JFS Digital environmental solutions:
vl o a case study on smart waste management in the European Union

DIGITAL ENVIRONMENTAL SOLUTIONS: AN ANALYSIS OF SMART
WASTE MANAGEMENT IN THE EUROPEAN UNION

Chaima Arribi'", Soraya Boutarfa?
Y2 University of Shahid Sheikh Larbi Tebessi, Tebessa, Algeria

Abstract

This paper investigates the role of digital transformation in accelerating the European
Union’s transition toward a circular economy, specifically focusing on municipal waste
management. The research design employs a descriptive and comparative analytical
approach using EU-27 data from 2000-2023. While recycling rates have doubled,
current trajectories remain below the 2030-2035 targets. The original contribution of
this study lies in providing a structured roadmap for digital integration, identifying how
technologies like 10T and Al can bridge the performance gap. The findings highlight
that digital solutions are essential drivers for environmental efficiency and governance
transparency.
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Introduction

The European Union (EU) is currently navigating a critical transition toward a circular
economy, where waste is no longer viewed as an endpoint but as a resource for
regeneration and sustainable growth. Despite decades of progress in environmental
regulation and infrastructure development, municipal waste management continues to
present significant challenges. In 2023, the EU-27 generated approximately 229.1
million metric tons of municipal waste, equivalent to 511 kilograms per capita, a figure
that highlights per persistent structural inefficiencies across Member States.

At the same time, the EU has committed to ambitious policy goals: achieving a 60%
recycling rate by 2030 and 65% by 2035, while limiting landfilling of municipal waste
to no more than 10% by 2035. Meeting these targets requires not only stronger
enforcement and investment in traditional infrastructure, but also the deployment of
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digital and data-driven solutions that can optimize collection, improve sorting accuracy,
and enhance overall system performance.

This paper explores how smart waste management systems—enabled by technologies
such as the Internet of Things (loT), artificial intelligence (Al), and real-time data
integration—can help close the gap between current performance levels and EU 2030—
2035 objectives. By combining statistical evidence with practical case insights, the
study argues that digital tools are no longer optional add-ons but fundamental enablers
of the EU’s transition toward a sustainable and circular economy.

This study seeks to test the hypothesis that the digital transformation and integration of
smart tools in municipal waste management across European Union member states have
enhanced the effectiveness of waste management systems and contributed to tangible
progress toward a circular economy. However, this impact varies significantly among
member states, attributable to differences in regulatory frameworks, institutional
capacities, investment levels, and the maturity of digital infrastructure in each country.
The article continues with a section in which the literature review is carried out, after
which the research methodology and the results and conclusions of this research are
presented in the following sections.

Research Objectives and Hypotheses: The primary objective of this study is to evaluate
the effectiveness of digital tools in achieving EU waste targets. We hypothesize that:
(H1) Current manual waste management systems are insufficient to meet the 65%
recycling target by 2035; and (H2) The integration of Al-driven analytics significantly
reduces landfilling rates through better waste-stream segregation.

1. Review of the scientific literature

Over time, the concept of circular economy and waste management efficiency has been
conceptualized and analyzed from different perspectives within the European Union
context. According to D’Adamo (2024) (D’Adamo, 2024), the transition toward
sustainability requires a systematic approach that synthesizes quantitative and
qualitative research over the last decade. His review highlights how EU regulations—
particularly the Waste Framework Directive—combined with digital innovations such
as waste-tracking technologies and public awareness campaigns, have reshaped
policymaking and business practices. Nevertheless, D’Adamo emphasizes persistent
challenges such as regional disparities, weak secondary material markets, and
heterogeneous governance systems, calling for policy harmonization and consistent
monitoring of circularity indicators across Member States (D’ Adamo, 2024).

In the same vein, Chioatto (2023) investigates the EU roadmap guiding the shift from
traditional waste management to a circular economy. His analysis of national action
plans and legislative reforms reveals that while concepts like waste prevention, reuse,
and high-value recycling have gained momentum, their implementation remains uneven
across the Union. Chioatto argues that practical realization depends not only on
legislation but also on integrating digital innovations, fiscal incentives, and regionally
adapted actions to reduce the gap between intent and outcomes. (Chioatto, 2023)

Bassi and Guidolin (2021) focus on the role of small and medium-sized enterprises
(SMEs) in advancing the EU circular economy agenda. Their empirical study shows
that SMEs investing in green jobs and digital skills are more likely to adopt circular
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practices—such as advanced recycling and sustainable supply chain management—and
consequently achieve higher levels of resource efficiency and competitiveness. Their
findings suggest that workforce development is a critical factor that complements
regulatory and technological interventions, making human capital a decisive enabler of
waste reduction and circularity (Bassi & Guidolin, 2021).

Synthesizing these contributions, it becomes evident that circular economy
implementation in the EU relies on three interdependent pillars: strong and harmonized
regulation, technological and digital innovation, and the development of green skills
within the labor force. While progress has been made, the literature points to enduring
challenges that require multi-level strategies balancing policy, innovation, and social
engagement to ensure sustainable waste management practices across Europe.

Despite these comprehensive insights, a significant ‘'methodological silo’ remains in the
current literature. While D’ Adamo (2024) and Chioatto (2023) provide a high-level
policy overview, and Bassi and Guidolin (2021) focus on the micro-economic scale of
SMEs, there is a lack of research that explicitly connects macro-level performance data
(such as per-capita waste generation) with the practical roadmap of digital integration
across the EU-27.

Most existing studies are either purely theoretical or focus on a single aspect of the
transition. This study seeks to bridge this gap by adopting a comparative analytical
approach that maps the 'performance gap' between current waste trajectories and the
EU’s 2030-2035 targets. By positioning digital solutions—Iike 10T and Al—not merely
as technical tools but as essential governance instruments, this research provides a
needed synthesis that moves beyond descriptive analysis toward a critical framework
for environmental efficiency. This unique positioning justifies the research hypotheses
(H1 and H2) and establishes the originality of this work in the context of the European
"Twin Transition' (green and digital)."”

2. Research methodology

This study adopts a descriptive-analytical and comparative research design. To ensure
scientific transparency, the analysis relies on secondary macro-level data retrieved from
Eurostat, OECD, and official EU environmental reports.

- Data Span: The analysis covers the period from 2000 to 2023 for the EU-27 member
states.

- Indicators: Key performance indicators (KPIs) include municipal waste generation per
capita, recycling rates, and landfilling percentages.

- Methods: A comparative analysis is conducted to measure the "performance gap"
between current results and the EU’s 2030-2035 legislative targets.

- Limitations: The study is primarily macro-analytical; hence, it does not account for
micro-level disparities in specific municipalities’ digital infrastructure.

Based on the identified gap, this study seeks to answer the following research questions:
- To what extent does the current performance of EU-27 waste management align with
the 2035 circular economy targets?

- How can specific digital solutions (Al, 10T, and Big Data) mitigate the operational
inefficiencies in municipal waste collection and recycling?
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- What are the primary governance and infrastructure barriers hindering the adoption of
smart waste management across member states?

3. Results and discussion

3.1. Waste Management Landscape and digital integration

- Scale of the Challenge
Municipal waste generation in the EU remains substantial. In 2023 alone, Member
States produced around 229.1 million tons, making municipal solid waste one of the
most visible streams of environmental impact. Although waste generation has slightly
declined compared to 2022, per capita levels remain high, with several countries
exceeding 700-800 kilograms per year, placing heavy pressure on municipal systems.
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Figure no. 1: Line chart showing EU municipal waste generation (2000-2023) and
per capita averages.
Source: Author’s elaboration based on Eurostat data (2023)

- Treatment Pathways
The EU has made notable progress in shifting away from landfilling. In 2000, more than
half of municipal waste was landfilled; by 2023, this share had decreased to ~22.4%.
Over the same period, the recycling rate nearly doubled, reaching 48.2% in 2023.
Despite this improvement, the region remains below its 2030 and 2035 recycling
targets.

Table no. 1. Evolution of waste treatment methods in the EU (2000 vs. 2023).

Year Landfilling (%) Recycling (%) Energy  recovery
(%)

2000 >50 =25 =20

2023 22.4 48.2 28

Source: Authors research
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- Cross-Country Variance
A key feature of the EU waste system is uneven performance among Member States.
Germany leads with a municipal recycling rate of 69.1%, while other countries still
recycle less than 20% of their municipal waste. Such disparities reflect differences in
infrastructure, policy enforcement, and citizen participation. This unevenness
underscores the need for tailored, digital interventions that can adapt to local realities
rather than applying uniform solutions.

our

Recycling Rate (%)

Germany EU-27 Average Romania Malta Greece

Figure no. 2: Bar chart comparing recycling rates by country (Germany vs. EU
average vs. low-performing Member States)
Source: Author’s elaboration based on Eurostat data (2023)

Germany stands out as the leader in municipal waste recycling within the European
Union, achieving an impressive recycling rate of 69.1% in 2025, significantly
surpassing the EU-27 average of 48.2%. In contrast, several member states such as
Romania (13.5%), Malta (~19%), and Greece (~21.5%) lag considerably behind, with
recycling rates less than half the EU target of 60% by 2030.

High-performing countries like Germany benefit from well-established waste
management infrastructure and rigorous policy enforcement. These nations experience
economic advantages including increased revenue from recycled materials, reduced
landfill costs, and minimized exposure to EU penalties. On the other hand, the EU
average reflects both progress and ongoing challenges, with nearly doubled recycling
rates since 2000 but still facing a 12 percentage point gap to meet 2030 goals. Without
accelerated action, municipalities risk escalating operational costs due to landfill
restrictions and lost recycling revenues.

Low-performing states heavily rely on landfilling, creating economic risks through
rising landfill taxes, environmental remediation expenses, and dependence on EU
cohesion funds. Their weak recycling systems miss out on economic opportunities in
secondary raw material markets such as plastics, metals, and paper.
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Policy-wise, Germany’s model—with strong producer responsibility, pay-as-you-throw
(PAYT) schemes, and digital waste monitoring—serves as a benchmark. The EU
average and laggard states need to accelerate adoption of digital waste management
solutions, including sensorized bins, Al-driven quality controls, and e-waste
traceability, to close the performance gap.

Overall, a two-speed Europe is evident in waste management: leading countries show
economic and environmental feasibility of high recycling rates, whereas lagging
countries face increasing costs and legal risks. Digital transformation emerges as the
most cost-effective strategy for convergence, enabling countries currently below 20—
25% recycling rates to catch up with EU targets by 2030-2035.

- Residual and Exported Waste

Another structural challenge in the European Union’s waste system is the persistence of
residual waste, referring to materials that remain untreated or unsuitable for recycling.
In 2021, approximately 103 million tons of residuals were directed to waste-to-energy
facilities, while substantial volumes of recyclable materials continued to be exported
outside the EU, (EEA, 2022) with Turkey serving as the largest destination (Eurostat,
2023). These flows highlight structural capacity gaps and quality-control issues within
the EU market. The reliance on exports not only reflects insufficient domestic
processing infrastructure but also raises questions about long-term economic
sustainability and resource sovereignty. Addressing these challenges requires the
deployment of digital traceability tools and advanced quality-control systems that can
enhance transparency, improve segregation, and ensure higher retention of valuable
materials within the EU (Commission, 2022).

3.2. Digital transformation in Waste management

The transition from traditional waste management to digitally enabled smart systems
marks a fundamental organizational shift in municipal services throughout the European
Union. Digitalization is not limited to technology adoption; it involves redesigning
operational processes, governance frameworks, and incentive structures to meet the
EU’s circular economy ambitions (European Environment Agency, 2025; Lacy et al.,
2020).
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Figure no. 3: EU-27 Recycling Gap-to-Target (Waterfall to 2035)
Source: Author’s elaboration based on Eurostat data (2023)

Defining Digital Waste Management

Digital waste management systems embed real-time data capture, advanced analytics,
and automation across the entire waste lifecycle. These systems transform waste from a
static liability into a dynamic, data-rich resource, empowering evidence-based decision-
making at the municipal level (Mendoza, et al., 2017); (Commission, 2023). Key
elements include:

Internet of Things (1oT) sensors for monitoring fill levels and contamination in
bins and stations,

Al-powered optimization for routing, fleet scheduling, and predictive
maintenance,

Integrated big data dashboards aggregating operational metrics from collection
to treatment,

Citizen engagement technologies such as PAYT (Pay-As-You-Throw), mobile
alerts, and transparency portals (Commission, 2023); (Lacy, et al., 2020)

Economic Logic of Digitalization
The economic case for digital transformation hinges on three major levers:

OPEX Reduction: Dynamic Al routing cuts fuel and labor costs, predictive
maintenance lessens downtime, and better planning delays the need for new
fleet or plant investments (Nuf3holz, et al., 2020); ((EEA), 2025)

Revenue Uplift: Cleaner recyclable streams command higher market prices;
digital traceability of e-waste and valuable fractions enhances recovery rates
and supports EU industrial strategies (areas, 2024)
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e Risk and Compliance: Automated dashboards simplify regulatory reporting,
while digital traceability improves resilience to market volatility and regulatory
changes in recycling and waste export (Mendoza, et al., 2017)

Managerial Implications

From a managerial viewpoint, smart waste transformation is an exercise in both
competence building and market innovation. Municipalities must cultivate expertise in
data analytics, digital contracting, and participatory citizen engagement while migrating
toward open, interoperable platform ecosystems (Lacy, et al., 2020). This evolution also
transforms the role of the citizen from passive waste generator to proactive
participant—nudged by digital pricing, feedback tools, and transparent performance
metrics ((EEA), 2025)

- The Added Value of Digital Transformation in Waste Management
The adoption of digital technologies within municipal waste management does not
merely involve upgrading technical infrastructure; it constitutes a comprehensive
transformation of how value is generated across the environmental, economic, and
operational spectrum. By integrating real-time sensing, advanced analytics, and
traceability into daily operations, municipalities are able to unlock substantial benefits
that reinforce the broader circular economy goals set by the European Union
(Strzelecka, 2025); (GRAC, 2024)
6.1 Environmental Value
Digital solutions are directly tied to advancing EU environmental objectives:

e Reduced landfilling: Data-driven dynamic collection and contamination
analytics divert larger volumes into recycling, supporting the reduction of
landfilling from approximately 22.4% in 2023 toward the <10% target by 2035
(Strzelecka, 2025).

e Lower greenhouse gas emissions: Route optimization and digital fleet
management lower fuel usage and CO: emissions, while reducing landfill
reliance curbs methane output (Solutions, 2025)

e Improved resource recovery: Digital traceability—especially in e-waste—
enables greater recovery of key raw materials necessary for the EU’s industrial
strategy (GRAC, 2024). Evidence from recent studies highlights that the most
successful digital waste initiatives address both quantity diverted and quality
improvement, closing gaps in recycling and diversion targets (Strzelecka,
2025)

- Economic Value

The business case for digitalization is equally strong:

e Operational cost savings: Al-based routing and demand-driven collection
systems can reduce unnecessary trips, labor, and fuel expenses by up to 20-30
(Solutions, 2025)

e Revenue uplift from recyclates: Improved segregation and contamination
control raise both the quantity and resale value of plastics, paper, metals, and
glass, mitigating exposure to volatile export markets (GRAC, 2024)
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Deferred CAPEX: Predictive analytics and optimized capacity planning
extend asset life cycles, allowing municipalities to avoid early replacement of
vehicles or facilities (Solutions, 2025)

Risk mitigation: Digital KPI dashboards streamline compliance and reporting
costs, while digital traceability can lessen the risks associated with export bans
or shifting global waste markets.
Recent industry data confirm that logistics-driven digital strategies result in
rapid financial returns, while quality improvements secure stable, long-term
revenue streams (Strzelecka, 2025); (GRAC, 2024).

Operational Value

At the system management level, digital transformation enhances resilience:

Service stability: Real-time bin monitoring reduces overflow incidents,
improves citizen satisfaction, and minimizes complaints (Solutions, 2025)
Performance transparency: Integrated digital dashboards unify performance
metrics, underpinning evidence-based policies and allowing for performance-
linked contracts with third parties (GRAC, 2024).

Agility and adaptability: Predictive analytics enable municipalities to rapidly
respond to seasonal peaks or disruptions (including tourism influxes or public
health emergencies) through dynamic routing and flexible schedules.
Research shows that digital tools are critical for developing customized
operational responses tailored to local pressure points—be they high per-capita
municipalities focused on efficiency or lower-performing areas seeking to
boost capture rates (Strzelecka, 2025)

Synthesis

Taken as a whole, digital transformation stands as a triple-value proposition:

3.3.

Environmental: Demonstrable reductions in waste landfilling and greenhouse
emissions.

Economic: Consistent freight and processing cost savings, enhanced material
recovery value, and delayed capital spending.

Operational: Significant increases in service quality, responsiveness, and
overall transparency within municipal waste management.

Economic Analysis of Per-Capita Municipal Waste in Europe (2023 or
Latest)

The most recent data on per-capita municipal waste reveals that the EU average stands
at approximately 511 kilograms per person, yet performance diverges significantly
across Member States (Eurostat, 2023). At the lower end, Romania generates only 303
kilograms per capita and Albania around 306 kilograms, while at the upper end, Austria
and Denmark exceed 800 kilograms per capita (Statista, 2023). This stark variance
illustrates not only differences in consumption patterns but also reflects varying levels
of waste system efficiency, GDP per capita, and socio-cultural behaviors across Europe

(OECD,

2023).
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Table no. 2. Per-Capita Municipal Waste in Europe (2023 or Latest)

Country Year Kg_per_capita Deviation_vs_EU_Avg_kg PressureTier
Albania 2023 306 -205 Low (<450 kg}
Austria 2022 803 292 High (2650 kg)
Belgium 2023 689 178 High (2650 kg)
Bosnia and Herzegovina 2022 343 -168 Low (<450 kq)
Bulgaria 2022 488 23 Medium (450-649 kg)
Croatia 2023 475 -36 Medium (450-649 kg)
Cyprus 2023 074 163 High (2650 kg)
Denmark 2022 802 291 High (=650 kg)
Estonia 2023 3713 -138 Low (<450 kg}
Finland 2023 468 -43 Medium (450-649 kg)
France 2023 530 19 Medium (450-649 kg)
Germany 2023 601 %0 Medium (450-649 kg)
Greece 2022 518 8 Medium (450-649 kg)
Hungary 2023 229 82 Low (<450 kg)
Iceland 2022 595 84 Medium (450-649 kg)
Italy 2022 486 25 Medium (450-649 kg)
Latvia 2022 464 -47 Medium (450-649 kg)
Lithuania 2023 446 03 Low (<450 kg)
Luxembourg 2023 712 201 High (=650 kg)
Malta 2023 606 95 Medium (450-649 kg)
Montenegro 2023 513 62 Medium (450-649 kg)
Netherlands 2023 468 43 Medium (450-649 kg)
North Macedohia 2022 467 -44 Medium (450-649 kg)
Norway 2023 724 213 High (2650 kg)
Poland 2023 367 -144 Low (<450 kg
Portugal 2023 505 -6 Medium (450-649 kg)
Romania 2022 303 208 Low (<450 kg)
Serbia 2023 467 -44 Medium (450-649 kg)
Slovakia 2023 472 -39 Medium (450-649 kg)
Slovenia 2023 517 6 Medium (450-649 kg)
Spain 2023 465 -46 Medium (450-649 kg)
Sweden 2023 392 -119 Low (<450 kg)
Switzerland 2022 877 166 High (2650 kg)
Turkey 2023 380 -131 Low (<450 kg)

Source: Authors research

High waste-generation economies, such as Austria, Belgium, Denmark, Luxembourg,
Norway, and Switzerland, are characterized by high GDP per capita and strong
consumer-driven economic structures. Their elevated waste levels are partly balanced
by advanced infrastructures that enable higher recycling and energy recovery rates
(Eurostat, 2023). However, these countries face increasing cost pressures linked to
collection, treatment, and residual management (OECD, 2023). For them, the central
challenge lies not in reducing waste volumes alone but in improving segregation quality
and advancing circularity through measures such as extended producer responsibility,
packaging reduction, and digital monitoring systems. (Commission, 2022)

Medium-tier economies, including France, Germany, Greece, Italy, Portugal, Slovenia,
Spain, and Iceland, generate between 450 and 649 kilograms of waste per capita
(Eurostat, 2023). These countries represent the “average zone” where waste levels align
more closely with the EU mean. While economic structures vary, consumption remains
the primary driver (OECD, 2023). Germany, for instance, generates 601 kilograms per
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capita but simultaneously achieves one of the highest recycling rates in Europe at 69%
(Statista, 2023). For this tier, the adoption of digital waste management solutions—such
as sensor-equipped bins, Al-based route optimization, and predictive analytics—offers
significant efficiency gains (EEA, 2022). By leveraging digital tools, these countries can
reduce operational expenditures while maintaining progress toward EU 2030-2035
targets (Commission, 2022).

In contrast, low waste-generation economies, such as Albania, Bosnia and Herzegovina,
Bulgaria, Hungary, Lithuania, Poland, Romania, and Turkey, record fewer than 450
kilograms per capita (Eurostat, 2023). While this lower level may appear advantageous,
it is frequently associated with underdeveloped infrastructure and a strong reliance on
landfilling (EEA, 2022). Thus, low per-capita generation does not automatically
translate into sustainability. Instead, these countries face heightened risks of non-
compliance with EU directives and may become locked into unsustainable waste
management models unless substantial investments are made. Here, EU structural
funds, digital traceability systems, and regional cooperation are essential to leapfrog
existing infrastructure gaps and foster alignment with circular economy principles
(Commission, 2022).

A deviation analysis further reinforces these findings. Countries generating more than
200 Kkilograms above the EU average—such as Austria (+292), Denmark (+291),
Luxembourg (+201), and Norway (+213)—face substantial cost burdens due to higher
collection and processing requirements (Eurostat, 2023). Conversely, countries
significantly below the average, including Albania (-205) and Romania (-208),
encounter lower direct costs per capita but remain at high risk of failing to meet EU
recycling and recovery targets (EEA, 2022).

In conclusion, per-capita municipal waste generation is not solely an environmental
issue; it represents an economic and structural challenge that varies across the Union
(OECD, 2023). High-income countries struggle with cost pressures but have the means
to invest in advanced digital and circular solutions, whereas lower-income economies
risk entrenchment in landfilling due to limited resources (Commission, 2022). Smart
digital management, integrating loT, artificial intelligence, and data-driven monitoring,
provides the most cost-effective pathway to harmonize performance, reduce operational
costs, and secure compliance with EU 2030-2035 objectives (Eurostat, 2023).
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Figure no. 4: Per-capita Municipal Waste by country (Europe,2023 or latest)
Source: Author’s elaboration based on Eurostat data (2023)

Figure no. 3 illustrates significant disparities in per-capita municipal waste generation
across Europe in 2023 (or the latest available year), with the EU-27 average standing at
approximately 511 kilograms per capita (Eurostat, 2023). At the high end, countries
such as Austria (803 kg), Denmark (802 kg), Norway (724 kg), and Luxembourg (712
kg) generate substantially more waste, largely reflecting their high GDP per capita,
intensive consumption patterns, and well-developed service economies (OECD, 2023).
While these nations typically operate advanced collection and treatment infrastructures,
they face increasing cost pressures related to collection, treatment, and residual
management; their central challenge lies not in reducing volumes alone but in
improving segregation quality and advancing circularity through digital monitoring,
extended producer responsibility, and packaging reduction (European Commission,
2020). Medium-tier countries, including Germany (601 kg), France (530 kg), Italy (486
kg), Portugal (505 kg), and Spain (465 kg), cluster closer to the EU mean and represent
the “optimization zone,” where digital interventions such as IoT-enabled bins, Al-based
route optimization, and predictive analytics can reduce operational expenditures while
supporting compliance with EU 2030-2035 recycling and landfill targets (EEA, 2022)
(Commission, 2022)At the lower end, countries such as Romania (303 kg), Albania
(306 kg), Bosnia and Herzegovina (343 kg), and Poland (367 kg) produce far less waste
per capita, but this lower level often reflects weaker infrastructure and a heavy reliance
on landfilling rather than sustainability (EEA, 2022). These economies remain at risk of
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non-compliance with EU directives unless substantial investments are directed toward
recycling facilities, digital traceability, and regional cooperation (Commission, 2022).
Overall, the figure underscores that waste generation is not merely an environmental
issue but also an economic and managerial one: high-income countries must focus on
improving material quality, middle-income states on operational efficiency, and low-
income countries on building basic capacity, with digital transformation emerging as the
most cost-effective lever for convergence across the Union (Eurostat, 2023) (OECD,
2023).

Figure no. 5: Municipal Recycling: Current vs Target Rates (EU-27)
8O = = =

701
+16.8 pp to 2035

+11.8 pp to 2030

Recycling rate (%)

Current (2023) Target 2030 Target 2035
Source: Author’s elaboration based on Eurostat data (2023)

The chart titled “EU-27 Municipal Recycling: Current vs Targets” provides a clear
visual representation of the current municipal waste recycling rate in the European
Union and outlines the progress required to meet the European Commission’s legally
binding targets for 2030 and 2035. In 2023, the EU-27 achieved a municipal recycling
rate of 48.2%, as reflected in multiple Eurostat and EEA sources (EEA), 2025)The
forthcoming milestones are ambitious: a 60% recycling rate by 2030 and 65% by 2035.
This necessitates an uplift of 11.8 percentage points (pp) within the next seven years
and a cumulative increase of 16.8 pp by 2035.

From an economic perspective, these required advances signal both opportunity and
systemic challenge. Achieving an additional ~12 pp by 2030 implies a need for
accelerated investment in recycling infrastructure, digital tracking, and public
engagement programs. The chart’s depiction of the “recycling gap” illustrates the risk
that, unless significant reforms and capital mobilization occur, the EU may fall short of
its climate and resource efficiency goals (CSE-NET, 2025)The gap reflects not only
cross-country disparities within the EU but also the uneven distribution of digital and
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physical capital, skilled labor, and citizen buy-in, as discussed by recent research on
European circular economy transitions (Strzelecka, 2025)

Economically, closing this gap offers notable gains: an elevated recycling rate is linked
to greater resource security, reduced landfill externalities, and job creation in green
sectors. However, reaching 65% by 2035 involves diminishing marginal returns—
recycling the “last” percentage points typically requires costlier, more complex
interventions, such as advanced sorting technologies or behavioral nudges to reduce
contamination. Policymakers must design funding streams (EU cohesion funds, green
bonds), regulatory nudges (extended producer responsibility), and innovative incentives
(digital product passports, interoperable platforms) to ensure inclusive progress across
all Member States (Matter, 2025); (Commission, 2021)

In sum, the chart encapsulates how the EU’s circular economy agenda—while yielding
environmental and economic co-benefits—now hinges on closing a measurable and
politically salient “recycling gap.” Two main implications emerge: first, that structural
reforms and digitalization are prerequisites to leapfrog slow progress; and second, that
coordinated fiscal and regulatory action is essential to turn aspirational targets into
realized outcomes (EEA, 2025).
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Figure no. 6 : EU- Municipal Landfilling : Current vs 2025 Target
Source: Author’s elaboration based on Eurostat data

The bar chart "EU-27 Municipal Landfilling: Current vs 2035 Target" visually
illustrates the considerable progress the European Union still needs to make to align
with its long-term circular economy ambitions. As of 2023, 22.4% of the EU-27's
municipal waste is disposed of in landfills, while the legally binding target for 2035 is to
reduce this share to a maximum of 10%. This represents a required reduction of 12.4
percentage points within the next twelve years.

From an economics perspective, the implications of such a decrease are significant.
Landfilling is often the lowest-cost but environmentally least desirable waste
management option—the EU's drive to sharply restrict landfilling aims both to
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internalize the negative externalities of landfill use (such as methane emissions, ground
and water pollution, and lost material value) and to stimulate sectors focused on
recycling, energy recovery, and material innovation (Auditors, 2024)Achieving this
drop is likely to necessitate heavy investments in recycling infrastructure, sorting
technologies, more effective waste-to-energy plants, and regulatory enforcement to
discourage non-compliant behavior—quite possibly increasing the marginal abatement
cost per percentage point as the target approaches ((EEA), 2025), (EPRS,
2025)Furthermore, this transition has distributive impacts across Europe. Regions such
as Germany and the Netherlands have already achieved low landfill rates thanks to
robust policy frameworks and mature facilities, but other Member States with higher
dependency on landfilling (e.g., Romania, Bulgaria, Malta) will face greater adjustment
costs and require tailored EU support—including funding, knowledge transfer, and
technical assistance (EU, 2023). These economic transformations, shrinking landfill use
and expanding circular activities—can contribute to job creation in green sectors, reduce
long-term environmental liabilities for municipalities, and help achieve both the EU
Green Deal and Fit for 55 policy goals (EPRS, 2025).

Overall, this chart highlights not just a compliance challenge, but a paradigm shift in EU
waste economics—from linear, disposal-centric systems towards a high-value, circular
economy where landfilling is a last resort rather than the norm (EEA, 2025)The
effectiveness of this transition will depend on the timely mobilization of resources,
effective policy enforcement, and the building of local institutional capacities.

Table no. 3. Digital and Economic Strategies Tailored to Municipal Waste
Pressure Tiers

Pressure Tier Primary Issues Digital Levers Economic Angle

High (>650 kg) High Sensorized bins; Al OPEX reduction
consumption/servic | routing; from route miles;
e intensity; | contamination higher recyclate
overflow analytics; PAYT value via quality;
hotspots; export pilots; e-waste | deferred capex via
dependence traceability asset utilization
Medium  (450- | Uneven Bin IDs + lift counts; Logistics savings;
649kg) segregation; route optimization; reduced

citizen feedback
loops; KPI
dashboards

moderate landfill
liance; volatile
Service levels

downgrades at
MRFs; improved
SLA performance
and contact terms

Low (<450 kg)

Sparse collection
networks; illegal

dumping pockets.
capacity gaps

Hotspot analytics.
scheduled
micro-collection.
traceability for
priority streams

Avoided cleanup
costs; improved
capture of SRMs.
better planning for
limited budgets

Source: Authors research
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Municipal solid waste management in Europe can be systematically analyzed using a
tiered "pressure” framework based on per capita generation levels: high (=650 kg),
medium (450-649 kg), and low (<450 kg). Each tier brings distinct operational and
economic challenges, necessitating fit-for-purpose digital interventions and strategic
finance planning.

High-pressure tiers (>650 kg/capita), often characteristic of highly urbanized, high-
consumption municipalities, face pronounced issues with service intensity, frequent
overflow, and export dependencies for recyclable materials (OECD, 2004); ((EEA),
2025). Here, deploying advanced digital levers—such as sensorized bins, Al-powered
routing, granular contamination analytics, pay-as-you-throw (PAYT) pilots, and e-waste
traceability platforms—can produce measurable economic benefits. These technologies
not only optimize operational expenditures (OPEX) by minimizing unnecessary route
miles, but also enhance recyclate purity and value, deferring capital outlays through
more efficient asset utilization and providing data-driven justification for future
investments ((EEA), 2025); (areas, 2024)

Medium-pressure systems (450-649 kg/capita) typically wrestle with uneven waste
segregation, volatile landfill reliance, and service level variability. Here, integrating bin
IDs, “lift count” tracking, and route optimization through digital platforms, along with
citizen feedback loops and transparent performance dashboards, can yield logistic
savings and reduce the frequency of material downgrades at material recovery facilities
(MRFs). These systems foster more resilient service agreements with improved service
level agreements (SLA) and adaptable contract terms for both public and private
operators (Aprile C, 2019); (Mendoza, et al., 2017)

Low-pressure contexts (<450 kg/capita) may contend with sparse collection networks,
illegal dumping, and capacity shortfalls. Targeted solutions include digital hotspot
analytics, scheduled micro-collection for scattered generators, and traceability tools
focused on high-risk or high-value material streams. Economic priorities shift toward
minimizing cleanup and regulatory costs, maximizing the capture of secondary raw
materials, and rationalizing investments to reflect limited municipal budgets (Lazaroiu,
2002). The deployment of such tailored digital strategies not only addresses social
behavior and reduces “willingness to dump” but also aligns with broader economic
development goals by enabling local circular economies to blossom, particularly in
smaller or rural communities (areas, 2024)

In summary, tailoring digital and operational interventions to municipal waste pressure
tiers delivers both technical and economic value. For high-pressure systems, the payoff
is often immediate in OPEX and material values; for medium and low tiers, the return
comes from optimized logistics, avoided crisis costs, strengthened community
engagement, and efficient use of public funds (OECD, 2004); (Aprile C, 2019)

The scatterplot provides a strategic segmentation of European municipal waste systems
based on two key variables: per-capita municipal waste generation (x-axis) and
recycling rate (% ~2022, y-axis).

This two-dimensional mapping enables informed comparisons among EU Member
States and supports differentiated investment and policy ((EEA), 2025); (Aprile C,
2019)
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Figure no. 7 : Positioning Map: Recycling Rate vs per-capita Waste (Europe)
Source: Author’s elaboration based on Eurostat data (2023)

High Recycling / High Per-capita Generation (Upper-right Quadrant):
Countries such as Germany, Austria, Denmark, Luxembourg, and Belgium feature
both elevated recycling rates and above-average per-capita waste. This suggests
robust collection, sorting, and treatment infrastructure but also high service
intensity due to affluent consumption patterns or extensive service coverage.
Economically, these systems derive greatest value from operational expenditure
(OPEX) reduction—deploying loT-enabled, sensorized bins and Al-driven route
optimization—because optimizing route miles and lift frequency yields significant
cost savings at scale (areas, 2024). Additionally, with substantial material flows,
prioritizing high-quality sorting and contamination analytics preserves recyclate
value in secondary markets (Mendoza, et al., 2017) offsetting volatility in
commodity prices.

High Recycling / Low Per-capita Generation (Upper-left Quadrant):
The Netherlands, Slovenia, and Italy (2021 data) exemplify systems delivering
strong material recovery with moderate service intensity, an efficiency "sweet
spot.” The economic imperative here is value maximization: investing in feedback
mechanisms at material recovery facilities (MRFs), advanced packaging-stream
reporting, and Extended Producer Responsibility (EPR)-oriented data flows to
command premium pricing and stable offtake agreements (Aprile C, 2019)By
maintaining high-quality inputs and tight system feedback, these countries sustain
both environmental and financial resilience.

Low Recycling / High Per-capita Generation (Lower-right Quadrant):
Countries such as Portugal, Greece, Cyprus, Malta, and Romania confront the “dual
challenge” of reducing both consumption-driven volume and improving recovery.
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These contexts benefit most in the near term from smart logistics—Al-enabled
routing, targeted PAYT (pay-as-you-throw) pilots prioritizing citizen privacy, and
traceability for high-value and sensitive streams like electronics or metals (OECD,
2004), Early wins lie in decreasing unnecessary collection, which compresses
OPEX, while pilot projects for material traceability foster better separation at
source (Commission, 2023).

% Low Recycling / Low Per-capita Generation (Lower-left Quadrant):
Examples include Poland, Sweden, Croatia, Estonia, and Hungary. Here, low
service intensity coincides with under-capture of recyclables, typically in less
urbanized or less affluent regions. The economic logic is to avoid rising
remediation costs by building material capture capacity—introducing bin IDs,
collection frequency monitoring (“lift counts™), targeted citizen feedback, and
hotspot analytics for illegal dumping (Laziroiu, 2002)Such interventions are
typically cost-effective in reducing environmental liabilities and aligning local
systems with EU minimum standards.

This positioning map demonstrates that economic optimization must be context-

specific, leveraging digital and operational tools suited to each country’s demand—

capture profile. The best-performing systems are not only technologically advanced but
also adapt fiscal instruments and market links to their unique material flow and
stakeholder structure. Cross-country learning and tailored investment can enhance
performance for all quadrants, steering the EU toward circularity and efficiency ((EEA),
2025).

Table no. 4. Managerial Focus Across Quadrants Based on Recycling Rates and
Per-Capita Levels

Quadrant High recycling / | High recycling/ | Low Low recycling
Low per-capita High per-capita | recycling [/ |/
Low High per-
per-capita capita
Managerial Quality & | OPEX + quality | Build capture | Dual
Focus market value | (sensorized capacity (bin | challenge:
(contamination bins, Al routing, | IDs, reduce service
analytics, contamination lift ~ counts, | intensity &
packaaina- control to | citizen raise
stream reportina. | stabilize  high | feedback, capture (smart
MRF  feedback | service hotspot routina +
loops) analytics) PAYT pilots +
traceability)

Source: Authors research

The European Union provides a foundational policy infrastructure for waste
management through the Waste Framework Directive (2008/98/EC), which has been
revised several times to maintain alignment with circular economy objectives
(Commission, 2023). This legislation embeds the waste hierarchy—covering
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prevention, preparation for reuse, recycling, recovery, and disposal—and obliges all
Member States to enact extended producer responsibility (EPR) programs. As a result,
governance has shifted from a disposal-first mindset toward resource circularity and
comprehensive materials recovery (EEA, 2025).

Performance targets are clearly defined and periodically updated: municipal recycling
rates are set at 60% by 2030 and 65% by 2035, up from approximately 48.2% in 2023;
meanwhile, the share of municipal waste going to landfill must be reduced to 10% or
less by 2035, from more than 50% just two decades ago and about 22.4% most
(Commission, 2023); (EPRS, 2025). The average EU-27 per-capita municipal waste
generation was about 511 kg in 2023, but wide cross-country variation (from 800+ kg in
Austria and Denmark to around 300 kg in Romania) necessitates highly differentiated
investment and policy solutions ((EEA), 2025).

Several mechanisms embedded in EU policy drive digital transformation and
operational optimization. Directives require robust measurement and reporting, creating
strong demand for instrumentation—such as container identification, extensive sensor
networks, and automated dashboards for key performance indicators—that lower
compliance costs and improve data auditability (Mendoza, et al., 2017); (Commission,
2023). EPR and packaging-specific targets, including higher capture percentages for
metals, glass, and plastics, build incentives for digital traceability and quality assurance
with QR/RFID and contamination monitoring, which help increase the value and
marketability of recyclables (Aprile C, 2019). Restrictions and fees on landfilling also
aim to correct market externalities by increasing disposal costs and making the case for
logistical improvements, such as Al-powered route optimization, thereby reducing
unnecessary vehicle kilometers and related expenses (Commission, 2023); ((EEA),
2025).

Given the heterogeneity between and within Member States, a tiered policy approach is
needed: those in the upper right quadrant—characterized by both high recycling and
high per-capita waste—are best served by OPEX-focused interventions and high-quality
material preservation, while systems at the lower end of the performance spectrum must
focus on expanding capture capacities and introducing digital traceability to increase
volume and value recovery ((EEA), 2025). Furthermore, governance best practices
increasingly emphasize open data standards, municipal data sovereignty, digital
performance-based contracting, and embedding privacy-by-design into initiatives such
as pay-as-you-throw and tracking pilots to foster public support and ethical compliance
(Commission, 2023)

3.4. Roadmap for Implementing Digital Waste Management in the EU
Transitioning from conventional to fully digital, performance-driven municipal waste
systems is a multi-phase process requiring careful sequencing according to local
readiness and context. Differences in current performance, infrastructure, and public
acceptance across Member States demand a staged approach that balances ambition
with feasibility and ensures effective uptake (European Environment Agency, 2025;
World Bank Group, 2018).
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This table summarizes the horizontal roadmap flow chart for implementing digital waste

management systems:

Table no. 5. Roadmap for Implementing Digital Waste Management Systems in
the EU: Managerial Focus and Key Stages

Stage Major Enablers/Tools Expected Outcomes
Baseline Assessment Digital inventories, GIS | Identify bottlenecks, build
mapping, KPIs data foundation

Targeted Pilots

Sensors, Al routing, citizen
nudging, e-waste kiosks

Demonstrated impact,
political/financial buy-in

Scale & Integrate

Wide sensor deployment,

Consistent data, improved

reporting, unified | transparency
dashboard
Optimize & Innovate Predictive analytics, | Long-term efficiencies,

private sector feedback, Al

improved recovery

for maintenance

Governance &
Compliance

Performance contracts,
open data, cybersecurity,
GDPR compliance

Trust, accountability,
alignment with EU targets

Source: Authors research

- Phase 1: Baseline Assessment and Design
The initial step is developing a comprehensive understanding of the existing system.
Municipalities should map all assets—including bins, depots, transportation fleets, and
transfer stations—and gather historical data on recycling rates, landfill shares, and per-
capita waste generation. Leveraging digital inventories, geographic information system
(GIS) mapping, and KPI dashboards enables the identification of structure weaknesses
such as contamination hotspots or districts with frequent overflow, providing a robust
foundation for pilot design (Group, 2018)

- Phase 2: Targeted Pilots
Targeted pilots test digital interventions within representative zones. Typical actions
include deploying fill-level sensors in selected districts, rolling out Al-based route
optimization, piloting contamination detection systems with citizen nudging tools, and
launching e-waste kiosks with QR/RFID tracking in busy locations. Pilot results offer
measurable impacts on operational expenditure (OPEX), service levels, and recyclate
quality, generating evidence to underpin further political and financial support
(Strzelecka, 2025)

- Phase 3: Scale and Integrate
Scaling involves extending successful digital interventions across the network. Sensor
deployment is expanded city- or region-wide, and packaging-stream reporting is
integrated to maintain compliance with EU directives. Data from treatment plants and
material recovery facilities (MRFs) are combined into unified dashboards, generating
consistent performance data across the waste chain and strengthening transparency for
stakeholders (Commission, 2023)
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- Phase 4: Optimize and Innovate Supply Chains
After initial scaling, the focus turns to continuous optimization. Predictive analytics can
anticipate seasonal fluctuations—such as tourism spikes or holiday surges—while
linking municipal data systems with private sector reprocessors allows for ongoing
alignment and quality feedback. Introducing Al-driven forecasting tools supports
preventive fleet maintenance and strategic asset renewal, resulting in greater efficiency,
lower capex spikes, and increased material recovery (Strzelecka, 2025)

- Phase 5: Governance, Transparency, and Compliance
Institutionalizing digital waste management requires embedding performance-based
contracts, publishing open data dashboards for public accountability, and auditing
cybersecurity and GDPR compliance. Linking private operator incentives to digital
KPIs cements alignment with EU circularity targets while fostering legitimacy and
public trust (European Commission, 2023; European Environment Agency, 2025).

- Integrating the Roadmap into EU Policy Context
This roadmap aligns EU principles demanding subsidiarity and flexibility, enabling
Member States to tailor pathways to their local context. Early phases benefit from EU
co-financing and technical expertise, while the later phases require harmonized
standards, interoperability mandates, and comparative data models to ensure consistent
progress and benchmarking across the EU (Group, 2018); ((EEA), 2025)

3.5. Challenges and Risks in Digital Waste Management
While digital transformation offers substantial environmental, economic, and
operational benefits, municipalities across the EU face structural, financial, and social
barriers that can hinder adoption. Recognizing these challenges is essential for
designing effective mitigation strategies (EEA, 2025).

Table no. 6. Challenges, Risks, and Mitigation Measures in Digital Waste

Management
Challenge Risk Mitigation Measures
Data Siloed systems prevent | Mandate open standards and
fragmentation & | integration; vendor lock-in; | APIs; require municipal data

interoperability reduced scalability. ownership; enforce EU
reporting protocols.

Funding Laggard regions unable to | EU structural funds, green

constraints afford upfront CAPEX; | bonds, and PPPs; performance-

widening gap between leaders
and laggards.

based contracts to spread costs.

Public acceptance
& privacy

Citizen resistance to PAYT or
digital  tracking;  concerns
surveillance.

Privacy-by-design (anonymized,
minimal retention); transparent
communication of benefits; opt-
in pilots.
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Technical Sensor failures, weak LPWAN | Deploy  robust  low-power
reliability coverage, high maintenance | devices; preventive
costs. maintenance; fallback protocols

for continuity.

Governance & | Lack of digital expertise in | Capacity-building programs;
skills gaps municipalities; underutilization | EU knowledge-sharing
of dashboards. platforms; cross-border
municipal partnerships.

Source: Authors research

Municipalities across the EU encounter several key barriers in advancing digital
transformation for waste management. Data fragmentation and lack of interoperability
are common, as many local systems rely on siloed platforms for bins, fleets, or
treatment facilities, which hinders integration and creates risks of vendor lock-in and
poor scalability—ultimately impeding dashboarding and compliance reporting at the EU
level. To address this, public procurement should enforce open standards, interoperable
APIs, and ensure that municipalities maintain ownership of operational data, as called
for in recent European policy guidance ((EEA), 2025); (CSE-NET, 2025). Funding
constraints represent another significant obstacle, especially for municipalities in
Southern and Eastern Europe, who often lack sufficient capital for sensors, Al tools, or
modern sorting infrastructure. This risks deepening the gap between frontrunners like
Germany, Austria, or Slovenia and lagging members such as Romania or Cyprus; thus,
mobilizing EU structural funds, green bonds, and performance-based public—private
contracts can help spread costs and encourage adoption (Matter, 2025); (Commission,
2021)Public acceptance and privacy concerns also play a crucial role: citizens may
resist digital tracking of waste generation, particularly under PAYT systems, due to
perceived surveillance, which can undermine program participation and reduce the
quality and quantity of recyclable materials. Applying privacy-by-design, minimizing
data retention, and communicating tangible benefits—such as lower fees or cleaner
neighborhoods—are recommended ways to build trust and foster engagement
(Strzelecka, 2025); (Lember, et al., 2019). Technical reliability must not be overlooked:
sensors and network equipment face maintenance and connectivity challenges, where
downtime can erode confidence and raise operational costs, especially in rural settings.
Adopting robust, low-power hardware and preventive maintenance, along with fallback
manual protocols, is essential for operational resilience (Recyclinglnside, 2025) Lastly,
governance and skill gaps persist: many municipalities still lack the digital expertise to
interpret data streams or manage advanced contracts, which may leave performance
dashboards underutilized and limit improved outcomes. For this, capacity-building
programs, knowledge-sharing platforms, and international municipal collaborations—
supported at the EU and national levels—are vital to close the skills deficit and
maximize the benefits of digital transition (EEA), 2025); (Strzelecka, 2025); (Matter,
2025)

Conclusions
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This study underscores that digital transformation is no longer an optional enhancement
but a strategic necessity for the European Union to achieve its circular economy targets
for 2030 and 2035. The analysis reveals that while technical progress in recycling has
been significant, the integration of digital solutions like 10T, Big Data, and Al remains
uneven across member states. The findings suggest that bridging the gap between
current performance and EU targets requires a dual approach: advancing physical
infrastructure alongside digital governance tools.

The original contribution of this research lies in framing digital technologies as
"accelerators” of waste traceability and environmental efficiency. By mapping the
digital-waste nexus, this study provides a roadmap for policymakers to prioritize
investments in smart waste systems that offer real-time data transparency and consumer
engagement.

Study Limitations and Future Research Despite its insights, this research has certain
limitations. It is predominantly macro-analytical, relying on aggregated EU-level data
which may obscure regional disparities or local logistical challenges. Additionally, the
study focuses on the technical and policy aspects, with less emphasis on the cost-benefit
analysis of implementing these technologies at the municipal level.

Future research should focus on micro-level case studies to evaluate the economic
feasibility of specific digital tools in diverse urban environments. Furthermore,
exploring the role of public-private partnerships in financing digital environmental
solutions would provide a more comprehensive understanding of how to scale smart
waste management across the European Union.
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