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Abstract
Municipal solid waste (MSW) management has emerged as probably the most pressing issue many governments nowadays 
are facing. Traditionally, Waste-to-Energy(WtE) is mostly associated with incineration, but now, with the emergence of 
the bioeconomy, it embraces a broader definition comprising any processing technique that can generate electricity/heat 
or produce a waste-derived fuel. Under the ambit of the circular economy many nations are looking for, additional effort 
must be made to be sure of acquiring the most updated information and paving a sustainable path for managing MSW in 
such a frame. In this regard, we have undertaken a critical review of various technologies, with their updated progress, 
involved in the exploitation of MSW as a renewable resource, along with the critical advantages and limitations on energy 
and material cycling for sustainable MSW management. Incineration, the most widely used method, is nowadays difficult to 
further apply due to its dubious reputation and social opposition. Meanwhile, to address the organic fraction of MSW which 
currently is mostly unrecycled and causes disposal issues, the biological approach presents an attractive option. The new 
emphasis of bioeconomy leads us to understand how environmental biotechnologies should be better connected/integrated 
for more sustainable MSW management. This article is concluded with advances of future prospects, which can serve as a 
timely reminder to encourage competent authorities/researchers to work towards further improvement of the present MSW 
management system.
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Background

Unprecedented technological and economic development 
have shaped the production and consumption characteristics 
of various kinds of materials. In conjunction with population 
growth, not only is municipal solid waste (MSW) manage-
ment nowadays experiencing ever-increasing waste volumes, 
but is also facing greater complexity and heterogeneity. Now, 
the aspiration towards more sustainable MSW manage-
ment necessitates continuous efforts in reviewing different 
potential technologies for awareness of their updated roles 
in various applications. Waste-to-energy (WtE) importantly 

serves as a macro-approach for sustainable MSW manage-
ment [1], where MSW is already considered as a major 
significant renewable resource in the twenty-first century 
[2, 3]. In this regard, WtE incineration is largely adopted 
in many developed and developing countries [4], and has 
undergone considerable progressive development, becoming 
a mature technological option for MSW management. How-
ever, considering its implied encouragement of wastefulness, 
there is no lack of criticism of its effect on the waste man-
agement hierarchy, with recycling approaches being much 
more favored. Moreover, its dubious reputation (due to the 
potential release of toxic substances and greenhouse gases 
during combustion [5, 6]) often provokes social opposition 
or phobia from the general public, making it politically less 
attractive.

In recent years, the concept of waste biorefinery has been 
rapidly gaining attention for its potential of producing bio-
fuels and platform chemicals from the organic fraction (e.g., 
food wastes) of MSW [7, 8]. The scale of energy recovery, 
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significance of material cycling and the implications of 
boosting a new “bioeconomy” promise to be immense. 
Although WtE incineration currently offers a convenient 
option, the long-term success of the circular economy should 
be the sole means that can ensure that global waste disposal 
is on an irreversible decline [9]. For this reason, the spec-
trum of evaluating suitable environmental technologies in 
sustainable MSW management already spans from merely 
protecting environmental quality in the past to the point of 
fulfilling the much more vigorous sustainability pursuits of 
energy and material cycling. In the current initiative of the 
circular economy, it is evident that MSW management needs 
to be focused on the bigger context, embracing a broader 
definition of WtE technologies that can generate electricity/
heat or producing waste-derived fuel under the emergence 
of the bioeconomy. This new dialogue for the bioeconomy 
for sustainable MSW management will become much more 
important than ever before so as to recover resources which 
go beyond energy recovery and can supplement traditional 
sources of primary materials. Such a paradigm evolution 
urges/allows government authorities as well as the involved 
industries to seek more socially acceptable WtE options and 
embrace a future MSW management with the greatest green 
potential.

Successful implementation of more sustainable MSW 
management will realize better closed loop of materials’ 
recycling, enlarged renewable energy supply and the pres-
ervation of biodiversity and natural ecosystems. This article 
aims to critically analyze the advantages and drawbacks of 
traditional thermal WtE technologies and emerging waste 
biorefinery technologies in this new dialogue on the bioec-
onomy, where their updated roles on energy/material cycling 

are examined. This review will help MSW researchers, bio-
process engineers, relevant implementing authorities and 
policy makers to get a clear picture of the current landscape 
in sustainable MSW management, and the challenges and 
opportunities of each WtE technology for their effective 
application under the emerging bioeconomy.

Sustainable municipal solid waste 
management

Waste management has been around as a public service 
since as early as 1751, and it literally covers all polices and 
exercises required to manage solid, liquid, or gaseous waste, 
starting from its initial generation to ultimate disposal [10]. 
Recalling the early development of MSW management, 
sanitary improvement was on the top priority, but in the last 
decades, the missions for dealing with increasing MSW were 
radically transformed—from removal and burying of waste 
as fast as possible, to the current recycling and even urban 
mining [11]. Although the missions seem to vary with the 
development status, the overarching goals of MSW manage-
ment have been consistent over time, in conserving resources 
and protecting our environment. The idea of “sustainability” 
is the core of any countries’ MSW management strategy, 
with targets to lessen possible environmental loads for gen-
erations to come [12].

When waste management plans need to be preliminar-
ily developed or reviewed, the waste management hierar-
chy often provides general guidelines for methods based on 
their soundness in regard to sustainability (Fig. 1). As the 
least preferable option, landfilling has long been the most 

Fig. 1  Overview of waste hier-
archy from Hong Kong
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popular method and remains so in many nations all over 
the world. Sanitary landfilling can be considered as meticu-
lous disposal of waste on a managed site, catering for the 
occurrence of biogas recovery and proper leachate treatment 
[13]. However, from the management perspective, recyclable 
materials being landfilled cannot attract attention from the 
general public for positive involvement. Instead, it might 
promote more wastefulness which is the complete opposite 
to a closed-loop system that builds on recycling/reuse. Along 
with land contamination and odor issues, landfill leachate 
consists of concentrated and recalcitrant substances that 
can seriously pollute the nearby groundwater aquifers and 
surfaces. Further, sanitary landfilling in densely populated 
cities now costs the implementing authorities and citizens 
far more than in the past [14], and will cost much more 
with time. Therefore, worldwide efforts on waste minimi-
zation have encouraged for years, stressing the significance 
of municipal recycling against the use of dwindling landfill 
space, and this advocacy repeatedly enters the political arena 
in many cities calling for waste recycling.

Sustainable material recycling underpins the principles of 
the circular economy that European Commission (EU) has 
been advocating, where materials are retained for as long 
as possible in integrated waste circulation cycles, through 
upcycling and optimization of their effective use. On top 
of saving landfill space, the long-term success of the circu-
lar economy enables better diffusion of renewable energy 
and reduced dependence of imported resources from other 
countries [15–17]. To achieve this, a proper classification 
system for waste separation is a task of the first importance, 
and the application of relevant environmental technologies 
comes next. Commonly known as garbage or trash by the 
general public, MSW encompasses a broad notion for bulk 
wastes generated by household, commercial, and industrial 
activity. The classification can be put in several ways [18], 
and Table 1 represents a general approach. In many cases, 
the definitions of MSW do not include sewage sludge, agri-
cultural waste, medical waste and industrial waste. The 

per-capital MSW generation rate varies across countries. 
This phenomenon could be briefly accounted for by two 
reasons: (1) places (usually in well-developed countries) 
with proper waste reduction policies have established effec-
tive waste recycling systems that can exclude the entering 
of recyclables like food waste, yard waste, metals, packag-
ing materials and plastic bottles into the waste stream [19]; 
(2) the non-consistent MSW definitions adopted in different 
waste management policies can also lead to huge deviations. 
In fact, the EU has also been criticized for unclear MSW 
definitions [20], where the inconsistencies of the definitions 
and the uncertainties of the statistical information can result 
in fragmentation of the internal market, in addition to losing 
the focus in promoting relevant environmental technologies 
and polices.

The increasing attention of the circular economy to sus-
tainable MSW management stems from the world aspiration 
for promoting the transition of energy and material acquisi-
tion from more sustainable sources. WtE incineration is a 
well-known approach and it envisages a structural improve-
ment of national energy systems, in terms of an expanded 
share of renewable energy through the introduction of MSW 
as combustion fuel. In the context of the circular economy, 
the key controversy is its inadequacy to address the sustain-
ability of material cycling in the overall value chain by con-
verting all MSW into ash and flue gas. Particularly, organic 
waste (especially food waste) accounts for the major fraction 
of the MSW volume in many places. Regarding the specific 
potential of biogenic waste for alternative energy/mate-
rial supplies, the emergence of the bioeconomy is deeply 
rooted with the circular economy concepts, but with a much 
stronger emphasis on the use of bioresources to support bet-
ter sustainability of energy/materials in waste management. 
The means and focuses of the two technological approaches 
are clearly different, but one of their common grounds is to 
attain more sustainable use of the Earth’s finite resources. In 
later sections of this article, key aspects of the two techno-
logical approaches (i.e., thermal WtE and waste biorefinery) 

Table 1  Typical MSW classification

Typical classification of MSW

Biodegradable waste Food and kitchen waste, green waste, paper
Recyclable materials Paper, cardboard, glass, bottles, jars, tin cans, aluminum cans, aluminum foil, metals, certain plastics, fabrics, 

clothes, tires, batteries, etc.
Inert waste Construction and demolition waste, dirt, rocks, debris
Electrical and electronic waste Electrical appliances, light bulbs, washing machines, TVs, computers, screens, mobile phones, alarm clocks, 

watches, etc.
Composite wastes Waste clothing, tetra packs, waste plastics such as toys
Hazardous waste Paints, chemicals, tires, batteries, light bulbs, electrical appliances, fluorescent lamps, aerosol spray cans, and 

fertilizers
Toxic waste Pesticides, herbicides, and fungicides
Biomedical waste Expired pharmaceutical drugs, etc.
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on energy/material recovery for sustainable MSW manage-
ment are discussed.

It is noteworthy that technology advancement provides 
the tools that are essential to facilitate change in sustain-
able MSW management, and there ought to be a platform 
for meeting innovation and technology demand. Success-
ful implementation of sustainable MSW management also 
demands administrative capability, public acceptance, and 
sufficient financial commitment. In accordance with eco-
nomic capability, countries are willing to spend about 0.2% 
and 0.4% of their GDP (gross domestic product) to support 
sustainable waste management [21]. Though the total finan-
cial investment can be similar between countries, there are 
certainly no uniform waste practices among nations (devel-
oped or developing), areas (urban or rural), and different 
sectors. When trying to attain the goals of waste manage-
ment, what are always required are tailor-made, region-
ally adopted, and cost-efficient concepts fitting the various 
levels and dimensions of social needs. More importantly, 
they are likely going to be backed by the stakeholders and 
citizens as ways to solve their existing issues [22–24]. Since 
MSW management involves the whole elements of collec-
tion, transport, disposal and treatment of waste, along with 
regulation and monitoring of the waste management pro-
cess, there are many intertwined factors which influence this 
complicated process in regard to more sustainable MSW 
management.

Thermal waste‑to‑energy technologies

WtE technologies traditionally cover all thermal process-
ing techniques for generating either heat or fuel gas/oil 
from MSW. WtE incineration is the most widely applied 
technique and it basically is the engineered combustion of 
waste materials at high temperature, with the key outputs of 

heat and electricity [25]. In comparison, other thermal WtE 
technologies (including pyrolysis, gasification, and torrefac-
tion) are carried out at a significantly lower temperature and 
in a less-oxygen environment, involving different reactions 
and product yields. In general, the moderate temperatures 
in pyrolysis, with faster heating rates, yield liquid products. 
The lower temperatures in torrefaction, with long reaction 
times, primarily produce solid chars. Gasification with the 
high temperatures and heating rates, promotes the generation 
of gas products. The standard conditions and synthesized 
products of various thermal WtE processes are shown in 
Fig. 2.

WtE incineration

In previous years, incineration was a technological tool pri-
marily used for MSW volume minimization (land saving) 
and hazardous materials destruction. Associated with its 
long-time development, incineration is now often accom-
panied with energy and heat recovery units, and their val-
ues and efficiencies have largely improved in application. 
Denmark and Sweden are the leaders in incineration appli-
cations, and in Denmark in 2005, incineration generated 
nearly 5% of its energy usage and 14% of the entire house-
hold heat consumption in their national energy systems [26]. 
For the purpose of energy generation, MSW incineration 
has a slightly smaller range of the carbon emission factor 
(0.04–0.14 kg-CO2/MJ) than that of power plants based on 
fossil fuel [27]. Per tonne of MSW used for energy gen-
eration, about 1.3 tonnes  CO2 can be equivalently excluded 
from the atmosphere if similar quantity of power needs to be 
generated by fossil-fuel-based power plants. Depending on 
the MSW composition and combustion technology, the ulti-
mate mass conversion ratios of MSW to the final bottom ash 
and fly ash are about 10:2.5 and 10:1, respectively, where 
75% of the total MSW mass is released by the off gas [28]. 

Fig. 2  Standard conditions and synthesis products of various thermal WtE processes [25, 49, 53]
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Hence, with regard to volume reduction, the effectiveness of 
incineration is about tenfold. For handling the same MSW 
quantity, the land requirement for incineration is signifi-
cantly smaller than the landfilling [29]. Incineration plant, 
with 30-year working life, calls for less than 100,000 m2 of 
land for processing one million tonnes of MSW per year, 
whereas 30 million tonnes of MSW require 300,000 m2 of 
land for landfilling.

Considering that tremendous amounts of refractory 
organic and infectious wastes are generated every year, 
it becomes more important that the high temperature 
(> 850 °C) during combustion can achieve complete min-
eralization and transform the wastes into harmless end 
products. Thus, an advantage of incineration is its efficient 
destruction of all bacteria, viruses and pharmaceuticals in 
MSW, preventing these items from entering the natural 
environment. During incineration, lithophilic substances 
are concentrated in the bottom ash while atmophilic met-
als accumulated more in the fly ash [30]. In the past, such 
ashes were utilized for soil conditioning, but they (espe-
cially fly ash) are now paid more attention because of their 
toxicity [31]. Through applying relevant metal exclusion/
immobilization techniques, bottom ash can be transformed 
into useful construction materials (e.g., for brick making and 
road construction) [32]. Although bottom ash recycling is 
deemed feasible, the long-term technical risks (e.g., mate-
rial strength, heavy metal leaching) and net economic gain 
are not well known. In contrast, what is known is that the 
benefits of such recycling towards overall resource conserva-
tion are not significant; bottom ash can only substitute 1–2% 
of main resources of gravel at maximum [33–35]. Further, 
the complete mineralization of the organic fraction in MSW 
would result in the loss of elements (especially phosphorus) 
in global nutrient cycles, which is a critical drawback of 
incineration for material recycling, and in the long run this 
will be a drain of the world’s resources for certain elements. 
While bottom ash can be landfilled or perhaps recycled for 
civil construction, fly ash is much more hazardous, and some 
latest developments involve extraction of zinc, iron, and 
copper, etc. by wet chemical extraction and/or electrolysis 
techniques [36]. However, it remains to be further evalu-
ated if the actual economic and environmental situations can 
benefit from these new concepts, especially in large-scale 
applications.

Compared to ashes recycling or combustion processing, 
flue gas treatment has experienced a higher level of evolu-
tion in incineration, and has continually attracted greater 
attention due to the concerns of toxic pollutants release. 
MSW can be considered as a heterogeneous ‘fuel’ for com-
bustion, during which the major constituents (such as chlo-
rine and sulphur) would form highly acidic and toxic flue 
gas. When flue gas is not properly treated, excessive levels 
of heavy metals and aromatic compounds (including furans 

and dioxins) are often detected in the environment close to 
incinerators [37]. These pollutants have been widely consid-
ered and written into many emission standards in developed 
countries. To meet the requirements, the overall incineration 
investment is often driven beyond the affordability of local 
authorities. Stricter emission standards will make incinera-
tion much more expensive than landfilling, which explain 
to some extent why the United States stopped expansion of 
MSW incineration in the late twentieth century, and why 
the emission standards are sometimes compromised in 
some developing countries. Challenges arising from public 
opposition could also be one of major reasons for suspend-
ing incineration programs and even the closure of existing 
MSW plant [38]. Therefore, the high operational costs and 
potential social opposition of MSW incineration nowadays 
may make it less economically sustainable and politically 
attractive in developed countries. As the largest develop-
ing countries, China had gone for rapid expansion of MSW 
incineration over past 15 years, and its total incineration 
capacity has already become the highest across all nations, 
and even exceeded the whole of the EU [39, 40]. Zhao et al. 
[4] reported the issues of incomplete MSW combustion and 
elevated air pollution in China, where the low energy content 
and high moisture content of MSW are major difficulties 
commonly experienced in developing countries [41].

The distinguishing feature of incineration is its robust-
ness in the treatment of heterogeneous waste. In view of its 
maturity, incineration is now probably the most appropriate 
transient ‘solution’ for addressing the issue of fast-growing 
populations with MSW generation. With available land for 
new landfills becoming more limited in urban settings, it 
seems unavoidable to further enlarge the capacity or number 
of incinerators in developing countries. However, it is note-
worthy that while we are enjoying the convenience offered 
by WtE incineration, irreversible consequences result, 
exhausting the natural environment of material reserves 
and clean air.

Gasification, pyrolysis, and torrefaction

The advantages of other thermal WtE processes (i.e., gasi-
fication, pyrolysis, and torrefaction) over conventional 
incineration are generally associated with the improved 
thermochemical transformation efficiency (through differ-
ent atmosphere and operating temperature conditions) that 
can reduce flue gas pollution and facilitate the synthesis of 
recyclable by-products (Fig. 2). During thermal treatment, 
lower operating temperatures can decrease the chance of 
alkali volatilization and bed agglomeration [42]. Other than 
WtE incineration, all other thermal WtE processes are still 
in the development stage for MSW, and they are much less 
commercialized in full-scale practice. The features and 
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research progress of the three main types of thermal WtE 
technologies for MSW are discussed in more detail below.

Gasification is incomplete oxidation with a lesser 
oxygen content than that needed for full stoichiometric 
combustion, and there are three major system devices: 
entrained flow, fuel bed (fixed, moving, rotating) and flu-
idized bed [43]. Compared to WtE incineration, the par-
tial oxidation is achieved utilizing gasifier agents such as 
carbon dioxide. As an outcome, the formation of diox-
ins,  NOx and  SO2 is more controlled and the total flue 
gas volume becomes minimal, leading to less expensive 
gas treatment devices. The minimal flue gas volume also 
leads to more concentrated contaminants which facilitates 
more efficient physicochemical treatment that captures fine 
particulate matter. Gasification is already used for cer-
tain MSW categories, including plastic waste, packaging 
material, and paper waste [44, 45]. However, for mixed 
MSW, pre-treatment is generally required [46], and one 
should consider the additional energy consumption of the 
mechanical biological treatment in the overall energy bal-
ance. Fundamentally, gasification/pyrolysis involves paral-
lel and interrelated processes such as fluid dynamics, heat 
and mass transfer, and complex chemical reactions [47]. In 
this regard, process modeling is now a major approach that 
can predict the performance and acquire information for 
improvement of the energy output. Modeling techniques 
are based on the principles of material, energy and phase 
balances, and a wide variety of theoretical and experimen-
tal equilibrium models on pyrolysis/gasification have been 
published. For example, applying Aspen Plus, Ramzan 
et al. [48] developed a steady-state model to investigate the 
effect of temperature, water content and equivalent ratio on 
the energy performance of gasification for general MSW, 
food waste and poultry waste. It is known that gasification/
pyrolysis can be characterized as the two main categories 
(i.e., allothermal and autothermal). In autothermal gasifi-
cation, a portion of the feedstock needs to be first partially 
combusted to initialize the gasification reaction. Recycling 
of produced syngas to supply energy to make the gasifica-
tion continuous is one approach [49], but very little work 
related to modeling the self-sustained gasification process 
has been reported. In addition, the prediction models are 
still limited to the discussion of a few operating param-
eters for the composition and yield of the produced gas, 
and there is a very scarce adaptability analysis of specific 
pyrolysis-gasification systems for feeding MSW. All these 
issues still require a lot of research attention, and they 
are suitable grounds to further evaluate the efficiency of 
energy cycling in gasification/pyrolysis of MSW. On the 
other hand, if compared to WtE incineration, gasification 
is more complex to operate since it requires one addition 
step (i.e., syngas conversion) which needs a highly reli-
able control system since syngas is toxic and potentially 

explosive. Further, consumption and loss of syngas dur-
ing the conversion often happens, making its final energy 
output close to that of WtE incineration plants. Therefore, 
the complexity in operation and the undermined energy 
enhancement are critical issues that hinder further applica-
tion of gasification for MSW.

Pyrolysis is a thermal technique for solid waste treat-
ment in the absence of oxygen but requires higher oper-
ating temperatures ranging from 300 to 650 °C, where 
char and condensable gases are the targeted by-products. 
The pyrolytic fluid, as a result of volatile gas condensa-
tion, can be utilized as a gasoline product after additional 
upgrading or as building blocks for relevant chemicals’ 
synthesis [50]. Char is well-known for power generation, 
soil amendment as long-term carbon sequestration and 
carbon materials [51]. Char generation from pyrolysis is 
not a new idea, and it has long been used for synthesizing 
coke/activated charcoal/biochar from biomass and coal. 
Although pyrolysis has shown feasibility for many tar-
geted feeds (usually agricultural biomass), considering 
that MSW is very heterogeneous, the need for compre-
hensive MSW pretreatment is also the main challenge in 
application [52]. The composition and yield of oils/gases 
produced from the pyrolysis of MSW are largely affected 
by the feedstock, and the operating conditions. For general 
MSW, the gas yield increases with operating temperature 
but is still below 1 N m3/kg MSW (about 15 MJ N/m3 
calorific value) in most cases [53], and the liquid products 
consist of a huge water fraction with chemically complex 
substances. This requires complex wastewater treatment 
steps before disposal, and these outputs are not satisfactory 
in terms of energy/material cycling. If aiming to produce 
oil, plastic waste should be used instead of heterogene-
ous MSW bulk. Although the char produced from MSW 
is characterized with a high heating value, a potential 
resource for solid fuel/material [54], its contamination 
with toxic organic pollutants and heavy metals requires 
further critical consideration.

Torrefaction is in fact slower and milder pyrolysis, with 
operating temperatures from 200 to 350 °C, in which the 
overall principle lies on moisture evaporation and devola-
tilization. Compared to pyrolysis, the char by torrefaction 
usually possesses a higher energy content with increased 
stability (without undergoing further microbial degrada-
tion) [55]. The char can be applied as good-quality fuel 
for co-firing in combustion, pollutant adsorption in water 
treatment and soil remediation [56]. Recent research pri-
marily addressed exploration of the char properties after 
torrefaction of homogeneous biomass. The stricter feed-
stock requirement probably results in the number of works 
in MSW torrefaction being relatively trivial when com-
pared with the literature on pyrolysis and gasification.
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Bioeconomy and waste biorefinery

The term ‘bioeconomy’ is relatively new, but the basis of 
the bioeconomy is already in place. From perspective of 
waste management, bioeconomy considers organic wastes 
as raw material, transforming them into useful products, 
in such a manner as crude oil is utilized as a raw mate-
rial for chemical production. Waste biorefinery leverages 
a series of biomass conversion processes and process-
engineering techniques to produce value-added biofuels/
chemicals from biogenic wastes. The higher value of bio-
products recovered improves the profitability of waste 
treatment, and the more efficient production of fuel low-
ers the reliance on energy from traditional power plant 
facilities. Therefore, waste biorefinery is a sustainable 
approach that analogizes today’s petroleum refinery for 
chemical production (Table 2). According to the Euro-
pean Commission, the bioeconomy currently has a market 
size of over 2 trillion € and contributes to over 22 mil-
lion jobs (around 9% of the total EU labor force) across 
diverse sectors, including agriculture, waste treatment, 
forestry, food and chemicals production [57–59]. Statisti-
cally speaking, biogenic waste could potentially contrib-
ute up to about 63% of the total share of renewable energy 
in Europe with a total carbon footprint reduction [60–62]. 
This clear message for current MSW management empha-
sizes that real exploitation must be paid to those una-
voidable organic fractions (especially food waste) which 
currently go unrecycled, causing disposal issues. These 
figures also highlight the potential scale of waste biore-
finery to the economy of a country, while the opportuni-
ties of sector integration and expanded uses of bio-based 
products are the keys. To promote more sustainable MSW 
management, anaerobic digestion (AD) and other waste 
biorefinery techniques now become crucial.

Anaerobic digestion

Biofuels are currently the most visible output of the exist-
ing bioeconomy for replacing petroleum refineries. Waste 
biorefineries are characterized as producing either high-
value low-volume or low-value high-volume products from 
biogenic wastes [63, 64]. In this context, AD has recognized 
potential to contribute to high-volume biogas production. 
AD has been around for sanitary purposes for hundreds of 
years, and it involves a collective microbial degradation 
process of biodegradable organic matter in the absence of 
oxygen. The microbial community responsible for biogas 
production can be briefly classified as either mesophilic 
(25–37  °C) or thermophilic (50–65  °C), and the conver-
sion rate in AD generally increases with higher operating 
temperature. The microbial degradation processes in AD are 
similar to landfills, but AD system results in greater biogas 
yields within a shorter reaction period. It has been shown 
that the AD can generate two to four times higher methane 
yield per tonne of MSW within 3 days than that in 7 years 
in a landfill [65, 66]. In existing technology, 1 m3 of biogas 
can be converted into 6.7 kWh of energy [67]. Based on 
the feedstock type and quality (e.g., biodegradability, nutri-
ent content, inhibition components, etc.) [68–72], different 
process-engineering techniques (e.g., pretreatment, process 
configuration, additive dosage) can be applied [73–78]. To 
name one main example, compared to other organic solid 
wastes, the fast acidification of carbohydrates in food wastes 
can lead to excessive lowering of pH in AD [79]. The opti-
mum pH for the microbial community in AD is around 
neutral pH, therefore, AD has long been criticized for its 
sensitivity to the operating conditions. In this regard, two-
phase AD is gaining attention in food waste treatment [80, 
81], considering that the physical separation of acidogenesis 
from methanogenesis enables better system stability, and the 
methanogenic bioreactor in second phase can largely take up 
the responsibility for high-rate biogas production [82, 83]. 

Table 2  Analogy between petroleum refinery and biorefinery

Petroleum refinery Biorefinery

Technological progress Mature Conceptual and ongoing
Feedstock composition Constant and homogeneous Variable and heterogeneous
Oxygen/carbon ratio < 0.1 > 0.4
Energy and water intensity High; low Low; high
Chemical process Small to large molecules Large to small molecules
Separation costs of the total 40–50% 60–80%
Examples of building blocks Benzene, toluene, xylene, methane, theylene, 

propylene, 1,3-butadiene
Ethanol, lacitc acid, glycerol, succinic acid, fumaric 

acid, methanol, lysine, sorbitol, furural, levulinic 
acid

Industrial applicability Any chemicals Basic chemicals
Biopolymers and bioplastics
Specialty and fine chemicals
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All these process-engineering techniques target the promo-
tion of better energy performance and reliability of AD in 
organic waste treatment.

In term of material cycling, AD facilitates the solid/liquid 
separation of organic wastes, finally outputting solid and 
liquid digestate. Based on the water content in the slurry of 
the organic wastes, AD systems can be primarily classified 
into two types: (1) wet (< 5% of total solids) and (2) dry 
(> 20% of total solids) processes [84]. The volume of liquid 
digestate from dry AD is much lower than from the wet 
one, while the nutrients (mainly nitrogen and phosphorus) 
in the liquid digestate can be further recovered by various 
biorefinery technologies [85–90]. Solid digestate can be 
used as compost which provides the same value as organic 
conditioners in land amendment application [91–93], lessen-
ing the dependence on chemical fertilizers, enhancing soil 
moisture retention and reducing irrigation requirements 
[94–98]. Various technologies commonly known as digestate 
processing exist to refine the digestate quality for subsequent 
use in agricultural purposes in regard to carbon, nitrogen, 
phosphorus and some trace elements. The creation of new 
markets for digestate reuse led to more intense development, 
and sustainable agriculture coupled with existing organic 
waste treatment, and the market creation of alternative fer-
tilizer sources for farmers, can give the bioeconomy a huge 
boost. The opportunities and impacts of positive material 
flow from waste to resource through AD appear to be enor-
mous, which implies more sustainable material patterns of 

consumption and production on the global scale. Neverthe-
less, the current EU legislation discourages the use of AD 
digestate from heterogeneous waste as a fertilizer, consider-
ing that many unwanted substances may potentially appear 
in AD feedstock. In this regard, to facilitate the beneficial 
reuse of AD digestate, source separation of food waste from 
general MSW becomes critical. Recently, many countries 
have articulated their relevant policy settings on the signifi-
cance of moving towards a bioeconomy, where food waste 
management is an important item on their policy agenda.

While the biogas generated in AD is often only consid-
ered for electricity generation or even sometimes being 
directly flared, the value and scope of biogas applications 
can be largely upgraded by eliminating carbon dioxide and 
other contaminant gases to provide high-quality biometh-
ane as a substitute for natural gas in various industrial and 
domestic uses [99–103]. Biogas from AD cannot be only 
considered alongside as the same arrays with solar or wind 
power as sustainable energy. The multi-functionality of AD 
is its clearest strength, underpinning sustainability principles 
with connections to many innovative waste refinery technol-
ogies and sustainable agriculture to solve waste challenges 
and global nutrients recycling (Fig. 3). As the most mature 
technology in waste biorefinery, it is clear that AD plants 
will be the future hub of many possible resource recovery 
routes in the bioeconomy. Sustainable biogas plant is for the 
treatment of organic waste, for protection of the environ-
ment, and also for production of advanced gaseous biofuels 

Fig. 3  Role of modern anaerobic digestion plant in bioeconomy
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and high-value materials. The full potential of AD has not 
yet been recognized by many developing, and even devel-
oped countries, and developing countries such as Malaysia 
and Vietnam have just started to recover energy from organic 
solid wastes, but only on a small scale [104, 105].

From the technological perspective, AD is a fairly mature 
technology, but research advancement continues in recent 
years for the sake of exploring better effluent quality and 
useful connections to other environmental technologies. 
One common challenge in AD is the long time needed for 
the methanogenic reaction in biogas production, as it typi-
cally takes between 20 and 40 days for each batch cycle 
and an even longer duration for new system startup [106]. 
Recent research revealed that direct interspecies electron 
transfer exists within AD microbial communities and an 
appropriate dosage of conductive materials (e.g., activated 
carbon and biochar) in the digester can lead to reduced lag 
phase, improved organic degradation and enhanced biogas 
formation rate [107–109]. On the other hand, the presence 
of nitrogenous wastes and high salinity in the feedstock 
would pose inhibitory effects on the AD processes due to 
the elevated levels of ammonia and salt [110–112], some-
times leading to AD system failure. Compared to mono-
digestion (single feedstock for AD), several studies have sug-
gested that the co-digestion of food wastes and bio-solids 
(e.g., slaughterhouse waste and sewage sludge) can mitigate 
a certain level of inhibitory effects thereby enhancing the 

overall biogas production [81, 84, 113–117]. Other benefits 
of co-digestion include more optimized use of the existing 
capacity in anaerobic digesters and the generation of more 
stabilized and nutrient-balanced digestate for the purpose of 
soil amendment. More technological integration (e.g., granu-
lar sludge, hydrothermal liquefaction, microbial fuel cell, 
and biochar application) will continue to be developed in AD 
systems [118–126]. According to the current research trend, 
the critical challenge in AD, as well as the bioeconomy is, 
therefore, to find room for the next wave of innovations that 
can boost technology and bio-based products to support a 
more transformative and sustainable waste management of 
organic fraction in MSW.

Waste valorization

Current waste biorefinery techniques involve mostly single-
conversion technology, and green ‘platform chemicals’ 
or intermediary ‘building blocks’ can be generated from 
organic wastes using relatively simple biological approaches 
that have already been established (Fig. 4). To provide 
more possibilities for valued-added product production 
and power generation, waste valorization calls for combin-
ing conversion technologies in an integrated approach so 
as to reduce overall costs. Therefore, many modern waste 
biorefinery technologies often strive to integrate with other 
processes like AD to realize parallel waste treatment and 

Fig. 4  Common platform chemicals in biorefinery [128–130]
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biotransformation for biofuels and chemicals production. 
Platform chemicals are not themselves technologies but as 
partial elements for technical exploration in bioeconomy 
[127]. Therefore, multiple technologies should be brought 
together to create interlocked biorefinery process chains 
from which many other commercial materials can emerge. 
Considering the number of possible processing techniques 
in biorefinery process chains, there will be an increasing 
number of “new” waste valorization models which can be 
characterized by different combinations of input feedstock, 
process technologies, platform chemicals and the output 
bioproducts.

Food waste is a good source for waste valorization in 
view of its rich nutrient composition of around 50% starch, 
40% lipids, and 10% proteins [131]. Prior to bioproducts’ 
synthesis, a hydrolysis step is necessary to breakdown large 
molecules of food waste into sugar monomers, fatty acids, 
amino acids, etc. 31.9 g glucose, 0.28 g FAN, and 0.38 g 
phosphate recovery was reported from 100 g food waste, 
which indicated recovery rates of 85%, 40%, and 100% for 
carbohydrate, total nitrogen, and phosphate, respectively 
[132]. In many cases, in view of the slow hydrolysis process, 
an enzyme mixture consisting of cellulase, protease, carbo-
hydrase, and glucoamylase is often required to accelerate the 
hydrolysis step. Aspergillus oryzae and Aspergillus awamori 
are known producers of glucoamylases, proteases, and phos-
phatases [133], and applying them in fungal hydrolysis, it 
was reported that glucose, free amino nitrogen and phos-
phate can be recovered from food waste [134]. Similarly, 
using Halomonas boliviensis, it was reported that polyhy-
droxyalkanoates can be produced from sugarcane molasses 
and bakery waste and food waste [135, 136]. Polyhydroxyal-
kanoates are bio-based polymers that are gaining more atten-
tion in the bioeconomy, attributed to their biodegradability 
and thermoplastic properties similar to petroleum-derived 
plastics. Bio-based polymers now have a board scope of 
application, including chiral substrates for drug synthesis 
and drug delivery, paints, adhesives and medical tissue 
applications [137–140]. Other the other hand, the use of 
solid/liquid effluent from aerobic/anaerobic fermentation of 
organic waste as bio-fertilizer is also an interesting approach 
for sustainable waste management [141–145]. Effluent 
commonly contains many microorganisms which are the 
function components for bio-fertilizers manufacture. For 
example, Clostridium and Klebsiella can be responsible for 
nitrogen fixation, while Bacillus and Pseudomonas can be 
used for phosphate solubilization [146–150]. Overall, when 
compared to chemical fertilizers, degraded organic matter 
and these microorganisms can accelerate the microbial pro-
cesses in the soil and promote the availability of fertilization 
nutrients to plants. More importantly, they are inexpensive 
and renewable sources of plant nutrients, which is crucial 
for sustainable agriculture. There have been many examples 

of research and industrial moves towards waste valoriza-
tion or platform chemicals production from biogenic wastes 
(Fig. 4). A large number of ‘valorization’ or ‘biorefinery’ 
publications on food waste or other common organic waste 
in MSW can be found in the literature [151–155]. Further, 
numerous research publications indicating the feasibility of 
resource recovery from homogenous biomass, for example, 
biofuel residues, crop wastes and sawdust, are also available 
[156–158].

Material recycling from waste is an exciting subject, but 
the concerns on contaminant detection and rejection happen 
at all levels of the bioeconomy. Direct utilization of hetero-
geneous MSW is uncommon and inappropriate for biorefin-
ing. Thus, following the idea of the circular economy from 
the EU it is clear that the development of separate collection 
structures and recycling capacity should be a top priority. 
From the technological perspective, without proper waste 
sorting, the costs for substances-separation can easily tran-
scend the value of the final bio-products [159, 160]. Separa-
tion technologies are required to isolate cellulose, antioxi-
dants, amino acids, or any other unwanted substances from 
the chain of refinery processes. While ordinary distillation 
can be used for products separation in petroleum refineries, 
the chemical components recovered from biomass are less 
volatile. Therefore, more intense waste sorting programs 
(more than simple isolation of organic fractions from MSW) 
and the development of appropriate methodologies (e.g., sol-
vent extraction, membrane, reactive adsorption, and chro-
matography) will have to be prioritized in the bioeconomy 
(Table 3). Meanwhile, the high chemical oxygen demand, 
dissolved salts content and micro-pollutant make certain 
biogenic wastes difficult to be handled by the conventional 
biological approach. New and more integrated anaerobic 
treatments for biogas production and material recycling 
may thereby need to be considered and evaluated [161–173]. 
It is firmly believed by the authors that, due to the large 
volume and heterogeneity of waste produced, from both an 
economical and technological point of view, the best solu-
tion for organic wastes does not always lie in the choice and 
implementation of a single or typical process technology. 
However, understanding the benefits and constraints of all 
these different separation technologies and treatment units 
will take a considerable effort that already goes far beyond 
the scope of sustainable MSW management in this article. 
The clear message here is that the economic pressure (high 
separation cost and relatively low market price) to valorize 
wastes is huge; researchers need to carefully consider the 
financial feasibility of new waste valorization models.

Last but not least, we cannot simply assume that materi-
als are better because they are organic/biogenic, since some 
biogenic wastes may contain heavy metals, pharmaceuti-
cal residues, microbes with antibiotic resistance genes, 
etc. [174–177]. Material recycling must be in clean cycles, 
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separating harmful impurities from the recycling resources. 
The long-term aspiration for waste valorization is, therefore, 
a ‘superstructure’ with more connected technology integra-
tion over wider scales for safe and clean bioproducts. The 
above discussion highlights that while the potential of bio-
genic wastes continues to be explored in sustainable MSW 
management, it is important to consider this emerging trend 
with a critical attitude, without turning a blind eye to the 
life-cycle costs and risk management on the hygiene aspects.

Remarks and prospects

The global MSW generation per year is between 1.3 and 
1.9 billion tonnes, and it is anticipated to reach 4.2 billion 
tonnes by 2050 [178]. Sustainable MSW management has 
emerged to be probably the most pressing issue many gov-
ernments nowadays are now facing. MSW generation rate 
is commonly correlated positively to per-capita GDP of a 
country. Particularly, the MSW generation rates in most 
developed countries (around 1.00–2.50 kg MSW per capita 
per day) are much more than those in the developing coun-
tries (0.50–1.00 kg MSW per capita per day) [179, 180], 
where the MSW generation relates to the social and eco-
nomic prosperity of the country. Hence, on the grounds of 
economic growth and globalization, it can be deduced that as 
the individuals of developing countries are gradually switch-
ing their lifestyle to those in more developed countries, the 
MSW generation rate in developing countries will catch up 
and get close to the rate in developed countries in the coming 
years. The challenge of MSW management in developing 

countries is going to be more intense, particularly for those 
that do not have a planned agenda for responding to substan-
tially larger MSW quantity in future.

Obviously, unless radical changes happen, responsible 
authorities are not likely to deal with this rapid increase 
in MSW volume. History has proven the inadequacy of 
recycling in managing the expanding volumes of MSW, 
and as a result, the world cannot afford to abandon incin-
eration for now [25]. As the most convenient and robust 
technology of MSW disposal and energy recovery, how-
ever, it is also crucial to understand that the relevance 
of incineration is not inexhaustible: for one, fundamen-
tal opposition to incineration has become rare because of 
more independent and transparent information that allows 
to the drawing of more objective conclusions about this 
technology. Nevertheless, social opposition seems not to 
stop because of concerns on toxic emissions, which will 
not be resolved in the short term, regardless of existing 
technological progress. Second, the costs of incineration 
are now generally much higher as a result of the advanced 
flue gas treatment systems and the addition cost from the 
treatment of bottom ash and fly ash for final disposal. To 
achieve environmentally and economically sound MSW 
incineration, a minimum standard for residue treatment 
and air pollution control is welcome but cutting budgets 
of incineration is restrained by stricter emission regula-
tions. This is a struggle that many developing economies 
cannot afford to pay for. Third, incinerating MSW does 
nothing to alleviate the world shortages on materials and 
does not move us towards circular economy. Instead, it 
creates a dependence on MSW as a fuel source as well as 

Table 3  Separation technologies for biorefinery

Technology classification General principles

Equilibrium‐based separation technologies
 Distillation Different relative volatility (which could be enhanced by separating agent, solvent or entrainer)
 Liquid–liquid extraction Different solubility of the solute chemical in two solvents
 Supercritical fluid extraction Controlled selectivity (changing density) of the solvent by changing temperature or pressure

Affinity‐based separation technologies
 Adsorption Attractive forces (van der Waals’ forces (dispersion and repulsion), electrostatic forces, and chemi-

cal bonding) existing between the adsorbent surface and adsorbate molecules
 Ion exchange Ion replacement reaction between two non-miscible phases
 Simulated moving‐bed Extended application of chromatography mechanisms

Membrane separation
 Micro/ultra/dia-filtration Different membrane pore size for fractionation
 Nanofiltration Pressure driven membrane filtration
 Membrane pervaporation Combining membrane permeation and evaporation for molecular-scale liquid separation
 Membrane distillation Vapour partial pressure gradient across the membrane as driving force for substances transportation

Solid–liquid separations
 Filtration‐based separations Dead-end or tangential-flow filtration for solid separation
 Solid–liquid extraction Solute concentration difference between the solid and liquid
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the potential encouragement of wastefulness. The idea of 
countries importing or even competing for MSW as energy 
sources looks like a huge paradigm shift, but in several 
places, like Sweden, it is currently the norm. Regarding 
this phenomenon, the EU emphasized that new incinera-
tion plans must consider the risk as to whether sufficient 
feedstock could be sustained over the coming whole lifes-
pan (20–30 years), without neglecting any opportunities 
for waste separation and recycling [20, 85].

Traditionally, WtE has been mostly associated with incin-
eration but is now embracing a broader definition with the 
emergence of the bioeconomy. This article discusses the key 
thermal and biological WtE technologies in regard to their 
development progress, focusing on their increasing roles for 
energy and material cycling in sustainable MSW manage-
ment. However, this is not an exhaustive review, since unrav-
elling all the detailed principles, optimization techniques and 
research opportunities on such a wide range of technologies 
is difficult to achieve in a single article. Instead, this review 
addresses the critical aspects of energy/material cycling and 
potential in applications, while the conceptualized role of 
future AD plant in the bioeconomy is articulated and certain 
concerns on waste valorization are covered. To promote a 
better bioeconomy and sustainable MSW management, the 
idea from the EU is obvious in that the development of sepa-
rate collection structures and recycling capacity should be 
top priority. Waste is an environmental problem and also a 
resource issue. In the coming years, attention to resources 
recovery from waste streams is going to surpass the initial 
goal of environment protection in sustainable MSW manage-
ment. This new dialogue in the bioeconomy will lead us to 
understand how environmental biotechnologies should be 
better connected/integrated for processing the organic frac-
tion of MSW and biogenic wastes. The new wave of interest 
in the bioeconomy would thereby be expected to drive con-
siderable new resource recovery technologies. Researchers 
are still attempting to determine what needs to be done, and 
AD technology coupled with many waste biorefinery tech-
niques are clearly a critical component of this journey.
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