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Abstract
The integration of renewable energy sources into sustainable development practices has become increasingly important. 
The municipal solid waste (MSW) utilisation presents a promising renewable energy source, provided that it is combined 
with modern technologies to optimise its energy conversion. The global population growth and the corresponding rise in 
living standards have resulted in increased consumption of goods and energy. Whilst such consumption boosts economic 
development, it also contributes to a significant increase in waste generation. In this article, the possibility of using MSW for 
energy production is examined, along with an overview of the production of waste and treatment activities in the European 
Union (EU). Europe generates 1.66 billion tonnes of waste yearly, with construction, demolition and MSW being a major 
contributor. The European Commission’s Waste Legislative Package aims for 60% reuse and recycling readiness by 2025 
and a 65% target by 2030, focussing on landfill assessment, waste recycling promotion and other initiatives. In 2020, there 
were 504 waste to energy (WtE) plants in Europe with 61 million tonnes (137 kg per capita) of total incineration capacity. 
France has the most WtE (124) plants, whilst Germany has the highest capacity for waste incineration. The total energy 
produced from waste in 2019 was 41.2 MTOE (million tonnes of oil equivalent), with nearly half of that total was accounted 
by MSW. This includes non-renewable waste, MSW renewable and non-renewable waste and industrial waste. This statistics 
represents around 2.5% of the EU’s overall energy supply. The majority of energy recovery is used to generate electricity in 
electricity-only facilities or either in combined heat and power (CHP). In 2020, there was a 69 million tonnes or 58% decline 
in the amount of MSW that was landfilled in the EU, which represents 4.0% decline on an annual average. Germany recycled 
most MSW with 66% approximated recycling rate in 2020. Only eight EU countries have recycling rates that are higher 
than 50%. On average, WtE plants in the EU monitor around 60% of biogenic  CO2 emissions, with the remaining 40% being 
fossil  CO2 emissions. In the light of the EU’s prioritisation of the circular economy, it is imperative that all Member States, 
including EEA countries, shift from traditional waste disposal methods towards more intelligent waste treatment strategies, 
such as gasification and pyrolysis, which embody circular economy principles in their waste management policies.
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Introduction

In advanced communities, the continuous production of 
waste has become such a major issue that it is important 
to minimise the amount of waste either by reusing or recy-
cling it at any level [1]. The EU waste management policy 
outlines a hierarchical approach to waste management in 
order of increasing priority, starting with waste disposal, 
followed by energy recovery, recycling, reuse and ultimately 
waste prevention [2]. The increase in the quantity of waste 
produced presents a significant challenge. On average, EU 
member states generate approximately 482 kg of waste per 
capita per year. To achieve effective waste management 
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measures aimed at reducing waste growth, the key factors 
are public acceptance and behaviour, which are critical to 
achieving the reduction of waste generation [3, 4]. Despite 
waste prevention being the highest priority in the waste solu-
tion hierarchy, EU waste policies have primarily focussed on 
targets for waste reduction through recycling. The European 
Commission has proposed targets for municipal waste reuse 
and recycling of at least 70% by 2030, including a minimum 
of 5% for reuse. As a result, the EU’s goals for waste preven-
tion are relatively new, and waste management is still in its 
early stages [5].

Landfills are rapidly being removed as an ultimate desti-
nation for waste in Europe due to legislation regulations and 
increased taxation, and energy recovery with incineration 
is becoming the primary method of waste recovery process 
[6]. Other options are being used, such as chemical recycling 
(pyrolysis, gasification), composting, land spreading and 
reuse as material building, whilst research for process opti-
mization is still needed [7]. Usually, methods of recovery 
are typically costly and their ecological implications is still 
dubious because of the large amounts of waste produced, 
the changing waste composition and the high moisture level 
(content) of the waste due to the process conditions. For 
this reason, research on the various applications of waste 
should be continued, taking into account the ecological and 
economic elements of such waste management [8]. In a cir-
cular economy, waste can play an important role given that 
reuse, recycling and prevention are prioritised in the cycle of 
waste management. Energy from waste may also be associ-
ated with this phase, but in most European countries, waste 
is still treated as a ‘hassle’ instead a resource, and in order 
to step towards and achieve a circular economy, this vision 
needs to be shifted. The European Commission notes that 
‘WtE will optimise the contribution of the circular economy 
to decarburization, in line with the Paris Agreement and the 
Energy Union Strategy, just by respecting the hierarchy of 
waste’ [9].

As the economies of EU countries continue to expand, 
waste generation has become an increasingly pressing 
issue. Currently, the EU is ranked second globally in terms 
of MSW, with 392 million tonnes produced. Over the past 
two decades, the production of MSW in the EU has stead-
ily increased. To mitigate the negative impact of municipal 
waste on the environment and promote a circular economy, 
the EU introduced the 7th Environmental Action Plan (EAP) 
in 2014. The EAP sets a goal of managing solid waste to 
at least 65% at present, in order to achieve the objective of 
“zero waste emission” by 2030. To attain these objectives, 
it is crucial to implement appropriate measures, such as 
encouraging the development of new technologies and sus-
tainable business models, as well as promoting sustainable 
resource usage patterns [10]. Furthermore, the responsibility 
for fulfilling new mandates, such as creating sufficient and 

sustainable infrastructure for managing waste and imple-
menting collection and sorting systems for various types of 
waste, has been increasingly assigned to localities and gov-
ernmental subdivisions. This delegation of responsibility is 
intended to ensure that waste is handled in an environmen-
tally sound and socially responsible manner [11].

Monitoring the shift towards a circular economy often 
begins with the observation of waste generation and its man-
agement since it marks the conclusion of the unwanted linear 
economy. Successful avoidance of material loss and environ-
mental preservation can be achieved through the capacity to 
deter waste disposal and create secondary materials over a 
prolonged period [12]. Over the past two decades, environ-
mental research has revealed that relying solely on waste 
recycling is inadequate for achieving a sustainable economy, 
particularly given the increasing scarcity of global resources. 
Consequently, waste prevention, material reuse and upcy-
cling have become higher priorities on political agendas than 
ever before. In 2020, the European Commission introduced 
a new Circular Economy Action Plan as part of its European 
Green Deal policy to support this paradigm shift. To stream-
line the regulatory framework, it is necessary to establish a 
monitoring framework that can provide policy makers with 
information on current successful practices, remaining bar-
riers, positive and negative impacts of the transition, and 
overall progress towards the established goals [13].

EU waste legislation review

EU waste strategy and objectives contain minimal require-
ments to manage particular types of waste. The targets 
most relevant to MSW are the targets for the diversion of 
landfill for biodegradable MSW (Landfill Directive 1999); 
Recycling goals (Packaging Waste Directive from 1994); 
Objective for recycling and preparation for recycle (Waste 
Framework Directive 2008); System Directive on waste, 
laid down in Council Directives 75/442/EEC (amended by 
91/156/EEC) on waste and 91/689/EEC on hazardous waste, 
forms the basics of the European Waste Legislation [14–16]. 
The Waste Management system consists of two classes of 
guidelines: those setting out criteria for the operation and 
authorization of waste disposal premises and those relative 
to the alternatives for the eradication of particular forms of 
waste. Apart from these directives, Regulation 259/93/EEC 
specifies a scheme to control the transportation of waste into 
and out of the EU. Legislative provisions for waste treatment 
inside the EU have been established by WFD 2008/98/EC 
with the aim of protecting the environment and public health 
from the detrimental impact of waste production. The WFD 
laid it out a 50% target for the preparation of household and 
related waste for reuse and recycling, and a 70% target for 
the preparation of non-hazardous building and demolition 



2768 Journal of Material Cycles and Waste Management (2023) 25:2766–2782

1 3

waste for recycling, reusing and other material recuperation 
by 2020 [17]. The Directive requires the relevant bodies to 
draw up schemes for the management of waste, compris-
ing the form, source and quantity of waste and the current 
processes for collection. It is also important to draw up pre-
vention programmes to disintegrate the connexion between 
waste production and economic sustainability [18].

Directive 75/442/EEC describes waste as “any material 
or item discarded or planned or needed to be discarded by 
the holder”. Its goal is to compel Member States to support 
the elimination or waste diminution and its harmful effects 
by supporting the advancement of sustainable technology, 
advancement of technological products and techniques for 
the disposal of waste. In order to assure that waste is eradi-
cated without jeopardising human health, Member States 
should take the appropriate steps including:

– Without placing risk to air, water soil, animals and plants;
– Without creating hassle by sounds or smells;
– Having without a detrimental effect on the countryside 

or areas of particular interest [19, 20].

The waste industry sector is working towards establish-
ing a global circular economy, with the aim of minimis-
ing material utilisation and waste production. The industry 
intends to achieve this by reusing and recycling waste, and 
utilising residual waste for energy recovery. In 2019, the 
European Commission proposed updated legislative guide-
lines to encourage Europe’s transition towards a circular 
economy on waste. The “Towards a Circular Economy” 
initiative advocates for a fundamental shift from a linear 
economy, where resources are extracted, used and discarded 
to a circular economy that promotes sustainable material use 
and waste reduction across all sectors of the economy. The 
ultimate goal is to create a circular economy that minimises 
waste production and material usage, whilst also recycling 
and reusing waste in the most environmentally friendly and 
socially responsible manner, and treating unavoidable waste 
whilst utilising the remaining for resource recovery. Any 
residual waste is then safely disposed of in a landfill [21].

A key to a circular economy is converting waste into a 
resource. This will support the ecosystem as well as the 
economy. The EU Circular Economy Action Plan sets out 
an action programme with steps spanning the period from 
production to consumption, management of waste and the 
secondary feedstock sector to facilitate the alternation to 
a circular economy. WtE as well as the different energy-
generating waste management processes will play a part in 
the circular economy and in achieving the goals of the  EU 
objective [22]. Different WtE procedures may relate to 
and build synergy with EU climate and energy policies: 
In combustion plants, waste co-incineration and in the 
processing of cement; In dedicated facilities incinerating 

of waste; From biodegradable sources, waste anaerobic 
digestion; Generation of fuels derived from waste (liq-
uid, gaseous or solids); And another methods, comprising 
gasification or pyrolysis [23]. In 2019, the EU adopted 
a detailed legislative package on waste, including a new 
Waste Directive, the Landfill Directive, the Packaging 
Waste Directive, the End-of-Life Vehicles Directive, the 
Electronic and Electrical Waste Directive, and accumula-
tors and batteries and waste batteries and accumulators 
[24]. The Commission would implement a waste-to-energy 
plan within the context of the Energy Union. The legis-
lation scheme on waste sets priorities for the recycling, 
reduction, reusing and landfilling of waste management 
for 2030 [25].

The goal is to ensure better harmonisation and interpreta-
tion of the by-product and end-of-waste status legal system. 
In accordance with the definition used by the Organization 
for Economic Co-operation and Development (OECD) and 
the European Statistical Oise (Eurostat) for statistical pur-
poses, the plan for a new Waste Directive rejects municipal 
waste. Thus, MSW is denied as “(a) Household and mixed 
waste, including: paper and glass metals, cardboard, plastics, 
textiles bio-waste, textiles, wood, textiles, waste electron-
ics and electrical devices, accumulators and waste batter-
ies; (b) Separately and mixed composed waste from other 
sources that are similar in design, quantity and composition 
to household waste; (c) Cleaning waste and waste from street 
cleaning provisions on the market, including street sweep-
ing, litter bins, park waste and garden maintenance”. Similar 
waste from food processing facilities and other residues with 
identical properties of biodegradability, similar in nature, 
composition and volume is known as biodegradable waste 
[26].

The European Commission has introduced new goals for 
municipal waste with the new Waste Legislative Package to 
examine landfilling, waste recycling and other waste-related 
objectives to achieve 60% reuse and recycling readiness by 
2025 and 65% by 2030. Moreover, new goals have been pro-
posed for minimising municipal waste disposed of in land-
fills [27], as well as updated targets for packaging waste. 
Proposed goals include:

• 65% target for recycling and reuse of MSW by 2030.
• 75% target for recycling and reuse of packaging waste by 

2030.
• Minimal reusing and recycling goals for particular prod-

ucts used in packaging waste: 85% of ferrous metal, 85% 
of aluminium, 75% of wood, 85% of paper and cardboard 
and 85% of glass.

• A maximum of 10% of the overall amount of MSW pro-
duced was landfilled by municipal waste and a prohibi-
tion on the landfilling of the separately collected waste 
was enforced [28].
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Production of waste

Europe is one of the world’s largest producers of waste, 
with a total of around 1.66 billion tonnes generated every 
year. This waste can come from various sources, includ-
ing households, industry and agriculture. The largest con-
tributor to waste production in Europe is construction and 
demolition waste, accounting for over 40% of the total 
waste generated. This is followed by MSW, which com-
prises household and commercial waste and constitutes 
approximately 30% of the waste generated. Industrial 
waste, which includes waste generated by manufacturing 
and production processes, is another significant source of 
waste in Europe, accounting for approximately 20% of the 
total waste generated. Agricultural waste, such as manure 
and crop residue, makes up the remaining 10% of the total 
waste generated [29]. The amount of waste produced by 
each sector in 2020 is [30, 31].

1. Manufacturing and construction: 911 million tonnes of 
waste generated.

2. Mining and quarrying: 308 million tonnes of waste gen-
erated.

3. Services: 169 million tonnes of waste generated.
4. Household sector: 98 million tonnes of waste generated.
5. Agriculture, forestry and fishing: 76 million tonnes of 

waste generated.
6. Energy sector: 53 million tonnes of waste generated.
7. Water supply and treatment: 36 million tonnes of waste 

generated.
8. Other sectors: 10 million tonnes of waste generated.

Management of waste in Europe

Several processes include MSW treatment: digestion/
composting, landfilling, recycling and combustion (incin-
eration) with and without energy recovery. In Europe, 
WtE technology primarily involves the use of combus-
tion techniques (i.e. incineration) to recover energy from 
waste, which are primarily based upon moving grates and 
storage boilers for power and/or heat generation [32]. In 
2020, the EU generated more than 2400 million tonnes 
of non-hazardous waste across various economic activi-
ties, with an additional 196 million tonnes of hazardous 
waste created. Similarly, 1.66 billion tonnes of waste were 
produced in 2020, excluding major mineral waste, corre-
sponding to 35% of the total waste produced. In addition 
to construction waste (911 million tonnes) and quarrying 
and mining waste (308 million tonnes), the highest waste 
generation rates were reported for services (169 million 

tonnes), household waste (98 million tonnes) and water 
and energy sector (89 million tonnes). Between 2013 and 
2020, waste production from water and waste services 
witnessed a surge of 90%, whilst 58% increase in the rate 
is observed from waste generation from the construction 
sector. On the other hand, household waste produced 
by households (excepting major mineral waste) remains 
constant, whereas waste from production and quarrying/
mining activities dropped by 35% and 25%, respectively 
[33]. The activities contributing to the quantity of waste 
produced and their corresponding shares, re-elected pri-
marily by various collection and management systems, 
economic framework and country sizes, have varied sig-
nificantly across EU Member States. The total quantity 
of waste produced is related to a country’s economic size 
and population. High volumes of waste are associated with 
the production of mineral waste from mining operations, 
accounting for about two-third of the total waste produced 
in the EU-28 [34].

A special form of waste comprises bio-waste. This waste 
mainly consists of organic waste from parks and gardens, 
household kitchen and food waste, caterers and distribution 
networks, restaurants and equivalent waste from food pro-
cessing plants, according to WFD 2008/98/CE. Many biode-
gradables, such as paper, wood, sludge and paperboard, are 
often covered other biodegradable waste. When landfilled, 
because of the potential of GHG emissions, it can create 
major environmental and climate adverse impacts [35].

Composting and anaerobic digestion are currently the pre-
vailing technologies employed in Europe for the manage-
ment of bio-waste. Within the EEA member and cooperating 
countries, approximately 59% of municipal bio-waste gen-
eration is subjected to these treatment methods. The known 
annual capacity of treatment infrastructure in these coun-
tries stands at 38 million tonnes, encompassing an installed 
capacity of 21 million tonnes for bio-waste composting and 
an additional 17 million tonnes for bio-waste anaerobic 
digestion. It is worth noting that the actual treatment capac-
ity is expected to exceed these figures significantly due to the 
absence of data from several European countries regarding 
their treatment infrastructure capacity [36].

Moreover, it should be noted that the aforementioned 
treatment capacities are not exclusively allocated to munici-
pal bio-waste treatment. In certain facilities, municipal bio-
waste is processed alongside other waste streams, including 
manure, sewage sludge and waste derived from the food 
industry. The capacity of installed bio-waste treatment 
infrastructure varies significantly across European countries, 
ranging from 356 kg of bio-waste per person to nearly zero. 
On average, composting facilities currently account for 53% 
of the bio-waste treatment capacity, whilst anaerobic diges-
tion represents 47% of the capacity. No data is available 
regarding the volume of home composting [36].
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Approximately, recently the EU handles 2248 million 
tonnes of non-hazardous waste. Nearly 36% was sent to 
recycling recovery operations, 44% of it was subject to land-
filling (disposal operations), and just over 10% was chan-
nelize to backfilling for land reclamation in archaeological 
sites. Only 6% of the waste was incinerated, either solely 
for incineration purposes or for energy recovery, whilst the 
remaining waste was managed through alternative means. 
In some countries, waste disposal dominates, with around 
90% of the waste being sent to disposal sites and landfills 
(Romania, Greece and Bulgaria), whilst other countries (like 
Denmark, Italy and Belgium) dominate waste recovery. In 
Sweden, Denmark, Germany and Norway, waste incin-
eration is a widespread choice, with a substantial propor-
tion of waste management options observed. In 2015, the 
amount of MSW produced reached 255 million tonnes in 

the European Counties and 243 million tonnes in the EU, 
comprising approximately 10% of the total waste produced. 
Approximately half a tonne of waste per year was produced 
by each individual (477 kg/person in 2015 and 472 kg/per-
son in 2005). Denmark in 2015 (822 kg/person) provided 
the highest amount of MSW per capita, accompanied by 
Germany, Cyprus and Switzerland [37].

Between 1995 and 2015, the quantity of waste produced 
in the EU remained at about the same amount, with some 
variations during this time. However, standardised trends in 
the generation of MSW across countries were not observed 
during the same time, with decreasing trends in 10 countries 
and growing trends in 21 countries (Fig. 1A, [38]). Amongst 
the various MSW disposal alternatives, 69 million tonnes 
of waste reusing and recycling has been the first process-
ing option at EU level, followed by 62 million tonnes of 

Fig. 1  Generation of waste: A Selected waste generation trends in EU; B  Types of waste generated in European countries
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landfilling, incineration of 64 million tonnes (with or with-
out energy recovery), and 40 million tonnes of compost-
ing. The major producers of MSW are Germany (51 million 
tonnes), France (33 million tonnes), the United Kingdom 
(32 million tonnes) and Italy (30 million tonnes). Significant 
volumes of unused waste are disposed of every year, primar-
ily in Spain (11 million tonnes), France (9 million tonnes) 
and Italy (8 million tonnes). Germany is the leading country 
(16 million tonnes) in terms of incineration, followed by 
France (12 million tonnes) and the UK (10 million tonnes).

Directive 31/1999 on landfills demanding Member States 
to minimise the quantity of biodegradable MSW entering 
landfills has directed to major improvements in the manage-
ment framework in order to prevent landfilling by means of 
increased recycling, incineration or composting (including 
fermentation) (Fig. 1B, [38]). Due to the recycling of mate-
rials, such as paper, glass, cardboard, textiles, plastics and 

metals in many countries, overall increase in the recycling 
rate has risen. As a result, the volume of recycled waste in 
the EU is increased. (25 million tonnes 52 kg/capita in 1995 
to 69 million tonnes 137 kg/capita in 2015).

Incineration of waste in this time has also risen gradually. 
From 32 million tonnes in 1995 (67 kg/person) to 64 mil-
lion tonnes in 2015 (128 kg/person), the volume of MSW 
incinerated in the EU has increased. The total volume of 
MSW landfilled in the EU has thus decreased by 84 million 
tonnes from 146 million tonnes (302 kg/person) to 62 mil-
lion tonnes (120 kg/person) over the same time period, or 
58%. As a result, the percentage of MSW sent to landfills 
decreased significantly in both the EU and European Envi-
ronment Agency member countries from 1995 to 2015. Spe-
cifically, the landfilling rate dropped from 64.3% to 25.7% 
in the EU and from 63.4% to 25.7% in the EEA member 
countries.

Fig. 2  MSW: A Per capita waste generation; B Generation of waste and management practices in the EU for the period 1995–2015
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Figure 2A, [38] provides quantitative details on the type 
of waste management operations working in different coun-
tries in 2015. Virtually no MSW is sent to landfills in Swe-
den, Switzerland, Denmark, Belgium or Norway. Malta, 
Greece and Croatia, on the other hand, are still landfilling 
more than 80% of their generated MSWs. Some Member 
States (e.g. Denmark, Belgium and Italy) had very high 
recycling rates, showing recycling waste as a main resource, 
whilst in others the majority of waste was landfilled (e.g. 
Greece, Romania and Bulgaria). In 2015, the volume of 
landfilled MSW ranged from 3.6 kg per capita in Sweden, 
1.3 kg per capita in Germany, 3.8 kg per capita in Belgium 
to 415 kg per capita in Greece, 561 kg per capita in Malta, 
476 kg per capita in Cyprus and with an average of 119 kg 
per capita in the EEA [13, 15]. In the period 1995–2015, 
most countries decreased landfilling, where six countries 
have increased the quantity of waste sent to landfills. The 
improvements in MSW’s care measures at the EU level dur-
ing 1995 and 2015 are shown in Fig. 2B, [38]. A substantial 
decline in waste landfill shares can be observed, accom-
panied by a rise in recycling, composting and incineration 
shares. Thus, between 1995 and 2015, recycled MSW share 
increased from 11% to 29%.

Table 1 shows the amount of MSW produced per person 
in the EU in 1995, 2015 and 2020. Nearly half a tonne of 
waste was generated annually per person on average (470 kg/
person in 1995 and 505 kg/person in 2020). The country 
with the largest per capita production of MSW was Aus-
tria (834 kg per person), followed by Denmark (814 kg/
person) and Luxembourg (790 kg/person). Romania, on the 
other hand, produced the least quantity of MSW per person 
(287 kg/person), followed by Poland (346 kg/person) and 
Hungary (403 kg/person). The variations are a reflection of 
varying consumption patterns and levels of economic pros-
perity, but they also rely on how MSW is gathered and man-
aged. There are regional variations in the amount of waste 
from administration, trade and commerce that is gathered 
and managed alongside home waste. Since 2015, the amount 
of MSW produced each year in the EU has increased.

In the EU, the total quantity of waste recovered through 
recycling, backfilling or incineration with energy recov-
ery increased by 29.4% from 870 million tonnes in 2004 
to 1,164 million tonnes in 2020. Consequently, the share 
of such recovery methods in overall waste treatment rose 
from 45.9% to 59.1% during the same period. The amount 
of waste disposed of decreased by 21.3%, from 1,027 mil-
lion tonnes in 2004 to 806 million tonnes in 2020, resulting 
in a decrease in the share of disposal from 54.1% to 40.9% 
in total waste treatment. In 2020, over half (59.1%) of the 
total waste in the EU underwent recovery operations, with 
recycling accounting for 39.9%, backfilling for 12.7% and 
energy recovery for 6.5%. The remaining 40.9% was either 
landfilled (32.2%), incinerated without energy recovery 

(0.5%) or disposed of through other means (8.2%). Notably, 
significant variations were observed amongst EU Member 
States in their utilisation of these treatment methods. The 
EU treated a total of 74.3 million tonnes of hazardous waste 
in 2020, with more than two-third of it treated in Germany, 
Bulgaria, France and Sweden. In the same year, 46.7% of 
the hazardous waste treated in the EU was recovered, with 
38.5% through recycling or backfilling (equivalent to 64 kg 
per inhabitant) and 8.3% through energy recovery (14 kg per 

Table 1  Generation of MSW in EU in reference periods (kg per cap-
ita)

Region 1995 2015 2020 % Change 
2020/1995

EU 467 480 505 8.2
Belgium 455 412 746 −8.6
Bulgaria 694 419 444 −36.0
Czech Republic 302 316 543 67.7
Denmark 521 822 814 62.2
Germany 623 632 628 1.4
Estonia 371 359 383 −0.7
Ireland 512 557 555 8.4
Greece 303 488 525 73.1
Spain 505 456 455 −10.1
France 475 516 538 12.8
Croatia 220 393 418 90.4
Italy 454 486 487 11.4
Cyprus 595 620 609 2.3
Latvia 264 404 478 80.8
Lithuania 426 448 483 13.4
Luxembourg 587 607 790 34.4
Hungary 460 377 403 −21.0
Malta 387 641 643 66.1
The Netherlands 539 523 533 −0.8
Austria 437 560 834 33.9
Poland 285 286 346 21.6
Portugal 352 460 513 45.7
Romania 342 247 287 −16.1
Slovenia 596 449 487 −18.3
Slovakia 295 329 433 47.0
Finland 413 500 596 44.4
Sweden 386 451 431 11.7
Iceland 426 588 702 67.4
Norway 624 422 726 16.2
Switzerland 602 728 706 17.2
The UK 498 483 463 −7.0
North Macedonia – 441 441 –
Montenegro – 530 486 –
Serbia – 259 427 –
Albania – 491 381 –
Bosnia and Herzegovina – 352 352 –
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inhabitant). The remaining 53.3% was incinerated without 
energy recovery (5.8% or 9.7 kg per inhabitant), landfilled 
or subjected to land treatment (22.1% or 36.9 kg per inhabit-
ant), or disposed of through other means (25.3% or 42.3 kg 
per inhabitant) [38].

Recent trends in municipal waste treatment in EU

Table 2 presents the comparative analysis of MSW treat-
ment in the EU for the years 1995 and 2020. The data is 
categorised by treatment methods, including in kg per capita 
and million tonnes [38]. Figure 3 depicts the total amount 
of waste produced in the EU and the quantity of waste per 
type of treatment, which includes, landfill, incineration, 
material recycling, composting and others [38]. Despite the 
fact that the EU is producing more waste, less municipal 
waste is being landfilled overall. From 121 million tonnes 

(286 kg per person) in 1995 to 52 million tonnes (115 kg 
per person) in 2020, there was a 69 million tonnes or 58% 
decline in the amount of MSW that was landfilled in the EU 
during the reference period. This represents 4.0% decline 
on an annual average. Landfilling has decreased from 2005 
to 2020 by an average of 3.4% per year. Therefore, the rate 
of landfilling in the EU decreased from 61% in 1995 to 23% 
in 2020. In EU, Germany recycled most municipal waste 
with 66% approximated recycling rate in 2020. Only eight 
EU countries have recycling rates that are higher than 50%, 
whilst others, including Malta, Romania and Cyprus, have 
rates that are less than 20% (Fig. 4, [38]). This highlights the 
wide disparities in the EU’s municipal waste recycling rates.

This decrease can be partially due to the enforcement 
of European legislation on packaging and packaging waste 
(Directive 62/1994). Member States were required to recover 
at least 50% of all packaging used in the market by the year 
2001. The volume of packaging waste separately collected 
increased significantly due to the revised objective recov-
ery of 60% to be attained by the 31st of December 2008. 
Packaging waste approximately 65% must be recycled by 
31 December 2025. Moreover, the landfill-related provisions 
of Directive 31/1999 required Member States to reduce the 
proportion of municipal waste that is biodegradable waste 
going to landfills from 75% to 50% by July 2006 to 16 July 
2009 and to 35% to 10% by 16 July 2016 until 2023. This 
reduction was calculated based on the total volume of bio-
degradable waste generated in 1995. The Directive has 
caused countries to implement various measures, including 
pre-treatment and incineration like biological and mechani-
cal treatment and composting to prevent disposing of the 
organic portion of municipal waste in landfills.

Thus, at an average rate of 4.3% per year, the amount of 
recycled waste increased from 37 million tonnes (87 kg per 
person) in 1995 to 107 million tonnes (241 kg per person) 
in 2020. Overall, the percentage of municipal waste that was 
recycled increased from 19% to 48%. The ambitious Cir-
cular Economy Package, which the European Commission 
endorsed, contains updated waste-related measures with a 
higher standardised goal for the packaging and municipal 
waste recycling and lower restrictions for municipal waste 
landfilling.

In the reference period, waste incineration has also 
steadily increased, though not as much as composting and 
recycling. In the EU, municipal waste incineration since 
1995 has increased by 105% or 31 million tonnes and 
consisting of 61 million tonnes in 2020. Thus, the amount 
of incinerated municipal waste per capita increased from 
70 to 137 kg. Waste sorting and mechanical–biological 
treatment (MBT) are not explicitly covered. An additional 
final treatment is necessary for these pre-treatments. 
Substantially, the amounts provided for MBT or sorting 
should be reported based on the following final treatment 

Table 2  Treatment practices for MSW management in EU in kg per 
capita and million tonnes

Process 1995 2020 % Change 
2020/1995

MSW treatment (kg per capita)
 Composting 33 90 171
 Material recycling 54 151 177
 Incineration 70 137 97
 Landfilling 286 115 −60
 Others 23 11 −52

MSW treatment (million tonnes)
 Composting 14 40 186
 Material recycling 23 67 192
 Incineration 30 61 105
 Landfilling 121 52 −58
 Others 10 5 −50

Fig. 3  Municipal waste treatment in EU, 1990–2020
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processes. Nevertheless, the distribution of these amounts 
amongst the categories of four treatment processes (com-
posting, recycling, incineration and landfilling) varies 
greatly, and some countries only report on the first (pre-) 
treatment stage.

Energy recovery and existing waste‑to‑energy 
plants in EU

The WtE plants are specifically designed for mixed MSW 
incineration, but these facilities also have the capacity to 
incinerated other wastes including, refuse derived fuel 
(RDF) wood waste, paper waste, etc. The amount of non-
MSW incinerated in MSW-dedicated WtE plants cannot 
be fully estimated from the data on the plants that are cur-
rently available. This analyses results indicate that there 
were 504 WtE plants in Europe in 2020 (excluding plants 
for incineration hazardous waste). In 2020, 61 million tonnes 
(137 kg per capita) of total incineration capacity was esti-
mated. Detail information on the number of plants, waste 
treated and their capacity are shown in Table 3. France has 
the most WtE (124) plants, even though Germany has 100 
plants with a higher capacity for waste incineration. Whilst 
the annual capacity of incineration of waste in Europe is 
around 170,000 tonnes, in some countries (like, France, 
Switzerland, Denmark and Norway) smaller plants are more 
common (80,000–120,000 tonnes/year), whilst in countries 
(like, Austria, Spain, Hungary, Portugal and Netherlands), a 
very large plants are common (above 400,000 tonnes/year).

The primary energy production in Europe in 2020 
was distributed across a variety of energy sources, with 

renewable energy sources accounting for the largest per-
centage (40.8%) of total primary energy output, followed 
by nuclear heat (30.5%), solid fossil fuels (14.6%), natural 
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Fig. 4  Percentage of MSW converted into energy, landfilled, recycled and composed in EU in 2020

Table 3  Number of WtE plants in Europe

Country name WtE plants Waste 
treated 
(Mtonnes)

Capacity (tonnes/year)

Austria 11 2.6 2,117,000
Belgium 17 3.39 3,822,000
Czech Republic 4 0.67 726,274
Denmark 26 3.4 3,308,400
Estonia 1 0.21 220,000
France 124 14.5 14,250,805
Finland 9 1.62 1,345,000
Germany 100 27.1 24,705,274
Hungary 1 0.38 382,000
Ireland 2 1.24 800,000
Italy 37 3.33 6,261,548
Lithuania 3 0.50 590,000
The Netherlands 12 7.39 7,361,100
Norway 18 1.63 1,517,000
Poland 7 1.00 870,000
Portugal 4 1.20 1,042,000
Slovakia 2 0.23 285,000
Spain 12 2.92 3,162,647
Sweden 36 6.16 5,641,507
Switzerland 30 4.07 4,078,822
The UK 48 12.6 12,346,000
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gas (7.2%), oil and petroleum derivatives (3.7%) and non-
renewable waste (2.4%).

Even though from a relatively low base, the supply of 
primary energy from waste is increasing. The total energy 
produced from waste in 2019 was 41.2 MTOE (million 
tonnes of oil equivalent), with nearly half of that total was 
accounted by MSW. This includes non-renewable waste, 
MSW renewable and non-renewable waste and industrial 
waste. This statistic represents around 2.5% of the EU’s 
overall energy supply. According to the International 
Energy Agency (IEA), in EU from renewable MSW, the 
majority of energy recovery is used to generate electricity 
(22.7 MWh in 2018) in electricity-only facilities or either 
in combined heat and power (CHP). Data on electricity 
production at waste facilities reveal notable differences 
across EU state members. Germany (7.1 MWh) has the 
largest generation from waste in 2018, followed by the 
United Kingdom, France, Italy and the Netherlands hav-
ing generation 4.4 MWh, 2.5 MWh, 2.4 MWh and 2.2 
MWh respectively (Fig. 5, [38]). In 2021, Germany had 
the greatest installed capacity of municipal waste energy 

plants in Europe followed by UK, Sweden, France, Italy, 
Netherlands and Austria (Fig. 6, [38]).

Greenhouse gas (GHG) emissions from WtE plants

The incineration of one metric tonne of residual waste in 
a conventional WtE facility results in the generation of 
approximately one metric tonne of total  CO2 emissions at 
the stack. However, it is important to differentiate  CO2 emis-
sions from WtE into two categories based on their sources:

1. Fossil  CO2: This type of  CO2 primarily originates from 
the combustion of fossil-based waste materials, such as 
residual plastics.

2. Biogenic  CO2: This category encompasses  CO2 emis-
sions derived from the biogenic fraction of various waste 
streams, including residual paper and cardboard, wood, 
leather, food and contaminated green residues that can-
not be recycled.

Despite increasing separate collection efforts for biowaste 
from households across Europe and numerous initiatives 
aimed at achieving higher recycling rates, significant quan-
tities of biodegradable matter still persist in residual waste 
streams. Whilst separately collected biowaste is primarily 
treated in dedicated facilities like composting or anaerobic 
digestion plants, the residues resulting from these processes 
can be effectively treated in WtE facilities.

As per the guidelines provided by the Intergovernmen-
tal Panel on Climate Change (IPCC) [39], biogenic  CO2 is 
considered carbon neutral and should not be accounted for 
separately. Therefore, in line with conventional practices in 
Life Cycle Assessment modelling [40–43], the climate bur-
den associated with biogenic  CO2 is considered to be zero.

The proportion of fossil and biogenic  CO2 emissions 
depends on the composition of residual waste. On average, at 
the EU level, WtE plants monitor approximately 60% of bio-
genic  CO2 emissions (represented by the green bar in Fig. 7), 
whilst the remaining 40% is fossil  CO2 emissions (grey bar 
in Fig. 7). These figures have been documented by WtE plant 
operators across Europe (including Sweden, Denmark, Ger-
many, etc.) and are corroborated by a recent study conducted 
by the French Environment Agency (ADEME) [44].

In the future, the percentage of biogenic content in 
residual waste could potentially increase due to improved 
source separation of plastics and the growing presence of 
bio-based products in the market (e.g. paper for packaging, 
bioplastics, etc.). These factors could result in a higher 
concentration of biogenic  CO2 in the flue gas. This aspect 
should be considered when making future estimations, as 
it may naturally reduce the carbon impact of the European 
WtE sector. Currently, with the 60% biogenic  CO2 and 

Fig. 5  Power generation from waste in EU in 2018 (MWh)

Fig. 6  Installed capacity of municipal waste energy in Europe in 2021 
(MWs)
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40% fossil  CO2 split, the average emission factor for WtE 
stands at 400 kg  CO2 eq per metric tonne of waste treated 
[45].

According to the European Environmental Agency’s 
annual GHG inventories [46], historically, the total fossil 
 CO2 emissions from WtE plants account for 1% of all GHG 
sources in Europe. The cumulative effect of direct emissions 
(positive = burden) and avoided emissions (negative = sav-
ings) results in an overall negative balance of −620 kg  CO2 
eq per metric tonne of waste treated. This signifies that WtE 
contributes to an average savings of 620 kg  CO2 eq. per 
metric tonne of waste treated. Waste-to-energy strategies 
exhibit significant economic benefits, offering optimal GHG 
mitigation potential and energy generation capabilities. Fur-
thermore, advanced WtE technologies represent an emerging 
field in renewable energy production, presenting valuable 
opportunities for reducing greenhouse gas emissions. The 
integration of WtE with carbon capture and storage (CCS) 
techniques could enable waste to become a net zero or even 
net-negative emissions energy source [47]. For instance, in 
Europe alone, the integration of CCS with WtE facilities has 

the potential to capture approximately 60–70 million metric 
tonnes of carbon dioxide annually [45].

Advanced techniques for thermal conversion

Pyrolysis and gasification are promising technologies for 
the treatment of solid waste. Gasification is a process that 
converts solid waste into a gas mixture composed mainly 
of hydrogen, carbon monoxide and methane. The gas can 
be used as a fuel for electricity generation or as a chemical 
feedstock. Pyrolysis, on the other hand, is a thermal decom-
position process that breaks down solid waste into smaller 
molecules in the absence of oxygen, producing a liquid or 
gas product that can be used as fuel or chemical feedstock 
[48, 49]. Both gasification and pyrolysis offer several advan-
tages over traditional waste management methods, such as 
incineration and landfilling. They can reduce the volume 
of waste by up to 90% and produce energy and valuable 
by-products. Furthermore, they have lower emissions of 
pollutants, such as particulate matter and greenhouse gases, 

Fig. 7  The European WtE Sec-
tor’s current net carbon balance 
considering landfill diversion
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compared to incineration. However, their widespread adop-
tion is still hindered by technological and economic chal-
lenges, such as high capital and operational costs and the 
lack of proper infrastructure for waste collection and sorting. 
Nonetheless, with further research and development, gasi-
fication and pyrolysis could become viable and sustainable 
solutions for the treatment of solid waste, contributing to a 
more circular and resource-efficient economy [50, 51].

Pyrolysis

Pyrolysis is a thermal process that involves the decomposi-
tion of organic material in the absence of oxygen. During 
pyrolysis, the organic material is heated to high tempera-
tures of around 400–800 °C, resulting in the formation of 
gas, liquid and solid products. The solid product, known as 
char or biochar, is a carbon-rich material that can be used 
as a soil amendment or as a source of fuel. The liquid prod-
uct, known as pyrolysis oil or bio-oil, is a complex mixture 
of organic compounds that can be further processed into 
transportation fuels or chemicals. The gas product, known 
as pyrolysis gas or syngas, is composed of hydrogen, carbon 
monoxide, methane and other trace gases, and can be used 
as a fuel. Pyrolysis is considered a promising technology for 
the treatment of a variety of waste streams, including MSW, 
biomass and plastics. It offers several advantages over tra-
ditional waste treatment technologies, such as incineration, 
including lower emissions of greenhouse gases and other 
pollutants, as well as the potential for energy recovery [52].

Pyrolysis of MSW has gained significant attention in 
Europe as a promising solution for the effective management 
of waste. In 2020, it is estimated that there were approxi-
mately 50–100 pyrolysis plants operating in Europe. It 
should be acknowledged, however, that the precise number 
of pyrolysis plants during that period might deviate from 
this estimate due to factors, such as new establishments, 
closures and potential changes in industry developments. 

Pyrolysis offers a potential solution to the problem of reduc-
ing greenhouse gas emissions from waste disposal, as the 
process generates significantly less emissions compared to 
traditional incineration. According to the European Environ-
ment Agency (EEA), the total capacity of pyrolysis plants 
for MSW treatment in 2018 in the EU was approximately 
330,000 tonnes per year. In Germany, several large-scale 
pyrolysis plants have been established in recent years, with 
a total capacity of approximately 150,000 tonnes per year as 
of 2020. Other countries in Europe with significant pyroly-
sis capacity include the Netherlands, Denmark and Sweden 
[53]. Table 4 shows the existing MSW pyrolysis plants in 
some European countries with their capacity and energy 
output [54, 55].

Gasification

Gasification usually includes the fractional oxidation by air, 
steam and/or  O2 of the products to produce a gas mixture 
consisting primarily of CO,  CH4,  CO2,  H2O and  N2, which 
may also be supplied as a chemical feedstock and more real-
istic energy carrier than heat [56, 57]. And it can also be:

• Used in gas turbines or engines for combustion,
• Transformed into liquid fuel, or
• Reforming into hydrogen-rich gas.

In the gasifier, by many sequential steps, the feedstock is 
converted. First, the feedstock, with a subsequent regulated 
volume of oxygen or air (and steam for certain gasifiers), 
is homogenate into fine particulates and then injected into 
the gasifier. Feedstock passes through multiple tempera-
ture regions where a series of reactions takes place before 
extracting the formed syngas from the chamber. Usually, the 
temperatures vary from 1100 to 1800 degrees Fahrenheit 
in a gasifier [58]. Solid precipitate and residue is extracted 
from the reaction chamber’s rear. There are many primary 

Table 4  MSW pyrolysis plants 
in Europe

Country Capacity (tonnes per year) Energy Out-
put (MW)

Combustion 
Energy Output 
(MW)

Other Utilisation 
Energy Output 
(MW)

Germany 150,000 2–5 3–7 1–3
The Netherlands 10,000 1.2 0.8–1.5 0.5–1
Denmark 15,000 1–2 1.5–2.5 0.5–1
Sweden 6000 1 0.5–1 0.3–0.7
Italy 3000 (small-scale plants) 0.2–0.5 0.1–0.3 0.1–0.3
France 3000 (small-scale plants) 0.2–0.5 0.1–0.3 0.1–0.3
Finland 2000 0.3–0.5 0.2–0.4 0.1–0.3
Austria 2000 0.4–0.6 0.3–0.5 0.1–0.3
Belgium 1500 0.2–0.5 0.1–0.3 0.1–0.3
Norway 1000 0.2 0.1–0.3 0.1
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variations in conventional gasification systems, each with 
benefits for unique feedstock or product applications. The 
fundamental design of each form of system is constructed 
around the feedstock injection reaction chamber, but each 
has a varied heating mechanism, air inlet and ejection posi-
tion for syngas, as shown in Fig. 8. Figure 9 shows the sche-
matic diagram of gasification process [59].

Over the past few years, there has been significant pro-
gress in the WtE commercialization projects that utilise gasi-
fication technology. These initiatives are in various stages of 
development, ranging from early development to pilot-scale 
testing, and some have received approval for commercializa-
tion in multiple EU countries [60]. Table 5 presents a compi-
lation of waste gasification plants operating at a commercial 
scale across the Europe [61–63].

Overall comparison of pyrolysis and gasification 
technology

Pyrolysis and gasification are both advance thermal conver-
sion processes, used to convert biomass or other organic 
materials into useful products such as fuel or chemicals. 
In terms of efficiency, gasification is generally considered 
more efficient than pyrolysis because it can produce a higher 
percentage of gas and less char. Gasification also tends to 
produce cleaner gases than pyrolysis, which contain more 
impurities. However, pyrolysis is more versatile than gasifi-
cation in terms of the types of feedstocks that can be used. 
Pyrolysis can handle a wider range of materials, including 
high-moisture feedstocks, and can produce a wider range of 
products, including bio-oil, which can be used as a direct 
substitute for fossil fuels [64, 65].

Ultimately, the choice between gasification and pyrolysis 
depends on the specific needs and goals, as well as factors, 
such as the availability and cost of feedstocks, the desired 

products and the efficiency requirements. Table 6 presents a 
comparison of these techniques [66, 67].

Conclusion

Due to population growth and industrialization, the pro-
duction of solid waste increases day by day. Globally, the 
use of energy, water and mainly the waste production, is 
becoming an ever more important issue. The increasing 
volume of waste produced, coupled with a high rate of dis-
posal in landfills and a low rate of waste reduction, neces-
sitates the implementation of effective waste management 

Fig. 8  Gasification system types

Fig. 9  The gasification process
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practices. On the basis of statistical and geospatial analy-
sis techniques, the current study evaluated the condition 
of waste resource energy recovery and the possibility for 
further production of solid waste as a renewable energy 
source in Europe. Over the last few years, waste reforms 
and legislative measures have directed major changes in 
waste management: a substantial rise in waste reusing 
and recycling, a decline in the rate of landfilling and an 
increase in energy recovery.

A study of prevailing WtE plants found that in 2020 in 
Europe, there were 504 plants, with 61 million tonnes of 
total incineration capacity was estimated. The findings show 
that in most European countries, the utilisation of MSW as 
an energy resource is under-exploited. In addition, through 
chemical processing (pyrolysis, gasification), solid waste can 
also be recycled into useful products (liquids and gases). The 
use of pyrolysis and gasification technology for MSW treat-
ment has gained attention due to its potential for reducing 

Table 5  Commercial-scale waste gasification facilities in Europe

Country Project name Technology 
readiness level

Feedstock Output/energy production

Denmark CHP Dall energy plant in Sindal 8 By-products of wood industry and forestry, 
park and garden waste (MC: 20–60%)

Heat (5  MWth)
Electricity (0.8  MWel)

Sweden Emamejeriet 8 Forest residues Cooling (70 kW)
Electricity (0.04  MWel)
Heat (0.1  MWth)

The UK River Ridge 8 Industrial and commercial waste (150 kt/y) Electricity (15  MWel)
The UK Levenseat EfW 8 Industrial and commercial waste (215 kt/y) Electricity (12.5  MWel)
The UK Energy works 8 Industrial and commercial waste (240 kt/y) Steam (10  MWth)

Electricity (28  MWel)
Germany ZAB Balingen 8 Sewage sludge Heat (0.46  MWth)
Finland Kiln kime gasifier 9 Bark Heat (48  MWth)
The Netherlands Paper waste rejects gasification 9 Paper rejects Heat (12  MWth)
Finland Bioproduct Aanekoski Mill 9 Bark Heat (87  MWth)
Finland Kymijärvi II 9 SRF (250 Mt/day) Heat (90  MWth)

Electricity (50  MWel)
Clean energy (20 MW)

Finland Varkaus paper mill gasifier 9 Plastic waste Heat (50  MWth)
Italy Rossano

Calabro
9 Forestry waste, industry wood, Olive husks Electricity

(4.2  MWel)

Table 6  Comparison between pyrolysis and gasification process

Process Advantages Disadvantages

Pyrolysis Easy liquid fuel transportation High water content in oily liquid products is due to feedstock 
moisture

Low emissions of  SO2 and  NOX Liquid products can result in the formation of coke
High rate of energy recovery (up to 80%) Energy-intensive process requiring high energy input
Syngas washing prior to combustion Susceptibility to equipment corrosion due to the presence of 

corrosive compounds in the feedstock
Less requirement for land The need for pre-treatment and sorting of feedstock to remove 

contaminants
Less flue gas production per kg of waste can reduce treatment 

costs
Lack of standardisation in product characterisation

Solid residues are high-quality with 38 MJ/kg calorific value Complex chemical reactions and diverse reaction pathways
Gasification No emissions of GHG Higher consumption of energy

High efficiency for syngas production Tar production
Less char production High capital and operating costs
The volume of MSW can be reduced by 50–90% This technology is better suited for Rankine cycle-based power 

plants at a large scale
The technology is easily scalable Metal tubes corrosion during the reaction process
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waste volume and producing valuable products. However, 
the high capital and operational costs, complex nature of 
the process and potential environmental impacts are some of 
the challenges associated with these technologies. To ensure 
sustainable MSW management, a combination of different 
waste management approaches and technologies, including 
pyrolysis and gasification, should be considered to maximise 
waste reduction, recovery of valuable resources and mini-
mise environmental impacts.

The analysis also showed that 225.7 million metric tonnes 
of municipal waste was generated in EU, with Germany 
recycled most municipal waste with 66% approximated 
recycling rate. 58% decline is observed in the amount of 
MSW that was landfilled, which represents 4.0% decline on 
an annual average. The findings also showed that only eight 
EU countries have recycling rates that are higher than 50%, 
whilst others, including Malta, Romania and Cyprus, have 
rates less than 20%. The MSW utilisation for energy produc-
tion is increasingly considered as a viable approach to pro-
mote the transition towards a circular economy. However, for 
this approach to be successful, waste management strategies 
prioritising prevention, reuse and recycling must be in place. 
In addition, a proper balance between recycling and waste 
incineration needs to be established, whilst caution must be 
exercised in managing the potential risk of waste diversion 
towards incineration rather than recovery and recycling.
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