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Abstract 

The generation rate of Municipal Solid Waste is expected to increase to 2.2 billion tonnes per year by 2025 worldwide. However, 
in developing countries, collection, transport and disposing of waste is still challenging while, in developed countries, emerging 
technologies are used to produce different by-products such as heat, electricity, compost and bio-fuels. This study assesses the 
different waste-to-energy technologies developed to date. This work is divided into four groups: biological treatment of waste; 
thermal treatment of waste; landfill gas utilization; and biorefineries. Furthermore, integrated solid waste management systems 
with waste-to-energy technologies are studied and some worldwide examples are provided.  
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1. Introduction  

Worldwide, increasing population density along with population migration from rural to urban areas and industrial 
expansion lead to great amounts of waste generation resulting in socio-economic and environmental issues [1]. Overall, 
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managing Municipal Solid Waste (MSW) is challenging rather than an opportunity to obtain other commodities such 
as recycling materials, heat or energy [2]. Nowadays, the world’s economies are driven by consumer-based lifestyles, 
where producing waste is the most evident and unfavorable resource-intensive by-product. MSW can be classified into 
organic and inorganic (paper, plastic, glass, metals, and other) [3]. Depending on economic development, climate, 
culture, and energy sources, MSW composition varies from one country to another. Whereas low-income nations have 
the highest proportion of organic waste, in high income countries, MSW is predominately composed by inorganic 
materials [4]. A report from The World Bank estimates that currently 1.3 billion tonnes of waste is generated per year 
all over the world; and by 2025 this amount will increase to 2.2 billion tonnes per year [5]. These data show an urgent 
need for strategies to treat the increasing rate of MSW generation around the globe. However, although in developed 
countries waste is used by a resource to produce energy, heat, fuel and compost, in developing countries collection, 
transport and disposal of waste are current issues [6, 7]. In general, cities that are unable to manage its MSW effectively 
are rarely able to manage more demanding services such as electricity, health, education, or transportation.  

Waste-to-energy technologies (WTE-T) are promising technologies, especially for developing countries, to turn 
waste into a useable form of energy. In the developed world, WTW-T are being part of their Integrated Solid Waste 
Management Systems (ISWM-S) to not only produce other by-products but also to address global warming and climate 
change. Globally, WTE-T play a vital role for sustainable waste management and mitigation of environmental issues 
[8, 9]. These technologies are generally classified as biological treatment technologies (or Biochemical process) and 
thermal treatment technologies (or Thermochemical process) [10].  

This research assesses biological treatment in terms of anaerobic digestion technologies and thermal treatment in 
terms of pyrolysis, gasification and incineration technologies, in Section 2.1 and Section 2.2, respectively. Landfill 
gas utilization technologies along with biorefineries are studied to produce methane and bio-fuels, in Section 2.3 and 
Section 2.4, respectively. Some examples of ISWM-S using WTE-T are also provided in Section 3. Finally, a critical 
analysis is made based on the use of WTE-T in developed and developing countries. 

2. Waste-to-energy technologies 

This section addresses the WTE-T in terms of biological treatment technologies, thermal treatment technologies, 
landfill gas utilization, and biorefineries.   

2.1. Biological treatment technologies  

The biodegradable MSW fraction has a high potential for energy production. Biological treatment technologies 
(BTT) are designed and engineered for natural biological process working with the organic rich fraction of MSW [11]. 
These treatments are divided into two different processes according to the conditions in which happen: the aerobic 
process or composting (in the presence of oxygen) and the anaerobic process (in the absence of oxygen). The main 
product of the anaerobic process is a combustible gas which is a mixture of methane and carbon dioxide. This process 
requires less energy than the aerobic process and creates much lower amounts of biological heat. The biodegradable 
fraction is converted into a fuel known as biogas [12]. This biogas is burned to produce heat and/or electrical energy.  

2.1.1. Anaerobic digestion technologies           

Biogas technologies are classified as ‘wet’ and ‘dry’ techniques. Wet technologies process more liquid material 
whereas dry technologies treat drier materials. Table 1 illustrates the advanced anaerobic digestion technologies to 
produce biogas, their advantages and disadvantages. In general, ‘wet’ anaerobic digestion technologies have been 
adopted in well-established systems to treat municipal wastewater. The digestion process produces biogas and 
decontaminated water [13]. ‘Dry’ anaerobic digestion technologies operate with higher solid content and produce 
greater heat [14]. The production of biogas reduces the amount of waste and, therefore, reduces the amount of waste 
for disposal in landfills. This biogas is usually used in two ways: to generate electricity and to produce heat in different 
required processes [15]. Excess heat can be additionally used in district heating networks or in industrial processes; 
and future studies regarding the use of biogas as vehicle fuel are expected. 
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Table 1: Anaerobic digestion technologies. 

Anaerobic 
digestion 
technologies 

Operating 
Temperature Advantages Disadvantages Reference 

Wet 

(low solids) 

Mesophilic 

(35–40 °C) 

Used in landfills 

High internal rate of return 

Pre-treatment method to improve the 
efficiency of biogas process 

Low level of sludge generation 

Low operational temperatures 

Stable operation 

Less diffusion of the technology 

Low investment in facilities 

Low government subsidies 

Large periods cultivations 

[16, 17] 

Thermophilic 

(55–60 °C) 

Production of hydrogen and methane  

High organic loading rate 

Low operational and maintenance costs 

Increase gas production 

Resistance to foaming 

Less stable - instability problems 

Higher residual volatile acids 
concentrations 

Limited number of digesters 

[13, 18] 

Dry 

(high solids) 

Mesophilic 

(35°C) 

Less accumulation of volatile acids 

Lower specific growth rate of 
microorganisms 

Highest organic matter removal rate 

Lower reductions of cellulose and 
hemicelluloses 

A larger operating time to obtain 
methane and organic matter 
degradation (40 days) 

[19, 20] 

Thermophilic 

(55 °C) 

Greater reductions of cellulose and 
hemicelluloses 

Shorter operating time to obtain methane 
and organic matter degradation (20 days) 

Higher coefficient of methane production. 
Inhibited due to ammonia with organic 
loading rate 

Accumulation of volatile fatty acids 

Higher specific growth rate of 
microorganisms 

[14, 21] 

2.2. Thermal treatment technologies  

2.2.1. Pyrolysis 

Pyrolysis is the thermal degradation of solid waste in the absence of oxygen. External heat is required to maintain 
the temperature between 300 to 800 °C, depending on the materials used in the process. In this technology, waste 
needs to be pre-treated. So, it requires the mechanical separation of glass, metals and inert materials. This process 
starts with thermal decomposition of organic material, at 300 °C, with reduced oxygen or oxygen-free, within heated 
chambers [22]. Then, the temperature increases to 800°C in a non-reactive atmosphere; and the final bio-products of 
pyrolysis are gases, liquid and solid residuals. Syngas, gas produced during pyrolysis process, is mainly composed of 
methane, hydrogen, carbon monoxide and carbon dioxide. The net calorific value of syngas is normally between 15 
and 20 MJ/Nm3 [23]. In addition, a recent study found that after distillation of liquid hydrocarbons (from the pyrolysis 
of plastic waste), the resulting synthetic product has the same properties as the petro-diesel fuel. Some advantages of 
the pyrolysis process are: the equipment is flexible for installation; waste separation is not necessary; there are 
minimum environmental issues; all waste materials are used to produce different bio-products; and the produced 
syngas can be used in different energy applications such as engines, boilers, fuel cells, turbines and heat pumps [24].  
In summary, the gases can be burned to produce energy, and, these gases can be condensed to produce bio-fuels. 
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Figure 1a illustrates an Italian case study of the pyrolysis of biomass waste to produce energy [24]. Exhaust gases 
are used to sustain the energy in the pyrolysis process. Thermal energy is used to produce electrical energy using a 
turbine and heat using a heat exchanger. It is important to clarify that pyrolysis can process biomass and plastic 
materials. Plasma pyrolysis is the highest advanced technology developed to produce syngas by transforming plastic 
waste with a high calorific value. State-of-the-art commercial plasma technologies produce two bio-products: 
hydrogen-rich syngas used to generate electricity, and inert construction materials [25]. Plasma technology is a 
potential solution to recover energy from solid waste. 

Figure 1: Representation of (a) Pyrolysis process [24]; (b) gasification technology based on configuration power [26]. 

2.2.2. Gasification  

The Gasification process to produce energy from waste has been developed over the last three decades [27]. This 
bioprocess involves partial oxidation and its main product is fuel gas. Gasification can reduce the waste mass by 70% 
and over 90% of the volume of waste. A recent study indicated that this thermal treatment of waste is a practical viable 
option for WTE conversion, limiting greenhouse emissions and reducing landfill disposal options [26]. In this process, 
part of the energy is used to produce heat to gasify the remaining fuel. The main advantages of WTE-T are: reduction 
of organic contaminants; reduction of mass and volume of waste (80% and 90% respectively); high potential for the 
saving of land; use of recyclables; reduction of emissions and environmental burdens; environmental compatible for 
co-generation (heat and electricity production) as a renewable resource of waste; technical and economic feasibility; 
and it has a high range of working temperatures (700-900°C) [28].  

In general terms, the biogas (syngas) produced from gasification process is energy-rich and clean enough to produce 
energy in a gas turbine or engine . However, nowadays, there are eight different reactor technologies for the waste 
gasification process (rotary kiln; fixed, entrained and fluidized bed; plasma reactor; vertical shaft and moving grate 
furnace) and different plant configurations [26]. The syngas fuel is a mixture of hydrogen, carbon dioxide, methane 
and hydrogen which is a potential source to produce electricity in a turbine-based power plant [29]. To summarise, 
Figure 1b illustrates the gasification WTE-T power plant to produce energy and heat.  

2.2.3. Incineration  

Figure 2 illustrates a classic incineration WTE-T. First, waste is directly burned in the combustion chamber at an 
adequate temperature (900-950°C) using flue gas and pre-heated air. After the waste incineration process, superheated 
steam is produced and then it is used within a cogeneration system to produce energy and heat [30]. The electric 
energy is produced by a turbine connected to a generator and the heat by a district heating system. The highest 
environmental impact of MSW incineration is the production of greenhouse gas emissions (GHG-E) causing public 
health concerns [31]. However, some efforts to control these concerns have resulting in regulations to reduce the 
amount of specific emissions such as: sulphur dioxide, hydrogen fluoride, nitrogen oxide and nitrogen dioxide, total 
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organic carbon, hydrogen chloride, carbon monoxide, dust and volatile heavy metal. On the other hand, some 
advanced technologies have been developed to reduce these effects. For example, a hybrid plant using incineration 
and gasification has been developed to reduce volatile heavy metals [32].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Incineration plant to produce electricity and heat from MSW [33]. 

2.3. Landfill gas utilization 

 Gas emissions from municipal landfills around the world are causing global environmental impacts. This biogas 
is rich in methane which must be used to produce energy and heat in cogeneration plants [34]. A recent study showed 
that worldwide landfills produce about 75 billion Nm3 and less than 3% of this potential is used to produce energy or 
heat [35].  

 
 
 
 
 
 
 
 
 
 

Figure 3: Flow diagram of electricity generation from landfill biogas [36]. 

In the USA, for example, modern regulated landfills collect approximately 2.6 million tons of methane producing 
heat and electricity with a capacity up to 50 MW turbine generator. Landfill gas to produce electricity can use different 
innovative energy system technologies such as gas turbine in Brayton cycle, Organic Rankine Cycle, Stirling cycle 
engine or Solid Oxide fuel cells [37]. Figure 3 shows the stages to produce electricity from landfill gas. The appropriate 
treatment to landfills will result in land space remediation and reduction of GHG-E reducing public health issues. 
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2.4. Biorefineries: waste-to-by-bioproducts  

A traditional refinery produces multiple fuels and products by using petroleum as main fuel (fossil fuel). The 
concept of biorefineries does not differ from the petroleum refinery [38]. However, a waste refinery integrates 
conversion processes of biomass (from municipal solid waste) conversion and production of bio-fuels, power, heat, 
biofertilizers and value-added chemicals. By biorefineries, MSW can be converted into liquid and gaseous biofuels . 
Thus, these biofuels can be used to produce heat in  district heating systems, power in thermal plants, as given in 
Figure 4, or as transport fuel. In this facilities, organic fraction can be converted into biogas while inorganic fraction 
can be converted into solid recovered fuel (SRF) to produce syngas [39]. An integrated gasification system with a 
fuels synthesis facility can convert syngas to bio-diesel, bio-jet fuel, bio-methanol or bio-ethanol [40]. 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Combined heat and power bio-refinery to treat MSW [40]. 

Fuels from MSW biorefineries can be used in termal power plants, transportation, or in  district heating. Finland is 
a good example of the development of this kind of facilities. In Lahti, it is located the world’s first gasification plant 
that utilizes SRF in a 160 MW thermal waste gasifier power plant [41]. Here, waste-derived fuel is gasified in an 
atmospheric pressure circulating fluidised bed gasifier. Due to the precense of impurities, that cause boiler corrosion, 
gas is cooled down, so corrosion materials turn into solid particles to be esealy filtered out. The cooled product gas is 
cleaned with mechanical hot filtering removing bottom ash, filter ash and fly ash. The clean gas is then burned in the 
boiler to produce steam superheated which moves the turbine and produce electricity by a generator connected to the 
shaft. Residual steam leaving the turbine is finally conducted to the district heating network [42].  

3. Integrated solid waste management systems 

In developing countries, solid waste is an issue to be managed rather than a resource to be energy recovered. On 
the other hand, ISWM-S are being developing and spreading in the developed word [43, 44]. In this research, some 
of the most relevant ISMW experiences are described, discussed and analysed. For example, in the United States of 
America, Lee County, Florida, has one of the most advanced technologies and ISWM-S. In 2011, the Resource 
Recovery Facility won a prestigious award, from the Solid Waste Association of America, recognising its excellent 
power generation system from solid waste along with its ISWM-S [45]. The Lee County WTE plant uses an 
incineration process generating up to 53MW of electric energy. This system meets challenging goals by recycling, 
composting, WTE and landfilling gas utilization. In the main process of energy recovery from waste, 636 tonnes/day 
are incinerated at 982 °C; hot gases produce steam and this powers a turbine generator. From the total energy produced, 
5% is used to run plant equipment and 95% is sold to an electricity company [46]. Therefore, this ISWM-S efficiently 
takes advantage of all the MSW produced, generating energy from waste in addition to recycling materials and 
composting [47].     

According to the Department of the Environment from the United Kingdom, in the debate about the issues 
regarding energy recovery from MSW, the scope is the role of anaerobic digestion and the use of landfill gas [48]. In 
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the UK, although MSW is a current issue, landfill is still the principal management option of waste. This happens due 
to lower initial capital and operating costs than other options such as energy recovery, recycling and composting [49]. 
An Energy Recovery Facility in the UK is located in Sheffield. This plant generates electricity for the National Grid 
and heat for the District Network. This ISWM-S prevents around 21,000 tonnes of GHG-E every year [50]. This is a 
clear example of integrated solid waste management to produce electricity and heat. Furthermore, UK government 
recommends pyrolysis plants as a part of local integrated MSW management system in an economy of scale. This 
means that small scale plants can easily find local markets to produce heat and electricity. However, Pyrolysis 
technologies vary significantly depending on their cost-effectiveness, efficiency, efficacy and environmental impacts. 

In Porto, Portugal, the ISWM of the Inter-municipal solid waste management system takes advangtage of the total 
solid waste produced in the city . This systmem has a gasification plant for organic, an incineration plant for solid 
waste, and a composting plant for organic fraction. The remaining pre-treated MSW is disposed into the landfill 
system. Figure 5 shows the ISWM system from Porto. This system has four stages. In the first stage, the waste is 
generated by citizens. After this, the city councils collect separated waste in three different ways. In stage three, waste 
is treated in different facilities. Finally, energy, recycling materials and compost are the valuable products in the 
integrated system. In the energy recovery plant, thermal treatment produces energy [51]. High temperatures between 
1000 °C and 1200 °C incinerate the treated waste under excess oxygen conditions. The energetically self-sufficient 
plant sells 90% of the produced energy to the electricity grid network.  

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: ISWM-S from Porto, Portugal. ERP (Energy Recovery Plant), SP (Sorting Plant) and CP (Composting Plant). I – Resident: production 
and disposal; II – Councils: production and disposal; III – LIPOR: valorization and treatment; IV – Clients: products and resources converted into 

valuable materials from municipal solid waste [52]. 

In the context of developing countries, there is a lack of the use of these techniques. While engineering systems 
have helped industrialised countries with their SWM issues, collection and disposal are challenges in SWM in the 
developed word [53], involving public health problems and environmental risk [54]. While industrialised countries 
are implementing ISWM-S, in developing countries, these systems are limited [53]. For example, a mathematical 
model has been developed for a long term planning of ISWM projects including multiple variables , such as WTE-T. 
Conventional SWM in developing Asian countries contributes with GHG-E [55]. After considering the ISWM-S 
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worldwide and the lessons learned from SWM systems in 222 countries, we can conclude that there is a strong 
relationship between waste composition and energy generation, and that the management of household solid waste 
contributes largely to reduce the costs from collection to energy generation [56].     

4. Discussion  

From the reviewed literature, it is clear that WTE-T in developed countries have been developed to a large scale. 
However, not all environmental issues have been dealt with. For example, Germany and the USA have ISWM-S (from 
collection to energy generation and disposal) whereas in the UK, these technologies recently are being discussed and 
implemented [57]. The most important issue in the global knowledge system is that these technologies are privatized 
and, even between developed countries, information technologies is not shared in the interest of environmental 
problems, energy security and public health concerns generated by inefficient solid waste management systems.     

In developing countries, the scenario is even worse. Collection, transportation and disposal of solid waste are the 
current challenges [58]. However, developed countries are the highest contributors with GHG-E to the environment 
[59]. Whereas developing countries produce environmental goods for free, developed countries produce knowledge 
which is sold to both developed and developing countries. WTW-Ts in developing countries need to be implemented 
in order to maximize the environmental goods in the world, reduce poverty and increase energy production from 
waste.       

5. Conclusion 

This study assessed the municipal solid waste as a valuable renewable energy resource and as worldwide 
opportunity of energy recovery by using WTE-T. The different WTE-T developed to date and the integration of these 
technologies with SWMS were also addressed. For this purpose, some worldwide examples were provided. In this 
regard, it is observed that MSW is a potential energy source in both developed and developing countries. However, 
clearly, there is a lack of technology transfer between these countries. There are a large number of technologies to 
produce energy from MSW. Biogases from anaerobic bio-digestion process can produce heat in a boiler, heat and 
electricity in CHP or vehicle fuel after upgrading and compressing. On the other hand, direct incineration of waste 
might produce steam and then produce energy using turbines and generators. Furthermore, gas utilization from 
landfills is a potential source to produce renewable energy which has not yet been exploited to its full potential. ISWM-
S is a solution, along with energy recovery from waste, to manage MSW in an effective and efficient way.  

Currently, 1.3 billion tonnes of waste is generated per year and this value will increase to approximately 2.2 billion 
tonnes per year by 2025. This amount of municipal waste could be seen as an opportunity to obtain commodities such 
as compost, recycling materials, heat or energy. However, this is not the reality worldwide due to the challenges in 
collection, transport and disposal of waste in some countries. The appropriate selection and use of WTE-T can 
transform from considering waste as an issue to considering waste as renewable energy resource. Regarding to 
biological WTE-T, wet anaerobic digestion technologies, in mesophilic operation temperature, at between 35 to 40 
°C is a well-developed pre-treatment method to improve the efficiency of biogas processes. This technology works at 
low operational temperatures and presents large periods of cultivations. Similarly, dry thermophilic anaerobic 
digestion technologies develop shorter operating time to obtain methane and organic matter degradation and work at 
higher operational temperatures at about 55 °C. However, this technology presents higher specific growth rate of 
microorganisms in comparison to wet anaerobic digestion technologies.  

Regarding to thermal WTE-T, working temperatures can vary from 300 to 800 °C in pyrolysis processes. Another 
thermal treatment technology, gasification, can reduce up to 90% of the volume of waste mass. This technology is 
also environmental compatible for co-generation (heat and electricity production), technical and economic feasible to 
work at high range of working temperatures (700-900°C). Furthermore, Landfill gas utilization is considered as WTE-
T to obtain biogas is rich in methane feasible to also produce energy and heat in cogeneration plants. Nevertheless, 
worldwide, only 3% of its potential is used to produce energy or heat. Biorefineries integrates conversion processes 
of biomass, from municipal solid waste, to produce bio-fuels, power, heat, biofertilizers and value-added chemicals. 
These technologies along with proper management systems of MSW are being some examples of integrated solid 
waste management systems around the globe. These initiatives are producing commodities-from-waste such as 
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compost, recycling materials, heat and energy in developed countries although in developing countries SWM is still 
an issue. 
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