
Review Article

Sustainable biowaste management: Uncovering the environmental 
footprint of traditional and emerging waste managing technologies

Muhammad Salam a,*, Valentina Grossule a,*, Samia Elouali b,*, Fayuan Wang c, Samira Benali b,  
Jean-Marie Raquez b, Wael Yakti d, Viviana Bolletta e, Mia Henjak a, Faisal Hayat f,  
Quanlong Wang g

a DICEA, Department of Civil, Architectural and Environmental Engineering, University of Padova, Via Marzolo 9, 35131 Padova, Italy
b University of Mons (UMONS) - Laboratory of Polymeric and Composite Materials (LPCM), Center of Innovation and Research in Materials and Polymers (CIRMAP), 
Place du Parc 20, 7000 Mons, Belgium
c College of Environment and Safety Engineering, Qingdao University of Science and Technology, Qingdao, Shandong Province, 266042, China
d Faculty of Life Sciences, Albrecht Daniel Thaer Institute of Agricultural and Horticultural Sciences, Humboldt University Berlin, Berlin, Germany
e Department of Agricultural, Food and Environmental Sciences (DSA3), University of Perugia, Italy
f Department of Biological Sciences, Tennessee State University, Nashville, TN, USA
g Beijing Key Laboratory of Farmland Soil Pollution Prevention and Remediation, College of Resources and Environmental Sciences, China Agricultural University, Beijing 
100193, China

A R T I C L E  I N F O

Keywords:
Greenhouse gases emissions
Waste management
Environmental footprint
Atmospheric chemistry
Future sustainable technology
Green technologies

A B S T R A C T

The exponential growth of municipal solid waste (MSW) has intensified the need for sustainable waste man
agement strategies. This review critically evaluates the environmental footprint of traditional and emerging 
biowaste management technologies, focusing on greenhouse gas (GHG) emissions, their implications for climate 
change, and their role in resource recovery. Conventional methods such as landfilling, composting, anaerobic 
digestion (AD), incineration, pyrolysis, and gasification remain dominant yet contribute significantly to envi
ronmental pollution. In contrast, emerging technologies like Black Soldier Fly Larvae (BSFL) bioconversion have 
shown promise in mitigating waste-related emissions while generating valuable by-products. Our systematic 
analysis synthesizes data from over 400 peer-reviewed studies and evaluates various management strategies 
based on CO2, CH4, N2O, and NH3 emissions, energy efficiency, and economic feasibility. The findings highlight 
BSFL as an effective alternative, reducing CH4 and N2O emissions while transforming organic waste into high- 
value products such as protein-rich biomass, biofertilizers and chitin. However, challenges remain in stan
dardizing operational parameters and optimizing insect breeding conditions to maximize efficiency. This review 
goes beyond synthesis by providing a comparative environmental assessment of waste management technologies, 
identifying research gaps, and proposing future directions to enhance sustainable waste valorization practices. 
We argue that integrating advanced waste treatment technologies with circular economy principles is essential 
for achieving a sustainable and low-emission waste management system.

1. Introduction

Municipal solid waste (MSW) production has reached unprecedented 
levels, with an estimated 2.01 billion tons generated globally each year. 

East Asia and the Pacific account for 23 % of this total, followed by 
Central Asia and Europe (20 %), and South Asia (17 %). Alarmingly, 
approximately 30 % of MSW remains uncollected, posing severe chal
lenges to waste management systems and environmental sustainability 
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[1], leading to a significant challenges in waste management and envi
ronmental sustainability. This surge in MSW is driven by rapid urbani
zation, industrialization, population growth and economic 
development, with the average individual generating 0.74 kg of waste 
daily [2].

Effective waste management is essential to achieving global sus
tainability targets. The Sustainable Development Goals (SDGs) 
emphazise responsible resource use and environmental protection [3,4], 
with waste management playing a crucial role in SDG 11 (sustainable 
cities and communities), SDG 12 (responsible consumption and pro
duction), and SDG 13 (climate action). However, current waste treat
ment practices remain largely unsustainable [5]. At present, 70 % of 
collected MSW is sent to landfills, while only 19 % is recycled, and 11 % 
is utilized for energy recovery [6]. This reliance on landfilling exacer
bates environmental issues, particulary in the management of biowaste, 
which constitute nearly half of MSW and undergoes decomposition 
processes that lead to the release of greenhouse gases (GHGs) and other 
pollutants, including CH4, CO2 and NH3. These emissions contribute to 
atmospheric pollution, groundwater contamination and public health 
risks [7]. Improper biowaste disposal is also a major driver of climate 
change, with the MSW sector ranking as the fourth-largest global 
contributor to GHG emissions [8,9].

Methane, a predominant gas emitted during biowaste decomposi
tion, holds a global warming potential (GWP) approximately 28 times 
higher than CO2 over a century, making its mitigation a priority [10]. 
Despite global initiatives to reduce emissions, landfills and unauthorized 
waste dumps in many developing and underdeveloped regions continue 
to release substantial amounts of CH4 and other pollutants. This high
lights the urgent need for sustainable waste management strategies. The 
scale of organic waste generation, estimated at 231.01 million tons 
annually contributes to 604.80 million tons of CO2 equivalent emissions 
each year when improperly managed [11]. Traditional waste disposal 
methods such as landfilling, incineration, anaerobic digestion (AD) and 
composting, although widely used, are often inefficient in mitigating 
GHG emissions. Meanwhile, innovative approaches like bioconversion 
using Black Soldier Fly (BSF) larvae offer a promising alternative 
(Fig. 1). BSF larvae (BSFL) not only reduce biowaste volume but also 
significantly lower emissions, attracting growing interest from stake
holders and policymakers [12]. While it can fed with waste, BSF 
reproduce also rapidly under suitable environmental conditions and its 
byproducts and breeding waste are well valorized in the industry, 
including feed and chitin production, making it a good model of circular 
economy and sustainability.

This review critically examines the environmental and economic 
implications of biowaste management technologies, with a particular 

focus on GHG emissions and sustainability. The study aims to bridge 
research gaps and provide a framework for improving waste manage
ment practices. Specifically, this review pursues the following 
objectives: 

1) To evaluate current biowaste management technologies, 
including conventional, non-conventional and biotic methods in 
terms of GHG emissions, environmental impact and treatment costs.

2) To identify the most promising technologies with lower GHG 
emissions and reduced ecological footprints.

3) To develop a comprehensive guide to inform policymakers, re
searchers and waste management professionals on sustainable 
practices that address environmental safety concerns and mitigate 
climate change.

The findings of this study can offer an integrated assessment of GHG 
emissions in the MSW sector, it provides critical insights for the devel
opment of sustainable waste management solutions, aligning with 
global climate action goals and supporting the transition toward a cir
cular bioeconomy.

2. Methods

This study employs a systematic review methodology to critically 
evaluate municipal solid waste (MSW) management technologies over 
the past two decades (January 2002–November 2024). It was carried out 
using a combination of keywords in various variants in English, such as 
MSW + incineration/landfilling/composting/AD/BSFL/modern ther
mochemical process (gasification, plasma gasification, HTC, liquefac
tions, torrefaction) + gaseous emissions like (CO2/CH4/N2O/SO2/ 
NH3)/ trace gases.

Initially, the abstract of the articles have been studied to decide 
whether they fulfil the criteria; (i) identify gaps in applied waste man
agement technologies and demonstrate the existing contribution to GHG 
emissions; (ii) consider only scientific papers published in the most 
reputable academic research databases, for example, Google Scholar, 
Science Direct, and NCBI (Fig. 2). Cross references, discovered through a 
comprehensive search, were taken into account; (iii) examine only 
studies that evaluated the emissions of at least one greenhouse gas and 
provided an exhaustive description of the gas measurement (however, 
each study contains different assumptions corresponding to waste 
composition, the energy network and the gas management model, which 
makes it difficult to determine). The papers selected for this review were 
not limited to any particular geographic location and language. The 
overall comparison of each technology is based on its benefits and 

Fig. 1. Waste management technologies.
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implications.
The selection of studies was based on specific criteria to ensure the 

relevance and reliability of the reviewed literature. Empirical studies 
analyzing municipal solid waste (MSW) treatment methods with explicit 
quantification of greenhouse gas (GHG) emissions were prioritized. 
Additionally, studies providing methodological details on waste 
composition, energy network assumptions and gas measurement tech
niques were included to enhance the technical rigor of the analysis. 
Articles discussing economic and environmental trade-offs, particularly 
those addressing treatment costs and energy recovery, were also 
considered essential. The parameters and additional factors including 
time, resources, and influencing factors were also considered to maxi
mize the true evaluation. Six parameters have been evaluated against 

each technology and presented in tables and figures separately to add 
worth.

The paper is structured into two sections. In the first section, the 
findings of the literature review of exciting technologies are presented, 
while in the second section, a comparison of BSFL technology with other 
management strategies based on the previously mentioned parameters.

3. Results

3.1. Literature analysis

Our keyword search of the literature resulted in 2063 scientific 
studies regarding the merits and demerits of applied waste management 
technologies over the past two decades (Fig. 3). Based on the findings of 
the search, 784 literature sources were rejected as duplicate works; 753 
scientific studies were denied due to the lack of information on GHG (or 
one of them) that are produced using the described technology, 
including 117 works rejected due to inaccurate definition of units for 
specific technologies parameters. Finally, 426 papers were selected and 
analyzed to reveal the necessary information for the current study. 
Among the most frequently investigated technologies were the following 
(given in decreasing order of frequency of mention in the scientific 
literature): Landfill, Incineration, AD, Composting, Pyrolysis, Gasifica
tion, Hydrothermal Carbonization (HTC), Liquification, Torrefaction 
and BSFL (Fig. 3).

The following were the most frequently used factors for suggesting a 
given technology (in decreasing order of frequency of use for recom
mending a specific technology): Availability and ease of implementation 
with no special equipment or other capital investments are required, 
minimal impact on soil, natural water or air through heavy metals and 
toxic substances, cost per ton of waste and formation of GHGs.

3.2. GHG emissions from anaerobic digestion

Anaerobic digestion (AD) is a key process in waste management, 
where organic matter is decomposed by micro-organisms in an oxygen- 
deficient environment. This process results in the production of biogas, 
mainly composed of CH4 and CO2, along with digestate, a nutrient-rich 
byproduct often used as a fertilizer. Biogas typically contains 40–70 % 
CH4 and 30–35 % CO2, making it a valuable resource for various 

Fig. 2. Systematic representation of the collected data.

Fig. 3. Number of academic publications about each technology and trend (Sources) Science Direct, Web of Science, Google Scholar, and NCBI or PubMed from 
January 2002 to November 2024.
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applications, such as direct power generation, transportation fuel, in
jection into national gas grids, or as part of combined heat and power 
systems (CHP) or fuel cell [8]. Among these applications, using biogas as 
a vehicle fuel is considered the most economically viable and environ
mentally sustainable option [13]. However, the high concentration of 
CO2 in biogas poses certain challenges, including reduced heating value, 
lower combustion efficiency, diminished economic returns and potential 
corrosion of system components [14]. To address these issues, numerous 
post-treatment techniques have been developed to purify biogas by 
removing impurities such as CO2, water vapor, H2S, etc. [15].

Regarding the CH4 content in biogas, approximately 70 % of the CH4 
production originates from the decomposition of acetic acid, while the 
remaining 30 % is derived from the redox reaction between carbon di
oxide (CO2) and hydrogen [16]. In terms of GHG emissions, the cumu
lative global warming factor (GWF) for AD and digestate utilization was 
calculated, offering a comprehensive assessment of the process’s envi
ronmental impact [17]. It generated from AD processes around 90–200 
kg CO2 per ton of waste, 2–40 × 10− 6 kg CH4 per ton of waste, 0.05–2 ×
10− 6 kg N2O per ton of waste [18] and 0.3–3 × 10− 3 kg NH3 per ton of 
organic waste [19]. The human carcinogenic potential (HCP) associated 
with AD systems was found to be 3.98 × 10− 4 kg 1,4-dichlorobenzene 
(C6H4Cl2) per ton of the organic fraction of MSW [20]. The percentage 
of biogas enhancement achieved through AD between 4 % to 39.28 %. 
While thermal hydrolysis presents a similar enhancement potential (up 
to 31.48 %), some studies have reported negative effects from its 
implementation [21].

3.3. GHG emissions from landfill

Landfill gas (composed of around 41–48 % CH4 and 32–40 % CO2 by 
volume) is produced continuously through various long-term biochem
ical reactions occurring in a landfill with household garbage. Landfills 
release these GHG into the atmosphere. They produce 500–700 kg CO2 
ton− 1 of waste, 100–1000 × 10− 6 kg CH4 ton− 1 of waste, and 5–20 ×
10− 6 kg N2O ton− 1 of waste [22], and 5–10 × 10− 3 kg NH3 ton− 1 of 
organic fraction of MSW [23].

According to Kaushal and Sharma [24], annual GHG emission from a 
landfill is critical, reaching up to 62.86 G tons. As stated by various 
studies, landfills and old waste deposit sites on a global scale emit 
approximately 40–60 M tons of CH4, contributing to around 11–12 % of 
the global anthropogenic CH4 emissions, which add up to 500 M tons per 
year. This places landfills in the third position following rice paddies (60 
× 106 tons year− 1) and ruminant livestock (85 × 106 tons year− 1) [25]. 
Still, generated CH4 can serve as an energy source if recovered from the 
landfill, and the resulting manure can enhance agricultural productivity 
[26]. Under a sanitary landfill, 1.16 kg of C emissions can be generated 
from 1 kg of MSW. In comparison, the carbon emissions are reduced to 
0.79 kg under a regular landfill. When MSW is composted, the emissions 
decrease further to 0.30 kg, while burning MSW results in 0.51 kg of 
carbon emission [27]. In other words, more than three times higher 
carbon emission occurs from sanitary landfills compared to compositing, 
almost two times higher compared to regular landfills, and two times 
higher than burning [28]. Regarding carbon dioxide emissions, landfill 
waste management accounted for the higher production (568.98 kg 
CO2-equivalent ton− 1 of MSW). It is estimated that by 2030, the net 
emissions of waste management will amount to 33 kg CO2-equivalent 
year− 1 [29].

Another serious concern about landfills is the possible release of 
contaminants and microorganisms into groundwater resources due to 
waste management activities [30]. Contamination of air and water is 
caused by landfill emissions of carbon monoxide, nitrogen oxides, sufur 
oxides, and heavy metals [31]. Moreover, landfills produce a wide va
riety of primary and secondary pollutants into the environment, 
including dust, metals, acid gases, oxides of nitrogen, Sulfur and 
microplastics. Landfills may also liquefy during earthquakes if they are 
not stabilized. Leachate poisoning of groundwater is typically 

considered the worst environmental hazard landfills produce (explosion 
threats, vegetation destruction, dust and air emissions, etc. [32]. Several 
studies indicate that if no barriers prevent leachate from entering the 
groundwater from landfills, groundwater may be contaminated for a 
lengthy period after waste disposal has ceased [33].

3.4. GHG emissions from composting

About 90 % of the GHG emitted by composting are carbon monoxide 
(CO), carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), 
ammonia (NH3), hydrogen sulfide (H2S) and volatile organic com
pounds (VOCs) [34]. The quantity and the composition of these gases 
can vary as the amount of waste in composting is greatly affected by the 
type and composition of waste. Barrington et al. found that 14–51 % of 
the organic carbonin the raw material can be emitted into the atmo
sphere as CH4 and CO2 during the composting process [35]. A similar 
trend was noted for nitrogen compounds, as Ren et al. found an initial 
loss (about 16–74 %) of nitrogen content in the form of NH3 and N2O 
emissions during composting [36].

The composting process produces 200–500 kg CO2 ton− 1, 0.01–1 ×
10− 3 kg NH3 ton− 1 of MSW [37], more than 0.01–0.1 × 10− 6 kg CH4 
ton− 1 and more than 0.01–0.1 × 10− 6 kg N2O ton− 1 of MSW [38]. The 
highest CH4 emissions occur during the mesophilic phase when the 
conditions are anaerobic (65–95 %) [39], as also confirmed by Nguyen 
et al. [40]. The emission rates can also be influenced by season, as they 
were 0.64 × 10− 3 kg CH4 ton− 1 of dry waste hr.− 1 in winter, 5.04 ×
10− 3 kg CH4 ton− 1 of dry waste hr. − 1 in spring, and 4.01 × 10− 3 kg CH4 
ton− 1 of dry waste hr.− 1 in summer. It should be mentioned that the 
significant CH4 contribution to CO2-equivalent emissions underlines the 
importance of composting as a CH4 source for energy production [41]. 
Regarding N2O, the emission of increases during the denitrification 
process as the pH value decreases to 5.5 from 7 [42]. Vermicomposting 
exhibited lower levels of N2O emissions (5.76 kg CO2-equivalent ton− 1 

dry waste) compared to thermophilic composting, which exhibited 
higher emissions (12.29 kg CO2 -equivalent ton− 1 dry waste) [36].

Composting involves some critical points. As for landfilling, many 
harmful substances generated during the composting process can lead to 
secondary pollution. Besides the lack of improved technology, the 
extended period and large area requirements required for composting 
make it challenging to commercialize compost [43]. Several studies 
have explored methods to mitigate GHG emissions from composting. 
Physical approaches focus on reducing emissions by adsorbing GHG 
within material pores. Mao et al. demonstrated that the addition of 
zeolite resulted in a 69 % and 67 % reduction in the CH4 and N2O 
emissions, respectively, during the composting of pig manure [44]. 
Biological additives can also influence GHG emissions by modifying the 
microbial community composition. For example, Fukumoto et al. illus
trated that N2O emissions could be decreased by incorporating nitrite- 
oxidizing bacteria during composting [45].

3.5. GHG emissions from incineration

Incineration is commonly employed to destroy mixed MSW, as it 
notably reduces the waste mass and, with special equipment, may pro
vide the recovery of the produced thermal energy. As a result, MSW 
incineration has attracted attention in countries with a shortage of 
landfill sites and a lack of modern environmentally friendly technolo
gies. A high reduction degree is achieved by incinerating, which does 
not require further decomposition. Additionally, the ashes may be uti
lized as a soil cover. The pathogens in the MSW are eliminated and the 
perishable organic matter that produces harmful gases is oxidized safely. 
The burning operation is reliable, clean and stable [6]. Particulate 
matter, metals and acid gases, namely H2S, CO2 and oxides of nitrogen 
and sulfur (NOx and SOx) are the most prevalent air contaminants from 
the incineration process [46].

MSW incinerators emit CO2 and N2O as part of their GHG emissions 
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from the combustion of fossil carbon and nitrogenous materials. Incin
eration acts as a carbon sink, reducing net carbon emissions to 28.56 kg 
CO2-equivalent ton− 1 of MSW, from 347 to 371 kg CO2-equivalent ton− 1 

of MSW (from incineration) and 735–803 kg CO2-equivalent ton− 1 of 
MSW (from co-combustion) which is 40 % reduction in direct emissions. 
A limited quantity of CO (GWP 1.9 kg CO2-equivalent (kg CO− 1) may 
also be released from combustion facilities [47]. An incinerator emitting 
10− 2 kg N2O ton− 1 of MSW (GWP of 298 × 10− 3 kg CO2-equivalent 
(10− 3 kg N2O)− 1 emitted) translates to 2.98 kg CO2-equivalent ton− 1 of 
MSW incinerated [48]. According to other sources, incinerators produce 
700–1200 kg CO2 ton− 1 of MSW [49], 0.1–1 × 10− 6 kg CH4 ton− 1 of 
waste [50] and < 1 × 10− 6 kg N2O ton− 1 of waste and 0.1–1 × 10− 3 kg 
NH3 ton− 1 of waste [51].

The other side of the coin is that incineration causes water pollution, 
stench, noise and vibrations that affect residential and business neigh
bors. Fly ash and bottom ash are harmful and must be handled carefully. 
Besides GHG emission, during incineration by-products such as partic
ulate matter, metals, acid gases, nitrogen oxides and sulfur contribute to 
secondary pollution, as do furan, dioxin and mercury. Moreover, 
compared to coal power plants, waste incineration creates 2.5 more CO2 
while providing the same amount of electricity, being heavily harmful 
for the environment [52].

3.6. GHG emissions from pyrolysis

Pyrolysis is a thermochemical decomposition that involves high- 
temperature combustion in the absence of oxidizing agents. It is 
another viable strategy to generate renewable energy while offsetting 
the emission of GHGs. The products obtained from waste pyrolysis 
include solid forms like charcoal and biochar, as well as liquid and non- 
condensable gases such as light alcohols, ketones, aldehydes, organic 
acids, CO, CO2, CH4, H2 and N2. The composition of the solid residue 
varies depending on the pyrolysis process parameters [53]. The 
condensation/liquefaction of gases created during pyrolysis forms bio- 
oil. At 850 ◦C under 100 % N2, pyrolysis gas yields 20 % CO2 and 40 
% CO [54]. The pyrolysis and the combustion units for bio-oil are the 
primary sources (>30 %) of GHG emissions [55].

Biochar is the solid, porous product of the pyrolysis process and can 
alter esteemed CO2 production as it can adsorb molecules on its surface, 
thereby seemingly reducing CO2 emissions. The construction-related 
GHG emissions from biomass thermal conversion systems include 
5.82 × 105 kg CO2-equivalent from biomass pyrolysis. Biomass pre
treatment, like drying, crushing, etc., accounts for 34 % of the overall 
global warming potential (GWP) in pyrolysis. The biomass collection 
and transportation in polyol production through pyrolysis adds 3.6 % to 
the total GWP [56]. Moreover, the calculated emission factor for every 
ton of MSW processed using pyrolysis is − 503 kg CO2-equivalent ton− 1 

of fresh waste indicating a negative value.
For every ton of fresh MSW, carbon loss from organic sources is about 

506 kg CO2-equivalent ton− 1. GHG emission intensity during pyrolysis 
of MSW is estimated as 1.55 × 10− 2 kg GHGs per 1 MJ of generated 
energy. The largest proportion of the total GHG emissions (89.23 %) 
from pyrolysis plants comes from the operation parameters and main
tenance process [57].

Waste pyrolysis produces 400–900 kg CO2 ton− 1 of MSW [58], 0.4–4 
× 10− 6 kg CH4 ton− 1 of MSW [59], <1 × 10− 6 kg N2O ton− 1 of waste 
[60], and 0.01–0.2 × 10− 3 kg NH3 ton− 1 of waste emissions [61]. An 
initial investment of $0.2 million is required for the pyrolysis plant when 
the raw material flow rate is 14 kt per year, producing ten kilotons of 
fuel per year. Pyrolysis requires an electrical input of 20-kW h to treat 
one ton of trash.

The gases produced from pyrolysis, such as carbon monoxide (CO), 
hydrogen (H2) and carbon dioxide (CO2), can be utilized as energy 
carriers. However, lack of availability and consistency in feedstock 
quality, inefficient and costly sorting, lack of markets owing to lack of 
standardized products, and lack of clarity in plastic waste management 

rules are the primary challenges to the widespread use of pyrolysis to 
recycle plastic waste. At the same time, by-products generated during 
pyrolysis, including H2, CH4, CO and CO2, can contribute to secondary 
pollution.

3.7. GHG emissions from gasification

Gasification is an established method that utilizes oxygen, steam, and 
heat in a controlled process to convert biomass into hydrogen and other 
products without the need for combustion. It is a partial oxidation 
process which converts biomass into gaseous fuel (synthesis gas) at high 
temperatures [62]. Since biomass growth removes carbon dioxide from 
the atmosphere, this method has a potential for low net carbon emis
sions, especially if combined with long-term capture, utilization, and 
carbon storage. Syngas, heat, electricity, bio-fuels, fertilizer, tar (liquid 
residue) and biochar (solid residue) are the essential end products of 
waste gasification. The composition of gases synthesized during the 
process, which are constituted by CH4, H2, CO, and CO2, depends on 
processing parameters like gasifying agent, temperature, and use of 
catalysts [63]. The amount of CO2 emitted during gasification depends 
on the gasification conditions and feedstock used and typically ranges 
from 100 to 500 kg CO2 ton− 1 of waste; additional products of the 
process are 0.1–5 × 10− 6 kg CH4 ton− 1, 0.1–1 × 10− 6 kg N2O ton− 1 and 
0.5–2.5 × 10− 3 kg NH3 ton− 1 of waste [64].

The existing biomass gasification technology still faces challenges, 
for instance, elevated costs from the application level. Furthermore, 
from the perspective of the entire life cycle of biomass power generation, 
the complete chain process starting from biomass collection can result in 
critical GHG emissions [65]. Wang and Yang studied the biomass gasi
fication power technology and found that the overall life cycle GHG 
emissions for this technology is 8.68 × 103 kg CO2 eq, with the total cost 
amounting to 674 USD/104 kWh [66]. Within the biomass gasification 
phase, using natural gas as a heat source for the biomass pyrolysis and 
gasification reaction leads to 15 % of the emissions. In comparison, the 
gas turbine power generation process accounts for 71 %. The whole 
lifecycle carbon emission of biomass gasification power technology is 
0.868 kg CO2eq per kWh generated. Similar to other fossil fuel com
bustion processes, gasification results in the release of greenhouse gases 
(GHGs) and toxic by-products, including heavy metals and dioxins, into 
the atmosphere. The process generates various emissions such as carbon 
dioxide (CO2), hydrogen (H2), carbon monoxide (CO), tar vapors, water 
vapor, and ash particles, all of which can contribute to secondary 
environmental pollution. Key environmental concerns associated with 
gasification include air and water contamination, emissions from mass- 
burn incinerators, challenges related to ash disposal, and the formation 
of hazardous by-products.

3.8. GHG emissions from hydrothermal carbonization

Hydrothermal carbonization (HTC) is a thermochemical conversion 
process that utilizes heat to transform the wet biomass feedstock to 
hydro-char (a coal-like product). The process is performed in a reactor 
under autogenous (automatically generated) pressure at from 180 to 
250 ◦C. The residence time of feedstock is between 0.5 and 8 h [67]. HTC 
advantages include the treatment of wet waste, allowing feedstock 
conversion without needing pre-drying, while other thermochemical 
conversion methods, such as pyrolysis require further pre-treatments. 
Water is used as a solvent medium to produce hydro-char, which is 
the end product of the reaction [68]. The carbon efficiency of the HTC 
(the quantitative comparison of carbon content in the final product to 
initial feedstock) is higher than other biomass conversion techniques. 
Hydro-char serves as a “carbon sink” storing the total carbon content of 
the raw material. It’s utility as a direct source of energy without 
requiring further treatments is beneficial in reducing GHG emissions 
[69]. The HTC only needs 20 % of the electrical power and around 70 % 
of the thermal energy. The price of waste treatment by HTC is $117 per 
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ton, being more than 5-times lower than pyrolysis cost [70]. The gaseous 
effluents comprise CO2 (90 %) and a mixture of hydrocarbon gases (H2 
and CO). The by-products generated from HCT are hydro-char, liquid 
(rich in nutrients), and gas (mainly CO2) phases.

The total heat required for operating an HTC reactor is 22.1 × 105 

MBTU per year (2.3 × 106 MJ year− 1) [71]. Hydrothermal carbonation 
contributes to greenhouse gas emissions, ranging from 30 to 140 kg CO2 
ton− 1 and 0.5 to 3.5 × 10− 3 kg NH3 ton− 1 of HTC products [72]. CH4 
emissions are normally minimal during HTC, with typical values be
tween 0.1 and 3 × 10− 6 kg CH4 ton− 1 and 0.1 to 1.5 × 10− 6 kg N2O ton− 1 

of HTC product. Depending on the substrate and ambient conditions, 
waste processing may take 5.0–8 days for HTC. The pH required for HTC 
is 2–12. Using HTC is also a viable strategy to reduce waste volume, as it 
can decrease up to 90 % [73].

3.9. GHG emissions from torrefaction

Torrefaction is a thermochemical process that strives to reduce the 
moisture and volatiles contents from the biomass, thereby enhancing its 
fuel characteristics such as improved grind ability, more homogeneous 
composition, reduced biological activity, hydrophobic behavior and 
higher energy density. Torrefaction involves the conversion of biomass 
feedstock into medium-grade solid biofuels (bio-coal) through thermal 
conversion (or pretreatment). Bio-coal includes biochar and hydrocar 
that, are stable, homogeneous, and possess greater energy densities and 
calorific values than the initial biomass feedstock [53]. During torre
faction, effective inorganic matter content, mainly Ca, Si and K are 
released into the environment. The torrefied biomass loses only around 
10–20 % of its volume compared to the dry feedstock [74]. All the gas 
streams produced during the process are directed toward the combustor 
and are considered to be burned completely to produce CO2 [75].

The resulting emissions arising from biomass storage, such as CO2, 
CH4 and N2O, can contribute to GHG emissions. These gaseous emissions 
during storage are associated with the loss of dry matter. The degrada
tion extent depends on the feedstock nature, storage environment and 
moisture content [76]. The amount of CO2 emitted during torrefaction 
can range from 30 to 90 kg CO2 ton− 1, 0.1 to 5 × 10− 6 kg CH4 ton− 1, 1 to 
10 × 10− 6 kg N2O ton− 1 and 1 to 10 × 10− 3 kg NH3 ton− 1 of torrefied 
biomass [77]. Regarding duration, the torrefaction process takes 60 min, 
depending on ambient conditions and the type of substrate. The waste’s 
pH ranges from 5 to 8 for torrefaction, while the cost of treatment for 
one ton of trash by torrefaction is $164 [78]. Corrosion deposits on 
boiler tubes are not mitigated by torrefaction (all ash components of 
biomass are still present in TB). Inadequate data exist on the process’s 
efficiency, the qualities of the end product, and the volatiles’ composi
tion [79].

3.10. GHG emission from black soldier Fly larvae technology

Considering traditional waste management methods’ drawbacks, 
new technology to digest wastes with insects has emerged in recent 
years, which can be used as a protein source while reducing land and 
energy requirements and mitigating global warming. Hermetia Illucens is 
recognized as one of the promising species to shield the current chal
lenge as several practical approaches have been developed for ensuring 
nutrient retention and minimizing nitrogen and carbon losses in com
posting of BSFL [73]. BSFL is a new approach with a wide application in 
treating biowastes. Therefore, it has attracted considerable research 
interest globally [80,81]. In previous research studies, organic wastes 
were predominantly bio-treated, and residues were utilized as fertilizers. 
Moreover, larvae provide a rich source of protein and fats, which are 
useful for producing biodiesel and animal feed [82]. The application of 
various substrates can increase the C/N ratio, thus chemical agents or 
mineral additives can be added to change substrate aeration rates.

A BSFL treatment can decrease gaseous emissions, namely CH4, N2O, 
and NH3 emissions, and reduce global warming potentials (GWP), in an 

environment-friendly manner. Indeed, BSFL can reduce CH4 and N2O 
emissions compared to composting. This implication is extremely 
important because as it is assumed that CH4 contributes 28–34 times as 
much to global warming as CO2. After all, BSFL deoxidizes acetic acid 
and CO2/H2 via methanogenesis [23]. The emission of N2O, another 
potent GHG primarily produced during nitrification and denitrification 
processes as an intermediate or a byproduct, greatly influences global 
[83]. Nitrification involves the conversion of ammonium salts to nitrates 
by microorganisms in the presence of oxygen while during denitrifica
tion, NO3 is converted in N2; minimal N2O emissions characterize BSFL 
production, and in various instances, there is no significant difference of 
its concentration from the ambient air. This is attributed to the aeration 
caused by BSFL feeding and movement, which inhibits denitrification by 
decreasing the number of denitrifies [84]. Because CO2 is a biogenic gas, 
it is usually not taken into consideration when assessing global warming 
potential. Quantifying CO2 emissions is still important for comprehen
sively understanding carbon cycling in BSFL bio-treatment. During the 
treatment process, the primary gaseous product is CO2, which can 
indicate the metabolic activities of BSFL and microorganisms [85]. The 
BDFL gas emissions are represented in Fig. 4. According to the results of 
available studies, BSFL produces 2–40 kg CO2 ton− 1 of waste, <1 × 10− 6 

kg CH4 ton− 1 of waste, <1 × 10− 6 kg N2O ton− 1 of waste [86], and 3–4 
× 10− 3 kg NH3 ton− 1 of waste emissions [87].

In all the treatments, the CO2 emission rate first increased, then 
decreased, and then eventually became relatively stable; Since the CO2 
emitted during BSFL biowaste treatment is biogenic, it is not expected to 
have a considerable impact on the greenhouse effect [88]. Hence, only 
CH4 and N2O were considered. The GWP of CH4 was taken to be 25- and 
that of N2O to be 298-fold, compared with that of CO2 (GWP = 1). 
During the process, the total GHG emissions varied from 0.09 to 0.50 kg 
CO2-eq per ton of dry waste (Fig. 5). Composting aerobically produces 
lower levels, to dispose of waste O2 from food waste degradation, BSFL 
bio-waste treatment should be strongly suggested. Therefore, for every 
kilogram of food waste treated the total GHG emissions were 96 g CO2. 
In contrast, the emissions of major GHGs (CH4 and N2O) were equivalent 
to 0.38 kg CO2-eq per ton of waste treated [89]. Few studies focus on the 
sustainability of BSFL treatment of wastes. Mertenat et al. and Ermolaev 
et al. found that assessing the environmental sustainability of the waste 
treatment method using BSFL requires investigation of direct GHG 
emissions and carbon and nitrogen recycling during treatment, for 
which further exploration based on multiple raw material and process 
parameters is needed.

Comprehensive Table 1 contains the selected criteria for deciding on 
the effectiveness and practicality of applying the technology under 
specific conditions. Indeed, in addition to the GHG emissions and pol
lutants produced from each process (Table 2), shareholders, entrepre
neurs, politicians, and decision-makers must consider the cost of 
processing per ton of waste, processing time, etc.

4. Discussion

Detailed information on emissions from the most common technol
ogies demonstrates that the environmental issue is not completely 
solved. This means that by trying to resolve the waste accumulation 
challenge, the world faces another problem - global warming due to 
greenhouse gas GHG emissions. Numerous studies confirm this 
complication. Consequently, in the last two decades, the research liter
ature on waste management technologies like landfills, pyrolysis, and 
anaerobic digestion (AD) has been actively growing. At the same time, 
authors emphasize the negative sides of these technologies as illustrated 
in Fig. 6 and Fig. 7, particularly AD and landfills, which have the highest 
GHG emissions. Consequently, achieving a positive impact in ensuring 
ecological safety is impossible. Regarding pyrolysis, the significant CO2 
emission and the high cost of waste processing are clearly evident from 
the literature (Table 1).

There has been a gradual and moderate increase in research on 
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gasification, composting and incineration technologies. These technol
ogies differ in producing mainly NO2 and NH3 (gasification) and CO2 
(composting and incineration). Limited studies have been published for 
HTC, torrefaction, and BSFL technologies. Moreover, significant publi
cations started to appear only in the last 12 years. No such studies were 
found until 2009. Among them, the number of BSFL studies has show 
moderate growth. Compared to HTC ($117/ton) and torrefaction 
($164/ton), BSFL technology has the lowest waste processing cost of 
$6–16/ton (Table 1). At the same time, the BSFL technology is contra
distinguished by the absence of the formation of CH4 and N2O and the 
low production of CO2 and moderate NH3 emissions. Such advantages 
make it possible to list BSFL among those innovative technologies that 
deserve further investigation and practical development.

4.1. Impact of waste management on climate change

As a result of our energy production, product consumption, and 
irresponsible waste management; carbon-based particles from the 
burning petroleum products are released into the atmosphere and 
directly contribute to climate change. Consequently, the air temperature 
increases, resulting in the devastating greenhouse effect [134]. Multiple 
GHGs are released into the atmosphere during waste disposal and 
treatment, contributing to global warming. It has been determined that 
direct and indirect emissions from waste treatment, recovery, and 
disposal activities substantially contribute to climate change [135]. 
Specific contaminants are produced even when garbage is recycled 
(even though the reduction in fossil fuel consumption due to the utili
zation of recycled materials offsets the environmental impacts associ
ated with obtaining new raw materials). Transforming recycled 
materials into a marketable end product and replacing recycled items 
with raw materials severely impact the environment. Given the above, it 
can be argued that improperly handling of MSW contributes to serious 
negative environmental consequences.

The GHG such as CH4, N2O, and CO2, are generated in considerable 
quantities by anaerobic digesters. During the production and utilization 
of biogas, both combustion processes and diffuse emissions contribute to 
releasing dangerous compounds and air pollutants. Regarding CO2, 
biogas combustion results in the effective oxidation of CH4 and con
version to CO2 at 83.6 kg per GJ [136] (taking into account biogas 
composition containing 65 % and 35 % CH4 and CO2, respectively). This 
pollutant is also emitted during the handling and storage of biomass 

during the processing of digestate. CO2 is regarded as biogenic and is 
ascertained to not affect the climate when produced as a byproduct of 
biogas combustion or the emission of digestate. The most concerning air 
pollution associated with direct emission from the biogas combustion 
are the nitrogen oxides (NOx) levels. Overall, a conversion to bio- 
methane production can potentially cut GHG emissions and improve 
air quality. However, questions have been expressed concerning the 
sustainability of CH4 losses in the off-gas. Composting is the primary 
source of CH4, CO2, CO, N2O emissions (60–70 %) and NH3, H2S, and 
VOCs emissions (>90 %) [53]. When compost is applied to edible plants, 
the risk of contamination becomes a significant concern. Air and water 
are two of the most significant environmental components that might be 
damaged by composting waste. Some of these gases, like NH3, CH4 and 
N2O, have environmental consequences and may be regulated.

The landfill’s CH4 emissions are the waste industry’s most significant 
GHG emissions, producing around 1500 Mt. CO2-eq. In landfill waste, 
microbes consume organic carbon, creating decomposition. As bacteria 
break down organic molecules over time, CH4 (about 50 %), CO2 
(approximately 50 %), and other gaseous compounds (1 %) are pro
duced [137]. Methane-producing microorganisms thrive in landfills 
when rubbish is buried, and deposits are covered with impermeable 
material. Temperature, humidity, and the availability of optimal nutri
ents (organic waste) result in enhanced biochemical activity and landfill 
gas generation [138]. As a result of bacterial activity, even after waste 
disposal ceases, carbon breakdown in landfills continues to produce 
emissions. As chemical and metabolic processes need time, only a 
limited proportion of a waste’s carbon is released during the first year of 
treatment [139]. After landfills, incineration, which contributes to 
around 70 Mt. CO2-e generated for one year, is anticipated to be the next 
largest contributor to GHG emissions in the management of solid wastes 
[140]. CH4, CO2, and N2O emissions are generated by the combustion of 
the facility’s fuel generation, heat and power consumption, and material 
manufacture. Incinerators discharge more toxins and pollutants, nega
tively affecting regional air quality [141]. Producing electricity from 
trash incineration generates much higher GHG emissions than conven
tional techniques, like natural gas (340 g CO2eq per kWh). Incineration 
is thus clearly not an environmentally friendly alternative [142].

Regarding pyrolysis, nine times more GHG emissions are produced 
by this process than by mechanical recycling. Besides ash, char, and air 
pollution, these facilities create synthetic gases and oils owing to the 
absence of oxygen and severe temperatures, thus endangering human 

Fig. 4. Gases emission from BSFL carbon and nitrogen metabolism.
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health and the environment [143]. The emission of harmful heavy 
metals into the environment due to pyrolysis leads to accumulation and 
growth of more hazardous materials [144]. The key to recovering cost- 
effective and clean energy from the pyrolysis of MSW is to address issues 
with the emission and generation of these pollutants [106]. In addition 
to mass-burn, water and air pollution, ash disposal, and other byprod
ucts, gasification operations pose several environmental concerns. 
Gasification produces CO2, H2, hydrocarbon oils, char and ash as 
byproducts [145]. These plants produce synthetic gases and lipids, 
consequently generating low-oxygen ash, char at high temperatures, and 
air pollution. The presence of gasification by-products gravely threatens 
human and environmental health.

The aims of biofuel research and development include the reduction 
of human-made CO2 emissions, improving the greenhouse effect, and 
mitigating of global [138]. The most efficient processes available to 
convert biomass into biofuels are thermochemical conversion processes, 
with torrefaction having the lowest global warming potential. Higher 
torrefaction temperatures result in the volatilization of phenol, acetone, 
and other pollutants, increasing the cleaning of flue gas difficulty [146].

4.2. Global policy and governance framework for sustainable waste 
management

Several policies are being implemented by developed and developing 
countries to mitigate the harmful impacts of industrialization and ur
banization resulting in large amounts of waste. Still, these actions fall 
short of establishing effective procedures that adequately address the 
demands of society, especially when it comes to managing MSW, where 
numerous stakeholders must cooperate and a comprehensive plan of 
action is needed regarding targets and policies for sustainable cities 
[147]. This section of the article offers a short overview of the adopted 
policies and governance framework by various nations, such as the 
United States has shifted its focus to the prevention of pollution and 
conservation of resources as a result of the Resource Conservation and 
Recovery Act (RCRA; substantially amended in 1984), the Pollution 
Prevention Act (amended in 2002), and the Resource Conservation 
Challenge (2004) [148]. Although the RCRA lays out the basis for 
handling solid and hazardous waste, MSW is governed by local ordi
nances. Emission reduction of GHG, management of hazardous chem
icals, and conservation of natural resources are all part of the United 
States’ current waste management strategy [149]. The Strategic Plan for 
2010–2014 was developed following the Pollution Prevention Act 
[150]. Netherlands and Norway embraced an early, all-encompassing 

Fig. 5. Composition and emission analysis of GHGs from waste management technologies. Letters on the row indicate A) CO2 (Total: 20.48 102 kg/ton of waste); B) 
CH4 (Total: 948.49 10− 6 kg/ton of waste); C) N2O (Total: 20.94 10− 6 kg/ton of waste); D) NH3 (Total: 12.78 10− 3 kg/ ton of waste).
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Table 1 
Cost per ton, substrate reduction and process parameters.

Technology Substrate Volume 
Reduction

Moisture 
Content

Process Parameters Time Cost/ 
ton

pH Energy Input Energy Output Process end-products

Anaerobic 
Digestion 
[90,91]

Food waste, Biosolids, 
Manure, agriculture 
waste and other 
Biodegradable organic 
waste,

30–70 % 60–80 % Temperature, pH, Hydraulic 
retention time, Organic 
Loading Rate, and sludge 
retention time

Mesophilic 
(15–30 days) 
Thermophilic 
(12–14 days)

$30–50 6.8–7.2 Sunlight and heating are 
required to maintain the 
temperature in winter

Produce 300 
kWh of energy 

per ton of 
waste

Biogas, Bio fertilizer, 
Energy-rich organic 
Compound, Landfill gases, 
CH4, 
CO2, H2S, CO

Composting 
[92–94]

Except persistent 
pollutants

60 % 40–60 % Temperature, MC, pH, carbon 
dioxide, oxygen, C/N ratio, 
nutrient content, volume 
reduction, bulk density, and 
water consumption

4–5 weeks $50 5.5–8.0 Microorganisms maintain 
the heat required for 
composting

Produce 4 to 
8 MJ heat per 

kg

Humus, CH4, NH2 and CO2

Landfill [95–99] Solid waste, household 
waste

95–96 % 64.5 % A bottom liner, a cover, a 
leachate collection system, 
and the natural hydrogeologic 
setting

30 days–50 
Years

28–67 € 3.7–6.5 Zero energy input 45 m3 LFG/ 
ton waste

Landfill gas,Biogas, CO2, 
CH4, N2O, Leachate, 
nitrogen, oxygen, ammonia, 
sulfides, hydrogen

Incineration 
[100–102]

MSW 80–90 % 40–60 % Feed rate (waste), 
temperatures of the Primary 
Combustion Chamber (PCC) 
and Secondary Combustion 
Chamber (SCC), fuel and 
combustion air consumption

Depending on the 
nature of waste

130 € 7.21–11.8 Waste-heat boilers and 
direct-contact water- 
spray quenches

500 to 600 
kWh of 

electricity per 
ton of waste

CO2 and water vapor, 
particulate matter, lead, 
mercury, dioxins, and furans

Pyrolysis 
[103–105]

Synthetic polymers 
and plastics

90 % <20–25 
%

Require absence of oxygen, 
temperature, time, heating 
rate, catalyst, size of biomass 
particles, and moisture 
content of biomass

~1 s to 1 day $0.2 
Million

5.52–10.10 20kw/h electricity 
required to process 1 ton 
of waste

Produce heat, 
bio-oil, and 

Biochar.

solid (charcoal, Biochar), 
liquid and non-condensable 
gases (H2, CH4, CnHm, CO, 
CO2, and NHx), light alcohols, 
aldehydes, ketones, and 
organic acids

Gasification 
[106–108]

Organic carbonaceous 
feedstocks

Up to 95 % 5–35 % Temperature, gasifying 
medium like equivalence 
ratio, residence time, reactor 
types, air stoichiometric ratio

<1 h $40–80 4–10 4–6 MJ/Nm3 12–28 MJ/ 
Nm3

H2, CO, CH4, CO2, light 
hydrocarbons, syngas, water 
vapors, N2, ash and tar

Hydrothermal 
Carbonization 

[109,110]

Organic waste and 
residual biomass

Up to 90 % 
%

75–90 % Temperature, residence time, 
water-to-feedstock ratio, pH, 
pressure

60 min $117 2–12 HTC requires 20 % of the 
electrical energy and 
approximately 70 % of 
the thermal energy as 
input

13–30 MJ/kg Hydrochar, coal tar, fuel oils,

Torrefaction 
[111–114]

Pine, ash wood, 
Miscanthus, wheat 
straw, etc.

Up to 90 % 20–50 % Reaction temperature, 
Heating rate, reactor 
environment, atmospheric 
pressure, residence time

2 min to 1 h $164 5.0–9.0 5.2 to 14.1 MJ/kg 18–24 MJ/kg Biochar, Solid coal fuel, CO2, 
CO, H2O

Liquefaction 
[115–117]

Microalgae – >80 % low temperature, high H2 

pressure
1–180 min $125 4.0–6.2 The liquefaction process 

uses 100 MJ/kg of heat
Output 

products are 
used as a heat 

source

Bio-oil, Biochar, C, N, and P 
nutrients

Black soldier fly 
larvae 

[118–120]

All most 
everything

75 % 60–75 % Temperature, Moisture 
content, pH, Waste ratio, Light 
intensity, humidity, salinity

4–5 weeks $6–16 5.6–8.0 Lower energy 
consumption

BSFL acts as 
an energy 

source

Humus, biodiesel, protein, 
grease, CO2, BSFL frass and 
waste leftovers

-:no value available.
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approach to waste management, with trash being controlled within the 
broader context of environmental protection laws (the Environmental 
Management Act of 2002 in the Netherlands and the 1982 Pollution 
Control Act and 2004 Waste Regulations in Norway) [151]. Since 
joining the European Union, Poland, Estonia, Hungary, the Czech Re
public, and Slovenia have all revised their waste laws.

In contrast, several laws governing waste management in Colombia 
and Israel might lead to loopholes or discrepancies. Recent advance
ments in the control of hazardous waste are examples of how Colombia’s 
waste laws have progressed over the last several decades to include most 
elements of waste management [152]. In the same way, the Council of 
Australian Governments (COAG) adopted Australia’s first national waste 
management plan in 1992 as part of the national strategy for ecologi
cally sustainable development, which aimed to increase resource effi
ciency, decrease the adverse environmental impacts of waste disposal, 
and improve manage hazardous wastes by preventing their production 
and finding solutions to clean them up [153]. Thus, a waste manage
ment policy can be built, as shown in Fig. 7, aligning with the successful 
policies of some countries described below.

To promote responsible material recycling and avoid contamination 
from dangerous chemicals in such wastes, the European Union passed 
the Directive on Waste Electrical and Electronic Equipment and the 
Directive on the Restriction of Hazardous Substances (RoHS) in 2002 
[154]. There is now a landfill tax in place in the United Kingdom, and it 
will grow from its current rate of 40 GBP (Great British Pound)/t to 180 

GBP/t in 2023. In Italy, approximately 15 % of municipalities, encom
passing 29 % of the country’s total population, are presently covered by 
this kind of system that employs economic measures, such as a unit- 
based fee system where a management fee is paid based on the 
amount of waste discharged [2].

Waste Disposal and Public Cleansing Law (amended in 2010) and 
Law for the Promotion of Effective Utilities of Resources (2001) is the 
primary law governing the recycling of waste materials in Japan [155]. 
In addition, 2001, the Law on Promoting Green Purchasing was passed 
to encourage the public sector to buy recycled goods. The Waste Man
agement Act (as revised in 2007) and the Act on Promotion of Resources 
Saving and Recycling form the backbone of Korea’s waste management 
legal system (amended in 2008). Neighborhood opposition to devel
oping waste treatment plants in Korea was the primary impetus for 
adopting 3R rules (Reduce, Reuse, Recycle). Requirements for trash 
recycling, a deposit system, and incineration and disposal regulations 
were all enacted under the Waste Management Act’s 1991 full-text 
amendment [156]. The basic plan for material reuse, the fee system 
for waste treatment, rules on using one-way packaging and goods, and 
extended producer responsibility are all laid out in the Act on Promotion 
of Resources Saving and Recycling [157].

The Environmental Protection Law of the People’s Republic of China 
(1989) is the foundational piece of environmental legislation in China. 
There was a change to the Environmental Pollution Prevention and 
Control Law regarding solid waste in 2005 [158]. It mandated not just a 

Table 2 
Primary, secondary pollution and greenhouse gasses emission by mismanagement of waste.

Technology Primary Pollutant Secondary Pollutant GHG Atmospheric Pollution Water Pollution

Anaerobic 
Digestion [121]

– – CH4, CO2, N2O NOx, CO, SO2 Phosphorus

Composting [122] – – O2, CO2, CH4, 

NOx, N2O, NH3

NH3, CH4, N2O, 
Odors and Dust

Leachate, NO3 
− , NH4 

+, 
organic compounds and PO4

3−

Landfill [123–127] nitrogen, oxygen, ammonia, 
sulfides, hydrogen

Polycyclic Aromatic Hydrocarbons N2O, NOx, NH3, 
CH4, CO2

CO, NOx., SO2 Heavy metals

Incineration 
[113,128]

Cadmium, lead, mercury, 
chromium, arsenic, and beryllium

Particulate matter, metals, acid gases, 
oxides of nitrogen, and sulfur

CH4, CO2, N2O, 
NOx, NH3

Dioxins, furans Dioxins, lead, and mercury

Pyrolysis [77,129] Higher hydrocarbons – CH4, CO2, CO, 
N2O, NH3

CO, NOx, SO2 –

Gasification 
[130,131]

– hydrocarbon oils, char, and ash CH4, N2O, NH3, 
CO2, CO, H2

NOx, SO2, CO, PM 
(Particulate matter)

–

Torrefaction [132] – – CO2, CO, CH4, 
NH3, N2O

N2O, NOx, PM Hg, Cl−

BSFL [,133] – – CH4, CO2, NH3, 

N2O
Larva frass and waste leftovers

Fig. 6. Atmospheric, soil, and water chemistry change by mismanagement of waste.
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decrease in the volume of the garbage but also the dangers due to waste 
by instituting 5R regulations, which adds “Refuse” and “Rethink” to the 
3R, for MSW, industrial, and hazardous wastes [159]. In 2008, China 
passed the Circular Economy Promotion Law, the country’s guiding 
legislation for waste management and recycling. Inadequate resources, 
inefficient use of recycled materials, and a national policy of solving the 
issue of resource depletion, together with the need for sustainable eco
nomic development, all contributed to the passing of the Circular 
Economy Promotion Law [160]. To rephrase, China has increased its 

usage of recycled materials due to a severe scarcity of resources amidst a 
fast-expanding economy. To realize the full potential of the Circular 
Economy Promotion Law, it is necessary to improve recycling and waste 
treatment methods and the financial stability of businesses that rely on 
recycled materials [161]. Although the issue of resource depletion and 
sustaining fast economic expansion has been at the forefront of China’s 
waste management policy, the country’s environmental protection sys
tem regarding imported recycling materials also needs changes [162]. 
Moreover, actions have to be taken against the rise in MSWthat has 

Fig. 7. Proposed policy framework for sustainable waste management inspired by international strategies.
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resulted from urbanization and rising incomes. The End-of-Life Vehicles 
(ELV) Recycling Law (2001) and the Waste Management Ordinance 
(2009) were enacted to facilitate this goal [163]. Due to China’s enor
mous rise in automotive manufacturing, ELV is expected to skyrocket 
shortly. Nonetheless, the ELV Recycling Law prioritizes the prohibition 
of unlawful remodeling, maintains vehicle safety, and encourages new 
models with the environmentally friendly features above, assuring good 
waste management [164].

The Environmental Protection Law (as revised in 2005) is Vietnam’s 
primary environmental law and supersedes any conflicting regulations 
on trash disposal. The system for handling trash was put in place by the 
decree on Solid Waste Management (SWM), which mandates safety 
precautions to be taken while dealing with garbage [165]. To reduce the 
need for landfills and hence the use of land, the decree requires 
comprehensive waste management that places a premium on recycling, 
reusing, treating and recovering garbage [166]. Garbage collection, 
transportation and treatment fees range from 40,000 VND (Vietnamese 
đồng)/t for MSW) to as high as 6,000,000 VND/t for hazardous waste. 
According to the national strategy for integrated SWM sets goals for 
Vietnam between 2025 and 2050 [167], in urban regions, all solid 
wastes from commercial operations and all hazardous and nonhaz
ardous wastes from industrial sectors must be handled ecologically 
responsibly. In contrast, 90 % of all construction and MSWs must be 
collected in suburban areas for solid wastes, promoting 3R policies and 
using modern and ecologically sound procedures to reduce the quantity 
of ultimate disposal.

The African Waste Management Strategy (2019) and the African 
Circular Economy Alliance Framework (2020) provide the continental 
policy foundation for sustainable waste management, emphasizing cir
cular economy principles and resource efficiency. Morocco has made 
significant legislative progress aligned with these frameworks, notably 
through its National Household Waste Recovery Program (PNVDM) 
launched in 2023, which aims to increase municipal solid waste recy
cling rates from 7 % in 2020 to 25 % by 2034 [168]. Supported by a 
$250 million World Bank financing package, Morocco is upgrading 
waste recovery infrastructure, closing uncontrolled dumpsites, and 
promoting waste-derived fuels in cement plants to reduce landfill de
pendency. Technologies in use include waste sorting centers, bio
methanation for organic waste, and advanced landfill management 
[169]. Organic waste constitutes up to 70 % of total waste in some re
gions, with current recycling and treatment rates reaching approxi
mately 63 % of total waste processed, reflecting a major focus on organic 
waste valorization. The government also targets expanding operational 
sorting centers from 15 by 2025 to 25 by 2030 to strengthen the sorting- 
recycling-recovery system [170].

In Europe, waste management practices are underpinned by 
comprehensive legislative frameworks and advanced technological 
systems, with countries such as France, Belgium, and Germany 
demonstrating exemplary models. France’s approach is structured 
around key legislative instruments, notably the Waste Elimination Law 
of 1992 and the 2015 Energy Transition for Green Growth Law, which 
mandates a 10 % reduction in household waste relative to 2010 levels 
and sets a target of recycling 55 % of municipal waste by 2025 [171]. 
The integration of automated pneumatic waste collection systems, 
particularly in Paris and neighboring municipalities, has significantly 
reduced waste collection-related emissions and traffic congestion by up 
to 80 %, serving over 36,000 residents. As of 2023, France achieved a 
municipal waste recycling rate of 42.2 %, with plans to implement 
nationwide separate collection of biowaste by 2025 to enhance organic 
waste valorization. For example, Belgium’s waste governance is char
acterized by stringent regional regulations, including the Brussels Cap
ital Region Waste Ordinance, which mandates source separation and 
selective collection of priority waste streams. The country reported an 
80 % recycling rate for packaging waste in 2022, with particularly high 
recycling rates for glass (98 %) and metals (96 %) [172]. The widespread 
deployment of organic waste converter machines and composting 

systems at both municipal and community levels supports efficient 
biowaste management and contributes to the development of a circular 
economy. Additionally, Germany operates within a highly structured 
regulatory environment, guided by the Circular Economy Act and the 
Closed Substance Cycle and Waste Management Act [174]. These 
frameworks enforce waste separation and operationalize the waste hi
erarchy of prevention, reuse, recycling, and energy recovery. Germany’s 
municipal waste recycling rate exceeds 66 %, with residual landfilling 
limited to approximately 1 %. The Green Dot system plays a critical role 
in incentivizing the design and use of recyclable packaging materials. 
Furthermore, the country employs state-of-the-art sorting technologies 
and AI-driven analytical tools to optimize material recovery processes. 
Organic waste treatment through anaerobic digestion and composting 
transforms food and garden waste into biogas and high-quality compost, 
thereby facilitating resource circularity.

5. Conclusion

Sustainable waste management is a critical component in addressing 
environmental degradation and mitigating environmental pollution and 
reducing greenhouse gas (GHG) emissions. This review has compara
tively assessed various waste management technologies, emphasizing 
their respective environmental impacts. Landfilling remains the most 
environmentally burdensome, primarily due to its high GHG emissions, 
followed by composting and anaerobic digestion, while thermochemical 
processes such as incineration, pyrolysis, and hydrothermal carboniza
tion (HTC), while effective in volume reduction, generate secondary 
pollutants and may degrade the quality of residual products like 
compost. Among these, black soldier fly larvae (BSFL) treatment has 
emerged as a promising and sustainable strategy for organic waste 
valorization. By effectively reducing emissions of N₂O, NH₃, and CH₄, 
BSFL processing significantly reduces emissions of CH4, NH₃, and 
particularly N2O, thereby offering a lower environmental footprint 
while generating protein-rich biomass and nutrient-dense by-products 
that align well with the principles of a circular economy. Current data 
suggest that BSFL can reduce organic waste volume by approximately 
33.3 %, supporting its potential for large-scale application. However, 
critical knowledge gaps remain concerning the influence of substrate 
composition, larval density, and rearing conditions on GHG emission 
profiles, especially for nitrous oxide (N₂O). Future research should 
emphasize real-time gas monitoring, standardized experimental pro
tocols, and advanced analytical techniques to improve emission esti
mates and enhance the sustainability of BSFL-based waste treatment. 
Elucidating the mechanistic pathways of gas generation will be essential 
for optimizing BSFL systems and ensuring their alignment with inter
national climate mitigation goals and sustainable development 
frameworks.

Justification for another review on this topic

Despite the existing reviews on biowaste management technologies, 
most focus on individual methods rather than a holistic comparison of 
their environmental footprints. Moreover, limited reviews integrate 
emerging technologies such as BSFL, hydrothermal carbonization, and 
microbial fuel cells into a comparative framework. Our review offers a 
fresh perspective by: 

• Providing a comparative environmental impact assessment based on 
empirical data.

• Addressing key research gaps in sustainable biowaste management.
• Highlighting emerging technologies with high potential for circular 

economy integration.
• Offering actionable insights for policymakers and researchers to 

optimize waste valorization strategies.

Given the rapid evolution of waste management technologies and the 
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growing global emphasis on climate change mitigation, this review 
aligns with the objectives of Environmental chemistry and ecotoxicology in 
advancing environmental sustainability research.
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D. Roberts, Climate Change and Land: An IPCC Special Report on Climate Change, 
Desertification, Land Degradation, Sustainable Land Management, Food Security, 
and Greenhouse Gas Fluxes in Terrestrial Ecosystems, 2019.

[19] L. Feng, A.J. Ward, V. Moset, H.B. Møller, Methane emission during on-site pre- 
storage of animal manure prior to anaerobic digestion at biogas plant: effect of 
storage temperature and addition of food waste, J. Environ. Manag. 225 (2018) 
272–279, https://doi.org/10.1016/j.jenvman.2018.07.079.

[20] R.T. Weligama Thuppahige, S. Babel, Environmental impact assessment of 
organic fraction of municipal solid waste treatment by anaerobic digestion in Sri 
Lanka, Waste Manage. Res.: J. Sustain. Circul. Econ. 40 (2022) 236–243, https:// 
doi.org/10.1177/0734242X211013405.
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K. Orupõld, T. Pająk, F.-G. Simon, L. Svecova, M. Šyc, R. Ulvang, K. Vaajasaari, 
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