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Abstract This paper analyses the waste management effi-

ciency of European Union countries using a flexible non-

parametric methodology known as directional data

envelopment analysis (DEA). The study evaluates perfor-

mance at the macro (country) level, considering waste

generated as input, landfilled and incinerated waste as bad

output and recycled waste as output. The analysis incor-

porates the heterogeneity and specificities of each country,

with respect to social and economic sustainability, estab-

lishing specific and realistic targets for each country to

achieve efficiency. The research introduces a flexible and

innovative method for assessing waste management effi-

ciency and provides new empirical evidence on European

waste management, considering economic and social sus-

tainability. The results reveal a significant disparity among

European countries in both waste generation and waste

recycling. Countries are categorised into five groups

according to their level of efficiency, and Central European

nations are observed to exhibit generally better perfor-

mance. A pragmatic approach, based on clear collabora-

tion among countries, could optimise the unique waste

management characteristics of individual nations to

enhance the overall efficiency of the European waste

management system, contributing to a circular economy

and sustainable development.

Keywords Circular economy � DEA �
Flexible management � Nonparametric efficiency �
Sustainable development � Waste management

JEL Classification Q53 � Q56 � Q58

Introduction and Aim

The managerial approach of flexibility depends on the

strategic use of resources and skills. While this approach

may present significant opportunities (Singh et al., 2021;

Sushil & Dinesh, 2022), its effective implementation

requires appropriate methodologies tailored to the specific

field of application (Sushil, 2018), also serving to mitigate

risk (Kamsu-Foguem et al., 2023). One of the most

pressing and complex challenges for which a flexible

approach is needed is sustainability—understood broadly

to include environmental, social and economic aspects.

Sustainable communities, oriented towards the needs of

future generations, require an optimal balance between

economic opportunity, social welfare and ecosystem

preservation (Biancardi et al., 2023). To remain competi-

tive in a changing global landscape, organisations must

redirect resources when outcomes fall short of profit goals

(Garg & Sushil, 2024). Production processes must also

incorporate sustainable practices with digital tools,

enabling flexibility and maximal responsivity to market

demands (Srivastava & Bag, 2023). The development of

flexible industrial ecosystems further requires the
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incorporation of green and circular practices, renewable

energy production and reuse/recycle/recovery methodolo-

gies (D’Adamo et al., 2023). In addition, waste manage-

ment must be integrated with clean energy production

(Singh et al., 2023).

Previous studies have highlighted the potential overlap

between indicators for circular processes and their impacts

(Garcia-Saravia Ortiz-de-Montellano & van der Meer,

2022), emphasising the need to address circular economy

issues appropriately to prevent rebound effects (Ferrante

et al., 2024). Additionally, research has identified that, in

the transition to a zero-waste economy, supply chains must

incorporate both closed- and open-loop operations (Le

et al., 2023). The terms ‘reuse’ and ‘recycling’ are closely

associated with the circular economy (Kirchherr, 2023),

aimed at achieving sustainable development goal (SDG) 12

(sustainable consumption and production). In this context,

the ‘end of waste’ concept is crucial, particularly within

Europe. However, local authorities often struggle to pre-

cisely define when waste ceases to be waste (Mazzanti &

Montini, 2014). To address this, the relationship between

waste and products must be thoroughly analysed (Johans-

son & Forsgren, 2020) and clear and indisputable criteria

must be established (Ragossnig & Schneider, 2019).

Moreover, effective control measures must be installed to

prevent a rise in illegal waste activities (D’Amato et al.,

2018). Finally, technological support is needed to ensure

efficient waste management (Hondroyiannis et al., 2024)

and thereby improved quality of life (Romano et al., 2022).

Notably, the literature is characterised by some concerning

gaps, including an insufficient consideration of social

implications (Mies & Gold, 2021), lower quality and lim-

ited availability of secondary materials (Hsu et al., 2022)

and barriers related to consumers and corporate culture

(Kirchherr et al., 2018).

In the European literature, significant attention has been

given to recycling as a widely used circular economy

practice (De Pascale et al., 2023), emphasising the neces-

sity of increasing secondary raw materials in the produc-

tion cycle among European Union (EU) countries

(Chioatto & Sospiro, 2023). Studies have also highlighted

the benefits of integrating municipal solid waste manage-

ment with sustainable practices (Caglar et al., 2024; Sondh

et al., 2024). Various indicators have been utilised to

compare the performance of European countries in terms of

the circular economy (D’Adamo et al., 2024) and specific

impacts at the municipal solid waste level (Castillo-

Giménez et al., 2019b), often using data envelopment

analysis (DEA; Charnes et al., 1978; Chioatto et al., 2024;

Molinos-Senante et al., 2024)). DEA is a performance

measurement technique that is used to evaluate the effi-

ciency of entities (e.g. organisations, regions, countries) in

transforming resources or inputs into outputs, products and

services.

Given the increasing emphasis on environmental sus-

tainability, institutions have begun to implement rules and

targets to mitigate the environmental impact of various

activities, including municipal waste management.

Numerous countries have enacted regulations and set tar-

gets for this purpose, such as landfill taxes and recycling

mandates (for more detail, see Andretta et al., 2018). The

EU has been particularly active in this area, setting ambi-

tious waste management targets through the Waste

Framework Directive.1 Specifically, the EU has mandated

that, by 2025, 55% of waste should be recycled and pre-

pared for reuse. This target increases to 60% by 2030 and

65% by 2035. Additionally, the amount of waste sent to

landfill should be reduced to a maximum of 10% by 2035.

However, these stringent targets have been criticised for

their uniformity, which do not consider the varying

resources and capabilities of individual EU countries (see,

for example, Castillo-Giménez et al., 2019a; Nicolli et al.,

2012). Moreover, the EU directive focuses exclusively on

environmental sustainability, without considering the

social and economic impacts of municipal waste manage-

ment activities.

In the present study, we analysed the efficiency of waste

management activities across European countries, using the

nonparametric methodology of directional DEA (Daraio &

Simar, 2016). The flexibility of this methodology allowed

us to consider not only the inputs that produced outputs but

also the specific contexts and characteristics of each

country. Our analysis, which referred to data from 2021

(the last data available), considered waste generated as

input, landfilled and incinerated waste as bad output to be

minimised and waste to be recycled as output. The direc-

tional DEA methodology enabled us to chart each coun-

try’s path to the efficient frontier, taking into account 2021

levels of social and economic sustainability. Specifically,

the approach defined ‘directions’ (or paths) to efficiency

conditioned by external or contextual variables—specifi-

cally social sustainability (measured by the number of

individuals involved in waste-related activities) and eco-

nomic sustainability (measured by national government

expenditure on waste management). This innovative

methodology allowed us to propose more realistic and

achievable targets for each EU country (relative to the

uniform percentage targets currently in place) that also

considered each country’s unique social and economic

contexts. Thus, the work contributed two novel outputs:

1 European Union, 2008. Directive 2008/98/EC of the European

Parliament and the Council of 19 November 2008 on Waste and

Repealing Certain Directives. Official Journal of the European Union,

22/11/2008.
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first, a flexible approach for estimating waste management

efficiency at the macro (country) level using directional

DEA (Daraio & Simar, 2016), and second, new empirical

evidence on European waste management, incorporating

economic and social sustainability into the evaluation of

best practices.

The remainder of the paper presents the methodology,

the data analysed, the main results and a concluding

discussion.

Method

In the present study, we employed the directional DEA

approach introduced by Daraio and Simar (2016). Tradi-

tional DEA (Charnes et al., 1978) evaluates the relative

efficiency of multiple decision-making units by comparing

the inputs used and the outputs produced. This method

identifies the most efficient (i.e. best-performing) units and

provides insight into how less efficient units can improve.

DEA employs linear programming to construct a frontier of

the most efficient units, with each unit’s efficiency mea-

sured relative to this frontier. Units on the frontier are

considered efficient, while those below it are deemed

inefficient.

Traditional DEA has been widely applied in waste

management studies across various geographical scales,

including comparisons of countries (Chioatto & Sospiro,

2023; Giannakitsidou et al., 2020; Halkos & Petrou, 2019)

and municipalities (Lavigne et al., 2019; Lo Storto, 2024;

Marques & Simões, 2009). Unlike parametric methods,

such as stochastic frontier analysis (SFA; Aigner et al.,

1977; Meeusen & van Den Broeck, 1977), DEA can

accommodate multiple inputs and outputs without requir-

ing a pre-specified functional form for the production

process, thus offering flexibility for various applications.

However, DEA is sensitive to outliers and assumes the free

disposability of assets, convexity and either constant

returns to scale (CRS) or variable returns to scale (VRS). It

also presumes that all units operate in similar environ-

ments/contexts, which may not always be the case (for

further detail, see Daraio & Simar, 2007). The relatively

lower assumptions compared to parametric models render

DEA highly versatile, making it applicable to sectors

beyond waste management, such as banking (Konovalov

et al., 2020), construction (Kundi & Sharma, 2015;

Nguyen, 2020) and supply chain management (Kiani Mavi

et al., 2023).

To estimate the efficiency of a unit (in the present case,

a country), the methodology considers a vector of inputs

x 2 Rp
þ producing a vector of outputs y 2 Rq

þ. The pro-

duction set W may be defined as:

W ¼ x; yð Þ 2 Rpþq
þ jx can produce y

� �

where (x,y) represents a unit (i.e. country) using x inputs to

produce y outputs, and W represents the true but unknown

production set, estimated through DEA and denoted by

ŴDEA.

The inefficiency of each unit (i.e. country) is determined

by its distance to the frontier. The selection of a direction is

crucial for this measurement. The traditional approach in

DEA involves proportional distance, implying radial con-

traction of inputs or radial expansion of outputs. However,

instead of assuming equi-proportional reductions or

expansions, directional distance functions (DDFs) offer a

more flexible alternative for evaluating each unit’s distance

from the frontier (see Färe & Grosskopf, 2000 for more

detail). A directional distance measure (Chambers et al.,

1998) is given by:

d x; yð Þ ¼ sup dj x�ddx; yþ ddy
� �

2 W
� �

where dx 2 Rp
þ and dy 2 Rp

þ. Distance is measured along a

path determined by a direction vector d0 ¼ �d0x; d0yð Þ in an
additive way, where if (x, y) lies on the efficient frontier,

then d x; yð Þ ¼ 0.

The flexibility of directional distances allows for the

inclusion of negative values for inputs and outputs (see

Färe et al., 2008 for more detail). In the present study, we

estimated the production set using the DEA VRS approach

ŴDEA�VRS (Banker et al., 1984).

When employing flexible directional measures, the

choice of the direction vector is critical, as it influences the

estimations of efficiency scores. Many studies have pro-

posed specific DDFs tailored to different contexts (see Färe

et al., 2008; Fukuyama & Weber, 2017; Nepomuceno

et al., 2020). However, the selection of a direction implies

the definition of efficiency targets (e.g. the input and output

values necessary for a country to become efficient), which

is imposed on all analysed units. In the present study, to

account for the heterogeneity of the countries analysed, we

employed the directional DEA method proposed by Daraio

and Simar (2016). This flexible method determines the

direction to reach the efficient frontier based on exter-

nal/contextual factors. It is a completely data-driven

approach that follows three main steps (for more detail, see

Daraio & Simar, 2016):

1. Transformation of each observed p ? q-dimensional

input/output matrix XiYi into polar coordinates

ri; hið Þ for i ¼ 1; . . .; n, where ri[ 0 and hi ¼
ðh1i ; . . .; h

pþq�1
i Þ (in the present study, p ? q = 3).

2. Polar nonparametric regression for each component hj

on W (the matrix of external factors W 2 Rd) to

estimate E h jjW
� �

; considering h j; j ¼ 1; . . .; pþ q� 1.

In the present study, for each regression j, j = 1, …,
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p ? q - 1, we used the data set h j
i jWi

� �
, i = 1, …, n,

employing a cross-validation method for bandwidth

selection.

3. Conversion of the polar coordinates ðri; bhiÞ to Carte-

sian coordinates, to derive the directional vector d,

resulting in d̂ ¼ ri; bhi
� �

.

Following these steps, we used the estimated vector of

directions bd to estimate efficiency and efficiency targets

using the DEA VRS method. The subsequent sections

demonstrate the practical application of this approach.

Data

Our analysis of all 27 EU member states drew on data from

EUROSTAT (https://ec.europa.eu/eurostat/data/database,

last accessed 14/04/2024) pertaining to the year 2021. For

Ireland, data from 2020 were utilised due to data unavail

ability for 2021. EUROSTAT data are extensively

employed in waste management studies, despite presenting

certain limitations (Colasante et al., 2022; Di Foggia &

Beccarello, 2023). We collected data on waste generation

(measured in tonnes per inhabitant, denoted as X), waste

disposed of in landfills, energy recovery and incineration

(all measured in tonnes per inhabitant, denoted as BY) and

waste recycled or sent for reuse (denoted as Y). This data

collection approach aligned with EU waste directives,

which aim at reducing reliance on waste disposal methods

(e.g. landfilling, incineration) and promoting sustainable

and responsible waste management practices to mitigate

waste accumulation.

The study was grounded in the principle objectives of

Directive 2008/98/EC of the European Parliament and

Council, dated 19 November 2008, concerning waste and

repealing certain directives. These objectives include the

reduction of waste generation and disposal, alongside the

promotion of waste recycling and recovery. We developed

a model that considered waste generation (X) as input,

waste recycling or reuse (Y) as output and waste disposal

(BY) as bad output (to be minimised). Given the relatively

small sample size (27 EU countries), the model was

intentionally streamlined in terms of the number of

variables.

Additionally, we collected data from EUROSTAT on

the number of individuals involved in waste-related activ-

ities (denoted as ‘Social Sus’) and government expenditure

on waste management (measured in millions of euros,

denoted as ‘Eco Sus’) for all 27 EU countries.2 In our

model, the number of individuals engaged in waste-related

activities (Social Sus) served as a proxy for social sus-

tainability, acting as an external factor to determine the

direction (or path) towards the efficient frontier. Govern-

ment expenditure on waste management (Eco Sus) was

used to represent economic sustainability, functioning as an

additional external factor influencing the direction (or path)

towards the efficient frontier. By incorporating these ele-

ments, we aimed at integrating economic and social sus-

tainability considerations into the environmental

sustainability aspects already defined by the input/output

variables. Consequently, we were able to estimate sus-

tainable targets encompassing all dimensions of sustain-

ability (i.e. environmental, social, economic).

Table 1 presents a descriptive analysis of the collected

variables, while Table 2 displays the correlations between

these variables.

As presented in Table 2, there were no high correlations

between variables, except between the two external factors

considered (with a correlation equal to 0.86).

Figure 1 presents the distributions of the collected

variables.

Results

This section summarises the results of the analysis, focused

on the calculation of efficiency scores and the identification

of flexible waste management targets for each European

country. Efficiency scores and targets were derived from a

model incorporating one input (X, waste generation), one

bad output (waste disposal), one output (waste recycling or

reuse) and two external factors (Soc Sus, Eco Sus) to

determine the direction towards the efficient frontier.

Figure 2 presents the results of the efficiency analysis.

All EU countries were categorised into five groups based

on their efficiency quartiles:

• Efficient group Countries on the efficient frontier, with

an efficiency score of 0 (in green).

• Low inefficiency group Countries with an efficiency

score greater than 0 but less than 0.036 (in light green).

• Medium–low inefficiency group Countries with an

efficiency score between 0.036 and 0.088 (in light

yellow).

• Medium–high inefficiency group Countries with an

efficiency score between 0.088 and 0.145 (in yellow).

• High inefficiency group Countries with an efficiency

score greater than 0.145 (in red).

2 Due to a lack of available data for Cyprus in 2021, we estimated the

number of employees in the waste sector based on the percentage of

employees in similar sectors in similarly sized countries (e.g. Malta,

Footnote 2 continued

Luxembourg; approximately 2%). This equated to roughly 1700

people.
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The map in Fig. 2 reveals that Central European coun-

tries (i.e. Germany, Austria, Slovenia, Poland, Romania)

excelled in waste management. Countries with slight

inefficiency, including Bulgaria and the Netherlands, bor-

dered the most efficient nations. In contrast, the majority of

medium–low-efficiency countries were dispersed across

both Northern Europe (i.e. Denmark, Sweden, Lithuania,

Latvia) and Southern Europe (i.e. Italy, Spain).

Medium–high inefficiency countries included Central

European countries such as France, Belgium, Luxembourg

and Czechia, as well as Balkan countries such as Hungary

and Croatia. Finally, Ireland, Malta, Greece, Cyprus, Por-

tugal and Finland exhibited high inefficiency. These find-

ings are somewhat surprising, as they indicate a

predominance of Central European countries with high

efficiency in waste management, with no clear East–West

or North–South European divide. Notably, Romania’s

efficiency could be attributed to its low waste generation

(34 tonnes/inhabitant), representing the lowest rate in

Europe.

Table 1 Descriptive statistics of the collected variables

Min First quartile Mean Median Third quartile Max Standard deviation

X 302 454 545 511 637 835 136

BY 87 243 291 270 345 544 95

Y 34 143 233 213 34 521 128

Social Sus 626 7287 38,607 14,465 626 207,825 58,121

Eco Sus 25 108 1931 439 25 12,882 3477

Table 2 Correlation matrix

X BY Y Social Sus Eco Sus

X 1.00

BY 0.44 1.00

Y 0.78 - 0.13 1.00

Social Sus - 0.09 - 0.30 0.17 1.00

Eco Sus - 0.04 - 0.21 0.14 0.86 1.00

Fig. 1 Distributions of inputs, outputs and sustainability indicators.

From top left: distribution of waste generated (X), distribution of

waste sent to landfill and incinerated (BY), distribution of waste to be

recycled (Y), distribution of social sustainability (Social Sus) and

distribution of economic sustainability (Eco Sus)
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As outlined in the ‘Method’ section, our approach

enabled us to easily calculate the sustainable targets that

each country should reach to become efficient (see

Table 3). These targets identified that countries in the

efficient group (in green in Table 3) should aim at main-

taining their original values of X, Y and BY, as they are

already operating at optimal efficiency. To provide deeper

insight into the results, Table 4 presents the efficiency

scores in the second column and the percentage reduction

in waste generation (RX%) in the third column. This

reduction is calculated as
TargetX�X

X . The results indicate

that several EU countries need to significantly reduce their

waste generation, by up to 40% (as observed for Malta).

Due to the flexibility of the directional measure, we

were able to estimate the required increase in municipal

waste recycling relative to the waste generated (see

Table 4, column three). We also compared the ratio of Y to

target X (Table 4, column four) with the original Y to

X ration. The efficiency targets generally show a need to

increase the recycling rate, with some targets exceeding the

55% regulatory target set by the European waste regulatory

framework (highlighted in green in the table). Specifically,

while seven EU countries met the regulatory target in 2021,

our estimates suggest that thirteen countries will need to

achieve at least 55% recycling to become efficient. Nota-

bly, not all EU countries must meet this regulatory target to

become efficient, highlighting the potential drawbacks of

inflexible regulatory targets on waste efficiency.

As a final analysis, we compared the ratio of BY and Y to

X (i.e. the ratio of waste treated to waste generated) in 2021

with the same ratio for the calculated targets (Fig. 3). To

clarify, the values in orange in Fig. 3 represent BYþY
X , while

those in green represent
TargetBYþTargetY

TargetX .

It is important to emphasise, as indicated in Table 4, that

nearly all countries require a reduction in waste generation

to achieve their target X. Consequently, a ‘green’ result in

Fig. 3 exceeding 100% implies this reduction in X (i.e. the

denominator of the calculated value). The comparison

demonstrates that, in general, for most EU countries to

become efficient, they must manage more waste per capita

Fig. 2 Map of EU countries by waste efficiency cluster (Color figure online)
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than they generate (indicated by the red dashed line in

Fig. 3). While this result may appear counterintuitive, it

could indicate two key points. First, smaller EU countries

(e.g. Malta) could benefit from importing waste for dis-

posal from larger EU countries with lower disposal

capacity (e.g. Italy), thereby offsetting investment costs or

even generating revenue. Second, the estimated targets

consider reductions in both X and BY, implying improve-

ments in Y. As shown in Tables 3 and 4, for EU countries to

achieve efficiency, they must significantly focus on

reducing X. Consequently, the relationship illustrated in

Fig. 3 indicates that when countries strive for efficiency,

their reduction in waste generation may result in overca-

pacity in waste disposal (both beneficial and harmful). This

overcapacity can be utilised to manage waste generated in

previous years and stored in landfills, reintroducing ‘sta-

tionary’ raw materials into the economy. Alternatively, it

can be leveraged on a global scale through the importation

of waste from other countries for reintroduction into the

market as raw material. In particular, this latter approach

could position the EU as a significant geopolitical player in

waste management and resource recovery.

However, to support the transformation of the EU along

these lines, further research should consider the costs

associated with waste transportation and disposal, which

were not accounted for in this study due to data limitations.

The physical movement of waste incurs transportation

costs, and there are cost differences in disposal between

countries. While this may lead to internal competition

within the EU, it may also serve as a strategic advantage: if

each country specialises in a certain type of waste (e.g.

paper), thereby reducing production costs, this could result

in lower expenditures for the country(ies) utilising this

asset for recycling. Of course, policymakers must consider

whether, after accounting for transportation costs, the

export of waste remains advantageous compared to internal

handling (in alignment with the classic ‘make-or-buy’

framework). Additionally, domestic acceptance of waste

Table 3 Sustainable efficiency targets for input X, output Y and bad output BY for each EU country

Country Target X Target BY Target Y

Austria 835 314 521

Belgium 670.52 288.89 458.43

Bulgaria 441.33 140.00 126.67

Croatia 383.06 226.76 169.32

Cyprus 402.15 268.05 190.46

Czechia 486.03 285.35 283.35

Denmark 706.17 291.89 471.99

Estonia 356.82 248.71 136.34

Finland 504.64 317.01 303.96

France 487.75 272.36 285.25

Germany 651.00 193.00 451.00

Greece 368.99 343.06 153.74

Hungary 376.82 241.43 162.41

Ireland 520.24 307.88 320.24

Italy 472.28 177.99 268.12

Latvia 427.33 239.63 218.35

Lithuania 439.44 221.01 231.76

Luxembourg 703.14 302.71 470.83

Malta 368.26 397.31 152.94

Netherlands 503.13 210.47 302.29

Poland 362.00 217.00 146.00

Portugal 411.79 335.34 201.13

Romania 302.00 246.00 34.00

Slovakia 463.52 223.81 258.42

Slovenia 511.00 87.00 311.00

Spain 425.48 247.53 216.30

Sweden 390.39 235.88 177.44

Efficient countries highlighted in bold
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disposal infrastructure (falling outside the scope of the

present study) is a critical aspect that is challenging but

necessary to evaluate.

Discussion

Before discussing the results and comparing them with

those of previous studies, we must first address a primary

limitation of the present research. Foremost, our analysis

was constrained by the limited number of variables due to

the small sample size. However, this structure was neces-

sary to mitigate the ‘curse of dimensionality’ (see Daraio &

Simar, 2007) affecting nonparametric analyses, which

favour large datasets and parsimonious models.

Comparing our results with findings reported in the lit-

erature, there are notable similarities in the efficient

countries identified (i.e. the efficient group in Fig. 2).

Slovenia, included in our efficient group, is also recognised

in the literature as one of the most efficient countries in

municipal waste treatment (Marques & Teixeira, 2022; Ye

et al., 2022). However, there are some discrepancies

between our work and previous studies, as Ye et al. (2022)

identified Germany and Austria as low-efficiency coun-

tries, yet we included them in our efficient group. However,

our findings regarding Austria and Germany as countries

on or near the efficient frontier align with most previous

works (Castillo-Giménez et al., 2019b; Rı́os & Picazo-

Tadeo, 2021). Moreover, our results corroborate the anal-

yses of Minelgait _e and Liobikien _e (2019) with regard to

Austria and Germany’s intention to recycle.

Although we identified Romania as efficient in munic-

ipal waste management, other studies (Castillo-Giménez

et al., 2019a; Marques & Teixeira, 2022; Rı́os & Picazo-

Tadeo, 2021) have positioned Romania among the lowest

performing countries. A potential explanation for this is

Table 4 Efficiency scores (second column), percentage reduction of X (i.e. target efficiency compared to the original value; third column),

percentage of Y on X for the original data (fourth column) and Target Y on Target X (fifth column)

Country Efficiency score RX%* Original recycle rate (%) Target recycle rate (%)

Austria 0 0 62 62

Belgium 0.115 - 11 56 68

Bulgaria 0.001 - 1 28 29

Croatia 0.144 - 14 32 44

Cyprus 0.382 - 38 14 47

Czechia 0.145 - 15 43 58

Denmark 0.084 - 8 58 67

Estonia 0.091 - 10 30 38

Finland 0.194 - 20 39 60

France 0.137 - 14 44 58

Germany 0 0 69 69

Greece 0.240 - 28 17 42

Hungary 0.091 - 9 35 43

Ireland 0.190 - 19 41 62

Italy 0.049 - 5 52 57

Latvia 0.073 - 7 44 51

Lithuania 0.087 - 8 44 53

Luxembourg 0.116 - 11 55 67

Malta 0.332 - 40 13 42

Netherlands 0.024 - 2 58 60

Poland 0 0 40 40

Portugal 0.177 - 20 30 49

Romania 0 0 11 11

Slovakia 0.069 - 7 49 56

Slovenia 0 0 61 61

Spain 0.088 - 9 42 51

Sweden 0.065 - 7 39 45

*Reduction of X from original value to Target X value (in percentage). Countries with recycle rates above or equal to 55% are shown in bold
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that, relative to previous works, our analysis placed greater

emphasis on the resources expended. Minelgait _e and Lio-

bikien _e (2019) observed the highest levels of waste gen-

eration in the most economically developed EU countries,

as measured by gross domestic product (GDP), highlight-

ing the unsustainability of EU targets for all countries.

Indeed, while GDP reflects economic development, it does

not necessarily indicate investment in municipal waste

management (the indicator adopted in the present analysis).

In the case of Romania, Minelgait _e and Liobikien _e (2019)

found a low propensity for reuse and waste reduction,

partly due to low waste generation per capita, as corrobo-

rated by our analysis (i.e. 302 tonnes/ inhabitant in

Romania versus an average of 545 tonnes/inhabitant for all

countries considered). These findings suggest that Romania

may be an outlier—a factor that more robust order-m

estimators (for an introduction, see Daraio & Simar, 2007)

could mitigate more effectively than the DEA VRS method

(see, for example, Di Leo et al., 2024).

A significant finding of our research is a general need for

reduced waste generation (RX% in Table 4), which will

require concerted effort from both producers and con-

sumers. At the producer level, alternative business strate-

gies are being implemented in high-impact industries (e.g.

fashion) by redefining traditional sales models (Ritch &

Siddiqui, 2023), also to better align with consumer needs

(Papamichael et al., 2024). In other sectors (e.g. food),

consumer involvement in waste reduction has been iden-

tified as crucial (Stancu et al., 2016). While effective

methods to combat food waste and prevent food loss must

be identified (Economou et al., 2024), the purchase of food

items nearing expiry (Principato et al., 2021) may con-

tribute significantly. Additionally, end-of-life approaches

such as energy generation from waste (Amato et al., 2023)

present viable options, though they require rigorous sus-

tainability analyses. Attention must also be given to the

added value that resides in specific wastes (Ippolito et al.,

2023) and appropriate waste management strategies in

emerging economies (Fosso Wamba et al., 2023; Kuhn

et al., 2024).

Institutional efforts must be intensified to implement

best practices from various sectors (including those high-

lighted above) to reduce municipal waste. In addition,

decision-making must consider the costs of inaction,

emphasising forward-looking policy choices (Cucchiella

et al., 2014) and the creation of waste collection commu-

nities (Daraio et al., 2024). Furthermore, although Euro-

pean regulations govern waste management, each country

Fig. 3 Comparison between BYþY
X (in orange) and

TargetBYþTargetY
TargetX

(in green). The dotted red line represents the 100% ratio (Color

figure online)
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has specific goals and targets. The EU should therefore

consider national regulatory outcomes and evaluate their

effects. Fixed EU-wide targets do not adequately reflect the

diversity among countries and could exacerbate existing

disparities.

Cross-country comparisons, identifying benchmarks and

addressing challenges, are crucial for achieving sustain-

ability goals (Chioatto et al., 2024; Molinos-Senante et al.,

2024). Different waste categories may require unique

technologies and solutions (Colasante et al., 2022), and

performance towards circular models may vary across

Europe. In this context, efforts to reduce illegal waste,

invest in circular technologies and ensure the

equitable distribution of value among stakeholders are

imperative (D’Adamo et al., 2024). Flexible management

may represent a pragmatic and non-ideological approach

recognising waste management as a complex system with

multiple inputs. Countries should aim at enhancing their

specific competencies and collaborating on strategies of

industrial symbiosis, to create sustainable communities

with other countries. Only in this way can Europe achieve

ambitious goals with effective and just results.

Limitations and Future Research Directions

While the flexibility of our proposed method and analysis

may allow for a paradigm shift in regulation, certain lim-

itations must be acknowledged. The foremost limitation

pertains to the dataset, which extended only to the year

2021. Consequently, it was not possible to consider tech-

nological advancements or efficiency changes over time.

This limitation can only be mitigated in the future, when

more data become available (particularly on the individuals

involved in waste disposal activities). Policymakers should

therefore intensify their efforts to maintain and disseminate

data in this area to facilitate accurate and up-to-date sci-

entific analyses.

Another limitation concerns the model employed. In our

analysis, we considered the bad output as input. Future

research could explore the application of variants of the

DEA model, such as the by-production model (Murty et al.,

2012). In particular, this model may be useful for incor-

porating other negative externalities, such as CO2 emis-

sions (as demonstrated by Aparicio et al., 2020).

A further issue, again concerning data, is the limited

number of observations. As the EU comprises only 27

member states, only 27 observations were collected. Future

analyses could be extended to include a larger sample of

non-European countries, addressing the challenge of data

comparability across different sources.

As previously mentioned, the study did not account for

the costs associated with waste transportation and disposal,

primarily due to limited data availability. This aspect

warrants further exploration in future research. Similarly,

the social acceptance of waste recycling and disposal

facilities among citizens was not investigated, again due to

data unavailability. Policymakers must engage more

effectively with citizens on this issue, communicating the

advantages and disadvantages of such facilities and pro-

viding, where possible, data for future research regarding

public acceptance indices.

A final criticism that may be levelled against this

research concerns its ‘cumulative’ view of municipal

waste, without distinguishing between different waste

types (e.g. paper, metals). This limitation is predominantly

attributable to the lack of disaggregated data. Future

research could address this by focusing on specific waste

types to establish more targeted goals. Additionally, the

method employed was susceptible to the influence of out-

liers, as evidenced in the case of Romania. Future robust

analyses could resolve this issue by incorporating addi-

tional observations.

Conclusions

The present study analysed the municipal waste manage-

ment of all 27 EU member states, estimating efficiency

using a flexible directional DEA method. This method

considered the specific characteristics of each country and

determined pathways to reach the efficient frontier through

external factors encompassing social and economic sus-

tainability. This approach further enabled the calculation of

flexible and sustainable targets for each country.

The proposed targets provide valid alternatives to the

rigid regulatory benchmarks proposed by the EU in the

Waste Framework Directive, prioritising efficiency in

environmental, social and economic spheres. The results

indicate that, to become efficient, EU countries must make

substantial efforts to reduce the amount of waste generated,

in alignment with the primary goal of the waste hierarchy

framework. Notably, achieving 55% recycling or reuse of

waste by 2025, as stipulated by current regulations, may

not be necessary for all countries to reach efficiency.

The findings reveal that as countries increase their

efficiency, they will likely acquire greater disposal capacity

(both good and bad) than their volume of waste generated.

This surplus capacity may be reinvested locally or posi-

tioned for international trade by a unified European entity.

Additionally, the results show that, within Europe, Roma-

nia demonstrates greater efficiency due to its lower waste

generation per capita. Central European countries (e.g.

Germany, Austria, Slovenia, Poland) also perform well,

showing satisfactory waste management. However, sig-

nificant disparities exist within Europe, suggesting that
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enhanced collaboration could result in positive impacts

(e.g. reductions in illegal waste, transportation and

dependence on raw materials from non-European

countries).

Flexible waste management appears crucial for achiev-

ing sustainability goals. Ideological approaches that min-

imise waste generation at the expense of economic growth

and/or jobs do not represent sustainable development.

Thus, the circular economy model underpinning waste

management advocates for dynamic targets for different

countries, balancing the three dimensions of sustainability

with efficient resource use.
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Färe, R., Grosskopf, S., & Margaritis, D. (2008). Efficiency and

productivity: Malmquist and more. In H. O. Fried, C. A. K.

Lovell, & S. S. Schmidt (Eds.), The measurement of productive
efficiency and productivity growth (Vol. 5, pp. 522–622). Oxford

University Press.

Ferrante, M., Vitti, M., Facchini, F., & Sassanelli, C. (2024). Mapping

the relations between the circular economy rebound effects

dimensions: A systematic literature review. Journal of Cleaner
Production, 456, 142399. https://doi.org/10.1016/j.jclepro.2024.
142399

Fosso Wamba, S., Fotso, M., Mosconi, E., & Chai, J. (2023).

Assessing the potential of plastic waste management in the

circular economy: A longitudinal case study in an emerging

economy. Annals of Operations Research. https://doi.org/10.

1007/s10479-023-05386-3

Fukuyama, H., & Weber, W. L. (2017). Advances in DEA theory and

applications. In K. Tone (Ed.), Chap 3.’’ In advances in DEA
theory and applications: With extensions to forecasting models
(1st ed., pp. 20–27). Wiley Online Library.

Garcia-Saravia Ortiz-de-Montellano, C., & van der Meer, Y. (2022).

A theoretical framework for circular processes and circular

impacts through a comprehensive review of indicators. Global
Journal of Flexible Systems Management, 23(2), 291–314.

https://doi.org/10.1007/s40171-022-00300-5

GargSushil, S. (2024). Reflecting theoretical perspective on de-

internationalization strategies: A cross-case analysis using

flowing stream strategy framework. Global Journal of Flexible
Systems Management, 25(1), 43–61. https://doi.org/10.1007/

s40171-023-00361-0

Giannakitsidou, O., Giannikos, I., & Chondrou, A. (2020). Ranking

European countries on the basis of their environmental and

circular economy performance: A DEA application in MSW.

Waste Management, 109, 181–191. https://doi.org/10.1016/j.

wasman.2020.04.055

Halkos, G., & Petrou, K. N. (2019). Assessing 28 EU member states’

environmental efficiency in national waste generation with DEA.

Journal of Cleaner Production, 208, 509–521. https://doi.org/10.
1016/j.jclepro.2018.10.145

Hondroyiannis, G., Sardianou, E., Nikou, V., Evangelinos, K., &

Nikolaou, I. (2024). Waste generation and macroeconomic

drivers: A panel study for European countries and regions.

Management of Environmental Quality: an International Jour-
nal. https://doi.org/10.1108/MEQ-08-2023-0297

Hsu, W.-T., Domenech, T., & McDowall, W. (2022). Closing the loop

on plastics in Europe: The role of data, information and

knowledge. Sustainable Production and Consumption, 33,
942–951. https://doi.org/10.1016/j.spc.2022.08.019

Ippolito, N. M., Passadoro, M., Ferella, F., Pellei, G., & Vegliò, F.
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a PhD in Economics from the Scuola Superiore Sant’Anna. Addi-

tionally, she has held research fellowships at the National Research

Council in Pisa and was a researcher at the University of Bologna.

Professor Daraio specialises in methodological and empirical studies

on productivity and efficiency analysis, research evaluation, science

and technology indicators, data quality and integration and higher

education micro-data. She has participated in numerous international

and national research projects and served on expert panels at the

European Commission and OECD. She is also an Editorial Board

member for several prominent journals, including the Journal of
Productivity AnalysisInternational Transactions in Operational
ResearchScientometricsJournal of InformetricsJournal of Data and
Information Science and Quantitative Science Studies. She has

authored over 200 publications, including a monograph, two edited

books, numerous articles in international peer-reviewed journals and

several chapters and conference papers. Since 2020, Professor Daraio

has been recognised as one of the World’s Top 2% Scientists in the

field of Social Sciences.

Simone Di Leo is Research Fellow in Manage-

ment Engineering at Sapienza University of Rome.

He completed his PhD—Doctor Europeus cum

laude in Industrial and Management Engineering

at the same University. His research focuses are on

efficiency analysis, micro-data analysis and policy

analysis. His various researches have been pub-

lished in various peer-reviewed top-ranked jour-

nals indexed both in Scopus and Web of Science, such as Annals of

Operational Research, International Transactions in Operational

Research, Management Decision, Scientific Reports and Journal of

Informetrics.
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