works, thereby averting penalties and excessive costs for citizens. At the
European level, with separate collection systems in place in nearly all
countries through the WFD (BiPRO/CRI, 2015), PAYTT can be widely
applied across the EU to attain improved results in separate collection.

Furthermore, the results underscore the effectiveness of separate
waste collection in terms of both quantity and quality, reaffirming the
role of PAYTT in promoting pro-environmental behaviours and citizens’
commitment to enhanced source sorting (Brown and Johnstone, 2014;
Vorobeva et al., 2022; Wang et al., 2020). These findings support the
notion that PAYTT is an effective instrument for achieving its intended
objectives.

Further research is needed to extend our analysis to other countries.
Case studies of municipalities in different countries that have imple-
mented extended PAYTT could be particularly useful in investigating the
effects of PAYTT introduction and the expected changes it brings about.
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