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Preface 

This book exclusively focuses on anthropogenic activities responsible for environ-
mental hazards, their compensation, and possible mitigation. The book highlights 
the recent anthropogenic activities which have caused major damage to the environ-
ment and led to climate change issues. With rapid demand for resources and 
expandable habitats causing great damage to the environment, new prospects in 
dealing with natural resources and also introspection on the human actions are 
needed, will be explained in this book. The existing anthropogenic environmental 
hazards will be discussed in detail, along with the environmental compensation and 
proper approach to mitigate environmental issues. This book is a collation of invited 
chapters from experts who are working in the identified areas of mining and disaster 
management, policymakers, and those in the environmental mitigation field. 

This book is a resource material for scholars, researchers, academicians, and 
policymakers who are taking action to build environmental sustainability and ensur-
ing a sustainable future. Strata of topics have been included with an objective to 
cover the maximum aspects of future energy mix. 

The noteworthy structures of this book are associated with environmental haz-
ards, the pros and cons of resources, environmental compensation, and mitigation to 
recover resources without harming the environment. Chapters 1 and 2 deals with 
assessing the environmental hazards due to metal mining and the transformation 
needs of urban mining and resource recovery. Chapters 3 and 4 emphasize metal 
recovery through secondary resources to compensate for environmental hazards 
supported by government policies. Chapters 5 and 6 focus on hazards from industrial 
waste and recovered metals from phytoremediation techniques. Chapter 7 gives 
attention to environmental sustainability while using industrial by-products such as 
flyash to reduce environmental burden and generate resource materials. Chapters 
8 and 9 discuss mismanagement and sustainable management of municipal solid 
waste to bring environmental and economic sustainability. Chapter 10 describes 
environmental hazards and their mitigation due to biomass waste. Furthermore, 
collaborative governance and non-monetary compensation mechanisms for sustain-
able forest management and fire mitigation are discussed in Chap. 11.
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vi Preface

Nevertheless, all the chapters in this volume will convey deep knowledge. 
On the whole, the material composed in this book will bring in-depth under-

standing and extension of knowledge of the environmental hazards and their asso-
ciated mitigation done in the recent past. Dr. Pankaj Pathak, Dr. Rajiv R. Srivastava, 
and Dr. Sadia Ilyas individually acknowledge the authors and reviewers for contrib-
uting to their valuable time, knowledge sharing, and their interests to bring this book 
into the present shape. 

Guntur, India Pankaj Pathak 
Da Nang, Vietnam Rajiv Ranjan Srivastava 
Seoul, South Korea Sadia Ilyas
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Risk Assessment from Primary Mining 
of Precious Metal (Gold) and Possible 
Mitigation Route 

Sadia Ilyas, Hyunjung Kim, Pankaj Pathak, and Rajiv Ranjan Srivastava 

Abstract Mining is an important activity at the present time that causes severe 
environmental stress. The heavy metals (metalloids) easily released into the envi-
ronment, surface water and groundwater contamination, and soil and air pollution 
are also potential risks to human health. Due to the stringent environmental rules and 
global thirst for achieving Sustainable Development Goals, human negligence 
cannot be affordable in the long run. It is time to recognize the need for people 
connected with safe and sustainable mining activities of lucrative precious metals 
like gold. Therefore, in this chapter, we assess the risks caused by the primary 
mining of gold and discuss mitigation routes involving various factors. 

Keywords Precious metals · Artisanal gold mining · Amalgamation · Cyanidation · 
Acid mine drainage · Hazard index · Mining environmental liabilities 

1 Introduction 

Mining is related to the exploration of valuable geological minerals from the Earth 
and/or other astronomical sources that essentially cannot be grown by agriculture 
(Ilyas et al. 2021). For example, the exploration of coal, metals, gemstones, rock salt, 
oil shale, clay, petroleum, natural gas, etc. comes under mining activities. Among 
these, metal-related mining activities are one of the most important as they cater to
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our 24-hour needs (Ilyas et al. 2018). In general, the mining of minerals can be 
divided mainly into five stages: mining, crushing, grinding, ore concentration, and 
dewatering (Srivastava et al. 2023). The typical operations in any mining activities 
carried out at a standard condition are illustrated in Fig. 1. From these activities, 
mainly two types of waste are generated: waste rock piles (tailings) and wastewater. 
Wastewater is discharged from either the underground runoff water or the used water 
in grinding and ore separation, whereas tailings are produced from the grinding and 
ore separation processes and go to the tailing management facilities (Global Tailing 
Review 2020). In most cases, tailing dams are mining legacies that release poten-
tially toxic elements (viz., Cd, As, Cu, etc.) into nearby water sources to be used in 
irrigation of agricultural land and sometimes uptaken by humans (Dong et al. 2020). 
Poor management of tailing waste has caused tailing dam failures in the past with 
catastrophic consequences (Grebby et al. 2021; Ouellet et al. 2022). Ideally, the 
wastewater should be recycled between the grinding, separation, and dewatering 
stages; however, it is not always easy to practice. On the other hand, the final product 
obtained after the mining activities, i.e., ore concentrates, is sent to the extraction and 
purification processes for the recovery of pure metals.

2 S. Ilyas et al.

Fig. 1 Schematic representation of typical mining activities at a standard condition 

Mining activities can have both positive and negative impacts on society and the 
environment during the ongoing mining process or after the abandonment of a mine, 
both in direct and indirect ways. Exploration, construction, and operation often cause 
land-use change to have negative impacts on the environment due to associated 
issues like deforestation, soil erosion, contamination of water streams and wetlands, 
an increase in noise pollution due to machining, and air pollution due to dust and



emissions (Cruzado-Tafur et al. 2021). Similarly, abandoned mines result in remark-
able environmental footprints like soil and water contamination (Ngole-Jeme and 
Fantke 2017). Beyond the mining activities, the built infrastructure like roads, 
railways, ports, electricity, etc. can affect the flora and fauna leading toward the 
migratory routes (Rapant et al. 2006). Nevertheless, mining has positive impacts in 
terms of employment generation, not only in mining itself but also in other sectors 
like transportation, metallurgical and chemical industries, and mushrooming local 
businesses for daily needs. The concerns over environmental risks and public health 
issues are greater because damage cannot be compensated. Up to some extent, 
remediation of the potential environmental impacts by means of ecological restora-
tion and wastewater treatment (Paniagua-López et al. 2021). As prevention is better 
than cure, the nations are trying to regulate the mining activities to control the 
damage; however, the full enforcement of regulations is always challenging. 

Risk Assessment from Primary Mining of Precious Metal (Gold) and. . . 3

The risk assessment of primary mining may be helpful to identify related issues, 
estimate the probability and severity of the consequences, and make strategies for 
environmental management (Cervantes Neira and Quito Quilla 2020). Accordingly, 
risk assessment is a process that comprises measuring the possible adversities 
resulting from the exposition of environmental stress, including the physical, chem-
ical, and biological entities responsible for damaging the ecosystem (USEPA 1998). 
Given that mitigation measures can be implemented to avoid, eliminate, and reduce 
the negative or improved impacts, such measures must be outlined in environmental 
and social impact assessments before major mining activities (Arranz-González et al. 
2021). The mitigation of environmental impacts in one system can influence other 
systems. For example, water or soil treatments are linked to the well-being and 
health of local inhabitants and biodiversity. A variety of technological advancements 
have been seen in the area of wastewater treatment and contaminated land (Cervan-
tes Neira and Quito Quilla 2020; USEPA 1998). In contrast, the mitigation routes 
designed to alleviate negative impacts on the environment and society may not 
always be effective (Haddaway et al. 2019). Indeed, the risk assessment from 
primary mining of precious metals and possible mitigation routes have been poorly 
focused, as has been the aim of this chapter. 

2 Risk Assessment 

Risk assessment is related to the analysis and mitigation of risks in the form of 
natural disasters and mining accidents in terms of their impacts on the environment 
and society. The natural hazards and disaster risks include earthquakes, landslides, 
floods, etc., whereas the mining industrial hazards typically involve mine sliding, 
dam failures, fire and explosions, water leakage, the release of hazardous chemicals 
or radionuclides, etc. In order to assess the risk, the following approaches are 
desirable (EIA Guidelines 2018):
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(i) Identifying the category of hazards and/or disasters from the historical 
available data 

(ii) Considering the case of climate change and its implications for frequency and 
consequences 

(iii) Estimation of spatial patterns, time, frequency, and intensity 
(iv) Identification based on project design and layout, use and handling of hazard-

ous substances from the case studies, available records, and media reports 
(v) Analyzing cause and effect and the probability of events 
(vi) Assessing the extent of damages by accounting for the layout and design of 

the project, exposure routes and environment, local inhabitants, etc. 
(vii) Calculating the overall risk and comparing it with the acceptable levels 
(viii) Identifying the need for mitigation measures 

2.1 Mercury Load in Fish 

Several routes exist for environmental risk assessment and modeling, along with 
their limitations and advantages (Kammen and Hassenzahl 2001). Determining the 
metal concentrations in fish and soil samples is simple to establish the safe-unsafe or 
maximum concentration level thresholds. Recently, Marcantonio et al. (2021) 
reported the mercury load in fish from a precious metal mine in Sierra Leone to be 
302 ppb. Although the sampled fish were mostly short-lived freshwater species, the 
Hg concentration was average for albacore tuna (FDA 2018). About 87% of fish 
samples exceeded in Hg concentrations the FDA recommended value of 
150–230 ppb for 2–3 meals/week consumption, whereas 15% of samples exceeded 
the zero meals/week threshold with >460 ppb Hg therein. The one-way ANOVA for 
Hg concentration and 95% confidence interval for the range of hazards index are 
shown in Fig. 2a, b, respectively. 

2.2 Heavy Metals in Soil 

The soils near the mining activities are always found to be severely contaminated 
with heavy metals and sometimes radionuclides as well, which pose potential risks to 
human health. The majority of soil samples near the primary mining of precious 
metals contain cobalt, chromium, lead, iron, and thorium in concentrations that 
exceed most established limits (as per Table 1). For example, the soils collected 
along the Pampana River in Sierra Leone (Africa) were analyzed to contain 115 ppm 
Th in comparison to the limit of 7.4 ppm (US-EPA 2019). Notably, the risk posed by 
heavy metals can be assessed by following the steps of the US-EPA (2014): 

(i) Hazard identification: a process that determines whether exposure to a stressor 
increases the likelihood of adverse health effects
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Fig. 2 Interval plots of testing for differences in Hg content in fish (a) and T-test results for greater 
probability of risk than EPA established noncarcinogenic risk acceptable risk: HI > 1 (b) (modified 
and adopted from the open supplementary source of Marcantonio et al. 2021) 

(ii) Exposure assessment: a process that estimates the quantity of heavy metal 
exposure to a human being 

(iii) Dosage-response assessment: a process that determines the human health 
problems associated with different uptakes of heavy metals
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(iv) Risk characterization: a process that determines the extra risk of health issues 
for the exposed population
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Table 2 Exposure parameters (SA-DEA 2010; US-EPA 2011) 

Parameter Unit Adult Child 

BW—body weight kg 70 15 

CF—conversion factor kg/mg 10-6 10-6 

ABS—dermal absorption factor n/a 0.1 0.1 

FE—dermal exposure ratio n/a 0.61 0.61 

EF—frequency of exposure days/years 350 350 

DE—duration of exposure years 30 6 

IRair—inhalation rate m3 /day 20 10 

IR—ingestion rate (IR) mg/day 100 200 

PEF—particulate emission factor m3 /kg 1.3 × 109 1.3 × 109 

SA—skin surface area cm2 5800 2100 

AF—soil adherence factor mg/cm2 0.07 0.2 

AT—average time (carcinogens) days 365 × 70 365 × 70 

AT—average time (noncarcinogens) days 365 × 30 365 × 6 

For the risk assessment, determining the average daily intake (ADI) is a vital 
factor, which is the intake value of a particular heavy metal from soil by any means 
of ingestion, inhalation, or dermal intake. ADIs are calculated using exposure 
parameters with respect to age, body size, respiration rates, etc. Hence, adults and 
children have different parameters, as summarized in Table 2 (SA-DEA 2010; 
US-EPA 2011). 

Thus, ADI for three different intakes (i.e., ingestion, inhalation, and dermal 
intake) can be calculated using the following equations: 

ADI ingestionð Þ  = 
C × IR×EF×ED ×CF 

BW ×AT
ð1Þ 

ADI inhalationð Þ  = 
Cs × IRair ×EF ×ED 
BW ×AT × PEF

ð2Þ 

ADI dermalð Þ  = 
Cs × SA × FE×AF ×ABS ×EF ×ED ×CF 

BW ×AT
ð3Þ 

Further, the noncarcinogenic hazards are characterized by a unitless hazard 
quotient (HQ) representing the probability of individual health adversity (US-EPA 
2014). It is the ratio of ADI and chronic reference dosage (RfD) of a heavy metal 
(given in Table 3) that can be written as below: 

HQ= 
ADI 
RfD

ð4Þ 

Furthermore, the hazard index (HI) for n number of heavy metals can be deter-
mined as the sum of all HQ for a soil sample as follows:



– –

8 S. Ilyas et al.

Table 3 The chronic reference dosage (RfD) of heavy metals in mg/kg-day (SA-DEA 2010; 
US-EPA 2018) 

Heavy metals Ingestion RfD Inhalation RfD Dermal RfD 

As 3.00E-04 3.00E-04 3.00E-04 

Hg 3.00E-04 8.60E-05 3.00E-04 

Cd 5.00E-04 5.70E-05 5.00E-04 

Cr 3.00E-03 3.00E-05 – 

Co 2.00E-02 5.70E-06 5.70E-06 

Pb 3.60E-03 

Ni 2.00E-02 – 5.60E-03 

Cu 3.70E-02 – 2.40E-02 

Zn 3.00E-01 – 7.50E-02 

Table 4 The cancer slope factors (CSF) are in mg/kg-day (SA-DEA 2010; US-EPA 2018) 

Heavy metal Ingestion CSF Inhalation CSF Dermal CSF 

As 1.50E+00 1.50E+01 1.50E+00 

Cd – 6.30E+00 – 

Cr 5.00E-01 4.10E+01 – 

Co – 9.80E+00 – 

Pb 8.50E-03 4.20E-02 

HI= 
n 

k = 1 

HQk= 
n 

k= 1 

ADI 
RfD

ð5Þ 

If HI < 1, heavy metal exposure is unlikely to cause health adversities. If HI > 1, 
the exposure may be concerning for potential noncarcinogenic effects. 

The carcinogen risk is the unitless probability of a person developing cancer from 
heavy metal exposure over a lifetime (US-EPA 2014). It can be determined as a total 
of the lifetime cancer risk of a person from the average contribution of the individual 
heavy metals for all the pathways as follows: 

Risk pathwaysð Þ  = 
n 

k= 1 

ADIkCSFk ð6Þ 

ADIk (mg/kg-day) is the average daily intake, and CSFk (mg/kg-day) is the cancer 
slope factor, respectively, for the kth heavy metal and the n number of heavy metals. 
The CSF values for the incremental risk of an individual developing cancer can be 
seen in Table 4. A total cancer risk can finally be calculated as the sum of each 
individual pathway and heavy metal for a given soil sample as follows: 

Risk totalð  Þ  =Risk ingestionð Þ þ Risk inhalationð Þ þ Risk dermalð Þ ð7Þ
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where Risk(ingestion), Risk(inhalation), and Risk(dermal) are the risks posed via by 
ingestion, inhalation, and dermal pathways, respectively. 

The exposure risk quantified by Marcantonio et al. (2021) revealed a higher 
hazard index value for the inhabitants living near the Lake Sonfon area of gold 
mining. They used heavy metal concentration and the hazard index (HI) to determine 
the noncarcinogenic risk to adults and children separately in wet and dry seasons 
(refer to Fig. 3 adopted and modified from Marcantonio et al. 2021). For adults, the 
mean HI was 36.8 and 28.8 in the wet and dry seasons, respectively, and 67.6 and 
54.1 for children. As per the US-EPA, a HI value greater than 1 represents excessive 
risk; hence, significantly high noncarcinogenic risks to both adults and children were 
observed. The results also revealed that HI risk greatly increases by going near the 
Lake Sonfon gold mine site. Furthermore, the evaluated values of carcinogenic risk 
(CR) causing cancer due to heavy metal exposure showed high risks closest to the 
gold mining area. Notably, the US-EPA guidelines state the threshold of 1 × 10-4 to 
10-6 ; however, the mean CR was found to be 1.01 × 10-3 and 9.42 × 10-3 for adults 
and children, respectively, indicating that the gold mining area is highly contami-
nated by heavy metal pollution with a great likelihood ratio. 

2.3 Mining Environmental Liabilities (MEL) 

On the other side, the Spanish Geological Survey proposed a simplified risk assess-
ment of abandoned mine sites to evaluate the mining environmental liabilities 
(MEL) through the associated determined probability (IP) and severity indices 
(IS) (refer to Fig. 4). For mine waste deposits, the risk assessment was performed 
by adopting the protocol designed by the Spanish Geological Survey (Alberruche del 
Campo et al. 2014), whereas in the case of other (i.e., non-waste) deposits, the 
methodology outlined in the Environmental Risk Assessment Guide of the Ministry 
of the Environment of Peru was followed (MINAM 2010). The cartographic infor-
mation was processed using Geographic Information Systems (GIS) through 
ArcMap 10.8.1 to identify the areas that represent a greater risk of affecting the 
flora and fauna. Such information gathering allows for better management actions in 
each evaluated area of concern. 

In the recent past, gold mines have gone deeper, encountering arsenopyrite-
bearing gold ores that inhibit the leaching process during gold extraction. The 
excavated ore undergoes amalgamation or cyanidation after the fine milling opera-
tion, which produces a large quantity of tailings. These tailings contain unbroken 
pyrites, which may lead to slow atmospheric oxidation (Naicker et al. 2003). Near 
Johannesburg in South Africa, the long exposure to oxygenated rainwater with the 
undisturbed tailings caused the oxidation of pyrite minerals up to 5 m below the soil 
surface (Marsden 1986). The sulfate produced via pyrite oxidation acidifies the 
groundwater and enters streams along with Witwatersrand, severely polluting the 
groundwater and soils. The gold-tailing impoundment in the Witwatersrand can
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Fig. 3 Noncarcinogenic hazard index, risk probabilities, and likelihood ratio evaluated at two 
seasons of wet and dry and determined for adults and children (red line showing the threshold lines 
as described by Marcantonio et al. 2021)



typically be understood by the scheme presented in Fig. 5 (Hansen 2015). Naicker 
et al. (2003) found that acid contamination in soil and groundwater varies seasonally. 
They found that the pH of the water near the mining area remains about 5.0, along 
with high concentrations of heavy metals and sulfate ions. This also leads to the 
precipitation of calcium as gypsum along the river banks.
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Fig. 4 Simplified schematic for the risk assessment of abandoned mining sites as designed by the 
Spanish Geological Survey (adopted from the open access source of Salgado-Almeida et al. 2022, 
MDPI) 

Fig. 5 A schematic of a typical gold-tailing impoundment in the Witwatersrand (modified and 
adopted from Hansen 2015 with copyright permission from Elsevier)
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3 Mitigation of Environmental Risks 

In order to avoid and/or reduce environmental impacts, designing mitigation mea-
sures is an imperative action. In the case of non-avoidable environmental impacts, 
the restoration and rehabilitation plan should be considered on a priority basis. 
Additionally, the impacts should be offset through programs to improve lands, 
water streams, and/or facilities to offset biodiversity impacts, along with providing 
the facilities or compensation to offset the societal and economic impacts. Table 5 
indicates the mitigation hierarchy for handling the environmental risks due to mining 
activities (EIA Guidelines 2018). As prevention is always better than expensive 
remediation, the proactive avoidance of negative impacts with precautionary steps is 
welcomed when the environmental consequences of mining activities can’t b  
predicted and thus reliably managed. 

A risk assessment study of MEL for their categorization and prioritization in 
gold-mining areas of Macuchi, Tenguel-Ponce Enriquez, and the Puyango River 
Basin in Ecuador, conducted by Salgado-Almeida et al. (2022), revealed that the 
impacts are mainly associated with artisanal and small-scale gold mining. Lack of 
regulations in many illegal mining activities (Rivera-Parra et al. 2021) has caused 
MEL accumulation. The same accumulation has facilitated the transportation of 
pollutants in different environmental compartments to spread severe anthropogenic 
contamination (SENAGUA 2011). 

Table 5 Mitigation hierarchy for mining activity 

Measures Hierarchy Actions 

Avoid • Mine site selection

• Transportation corridor alignments

• Mining layout for the facilities 

Reduce • Minimize the pollution and waste generation

• Reduce the land take and disturbance

• Limiting the use of water and energy 

Restore and 
rehabilitate

• Exploration drilling sites

• Rehabilitation of disturbed areas

• Restoration of abandoned mines (vegetation, trees, 
wildlife, etc.) 

Offset • Provide facilities to offset societal and economic 
impacts 

Enhance • Community development programs for social benefits
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Table 6 Categorization of priority area and proposed strategies for the pollution control under the 
mining environmental liabilities (MEL) 

MEL Proposed actions 

Landfilling Covering, sealing, and revegetation of deposits; physiochemical stability 
control and monitoring plan; water, soil, sediment, biotic component, and 
stability control 

Mining galleries Physiochemical stability control and monitoring plan; implementation of 
geoparks and museums, plugging of higher-risk mine entrances/galleriesMine entrances 

Tailing deposits Resource utilization of mine tailings; covering, sealing, and revegetation 
plan near the tailing ponds; water, soil, sediment, biotic component, and 
stability control 

Abandoned 
infrastructure 

Construction of a community meeting place; water, soil, sediment, biotic 
component, and stability control 

Mineral processing 
plants 

Control and monitoring of chemical stabilization of soils; dismantling 
infrastructures 

Alluvial terrace Restitution of flora and fauna; treatment of water bodies; physiochemical 
stabilization of tailings/riverbanks 

Quarries Physiochemical stability of soils; revegetation; water, soil, sediment, biotic 
component, and stability control 

Table 6 belongs to the strategies and actions proposed for MEL management to 
mitigate the high risk for the flora and fauna (Salgado-Almeida et al. 2022). Puyango 
and Tenguel-Ponce Enriquez have been identified as priority control areas and 
urgently require a solid restoration and rehabilitation plan. To ensure the ecological 
restoration of the abandoned mine sites, actions like phytoremediation (Lam et al. 
2017; Vela-García et al. 2019) and the creation of geoparks in low-risk areas (Franco 
et al. 2020), along with a continuous control and monitoring plan, could ensure the 
identical recovery and restitution of the land. In the entire restoration process, the 
collaborative efforts of different parties that involve mining companies, mine plan-
ners, investing organizations, local bodies, and societies (Popovic et al. 2015 are 
greatly required to achieve the Sustainable Development Goals. Lack of which may 
lead to an inefficient output. For a sustainable handling of mine tailings, their 
reutilization in metal recovery and reuse in other forms, like in the construction 
industry to fabricate bricks, cement, and ceramic materials, can lead toward a 
circular economy (Srivastava et al. 2023). Finally, a risk communication plan must 
exist to reduce exposure to potentially hazardous materials. 

In order to respect human rights as a fundamental operating principle for mine 
workers and other actors as well, a typical compliance program can be designed as 
depicted in Fig. 6. In accordance with the Sustainable Development Goals, leading 
from the top and embedded throughout the organization, shared learning, partner-
ship, and collaboration are the key factors to mitigate the negative impacts and 
ensure close monitoring of the mining activities.
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Fig. 6 The compliance program based on the Barrick Gold practicing 

4 Mitigation of Water Pollution Risks 

In addition to the large-scale mines, about 15%–20% of gold is extracted by artisanal 
and small-scale miners without any facilities or mechanical supports. Due to their 
informal activities, they often do not follow safety and environmental regulations, 
mainly resulting in cyanide and mercury pollution of water bodies and soils (Ilyas 
and Lee 2018). Even the highly toxic cyanidation is an industrial process of gold 
production, whereas the artisanal miners use mercury for dissolving the gold traces 
from the collected mud, soil, and rocks. As an estimate, about 140 kg of cyanide and 
a massive consumption of 700 tons of water are required to produce 1 kg of gold 
(Mudd 2007). The leached cake or slurry often contains waste rocks with heavy 
metals like arsenic and copper (biodegradation paper), which are stored either in 
open dumping or within a dam. On the other side, it is estimated that more than 2000 
tons of mercury have been released into the Amazon River since the 1980s from 
mining activities (Malm 1998). Porcella et al. (1997) additionally claim to release 
460 tons of mercury per year from small-scale mining alone. Arsenic is another 
toxicant of greatest concern because of its carcinogenic potential (RAIS 2021). As 
concentration in freshwater varies in the range of 0.15–0.45 μg/L (Singh et al. 2015), 
which can exceed in mining environments (Guzmán-Martínez et al. 2020). For 
example, the Central Andes region of Peru contains 14–23 μg/L of arsenic (Custodio 
et al. 2020), artisanal gold mine areas of Colombia contain 0.6–52 μg/L arsenic 
(Alonso et al. 2020), and mine sites in Slovakia contain 0.5–103 μg/L arsenic 
(Rapant et al. 2006).
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Fig. 7 Comparing the past and current mine water treatment practices with the future proposed 
digitized management of mine water (modified and adopted from More et al. 2020 with copyright 
permission from Elsevier) 

Therefore, an effective treatment of mine water, especially in abandoned mines, is 
desperately sought. However, the current practices of mine water treatment are not 
ideal as they are based on the composition and volumes of water entering the plant 
(refer to Fig. 7a). It means that the treatment plant needs to react instantly whenever 
the volumes or chemistry of mine water change (More et al. 2020). Usually, no 
interaction is observed between water inflow into the mine, technological changes 
within the mine, water analyses, and outflow of treated water (More and 
Wolkersdorfer 2019). Here, the application of digital technologies can have a timely 
response by interacting with the factors involved, proving the need for a technolog-
ical solution (as shown in Fig. 7b). 

The polluting effect of acid mine drainage is particularly pronounced in the upper 
catchments of the Blesbokspruit and Klip Rivers in South Africa, which drain the 
southern Witwatersrand escarpment (Ilyas and Lee 2018). The water discharge of the 
accumulated volume in the voids of closed gold mines on the Witwatersrand to 
neighboring mines, generally of low quality, necessitates basic additional treatment 
by lime to raise the pH and air blowing to oxidize and precipitate the iron and other 
heavy metals. The iron was allowed to settle and disposed of on tailing dumps while 
discharging the water into local rivers. Although the water discharge has a neutral 
pH, it also has a very high sulfate (1500 mg/L) concentration and thus adds more 
pollution to the load already carried by the rivers in mining areas. The pollution 
arising from gold mines in the Central and Western Basins is well illustrated by the



salinity of the Vaal River; a periodic release of water from Vaal Dam significantly 
reduces the salinity for downstream Vaal River users. 
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5 Sustainability in the Artisanal Mining and Amalgamation 
of Precious Metals 

As per the definition of the term “sustainability,” it depends upon the factors like 
society, environment (including socio-ecological factors), and the economy (related 
to the cost-effectiveness of the mining activities). Despite the issues in defining a 
sustainable mining operation, the experiences from the past and current activities can 
be helpful to design the ideal condition of artisanal mining, which include the 
following points of: 

(i) Positive contribution of ASGM activities in development of rural area and 
regional empowerment 

(ii) Legal framework in harmony with the national mining sector policies 
(iii) Operation within international social standards, including the social security, 

occupational health and safety, and labor laws (that includes child labor), 
education and medical facilities, etc. 

(iv) Environmentally sound operation with scientific and mechanized inputs 
(v) Harmony between the small operations and large-scale mining operations 
(vi) Ensuring high recovery yield, including a systematic development of the 

deposits and continuous operation 

5.1 Technical Aspects 

It has been observed that many problems existing with the artisanal mining can be 
resolved by the use of appropriate technical solutions. A prominent example can be 
of mercury emissions in an artisanal practice which can be resolved by using the end-
of-pipe technology (involving filter, retort, and trap system). Technological issues 
often require technical solutions albeit an integral approach is crucial. In contrast to 
the traditional use of low and non-mechanized activities, the design of new milling 
and alternative to simple stone mortar amalgamation mills does not involve very 
high level of technological understanding. Hence, the conventional mining equip-
ment are frequently modified and maneuvered by the miners to fulfill their demands 
for the high throughput and efficiency; however, in most cases, the suppression of 
security features are very unfortunate (e.g., water supply for drilling hammers). It is 
noteworthy that although it remained in practice since several centuries, it has been 
labeled as an unorganized practice, which makes it imperative to pay attention by the 
researchers and environmentalists as well.
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5.2 Policy and Legal Framework 

To achieve sustainability in artisanal mining of precious metals via integrating the 
rural development with the associated economic benefits, a policy framework 
development is desirable that can be based on the following strategies (Ilyas and 
Lee 2018): 

(i) Poverty alleviation 
(ii) Optimization of the business climate for the small mining sector 
(iii) Insurance of sustainability 
(iv) Stabilization of government revenues from the sector 

Numerous reasons exist for the continuation of artisanal mining within the 
informal sector, majorly because of less understanding on the legal requirements. 
Lacking capacity to enforce penalties and to provide benefits, which should be 
associated with legalization, acts as a further disincentive to miners to be legalized. 
By recognizing the capability and contribution of the sector in the precious metal 
mining and metallurgy, the governments need to develop a consistent and holistic 
approach. In the recent times, the reforms in national policy has initiated the drive 
toward enabling a legal framework in the countries like Colombia, Peru, 
South Africa, and Tanzania, mainly beneficial to the sustainable management and 
exploitation of mineral resources along with the promotion of investment and 
licensing of the artisanal mining (Ilyas and Lee 2018). Additionally, the organization 
of this sector as a community or society should be promoted by the local adminis-
trations to formalize the informal structures via coordination and a harmonized 
management of the natural resources. 

Currently, in many countries, the mining laws or other legal instruments do not 
support the development of small industries based on local mining production. This 
is especially valid for the production of informal artisanal mining activities, which is 
difficult to integrate into the formal economy. Training resources for healthcare 
providers that directly address artisanal- and amalgamation-related health issues are 
scarce. However, case studies, toxicology, and occupational health literature and 
publications from governmental and nongovernmental organizations do contain or 
suggest health components that could be developed further for use in this context. By 
using the principles of fair-trading, small-scale producers in developing countries are 
given the opportunity to trade their products under better selling terms and conditions. 
An improved awareness on health hazards is needed to practice a better, healthier, 
eco-friendly, and sustainable technologies in the mining of precious metals. 

6 Conclusions 

Looking at the importance of mining, despite the fact that it poses a threat to the 
environment and human health, this chapter provides a preliminary assessment of 
the risks associated with the present mining activities of gold involving artisanal,



small-scale, and industrial gold mining. It has been found that heavy metals (met-
alloids) are easily released into the environment through surface water and ground-
water contamination and soil and air pollution. Therefore, it is necessary to 
remediate the polluted mine sites and practice continuous monitoring to restore the 
ecosystems properly. In addition, the population’s exposure must be restricted to 
high-risk areas through a communication plan about the risks. The mitigation 
hierarchy for mining activities is discussed to avoid, reduce, restore and rehabilitate, 
offset, and enhance communities, along with the proposed strategies for pollution 
control. For the potential mitigation of the risks, digitized mine water treatment and a 
compliance program for mine workers have been suggested to achieve the Sustain-
able Development Goals in the field of primary gold mining. 
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Assessment and Mitigation 
of Environmental Footprints 
for Energy-Critical Metals Used 
in Permanent Magnets 

Humma Akram Cheema, Muhammad Farhan, and Hyunjung Kim 

Abstract Critical raw materials (CRMs) include cobalt (Co) and rare earth elements 
(REEs) that serve as essential elements in many modern, rapidly evolving clean 
energy technologies, from wind turbines and electrical networks to electric automo-
biles. As clean energy transitions accelerate, consumption of these minerals will rise 
significantly. The rapid demand for CRMs in technology raises serious concerns 
regarding supply availability and consistency. Rare earth elements (REEs) are the 
key elements of permanent magnets that are employed in wind turbines and 
e-vehicles. The demand for these CRMs is expected to increase as the use of 
permanent magnets in various applications continues to grow. Hence, there is a 
need for sustainable and responsible sourcing of these materials to ensure their 
availability in the long run. This chapter highlights the energy-critical metals used 
in permanent magnets, particularly focusing on neodymium-iron-boron (NdFeB) 
magnets for clean energy production. Moreover, the assessment of their economic 
importance and environmental challenges is also discussed in detail. Finally, miti-
gation approaches to environmental footprints such as recycling and reusing sec-
ondary resources, sustainable processing, and substitution techniques during the 
manufacturing of magnets are also discussed. 

Keywords Critical raw materials · Permanent magnets · Neodymium · Cobalt 

1 Introduction 

Critical raw materials (CRMs) are those materials that are considered essential to the 
country’s economy but are also vulnerable to supply disruptions. These materials are 
essential to many industrial processes and products, ranging from high-tech elec-
tronics to renewable energy technologies (Månberger 2023). The criticality of
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elements is not defined by their natural abundance; rather, they are classified 
because:

• They have a substantial economic role in industries including consumer electron-
ics, environmental technology, automobiles, aircraft, defense, and health care.

• They face a high supply risk as a result of their high reliance on imports and the 
concentration of some critical raw resources in specific regions.

• Due to these materials’ highly distinctive and dependable qualities for current and 
prospective uses, there are few feasible replacements.

22 H. A. Cheema et al.

Most CRMs have distinctive qualities that make it extremely challenging to 
replace them in the chosen application. Therefore, if the supply of critical material 
is disrupted, it can lead to production delays, increased costs, and a loss of compet-
itiveness for industries that rely on that material (IEA 2020). The European Union 
(EU) and the US Department of Energy have established a list of critical raw 
materials that are deemed essential for industrial competitiveness and sustainability, 
as well as for the transition to a low-carbon and digital economy (EU Commission 
2017; US-DoE 2023). The EU’s list includes 30 raw materials, and it is regularly 
reviewed and updated based on the latest market developments and supply chain 
risks. The criticality assessed for CRMs by the US Department of Energy is depicted 
in Figure 1 reveals three broad categories of criticality (i.e., critical, near critical, and 
not critical). Materials in the upper quadrant of the matrix—with scores of 3 or 
higher on both axes—are characterized as high in criticality that includes dyspro-
sium, cobalt, gallium, graphite, iridium, and neodymium. 

Asia holds significant potential in terms of critical material prospects due to its 
abundant reserves and growing demand. Many technologically advanced countries

Fig. 1 Criticality matrix up 
to 2025, as defined by the 
US Department of Energy in 
2023 (US-DoE 2023)



in Asia, including Japan, South Korea, and others, have a significant dependency on 
imports for CRMs. This is primarily because a substantial portion of global REEs 
production is concentrated in China, which has led to concerns about supply security 
and geopolitical implications. They recognize the strategic importance of energy-
critical metals for their energy transition and are taking various measures to ensure a 
secure and sustainable supply. This includes diversifying sources, investing in 
domestic production and exploration, promoting recycling and circular economy 
practices, and advancing research and development efforts to reduce dependency 
and environmental impacts. This chapter particularly focuses on permanent magnet 
raw materials that are of significant importance due to their unique properties and 
wide range of applications in clean energy transition technology.
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Permanent magnets are widely used in various applications such as electric 
vehicles, wind turbines, and electronic devices. They are made up of various 
materials, but the most common types of permanent magnets are neodymium 
based (NdFeB) and samarium-cobalt (SmCo) magnets. Both NdFeB and SmCo 
magnets contain critical raw materials that are essential for their performance. 
These critical raw materials include neodymium (Nd) that is used in NdFeB mag-
nets. It is a critical raw material because it is in limited supply, and its extraction and 
processing are associated with environmental risks and concern. Dy is another rare 
earth element that is used in NdFeB magnets. It is a critical raw material because it is 
essential for improving the high-temperature performance of the NdFeB magnet. Sm 
is an REE that is used in SmCo magnets. It is a critical raw material because it helps 
in maintaining the magnetic properties of SmCo magnets at high temperatures. Co is 
a transition metal that is used in both NdFeB and SmCo magnets. It is a critical raw 
material because its supply is limited and its extraction and processing are associated 
with environmental concerns. 

Various kinds of permanent magnets are employed in a variety of applications, 
most of which are crucial for developing a low-carbon economy. For example, 
permanent magnet synchronous generators (PMSG) are utilized in many kinds of 
wind turbines. A significant percentage of permanent magnets are found in the 
direct-drive low-speed turbine structure, which has advantages for large-scale 
wind turbines producing more than 5 megawatts (MW) and offshore conditions. 
Moreover, a large number of electric and hybrid vehicles also use permanent magnet 
synchronous motor technology because of their high-power density and capacity to 
generate high torque (Pavel et al. 2016). Ferrite, aluminum-nickel-cobalt (AlNiCo), 
samarium-cobalt (SmCo), and neodymium-iron-boron (NdFeB) are the four most 
significant permanent magnet types. NdFeB magnets are the subject of this study 
because they are essential for many high-tech applications and account for a sizable 
portion of the market for critical raw material-containing magnets (Gutfleisch et al. 
2011). 

The strongest permanent magnets currently available on the market are made of 
neodymium, iron, and boron. According to Pavel et al. (2016), the strong magneto 
crystalline anisotropy and high coercivity of these REE magnets are the results of the 
coupling of 3d transition metal with the 4f electron configuration of REEs. As a 
result, NdFeB magnets are utilized in a variety of high-tech applications, such as



electric bicycles and consumer electronics, as well as high-performance applications 
like wind turbines and electric cars, where compact size and high efficiency are 
required (Binnemans et al. 2013). Figure 2 illustrates the main end-use applications 
for NdFeB magnets. They have a limited operating temperature range and are 
susceptible to corrosion. The composition-dependent maximum operating tempera-
ture ranges from 80 to 200 °C (Binnemans et al. 2018). 
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Fig. 2 The main end-use applications for NdFeB magnets 

2 CRMs in Applications 

CRMs are employed in many commercial permanent magnets. Table 1 lists the most 
significant CRM used in magnet applications as well as the percentage of magnets 
that use each critical raw material. The most widely used kind of permanent magnet 
utilized in high-tech applications is neodymium-iron-boron (NdFeB) magnets, spe-
cifically Nd2Fe14B. These magnets comprise mainly of iron (64.2–68.5%), neodym-
ium (29–30%), and boron (1–1.2%), where iron can be partially replaced with 
aluminum, copper, and cobalt, while neodymium can be partially replaced with 
dysprosium, terbium, and gadolinium (EU Commission 2017; Yang et al. 2017a, b). 

The specifications of the end-use application determine the exact NdFeB magnet 
composition. Nd and Py make up the majority of the REEs in NdFeB magnets, 
which typically include 31–32% of them by weight (Yang et al. 2017a, b). Py 
content differs and can reach a 4:1 ratio with Nd (Pavel et al. 2016). The Curie 
temperature (where a material loses its permanent magnetic properties) of the NdFeB 
magnet is raised by the addition of dysprosium and terbium, increasing the operating 
temperature up to 200 °C. Depending on the application, the required amount of Dy 
and Tb could vary from 3 to 7% in wind turbines and 9% in electric vehicles (Tercero 
et al. 2018). Nevertheless, these additives raise the cost of the magnet and reduce the 
energy density and remanence (Yang et al. 2017a, b). Thus, only applications



requiring high-temperature stability can make use of dysprosium and terbium in 
higher concentrations. Gadolinium in small amounts also enhances high-temperature 
performance by improving the temperature coefficient (Yang et al. 2017a, b). Other 
rare earth elements, such as lanthanum, cerium, niobium, and gallium, have also 
been investigated as partial replacements for neodymium or iron to change the 
characteristics and improve the performance of the neodymium-iron-boron magnet 
(Yang et al. 2017a, b, 2012). Typical quantities of NdFeB magnets needed in 
different applications are compared in Table 1 (Pavel et al. 2016). 
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Table 1 Summary of CRMs used in different types of magnets and applications of NdFeB magnet 

CRM Nd Pr Gd Dy Tb Sm Co 

Magnet type NdFeB NdFeB NdFeB NdFeB NdFeB SmCo SmCo, 
NdFeB, 
AlNiCo 

Wt.% share of 
magnets in CRM 
end uses 

37 24 35 100 32 97 5 

Applications Wind turbines Electric vehicles Electric bikes 
Direct 
drive 

Geared With PMSG – 

Nd-Fe-B magnet 650 kg/ 
MW 

80–160 kg/ 
WM 

1–2 kg/EV 0.3–0.35 kg/bike 

Samarium-cobalt (SmCo) magnets are primarily samarium and cobalt alloys, 
referred to as SmCo5 or Sm2Co17. Cobalt can be partially replaced in the Sm2Co17 
composition by iron, zirconium, and copper. SmCo magnets have good corrosion 
resistance and high-temperature performance, even up to 400 °C. Samarium-cobalt 
magnets can only be used in a small number of applications due to the expensive cost 
of samarium and the labor-intensive manufacturing method (Binnemans et al. 2013). 
Samarium is primarily used in magnets, with 97% of that utilization taking place in 
the EU (EU Commission 2017). Aluminum-nickel-cobalt magnets are based on 
alloys that are primarily made of iron, nickel, cobalt, and aluminum. However, 
compared to NdFeB and SmCo magnets, these magnets have a low coercivity and 
a maximum operating temperature of up to 500 °C. As a result, they are only used in 
low-value applications and have a very small market share (Pavel et al. 2016; 
Gutfleisch et al. 2011). Due to its inexpensive price as well as a simple manufactur-
ing method, ferrite magnets account for a large portion of permanent magnet sales in 
terms of volume (Kumar 2017; Gutfleisch et al. 2011). The most typical composi-
tions of these magnets are SrFe12O19 and BaFe12O19, which are mostly made of 
Fe2O3 but rarely also contain Sr, Ba, or both (Riba et al. 2016). Various commer-
cially available ferrite magnet types comprise Ln or Co to achieve enhanced 
magnetic characteristics.
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3 Economic Significance 

The economic significance of CRMs demonstrates how their consumption in appli-
cations generates economic value, according to the EC’s 2017 assessment of CRMs. 
Magnets play a significant role in the application of many essential raw materials, as 
shown in Fig. 3. Magnets contribute more than half of the commercial value of 
neodymium, gadolinium, dysprosium, and samarium, whereas it is only slightly less 
than 50% for praseodymium and terbium. In the case of cobalt, even though it is 
utilized in SmCo magnets, which have a substantial economic impact on samarium, 
magnets are not one of the principal applications. Magnets are employed in many 
industries, including energy, transportation, and electronics, making them essential 
to use. 

Wind turbines with permanently activated synchronous generators and direct 
drives, which are typically utilized in offshore installations, use neodymium-iron-
boron (NdFeB) magnets. In 2019, the EU saw the construction of 3627 new offshore 
installations or 27.5% of total installations. Offshore installations make up 22 giga-
watts (GW), or 11.5%, of the installed wind power capacity in terms of cumulative 
capacity (Wind Europe 2019b). Expanding offshore installations is a trend that can 
also affect permanent magnet demand. A total of 99.1% of offshore wind projects in 
the EU have been supplied by five manufacturers: Siemens Gamesa Renewable 
Energy (68.1%), MHI Vestas (23.5%), Senvion (4.4%), Bard Engineering (1.6%), 
and GE Renewable Energy (1.5%) (Wind Europe 2019a). In terms of the annual and 
global market share of the top offshore wind energy firms, Siemens led with 60.5%, 
and Vestas was second with 13.4% in 2018 (Statista 2020b). One of the most

Fig. 3 Economic importance of CRMs used in magnets



important steps in reducing climate change is the electrification of the transportation 
industry. Permanent magnets are needed in electric vehicles’ synchronous motors in 
addition to batteries. E-vehicles (plug-in hybrids and battery electric vehicles) now 
account for almost 3% of the market in Europe, up from less than 1% in 2015 
(Statista 2020a). The share will keep rising in subsequent decades. The Renault Zoe, 
Mitsubishi Outlander Plug-In Hybrid Electric Vehicle (PHEV), and Tesla Model 
3 were the top-selling electric vehicle models in Europe in 2019 with sales of 45,130, 
34,600, and 95,170, respectively (Statista 2020a).
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Wind energy is crucial to achieving energy and climate goals, and it is anticipated 
that wind power generation will continue to grow in the coming years. In 2023, the 
total installed capacity might reach 277 GW, according to Wind Europe’s pro-
jections. This is based on the installation of an additional 88 GW of net capacity. 
Onshore installations are anticipated to make up at least 75% of the new installations 
(Wind Europe 2019a, b). EU Commission (2017) predicted that the demand for Dy, 
Nd, and Py by 2030 will be approximately 3.25 times greater than it was in 2015 in a 
minimal growth scenario and approximately 44 times higher in a rapidly growing 
scenario. Dy, Nd, and Py each received 71, 356, and 119 tons of demand in 2015. 
The most effective approaches to increasing the supply of these CRMs are substi-
tution and recycling (Blagoeva et al. 2016). The demand for permanent magnets and 
electric motors will rise as more electric cars are added to the fleet, lowering 
emissions from transportation. According to Statista, 16.5 million e-vehicles will 
be manufactured by 2030 (Statista 2020b). It is predicted that battery electric 
vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVs) will account for 
3.9% to 13.0% and 6.7 to 22.1% of new automobile registrations in 2030, respec-
tively. Both battery electric and plug-in hybrid e-vehicle new registrations have 
increased significantly, even though they accounted for only 1.5% of the market in 
2017 (EEA 2018). According to the EC’s projections for the consumption of 
magnets used in electric traction motors, the demand in 2030 for Dy and Py would 
be approximately 9.4 times higher compared with the 27 tons used in 2015 and 
neodymium 9.5 times higher than the 80 tons employed in the same year 
(EU Commission 2017). Regarding wind turbines, Blagoeva et al. found that 
substitution and recycling were the best ways to increase the supply of Dy, Nd, 
and Py for traction motors (Blagoeva et al. 2016). 

4 Environmental Challenges 

Critical materials have significant environmental impacts throughout their lifecycle, 
from mining and extraction to manufacturing and disposal. Many critical materials 
are extracted through mining processes, which can lead to environmental damage 
and degradation. Mining can cause deforestation, soil erosion, and water pollution 
and disrupt ecosystems and habitats for wildlife. Additionally, the mining of critical 
materials can release toxic chemicals and heavy metals into the environment, posing 
a risk to human health and the environment. The processing and manufacturing of



critical materials into products can also have environmental impressions. For exam-
ple, the production of electronics, which often contain critical materials such as 
REEs, can result in significant greenhouse gas emissions and other toxic pollutants. 
The use of energy-intensive processes and fossil fuels can contribute to climate 
change and air and water pollution. Finally, the disposal of critical material products 
at the end of their life can have environmental imitations. Many critical materials are 
not biodegradable and can persist in the environment for centuries, contributing to 
waste and pollution. Improper disposals, such as dumping in landfills or incineration, 
can release toxic chemicals and heavy metals into the air and soil, posing a risk to 
human health and the environment. 
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The virgin CRMs used in magnets have shown major risks associated with 
ecology (Wulf et al. 2017). The potential hazards of rare earths, boron, and cobalt 
as the major critical elements in magnets have been listed as two to three indicators. 
They have an elevated chance of contamination at the mining site, REEs have a high 
risk of natural disasters, and mining for boron has a high danger of stressing the 
water supply. Most of them are extracted from open-cast mines, which have an 
immediate negative effect on the environment because topsoil and vegetation are 
removed. If adequate measures aren’t taken to mitigate these hazards, environmental 
effects are very likely to take place. Permanent magnets made of neodymium-iron-
boron and samarium-cobalt are mostly composed of REEs such as Dy, Nd, Py, and 
Sm. Since the manufacture of REEs is material- and energy-demanding and pro-
duces huge quantities of emissions into the air and water as well as solid waste, it 
significantly harms the environment (Vahidi et al. 2016). Concerns regarding heavy 
metal and radioactive exposure to rivers, groundwater, soil, and the air near mine 
sites have been raised by their production in China, which is the largest producer 
worldwide (Adnan et al. 2022). Furthermore, the roasting of ores has an effect 
because it requires a significant amount of heat, which is provided by coal in 
China (Zaimes et al. 2015). 

The Democratic Republic of the Congo (DRC), where more than half of the 
world’s cobalt is mined, is reportedly problematic from both an environmental and 
socioeconomic standpoint (Chen et al. 2020). For instance, child labor is reportedly 
frequent in small-scale and artisanal mining in the DRC (O’Driscoll 2017), and 
mining communities’ exposure to Co can cause health issues (Dunn et al. 2015). 
According to Dunn et al. (2015), there have been reports of heavy metal pollution of 
the soil, wetland acid rain, loss of biodiversity, flora dieback, and soil erosion. 
Arsenide ores are also extracted in cobalt-dominant mines, which might cause 
significant problems for the environment and public health (Dunn et al. 2015). 
China is home to the majority of the world’s cobalt refineries (Zhang et al. 2021). 
Some of the possible environmental issues associated with Co refining include the 
processes’ high-energy requirements (Farjana et al. 2019), which are made worse by 
China’s largely coal-based electricity production, and the CO2 emissions caused by 
thermal decomposition during the final (calcination) step of the production of 
battery-grade cobalt oxide powder (Kelly et al. 2020). Boron and arsenic contami-
nation of surface and groundwater has been caused by improper treatment of waste 
from borate mining activities in Turkey (Omwene et al. 2019; Gemici et al. 2008).



Due to the mining of colemanite, which contains arsenic minerals, arsenic pollution 
only exists in the Emet and Orhaneli stream basins (Omwene et al. 2019). 
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REEs, which make up 50–100% of the total impact depending on the impact 
category, are the primary drivers behind the environmental effects of the 
manufacturing process of NdFeB magnets according to Jin et al. (2018). Addition-
ally, these researchers discovered that the effect of REEs varies significantly 
depending on the location of production. The environmental effects of rare earth 
oxides from Bayan Obo, China, were the most severe, compared to significantly 
lower effects from Mount Weld, Australia, particularly from Mountain Pass, and 
California, USA, which shut down in 2015 (Schreiber et al. 2019). Other critical raw 
minerals including cobalt, boron, and gallium have little to no environmental impact 
(Jin et al. 2018). As a result, the essential raw materials, particularly REEs, have a 
major impact on how magnets influence the environment. However, compared to the 
overall environmental effect of the end-use application, the negative effects of the 
magnets themselves may not be very significant. According to Nordelöf et al. 
(2019), who studied the ecological consequences of an electric vehicle traction 
motor, the role of NdFeB and SmCo magnets was minimal, aside from resource 
depletion, and the overall ecological impacts were mainly triggered by the 
manufacturing of the motor’s other components and its use. Only the electricity is 
required to compensate for losses imposed by the motor during use—for instance, 
when carrying its own mass. 

Figure 4 illustrates how the critical raw materials in a magnet contribute to 
the climate change impact of an electric car motor. The magnets’ qualities also have 
an impact on how many other materials are utilized in the construction of the motor, 
which has a secondary effect on the environmental impact (Nordelöf et al. 2019). 

5 Mitigation Approaches 

Permanent magnets rely on critical materials that are limited in supply, such as 
neodymium and dysprosium. The extraction and demand for these materials can lead 
to resource scarcity and geopolitical concerns. Conservation efforts, such as

Fig. 4 Role of CRMs in a 
magnet and its effect on 
climate change of end 
application in an e-vehicle 
(Nordelöf et al. 2019; Jin 
et al. 2018) 

Climate change impact (kg CO2-eq/km driven) 

Material Magnet Motor Electric Vehicle



recycling and efficient use of critical materials, are crucial to mitigate the environ-
mental impacts associated with their extraction and ensure long-term availability. 
Mitigating the environmental footprint of permanent magnet critical materials, such 
as neodymium-based magnets, requires specific approaches tailored to their unique 
characteristics. Here are some key mitigation approaches for reducing the environ-
mental impact of permanent magnet critical materials:
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5.1 Recycling and Reusing Secondary Resources 

Recycling and reusing of permanent magnets’ critical materials, such as neodymium, 
dysprosium, and samarium, are essential for minimizing environmental impacts and 
conserving these valuable resources (Saito et al. 2006). To promote the circular 
economy for permanent magnets, efforts are being made to develop efficient collec-
tion and recovery systems. This involves establishing channels for collecting end-of-
life products containing magnets, such as hard drives, electric motors, and speakers, 
and ensuring proper dismantling and separation. Once collected, the recycling 
process involves separating and sorting magnets from other materials. Various 
techniques, such as magnetic separation, eddy current separation, and density-
based separation, are employed to extract and recover the magnet materials. Recov-
ered magnets that meet quality and performance requirements can be refurbished and 
reintroduced into new applications, thereby extending their lifespan and reducing the 
demand for new magnet production. If the recovered magnets cannot be directly 
reused, they can be refabricated into new magnet products. This involves processes 
like grinding, milling, and sintering to transform the recovered magnets into usable 
forms. Additionally, magnet-to-magnet recycling techniques aim to recover the 
magnetic materials from used magnets and utilize them in the production of new 
magnets. In cases where the magnets cannot be reused or refabricated, the focus 
shifts to extracting and purifying the valuable magnetic materials. Various tech-
niques, such as hydrometallurgical and pyrometallurgical processes, are employed to 
separate and recover REEs and other valuable components present in the magnets. 
Permanent magnets often contain critical materials, such as neodymium, dyspro-
sium, and praseodymium, which are essential but limited resources. Recycling 
magnets helps recover and reintroduce these critical materials into the supply 
chain, reducing the reliance on primary mining and promoting resource 
sustainability. 

The accessibility of Nd and Py from secondary resources, specifically recycling 
from NdFeB magnets and NiMH batteries, is the primary focus. Due to the enor-
mous quantity produced, NdFeB magnets used in hard disk drives (HDDs) have 
been viewed as one of the most potent sources of secondary neodymium (Omodara 
et al. 2019; Widmer et al. 2015). Solid-state disks (SSDs), which do not have 
magnets (Binnemans et al. 2013), have recently replaced hard disk drives in some 
cases (Data Security Inc. 2014). In contrast to the 350 million hard disk drives 
produced in 2017, it was predicted in 2017 that the output of solid-state disks would



reach 320 million in 2020, approaching that of hard disk drives (Statista 2020a). The 
reclamation of Nd from HDDs is tough because the collection and sorption of HDDs 
and the effective separation of NdFeB magnets from other materials are complex. 
High recovery rates can be reached on a laboratory scale, as shown in Table 2, but 
according to Reimer et al. (2018), there is no commercial recycling of REEs from 
HDDs or other NdFeB magnet applications in operation yet. The adequate amounts 
of NdFeB waste to feed commercial recycling are above 1000 tons per year. 
However, the gradually rising amount of NdFeB waste will enable the scaling up 
of recycling techniques now being developed (Reimer et al. 2018). The most 
environmentally damaging phases of the manufacture of NdFeB magnets, such as 
mining, beneficiation, leaching, and solvent extraction, can be mitigated by 
recycling them (Jin et al. 2016a, b). At least 90% of the rare earth elements may 
be recovered through magnet-to-magnet recycling (Jin et al. 2016a, b), which 
reduces the impact relative to virgin magnets by 64–96% (Jin et al. 2018). 
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Table 2 Recycling CRMs from different EoL applications (Omodara et al. 2019; Bacher et al. 
2020) 

CRMs Nd/Py Nd Nd/Py Nd/Py 

Application NiMH
batteries

Hard disk NdFeB magnets in elec-
tronic waste

NdFeB magnet 
drives scrap 

Recovery 
technique 

Leaching Leaching Direct melting Molten salt 
extraction 

Recovery yield 
(%) 

97–98 Nd, 
89 Py 

95 28 Nd, 1 Py 87 for Nd 89 Py 

Other than from HDDs and e-waste, little data is available about recycling NdFeB 
magnets. For instance, wind turbines could offer significant potential for recovering 
REEs. However, it should be highlighted that since wind turbines have a 25–30-year 
lifespan, recycling them won’t be able to significantly lower the demand for primary 
resources in the short or medium term (Habib and Wenzel 2014). 

5.2 Eco-friendly Extraction Methodology 

Conventional methods for extracting critical materials from permanent magnets 
often involve environmentally intensive processes that can have negative impacts 
on ecosystems, air quality, and human health (Yang et al. 2017a, b; Xu et al. 2004). 
However, efforts are being made to develop more eco-friendly extraction methods. 
One such approach is known as environmentally friendly or sustainable extraction. 
Conventional methods often involve acid leaching, where strong acids are used to 
dissolve and extract critical materials from the permanent magnets (Chowdhury et al. 
2021). This process can result in the generation of large volumes of acidic waste-
water, which requires careful treatment and disposal to prevent environmental 
contamination. They often utilize chemical reagents, such as solvents and reductive 
agents, to facilitate the separation and purification of critical materials. The use of



these reagents can lead to the production of toxic waste and pose risks to both the 
environment and human health. Moreover, high-temperature processes, such as 
roasting or smelting, to separate and recover critical materials require significant 
energy inputs and can release harmful emissions, including greenhouse gases and air 
pollutants (Maroufi et al. 2017). Therefore, sustainable mining is a potential source 
to mitigate the environmental footprints. 
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Sustainable extraction methods often involve hydrometallurgical processes that 
use water-based solutions and mild conditions to extract critical materials. These 
processes have a lower environmental impact compared to high-temperature and 
chemical-intensive methods. Bioleaching is a promising eco-friendly extraction 
method that involves the use of bacteria or fungi to extract critical materials from 
permanent magnets. The microorganisms can selectively dissolve and recover the 
target metals, reducing the need for harsh chemicals and minimizing waste genera-
tion. Some other methods focus on utilizing environmentally benign solvents or 
green solvents, such as bio-based solvents or ionic liquids, for the extraction of 
critical materials. These solvents are less harmful to the environment and can be 
more easily recycled or reused. Eco-friendly extraction methods prioritize minimiz-
ing environmental impacts by reducing the use of harmful chemicals, energy con-
sumption, and waste generation. These approaches emphasize sustainable practices, 
resource conservation, and circular economy principles. Continued research and 
development efforts are needed to advance eco-friendly extraction technologies 
and make them economically viable for large-scale implementation. 

5.3 Substitutionary Techniques During Manufacturing 

The quantity of CRMs in NdFeB magnets can be decreased by partially substituting 
REEs, by component substitution, or by using alternative magnet technologies that 
do not require CRMs. All of these approaches are the focus of numerous research 
initiatives (Tercero et al. 2018). 

5.3.1 Partial Substitution of REEs in NdFeB Magnet 

Instead of replacing all rare earth elements, current research proposes to minimize 
their content in NdFeB magnets (Omodara et al. 2019). However, it is anticipated 
that neodymium and praseodymium levels would significantly drop in NdFeB 
magnets in the upcoming 10 years (Lacal-Arántegui 2015). Several attempts to 
replace REEs in NdFeB magnets embrace selective co-doping of Nd with Cr and 
Fe with Co, which has been reported to abolish the requirement for doping the alloy 
with dysprosium and is believed to result in an extremely strong permanent magnet 
identical to the traditional neodymium-iron-boron one (Pathak et al. 2015). A similar 
strategy has been reported, in which lanthanum and cerium are used as substitutes for 
some of the neodymium (Jin et al. 2016a, b). An approach to production using a



unique process that has been established by Hitachi Metals, in which dysprosium is 
diffused into the magnet materials rather than direct alloying, is another method for 
lowering the dysprosium content (Widmer et al. 2015). High-performance REE-free 
magnets are not now commercially accessible (Barros et al. 2019), although certain 
attempts have been undertaken to partially substitute Nd and Py in NdFeB magnets 
with other more plentiful REEs like Ce and Ln. Since these essential raw minerals 
are mined at the same locations, this isn’t carried out for reasons of sustainability and 
does not completely eliminate environmental dangers. However, due to the higher 
concentration of Ce and Ln in ore (Haque et al. 2014), a small number of ore would 
require to be mined and processed in order to produce a comparable quantity of 
essential raw material, which could mitigate the overall environmental effect of the 
manufacturing of magnet raw materials. But this relies on how much Ce and Ln are 
required to substitute the Nd and Py, as well as any potential effects on the 
performance of the magnets. For instance, if the Ce and Ln magnet is heavier, the 
increased energy usage of an electric car during operation may cancel out any 
environmental benefits from the magnets’ production. No life cycle analyses of the 
associated effects could be discovered because research on the partial replacement of 
REEs in NdFeB magnet designs is in its initial stages. 
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5.3.2 Component Substitution 

Electric traction motors use NdFeB magnets, which enable the production of 
extremely powerful magnetic fields from minuscule volumes. The alternate method 
involves using electromagnets to produce magnetic fields by running electricity via a 
conducting coil (Widmer et al. 2015). In contrast to motors that use neodymium-
iron-boron magnets, these motors are made differently (Omodara et al. 2019). 
Although synchronous permanent magnet rotors comprised of rare earth elements 
are often found in electric motors for electric vehicles, there are alternative ways for 
developing electric motors that do not need these rotors (Riba et al. 2016) as shown 
in Fig. 5. According to a study by Riba et al. (2016), some rare earth element-free 
electric motors can match the performance of modern rare earth electric motors in 
terms of, for instance, torque density and efficiency. A comparison of a few of these 
motor types is shown in Table 3. 

Another significant application for permanent magnets that allows for component 
substitution is wind turbine generators. In fact, technologies reliant on permanent 
magnets, such as permanent magnet synchronous generators (PMSGs), developed 
before doubly fed induction generators (DFIGs), the most popular turbine technol-
ogy using electromagnets (Pavel et al. 2016). Figure 6 illustrates the categorization 
of these and other principal wind turbines. 

Despite the fact that DFIG generators are still the most popular choice for wind 
turbines overall, PMGS generators are more popular in over 5 MW generators and 
offshore wind turbines because they are less expensive to maintain and have higher 
efficiency than DFIG generators (Smith and Eggert 2018; Pavel et al. 2016). 
Senvion’s DFIGs and Enercon’s electrically excited synchronous generators



Motor type
Switched reluctance
motor
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Fig. 5 Various electric motor types 

Table 3 Types of motors free of REE-based magnets (Omodara et al. 2019; Widmer et al. 2015) 

Squirrel cage-type 
induction motor 
(asynchronous 
motor) 

Synchronous 
wound rotor 
motor

Synchronous 
reluctance 
motor

Advantages Ease of design, low 
maintenance, low 
cost, reliability, 
ruggedness 

High starting 
torque 

Ease of 
production 

Ease of design, pro-
duction and assembly, 
low cost, low inertia, 
good thermal proper-
ties, high torque den-
sity, robustness 

Disadvantages Difficulty of 
low-speed opera-
tion control, low 
efficiency, risk of 
overheating 

Complexity 
of system, 
high cost, 
risk of 
overheating 

Low effi-
ciency, low 
power factor, 
and low 
torque density 

Complex control, low 
efficiency, strong 
vibration, acoustic 
noise 

Examples Mercedes-Benz, 
Toyota, Tesla 

Renault ABB (indus-
trial 
applications) 

Rocky Mountain 
Technologies, US 
Motors (industrial 
applications)



(EESGs) are two examples of wind turbine generators used in the commercial sector 
without permanent magnets (Pavel et al. 2016). Component substitution may occa-
sionally be more environmentally friendly, even while reducing environmental 
impacts is not the main objective. The ecological effects of e-car traction motors 
with three distinct core types were compared by Nordelöf et al. (2019) as:

• A neodymium-iron-boron (NdFeB) permanent magnet synchronous machine
• A synchronous permanent magnet device with samarium-cobalt magnets
• A strontium-ferrite (Srferrite) magnet-equipped permanent magnet-assisted syn-

chronous reluctance machine (PM-assisted SynRM)
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Wind Turbines 

Direct Drive (No gear) 

Geared Drive Train 

Permanent magnet synchronous 
generator (PMSG) 

Electromagnet generators (e.g. DFIG) 

Electrically excited synchronous 
generator (EESG) 

Permanent magnet synchronous 

Fig. 6 Categorization of typical wind energy systems 

5.3.3 Magnet Technology Substitution 

SmCo and AlNiCo magnets, which are likewise based on NdFeB magnets but 
employ different critical materials, are the contemporary alternatives to these types 
of magnets. Additionally, these substitutes performed inferior in terms of magnetic 
characteristics (Omodara et al. 2019). In some applications, ferrite magnets may be 
able to take a substitute for NdFeB magnets. These are primarily composed of 
Fe2O3, although they also often contain Sr, Ba, or both. According to Riba et al. 
(2016), ferrite magnets are considered to be the most capable alternative to NdFeB 
magnets in e-automobiles. According to Liu et al. (2018), one of the most promising 
candidates for REE-free magnets that might be employed in applications with 
relatively low temperatures—below 150 °C—is iron nitride, known as Fe16N2. 
Manganese-based compounds, particularly manganese alloyed with aluminum, bis-
muth, or gallium, have drawn interest as another class of permanent magnets (Yang 
et al. 2018). Magnets made on strontium-ferrite typically lack essential raw ingredi-
ents. According to Nordelöf et al. (2019), the most effective SynRM uses strontium-
ferrite magnets and PM assistance, which has a reduced usage phase impact and



lower carbon dioxide equivalent emissions. Strontium-ferrite magnet manufacturing 
has a lower climate change impact than NdFeB and SmCo magnet production, 
although this difference is negligible in comparison to the impact of the motor 
manufacturing and use phases (Nordelöf et al. 2019). Almost all impact categories 
investigated yielded similar findings; PM-assisted SynRM magnets execute best due 
to their lesser impact during use, whereas a permanent magnet synchronous machine 
with NdFeB magnets and a permanent magnet synchronous machine with SmCo 
magnets have approximately the same impact (Nordelöf et al. 2019). Although some 
life cycle analyses of these motors for industrial applications are available, no 
research on the environmental effects of alternate substitutes for NdFeB magnets 
in e-vehicles was found. As previously indicated, many are less effective than 
NdFeB magnets, which might lead to higher overall effects for the application, 
even if the impacts of magnet manufacture or other solutions are lower. Ozoemena 
et al. (2018) assessed various chances for technical advancement with respect to 
wind turbines. One of them is the use of permanent magnet generators to replace 
copper-wound rotors. Because copper has a high-energy density, the authors dis-
covered that a permanent magnet generator turbine has a lesser impact than one with 
Cu-wound rotors in all impact categories. 
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6 Conclusions 

NdFeB magnets are the most critical type of permanent magnet used in high-tech 
products like wind turbines and electric cars. The extraction of critical metals 
(mainly REEs and cobalt) can have significant environmental impacts on habitats, 
soil, and water consumption and depletion, air pollution, energy consumption, and 
emissions of greenhouse gases, along with the generation of secondary waste 
stockpiles in terms of mine tailings and slags. To address such issues, the adoption 
of various mitigation approaches, such as recycling and reuse of secondary 
resources, eco-friendly mining activities, and substitution or reduction of their use 
in magnets, is highly recommended. Effective collection systems and advanced 
recycling technologies are vital, along with creating awareness among industries, 
consumers, and stakeholders about their importance. In addition, substitution or 
reduction of CRMs’ application in magnets can significantly control the environ-
mental stress caused by their primary mining and metallurgical operations 
(in particular Nd, Dy, and Co). In this context, the application of ferrite magnets 
can be a better replacement for NdFeB magnets due to the lower environmental 
burden of iron extraction, whereas increasing the efficiency of NdFeB magnets can 
also be an option to reduce the environmental impact.
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Assessing End-of-Life Room Air 
Conditioner Recycling Potential 
for Sustainable Resource Utilization in 
India: A Case Study for Reducing 
Environmental Burden 

Arpita Pandey and Rudrodip Majumdar 

Abstract Increasing cooling requirements for residential space owing to the rise in 
global temperature have led to an increased demand for room air conditioners. The 
pursuit for comfort in the residential and commercial spaces accompanied by 
expanding economic activities has increased the market size of this consumer 
durable globally by about three times in 2021 as compared to the 1990 levels. The 
high electricity consumption by air conditioners and their contribution toward 
greenhouse gas emission (994 Mt CO2) have necessitated the innovation of 
energy-efficient technologies. The neodymium-iron-boron rare earth permanent 
magnet-based motor architecture in air compressors helps in reducing electricity 
consumption by 58%. This study projects the growth of the residential air condi-
tioner segment in India considering the plausible near-to-medium-term scenarios and 
estimates the demand for the rare earth elements used in the compressor motors in 
India till 2030. However, the escalated demand for rare earth materials is anticipated 
as a major roadblock to the aspirational ‘green and energy-efficient transition’ since 
it could lead to raw material shortage. Therefore, recycling essential components 
from the air conditioner units is envisaged as a suitable solution for sustaining the 
product supply chain. Different scenarios have been considered regarding the col-
lection of end-of-life air conditioners while analyzing the impact of material recov-
ery and recycling. Recovery, recycling, and reuse would likely result in the efficient 
utilization of critical materials with limited availability worldwide. The magnet-
based rare earth elements recovered from consumer durables can be used in other 
value chains of commercial as well as strategic importance. The suggested closed-
loop recovery and recycling of magnetic materials from the end-of-life air

A. Pandey 
Centre for Resource Efficiency and Governance (CREG), The Energy and Resources Institute 
(TERI), New Delhi, India 

R. Majumdar (✉) 
Energy, Environment and Climate Change Programme (EECP), National Institute of Advanced 
Studies (NIAS), Bengaluru, India 
e-mail: rudrodip@nias.res.in 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
P. Pathak et al. (eds.), Anthropogenic Environmental Hazards, 
https://doi.org/10.1007/978-3-031-41013-0_3

41

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-41013-0_3&domain=pdf
mailto:rudrodip@nias.res.in
https://doi.org/10.1007/978-3-031-41013-0_3#DOI


compressors are aimed at strengthening an alternate supply chain for fulfilling the 
growing demand for energy-efficient heavy consumer durables.
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1 Introduction 

According to the Provisional State of the Global Climate in 2022 report brought 
forth by the World Meteorological Organization (WMO), the past 8 years have 
witnessed an intense increase in the global temperature, and this period is being 
touted to be on track toward becoming the 8 warmest years on record accompanied 
by some extreme heat wave events (WMO 2022; Fountain and Rojanasakul 2023). 
This temperature rise is attributable to the ever-increasing greenhouse gas concen-
trations as well as the accumulated heat (IPCC 2021; The Royal Society 2022). 
Around 44% of the world population lives in hot climatic regions (IPCC 2022; 
Tuholske et al. 2021). Especially during the summer seasons, the peak temperatures 
in the tropical regions surpass the limit up to which the human body can thermo-
regulate itself to remain in the normal range of 37–37.8 °C, considered as homeo-
stasis (i.e., a stable condition for the body) (Parkin 2021). Such situations necessitate 
the deployment of air conditioning (AC) equipment in order to maintain comfortable 
thermal limits in residential living spaces. Over the past three decades, the sales of air 
conditioners have been continuously increasing across the world. Globally, the stock 
of air conditioners (AC) has increased multifold, from an estimated 575 million units 
in 1990 to about 2.2 billion units in 2022 (IEA 2018, 2022a; Karkour et al. 2021). In 
2020, the global AC market size was valued at USD 106.60 billion, and market 
insights have suggested a CAGR of about 6.2% for the upcoming decade (Grand 
View Research 2022; Mordor Intelligence 2022). The growing economies in the 
Asia-Pacific region are vulnerable to the risks posed by climate change, of which 
increasing ambient temperature is a pivotal condition that presents a vast opportunity 
for the air conditioner industry. Further, a limited product population penetration 
(PPP) (number of air conditioners per 1000 households) makes the business case 
stronger for the manufacturers of room air conditioners (RAC). China holds about 
one-third of the air conditioner product stock in use (~570 million units) and 
dominates the market with the largest annual production (JRAIA 2019). The emerg-
ing economies, especially India and Indonesia, have shown a sharp rise in the 
demand for this heavy consumer durable. The air conditioner market in India has 
been growing rapidly and has experienced a 15-fold increase since 1990 (IEA 2018). 

However, the environmental concerns emerging from the increased use of space 
cooling appliances have posed critical questions to researchers and policymakers. 
While catering to the intended purpose of providing cooling for the indoor environ-
ment, air conditioning systems contribute to 10% of global greenhouse gas emis-
sions. In 2021, the emissions attributable to the air conditioners were estimated at 
994 Mt of CO2 (IEA 2022b). There are two possible factors contributing to total



GHG emissions from an air conditioning device. The major one is the CO2 emissions 
associated with electricity consumption (fossil fuels continue to be major contribu-
tors toward electricity generation). The other one is associated with the leakage of 
the refrigerants that can take place during equipment assembly, repairs, as well as 
recycling and disposal at the end of life. The refrigerant leakage-oriented GHG 
emissions from the space cooling device comprise 30.7% of total emissions over the 
life cycle (Dong et al. 2021). 
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Space cooling alone accounts for 16–20% of the final electricity consumption in 
the buildings and residential complexes, and the consumption was estimated at about 
2000 TWh in 2021 (IEA 2018, 2022a; Karkour et al. 2021). The annual energy 
consumption and the emission intensity of a single AC unit with a 1.5-ton cooling 
capacity are estimated to be around 548 kWh and 439 kg CO2, respectively, based on 
the availability of operational data pertinent to the testable conditions (Dong et al. 
2021). This, however, does not account for the emissions due to the refrigerant 
leakages. Such high-energy consumption levels necessitate the deployment of 
energy-efficient components with equivalent or superior performance 
characteristics. 

Among the various parts of an air conditioner unit, the air compressor is the major 
component in terms of energy usage since it provides the driving mechanical force 
for air circulation. Air compressors typically account for about 80% of the intrinsic 
power consumption (Siriwardhana and Namal 2017; Jain 2022). Therefore, the use 
of an energy-efficient compressor architecture would substantially dictate the per-
formance of the overall equipment. Hence, significant research and development 
efforts have been directed toward improving the efficiency of compressors, and 
several modifications have been made to the designs as well as the material speci-
fications for the air compressor motors. The inverter technology-based compressors, 
which use rare earth (NdFeB (neodymium-iron-boron)) permanent magnets in their 
motor architectures, help in reducing electricity consumption by about 58% (Daikin 
2023). 

The rare earth (RE)-based permanent magnets (predominantly NdFeB magnets) 
have a crucial role in the technological transition toward energy-efficient consumer 
appliances. The demand for the NdFeB permanent magnets has been increasing for 
their potential applications in electric vehicles, in wind turbine generators, as well as 
in various configurations of servomotors used in industrial automation, primarily 
owing to their superior magnetic properties (Trench and Sykes 2020; Constantinides 
2012). The global consumption of permanent magnets for electronics and consumer 
durables was estimated to be around 26.5% of the total consumption by volume 
(Ma and Henderson 2021; Statista 2023a, 2016a, b). A projection made in 2012 
indicated that about 2.5% of the total rare earth permanent magnet requirement in 
2015 would be attributable to the air conditioner compressors and the brushless DC 
(BLDC) motors used in the cooling fans (Constantinides 2012). Consequently, the 
demand growth in this industry segment is expected to increase the future demand 
for rare earth-based permanent magnets. The present study aims to estimate the 
demand for NdFeB permanent magnets for the room air conditioner segment in India 
considering two plausible growth scenarios for the Indian RAC market for the period



up to 2030. The demand for the different rare earth materials used in the NdFeB 
magnets, i.e., neodymium, praseodymium, and dysprosium, is also estimated. 
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As highlighted in the reports published by the IEA and other international 
organizations, the supply shortage of critical minerals is expected in the coming 
decades, since their natural deposits are geographically concentrated in a few 
locations. For example, the deposits for the rare earth materials used in the manu-
facture of permanent magnets are predominantly located in the countries like China, 
the United States, and Myanmar, with the share in rare earth oxide-equivalent 
(REO) production being 60.63%, 15.52%, and 9.38%, respectively. India came at 
seventh position with a 1.05% share in the REO production in 2021 (Statista 2023b; 
USGS 2020). However, China plays much significant role when it comes to NdFeB 
permanent magnet manufacturing, contributing to more than 80% of the magnet 
value chain (Eggert et al. 2016; Gschneidner 2015; Texas Comptroller 2021). The 
supply chains are going to face bottlenecks and possible disruptions owing to the 
volatile geopolitical ambiance in some of the critical and nodal countries and 
regions. Therefore, it is important to provide resilience to the global network of 
rare earth material supply chain by augmenting an alternate supply source, primarily 
through the recycling of the end-of-life (EoL) product. The sensitivity analysis has 
been carried out in the context of material recovery, considering two predominant 
magnet recycling techniques and the associated recovery rates. The results show that 
in the case of a 100% EoL RAC collection scenario, about 12% of the annual magnet 
demand could be met through recycling by 2030, and this number can even grow to 
25% in the coming decade. The present analysis highlights the potential for building 
a sustainable business network in India comprising e-waste agencies, recyclers, as 
well as magnet manufacturers, and OEMs (original equipment manufacturers). The 
suggested approach encompassing EoL recycling of heavy consumer durables and 
the magnet recovery could strengthen the domestic manufacturing ecosystem while 
reducing the import dependency substantially. 

1.1 India’s AC Industry Structure 

Among the heavy consumer durables or the “white goods,” the room air conditioner 
market in India has grown rapidly over the last few years. In 2021, the total annual 
production of air conditioners stood at 8.1 million units. Based on the end use, it can 
be divided into two segments: room air conditioners (RACs)/light commercial air 
conditioners (LCAC) and commercial and industrial air conditioners (C&I AC). In 
India, the market share of the RAC segment is 78%, whereas the C&IAC segment 
accounts for 22% of the total AC market by product volume (Oswal 2018a). It is 
expected that in the upcoming decade, the market share for RACs will increase to 
88%. The current population penetration of air conditioners in India is in the range of 
6–7%, which is below the global average of 35% and much lower as compared to the 
penetration levels prevailing in China (60%) and the United States (80%) (Statista 
2018; Karali et al. 2020; Khosla et al. 2021). The per capita energy consumption for



space cooling in India stands at 69 kWh as compared to the world average of 
272 kWh (MoEFCC 2019; AIEEE 2021). It is expected that the nation’s economic 
growth will provide substantial impetus to the air conditioner market in India toward 
its expansion in the coming years. Expansion of economic activities, increase in 
disposable income, the quest for improved standards, and availability of different 
customized product options are likely to fuel AC ownership in India. Furthermore, 
the recent boom in the start-up sector in developing economies like India would 
require RACs (or LCACs) in large numbers. Therefore, in order to curb high 
electricity consumption as well as the greenhouse gas emissions attributable to air 
conditioners, demand for energy-efficient appliances for smaller commercial spaces 
will grow with time. 
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Few socioeconomic factors, such as the increasing extent of urbanization, high 
building densities, and changing building norms, tend to promote the use of air 
conditioning and ventilating equipment (De Cian et al. 2019; Davis and Gertler 
2015; Pavanello et al. 2021). The air conditioning capacity and performance param-
eters for the indoor AC units are measured in terms of the floor area and the number 
of occupants in the space to be cooled (MoHUA 2016; Energy Conservation Act 
2001; BEE 2006). These factors coupled with the scorching hot and humid tropical 
weather conditions would create a major demand for air conditioners for residential 
and commercial spaces (De Cian et al. 2019; Davis and Gertler 2015; Pavanello et al. 
2021; Yun and Steemers 2011; Pandita et al. 2020). 

The diverse product categories within the AC industry are segregated based on 
end use (room AC and commercial AC), machine architecture (stand-alone and 
split), cooling capacities (tonnage and subsequently power consumption), and com-
pressor technology (fixed-speed and inverter). This study is focused on the residen-
tial product segment (also known as room air conditioner—RAC), which 
encompasses light commercial air conditioners (LCAC) as well. From the techno-
logical point of view, the inverter technology-based compressors require brushless 
direct current (BLDC) motors or permanent magnet synchronous motors (PMSM) 
which use permanent magnets in their rotors. In order to ascertain the demand for 
NdFeB magnets and rare earth materials (Nd, Pr, Dy) for the energy-efficient RACs/ 
LCACs in India, the estimation of the market share of inverter technology-based AC 
units within the total room air conditioner segment is essential. 

1.2 Scope of the Study 

This study considers residential air conditioners (RACs) and light commercial air 
conditioners (LCACs) together as an undivided segment. In order to facilitate the 
ease of analysis and discussion, this undivided class is represented by the acronym 
RAC. Such a consideration is motivated by the fact that the design and the compo-
sition of the rare earth permanent magnets used in commercial and industrial air 
conditioners (C&I AC) are distinctly different from the segment of interest because 
of the higher-power requirement dictated by the application. The magnet



requirement for the C&I AC segment is not covered in this study since the products 
are often highly customized based on the end use. There is also a scarcity of reliable 
data regarding the magnet quantity and composition used in the different commercial 
and industrial cooling applications. 
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This study assumes technical dominance of neodymium-iron-boron (NdFeB)-
based permanent magnets in the compressor motor architecture over the ferrite 
counterpart, as indicated by the previously reported studies (Semones 1985; Dent 
2012; Gieras 2010; Ormerod 2022). With a view to assessing the potential for 
recovering the magnet-based rare earth materials through the recycling of end-of-
life air conditioner compressors, two different predominant recycling techniques 
have been considered to account for different levels of material recovery efficiency. 
Further, different levels of availability of the EoL compressor motors have been 
accounted for by considering three different scenarios, as discussed later. The pivotal 
goal of this exercise is to quantify the alternate availability of magnet-based rare 
earth materials via the route of recycling that could support the accelerated growth in 
the demand for these critical minerals. It is noteworthy that this analysis does not 
account for the environmental and economic costs associated with the recycling of 
the air conditioner compressors. 

2 Literature Review 

2.1 Advent of Energy-Efficient Cooling 

The air conditioning system consists of four main functional components, viz. 
condenser coil, evaporator coil, expansion valve, and compressor (Brain et al. 
2011). Among these, the compressor is an essential component responsible for the 
air circulation. Since the electric motor used in the compressor consumes a large 
fraction of the total energy required by the AC machine, it is necessary to find 
energy-efficient architectures for the compressor motors. 

The energy efficiency ratios of the electrical machine dictate the power consump-
tion pattern of the compressor, depending on the design and material specification of 
the key operating units, especially the motor and the controller (Dubas et al. 2005). 
The fixed-speed compressors are devoid of the automatic adjusting mechanism that 
is used in controlling the airflow speed and the cooling capacity. Consequently, the 
machine operates at a constant airflow speed even when the ambient temperature is 
on the lower side and the cooling requirements are less. Such constant speed 
operations lead to higher power consumption and may lead to excess humidity in 
confined spaces (Chen et al. 2009). 

The variable speed compressors, which were primarily used in industrial cooling 
systems to adjust the input power according to the required output, offer key 
mechanical advantages during the operations. Since the space cooling requirements 
change with the changing ambient temperatures, the inverter switch-enabled motor 
of the compressor can improve the efficiency of the AC unit and reduce power



consumption by effectively controlling the drive speed and altering the airflow 
speed. The inverter AC unit uses a permanent magnet (PM) in its motor architecture. 
PM-based motors offer advantages over their induction-based counterparts in terms 
of higher speed, superior energy efficiency, better power flexibility, better heat 
transfer mechanism, ease of maintenance, and longer operational life (Mishra et al. 
2014; Shi et al. 2019). The material composition of the compressor motors and the 
fees associated with the patented technology make the manufacture of inverter ACs 
costlier. 
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However, recent trends indicate an increasing market share for the inverter ACs. 
In 2016, the inverter ACs comprised only 12% of the market. Since then, the share 
increased to about 80% in 2020 and is expected to increase further in the coming 
years (Mukherjee 2022; The Hindu Business Line 2018; Kanchwala 2022). From 
closer scrutiny of the market trends, it is evident that almost all commercial and 
industrial air conditioners (C&I ACs) use compressors equipped with variable speed 
technology (Ohyama and Kondo 2008; Uzhegov et al. 2017). In contrast, the market 
share of inverter technology-based products is about 60% in the case of the RACs 
(Oswal 2017a, 2018b). Considering the total cost of ownership (TCO), the con-
sumers are progressively preferring inverter AC units despite the higher price of 
equipment, since these AC machines are equipped with smart technology and the 
reduced power requirements finally lead to substantial savings in energy bills (Jain 
2022; Daikin 2023). Furthermore, the global convergence toward improved tech-
nology with higher star ratings and standardized labeling by regulatory agencies has 
been the pivotal enablers behind the quick adoption (Energy Conservation Act 2001; 
BEE 2006). 

This study has analyzed the currently available models and the product trends for 
the major players in the Indian RAC market. It became evident that some major 
manufacturers, such as LG, Daikin, Carrier Midea, and Whirlpool, are the pro-
ponents of inverter-compressor technology, and their respective product lines have 
transitioned to the variable speed compressor designs (Daikin 2023; The Hindu 
Business Line 2018; Kanchwala 2022). On the other hand, a few other major 
players, like Blue Star, Voltas, and Samsung, have around 80% of products outlined 
as inverter technology-enabled. In the Indian context, the BEE (Bureau of Energy 
Efficiency) updated its rating norms for air conditioners in 2020, favoring compres-
sor designs with higher energy efficiency and superior performance parameters 
(BEE 2020a, b; PIB  2020). 

2.2 Rare Earth Permanent Magnets: Role and Requirement 

The circulation of pressurized air for heat removal requires high speed, which 
necessitates the use of high-power-density electric motors in air compressors. There-
fore, permanent magnets are preferred by the motor manufacturers since they 
facilitate higher torque generation at zero degree. There are other advantages, such 
as better thermal reliability, lower physical weight, lower noise, compactness, and



ruggedness (Kim and Lee 2005). The NdFeB RE permanent magnets offer substan-
tial weight reduction (by about 60%) and higher torque per unit mass as compared to 
the ferrite-based counterparts (Shinetsu Rare Earth Magnets 2007). The high-
coercivity NdFeB magnets are available for temperatures reaching up to 220 °C in  
the operating environment, with negligible irreversible loss (Dent 2012; IMA 2018). 
The need for a low-temperature coefficient has led to the development of several 
grades of NdFeB magnet to meet specific operational requirements (IMA 2018; 
Bunting E-Magnets 2023). 
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The studies pertinent to system-level analysis on the PMSM (permanent magnet 
synchronous motor) architecture, design, and material specifications define a ratio of 
the magnet weight to the active weight of the motor or a minimum allowable motor 
power-to-active mass ratio (Campbell 2008; Collocott et al. 2004; Palmer 2022) for 
efficient operation. In the context of the manufacture of rare earth permanent 
magnets, previous studies have reported a 32–35% share of rare earth materials by 
weight depending on the applications (Fastenau and van Loenen 1996). Considering 
the internal temperature of a typical air conditioning system, compression molded 
magnets/bonded magnets are preferred by manufacturers for the maximum operating 
temperature reaching up to 170 °C (Im et al. 2021; Coney et al. 2002). The addition 
of dysprosium (Dy) increases the coercivity and temperature resistance of the 
magnet. 

The relative share of neodymium (Nd), praseodymium (Pr), and dysprosium 
(Dy) would depend on their availability, market prices, and technological choices 
made by the manufacturers of magnets and compressor motors. In an efficient 
NdFeB permanent magnet for general application, the shares of Nd, Pr, and Dy 
are about 29%, 1%, and 5% by weight, respectively. Available open-source data 
indicate that over the past decade, the demand for permanent magnets for consumer 
electronics was higher than that for industrial purposes (Statista 2016a, b). However, 
in the near-to-medium-term future, a rapidly growing demand is expected from the 
industrial applications and the green energy sector (especially, the large magnets 
used in wind turbine generators) (Alonso et al. 2020). The growth of the electric 
vehicle segment would also require high-quality NdFeB magnets. 

IEA reports highlight that the quest for comfort in the warming world would lead 
to an increasing level of use of the air conditioners, and it will be favored by the 
overall economic development. Increased population penetration of heavy consumer 
durables (including ACs) would lead to substantially higher electricity consumption 
in the coming decade (IEA 2022a, b). However, the higher price differential asso-
ciated with energy-efficient high-end air conditioners forces medium-income group 
buyers to settle for inefficient products. Therefore, from a national perspective, a 
developing economy like India needs to enforce energy efficiency standards very 
strongly so that electricity consumption can be reduced and the associated emission 
burden (attributable to the power generation from fossil-based sources, which would 
continue to be the mainstay in India in the foreseeable future) on the economy. 

It is noteworthy that the price fluctuation of the intermediate products and 
components (e.g., the rare earth permanent magnets) caused by the interruptions in 
the supply of raw materials may hinder the envisaged aspirational transition to more



efficient products. Several reports have highlighted the concerns related to the 
insufficient primary supply of Nd and Dy (Habib and Wenzel 2014; Barteková 
2016; Gupta and Ganesan 2014; Dutt and Tyagi 2022; IEA 2021). Therefore, it is 
important to consider innovative alternate approaches to ensure a sustainable and 
smooth transition to higher-energy efficiency with minimal discontinuity in the 
supply chain. One such way is the recycling of end-of-life products, which can 
enhance the raw material availability by catering up to 50% of the demand by 2100 
(Habib and Wenzel 2014). In comparison with other consumer electronics items, on 
average, the quantity of magnetic materials present in a typical air conditioner unit is 
much higher (European Commission 2017). India, being the second largest 
manufacturing hub (Lu 2019) for heating, ventilation, and air conditioning 
(HVAC) components, has the potential to recycle magnets to recover critical min-
erals and reuse them for the manufacture of fresh magnets for a wide array of 
different applications. Such a circular approach of recycling and remanufacturing 
can help India in creating critical infrastructure and capabilities which can directly 
benefit the nation in terms of strategic strength and economic prosperity. Further, 
recycling would lead to a lesser extent of mining activities associated with magnet-
based rare earth materials. In India, rare earths are mainly extracted from beach sand 
minerals (Indian Bureau of Mines 2016). Since the coastal areas in the country are 
vulnerable to various anthropogenic activities (Mohanty et al. 2023), the reduced 
extent of beach sand mining would translate into larger environmental benefits. 
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3 Methods 

The study has estimated the demand for magnet-based rare earth materials for the 
RAC compressors considering two different scenarios (i.e., two different CAGR 
values for the sector). In 2021, the annual production of RACs in India stood at 6.32 
million units, and of these, about 60% were equipped with the inverter technology. 
The previous production data and the cumulative stock of RAC units up to 2021 
were considered to estimate future RAC market size in two growth scenarios, a 
conservative growth scenario of 10% CAGR and an optimistic growth scenario of 
14% CAGR. A progressively increasing market share of inverter technology-based 
compressors is simulated by considering a time-dependent product replacement 
trajectory for fixed-speed technology-based compressors between 2021 and 2030. 
It’s expected that the share of inverter RACs in the total annual production in India 
will increase to 90% by 2030 from a market share of 60% in 2021. 

The prevalent market share information for the RAC units in India based on the 
cooling capacities (i.e., motor power specifications) has been used to calculate the 
average magnet requirement per air conditioner (see Table 1). It has been considered 
that 1 ton of cooling capacity is equivalent to 12,000 BTU/h or 3.5 kW. From the 
table, it can be seen that the weighted average magnet requirement for the residential 
air conditioner is about 0.115 kg. Using this value as the baseline information, the 
annual and the total magnet requirement are estimated for the period 2021–2030.



Additionally, the demand for the magnet-grade rare earth metal powders (Nd, Pr, and 
Dy) has been estimated assuming the average composition for NdFeB magnet 
mentioned earlier (see Sect. 2.2). 
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Table 1 Magnet requirement for RACs with different cooling capacities (Campbell 2008) 

Cooling capacity (tons) Market share Magnet requirement (kg) 

0.5–1 2% 0.071 

1 37% 0.089 

1.5 55% 0.126 

2–3 6% 0.193 

Weighted average 0.115 

Further, the study incorporates the possible scenarios for recycling of air condi-
tioner units to account for the recovery potential of magnets and rare earth materials 
from the compressor motors of the EoL products. It provides an assessment of the 
availability of magnet-based critical materials from the envisaged alternate source 
with a view to meeting the growing demand. 

The idealistic complete collection and recycling (highly ambitious scenario) were 
assumed with a 100% collection of end-of-life compressors for extraction of all 
critical minerals and metals. Considering the 10-year operational life of an air 
conditioner compressor as claimed by the prominent manufacturers (Oswal 
2017b), it was assumed that the inverter RAC units which entered the market in 
2015 will be available for recycling in 2025. As per the industry insights (Oswal 
2017b, c, 2018a, c), the share of inverter RACs in the Indian market was about 10% 
in 2015, and before that, the product share was negligible. Considering the negligible 
market footprint of inverter technology in RAC segment prior to 2015, the product 
volume of the earlier years is not considered in the calculations pertinent to the 
potential for recycling. 

Among the commercialized methods of recycling (European Commission 2017; 
Constantinides 2021; Baba et al. 2013), the physical separation technology with 
an overall rare earth element (REE) extraction yield of 95% (Yang et al. 2017) and 
the hydrometallurgical process based on leaching method with an overall yield of 
82% were considered (Bandara et al. 2016). As mentioned earlier, the present study 
considers two possible demand growth trajectories (10% and 14% CAGR) for 
NdFeB permanent magnets and corresponding rare earth elements (Nd, Pr, Dy) for 
the RAC segment. Further, the potential of alternate supply via recycling has been 
quantified by considering two commercially viable methods. Table 2 summarizes 
these scenarios. Further, in the discussion section (see Sect. 5), three different EoL 
product collection scenarios have been discussed to demonstrate the possible vari-
ations in the availability of critical minerals when the route of recycling is considered 
for bolstering the supply chain.
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Table 2 Growth scenarios of RAC- and RE-based magnets and different scenarios for recovery of 
magnet and REEs 

Scenarios for projection of demand of permanent magnets and REEs and different scenarios for 
estimating recycling potential 

Growth in demand for RACs and rare 
earth-based permanent magnets

Potential alternate supply via end-of-life RAC 
recycling and recovery of permanent magnets and 
REEs 

Conservative 
growth sce-
nario (CGS) 
(10% CAGR) 

Optimistic growth 
scenario (OGS) 
(14% CAGR) 

Physical separation and 
extraction method 
(recycling yield 95%) 

Hydrometallurgy— 
leaching method 
(recycling yield 82%) 

4 Results 

4.1 Demand Estimation for Permanent Magnet and REEs 

The total annual production levels of RACs in India are estimated to reach 16.61 
million units and 30.94 million units by the end of this decade for the 10% and 14% 
CAGR scenarios, respectively. Correspondingly, the annual production levels of 
inverter RACs are estimated to reach 14.94 million and 27.83 million units by 2030, 
respectively, for the growth rates mentioned above. The yearly total production 
levels of RACs and those for inverter-based RACs in the conservative and optimistic 
scenarios are shown in Figs. 1 and 2 for the period 2021–2030. 

Corresponding to the growth in the production of the inverter RACs, the require-
ment for permanent magnets will also increase. The estimated values for the total 
magnet demand for the duration between 2022 and 2030 were found to be about 
9033 and 15,174 tons under the conservative growth and the optimistic growth 
scenarios, respectively. The total demand for the magnet-grade powder of heavy rare
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Fig. 1 Growth trajectory of RAC segment in conservative growth scenario (CGS)—CAGR 10%



earth dysprosium (Dy) metal is expected to be in the range of 451–758 tons for the 
period 2022–2030, considering the two growth scenarios (10% and 14% CAGR) as 
the terminal limits. The total demand for the magnet-grade powder of light rare earth 
neodymium (Nd) metal is estimated to be in the range of 2619–4400 tons, and that 
for praseodymium (Pr) is estimated to be between 90 and 151 tons during the period 
2022–2030, for the assumed growth scenarios. Figures 3 and 4 represent the year-
wise demand for permanent magnet and the total as well as individual demand for 
the magnet-grade powder of three rare earth metals (Nd, Pr, and Dy) for the 
conservative growth scenario (CAGR of 10%). Figures 5 and 6 represent the year-
wise demand for the NdFeB magnet and the magnet-grade powder of the relevant 
REEs (Nd, Pr, Dy) for the optimistic growth scenario (CAGR of 14%).
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Fig. 5 Demand for permanent magnet and magnet-grade RE metal powder in optimistic growth 
scenario (14% CAGR) 

4.2 Alternate Supply Potential for Permanent Magnet 
and REEs Through Recycling of EoL Products 

For the assumed idealistic 100% collection scenario for end-of-life RACs (which is 
defined as a highly ambitious scenario (HAS)) and the adoption of two commercial-
ized recycling methods (as mentioned in Sect. 3), a total magnet recovery amounting 
to about 680 tons via the physical separation process (dry extraction method) is 
estimated, whereas that for the hydrometallurgical process is about 586 tons, for the 
period 2025–2030. Figure 7 shows the year-wise quantum of magnetic material 
recovery during 2025–2030 for the two different recycling processes considered for 
the highly ambitious scenario of RAC collection.
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Fig. 6 Estimated demand for individual magnet-grade rare earth metal powder in optimistic growth 
scenario (14% CAGR) 
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Fig. 7 Quantity of recovered permanent magnet in highly ambitious scenario (HAS) via the two 
predominant recycling methods 

Recycling as an alternate source of raw material has limited potential in the initial 
years and also shows a slow pickup initially. Therefore, during the initial years of 
recycling (2025–2027), the contribution of recycling toward meeting the annual 
demand for NdFeB magnet and associated REEs would remain low (within 1–3%). 
However, by the end of the decade, the contribution from recycling will start 
becoming substantial because of the higher extent of magnet recovery, attributable 
to the higher market share of inverter technology-based RACs. The recycled magnet 
quantity may even reach up to 10–12% of annual demand levels by 2030. However, 
as mentioned previously, 100% collection of RACs is a highly ambitious scenario



and appears to be some distance away considering the current scenario of formal 
electronic waste collection and recycling which comes to around 5%. Needless to 
mention that with a 5% collection of EoL RAC units, the recovery of permanent 
magnets and REEs could be negligibly small as compared to total annual demand 
and the recovery process may appear prohibitively expensive considering the yield. 
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5 Discussions 

The IEA report and several studies have highlighted the emerging supply risks for 
the critical materials, which are considered the key drivers of the green energy 
transition with energy efficiency at the core. Rare earth permanent magnet (mainly 
NdFeB magnet) is an essential intermediate product for building high-performance 
energy-efficient motors for a wide array of applications of commercial importance. 
Since the processing of magnet-based REEs and the manufacture of RE permanent 
magnets have become largely monopolized in the global arena (Ma and Henderson 
2021; USGS 2020; Ferreira and Critelli 2022; The Print 2021), it is imperative for 
the developing economies like India to explore the possibilities of developing an 
alternate supply source for the crucial minerals, which are used in the manufacturing 
of commercially important products. Recycling of end-of-life products is one such 
way which may prove to be a boon if the recovery and recycling-oriented industry 
ecosystem is planned in an integrated manner. Recycling and reuse would help in 
reducing the energy- and emission-intensive mining activities, which have a sub-
stantial hidden cost that is often overlooked while assessing the product’s life cycle. 

As highlighted before, even though the quantum of recycled permanent magnets 
and REEs would be low during the present decade, the impact of recycling will be 
much higher in the coming decades as the demand and the penetration of the energy-
efficient consumer durables (including RACs) continue to grow. 

Closer scrutiny of available literature pertinent to the analysis of unit-level 
recycling brings forth two main barriers to organized component recycling, (a) the 
technical aspects associated with the recovery of individual metals from the alloy 
forms extracted and (b) the scale of used products turning for recycling (collection 
rate of e-waste). It is observed that the recovery of individual REEs from the recycled 
motor is not equivalent to the quantities used during the primary manufacturing 
phase of the permanent magnet. The extent of REE recovery differs depending on 
the recycling process and demagnetization technique used, because of the physical 
and chemical properties of the elements (Rasheed et al. 2021). At the commercial 
scale, the recycling methods and processes are determined considering the resale 
value of the recovered RE materials in the market. For example, in the case of 
NdFeB magnet with dysprosium content, the heavy rare earth element dysprosium 
has a lesser recycling yield, and therefore it has a high value for the recyclers owing 
to its critical role in the high-grade permanent magnets with a higher power density 
(De Campos and De Castro 2020; Alves Dias et al. 2020). The extraction and 
recovery processes of dysprosium (Dy) are comparatively more complex and time



Year of end of life

taking. Light rare earth minerals neodymium (Nd) and praseodymium (Pr) have 
higher recycling yields and require relatively less intensive recycling processes 
(Yang et al. 2017; Bandara et al. 2016). 
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Considering the rising demand for Dy in RE permanent magnets used in high-
performance applications, its recovery with the highest purity has been aimed for in 
the R&D efforts and by commercial enterprises (De campos and De Castro 2020; 
Fujita et al. 2022; Tunsu 2018). Reported studies highlight that dysprosium extrac-
tion has always been a challenge in NdFeB magnet recycling and requires thermal 
treatment at 700–1000 °C for a fairly long duration of 4–6 h (Bandara et al. 2016). 
Studies report that while neodymium extraction can be as high as 100%, dysprosium 
extraction could be in the range of 60–94% depending on the extraction technique, 
temperature, and time (Bandara et al. 2016; Rasheed et al. 2021; Tunsu 2018). 

The material extraction intensities assumed in this study are based on the previous 
studies (Bandara et al. 2016), which indicate a 100% recovery yield with the least 
impurity for Nd and Pr, and about 94% extraction yield for Dy considering 
the extraction time limit of 48 h. Based on these assumptions, there is a difference 
between the quantum of the magnetic minerals used in initial manufacturing and that 
recovered post-recycling. Table 3 summarizes the quantities of the magnet-based RE 
metals (Nd, Pr, Dy) used initially for the manufacture of RAC compressors. Table 4 
exhibits the quantities of the individual REEs recovered from scrap permanent 
magnets, via the two predominant recycling methods considered. 

Table 3 Quantity of permanent magnet and rare earth materials used during the initial production 
of inverter RACs 

Year of
production

Share of inverter 
RAC

Inverter RAC units 
(in millions)

Magnet and rare earth used 
during production (tons) 

Magnet Nd Dy Pr 

2015 10% 0.25 28.72 8.33 1.44 0.29 

2016 13% 0.44 50.36 14.61 2.52 0.50 

2017 18% 0.70 80.72 23.41 4.04 0.81 

2018 24% 1.12 129.03 37.42 6.45 1.29 

2019 33% 1.72 197.86 57.38 9.89 1.98 

2020 44% 1.98 228.15 66.16 11.41 2.28 

Table 4 Quantity of permanent magnet and rare earth materials recovered at the end of recycling 
process (100% collection and recycling of end-of-life RACs) 

Magnet and rare earth recovery via 
physical separation (tons) 

Magnet and rare earth recovery via 
leaching method (tons) 

Magnet Nd Dy Pr Magnet Nd Dy Pr 

2025 27.28 7.91 1.28 0.27 23.55 6.83 1.11 0.24 

2026 47.85 13.88 2.25 4.78 41.30 11.98 1.94 0.41 

2027 76.69 22.24 3.60 7.67 66.19 19.20 3.11 0.66 

2028 122.58 35.55 5.76 12.26 105.80 30.68 4.97 1.06 

2029 187.97 54.51 8.83 18.80 162.24 47.05 7.63 1.62 

2030 216.74 62.86 10.19 21.67 187.08 54.25 8.79 1.87
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Table 5 Different e-waste collection scenarios considered for sensitivity analysis 

Scenario Description 

Business-as-usual (BAU) 
scenario 

A 5% collection rate for the end-of-life RACs for the period up 
to 2030 

Moderate collection rate (MCR) 
scenario 

An improved e-waste collection scenario where the collection 
rate steadily increases at a CAGR of 1.43% to reach 30% by 
the end of 2030 from the current level of 5% 

Accelerated formalized 
recycling (AFR) scenario 

An aggressively enhanced e-waste collection scenario where 
the collection rate increases at a steep CAGR of 1.7% to reach 
70% by the end of 2030 from the current level of 5% 

Apart from the technical challenges associated with the recycling and recovery of 
crucial RE minerals, the lack of regulatory directives regarding the collection and 
commercial-scale recycling of electronic wastes is another hindering factor affecting 
the alternate source of critical materials. The total magnetic material recovery 
amounting to 680 tons and 586 tons via physical separation and leaching methods, 
respectively, assuming 100% formal e-waste collection and recycling between the 
years 2025 and 2030 will be quite difficult given the current state of affairs. 
Nevertheless, there had been amendments in India’s E-Waste Management Rules 
in 2018 (PIB 2018), with a detailed mention of collection, storage, transportation, 
dismantling, recycling, and disposal of e-waste, as well as extended producer 
responsibility (EPR) (MoEFCC 2018), and a new draft has been drawn in 2022 
aimed at improving the e-waste recycling in the country (PIB 2022). It is anticipated 
that mandatory provisions related to extended producer responsibilities (EPR) along 
with consumer awareness toward sustainability will improve the condition of formal 
recycling in the coming years. 

In view of the recent regulatory changes, three different scenarios have been 
considered to reflect different possible levels of RAC collection and recycling. These 
three scenarios are summarized in Table 5, and they provide different trajectories for 
the EoL RAC collection and subsequent recycling for possible recovery of critical 
materials. This would help in gaining a more informed perspective on the scope of 
supply risk management through recycling and circular economy. Figures 8, 9, and 
10 depict the magnet recovery for the three assumed different trajectories of RAC 
collection defined in Table 5. 

Analysis of the three different e-waste collection rate scenarios highlights that if 
the e-waste collection and recycling situations do not change in the near future, then 
the Business-as-usual scenario will be able to cater to only 0.65% of the projected 
annual demand for NdFeB magnets in 2030. In the case of Moderate collection rate 
(MCR) scenario, upon improving the collection rate to 30% by 2030, the recycling 
route could help in meeting about 3% of the projected annual demand for magnets in 
2030. In the third scenario of Accelerated formalized recycling (AFR) (70% e-waste 
recycling by 2030), recycling potential shows that the suggested alternate supply 
would be able to support about 9% of the projected annual demand for magnets in 
2030. Tables 6, 7,  and  8 show the recovered quantities of individual REEs from the



scrap magnets for the three different collection scenarios as well as two different 
recycling methodologies considered. 
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Fig. 8 Magnet recovery in business-as-usual (BAU) scenario via the two predominant recycling 
methods considered 

1 3 
8 

18 

39 

65 

7 
16 

34 

56 

0 

10 

20 

30 

40 

50 

60 

70 

2025 2026 2027 2028 2029 2030 

R
ec

ov
er

ed
 Q

ua
nt

ity
 in

 T
on

ne
s 

Timeline 

Moderate Collection Rate Scenario 

Physical Separation 

Fig. 9 Magnet recovery in moderate collection rate (MCR) scenario via the two predominant 
recycling methods considered 

Figure 11 presents the summary of the conceptual template used in the study in 
the form of a schematic flow diagram (the dashed line indicates the scope of the 
present study). The different scenarios were chosen for assessing the possible 
variabilities that might be expected in the formal recovery and recycling of NdFeB



Magnet Nd Dy Pr Magnet Nd Dy Pr

permanent magnets and associated rare earth elements from the RAC e-waste. An 
estimate of possible variability is important for planning purposes since they provide 
a baseline regarding the investment and infrastructure requirements toward building 
an alternate critical energy material supply chain. 
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Fig. 10 Magnet recovery in accelerated formalized recycling (AFR) scenario via the two predom-
inant recycling methods considered 

Table 6 Quantity of permanent magnet and rare earth materials recovered in business-as-usual 
(BAU) scenario at the end of recycling process 

Year 
of end
of life

E-waste 
collection rate 
(in %) for 
recycling

No. of 
recycled 
inverter 
RACs 
(millions) 

Magnet and rare earth 
recovery via physical 
separation (tons) 

Magnet and rare earth 
recovery via leaching 
method (tons) 

2025 5 0.01 1.36 0.40 0.06 0.014 1.18 0.34 0.06 0.01 

2026 5 0.02 2.39 0.69 0.11 0.024 2.06 0.60 0.10 0.02 

2027 5 0.04 3.83 1.11 0.18 0.038 3.31 0.96 0.16 0.03 

2028 5 0.06 6.13 1.78 0.29 0.061 5.29 1.53 0.25 0.05 

2029 5 0.09 9.40 2.73 0.44 0.094 8.11 2.35 0.38 0.08 

2030 5 0.10 10.84 3.14 0.51 0.108 9.35 2.71 0.44 0.09 

In response to the limited availability and foreseeable scarcity of critical energy 
materials, capability building in terms of magnet and motor manufacturing and REE 
recycling is essential. The efficiency in material reuse would add substantially to the 
“greenness” of the envisaged transition to a cleaner and more energy-efficient future.
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By adopting a business-oriented approach toward building the industry ecosystem, 
India can enhance the potential for material recovery and recycling. However, for the 
viability of the product recycling route as an alternate source for meeting the critical 
material demand in the high-demand commercial durables (e.g., RACs), the collec-
tion rate of end-of-life products should improve substantially from the current level. 
Such innovative interventions would prove to be crucial in the coming decades when 
there will be a higher demand for residential air conditioners, and critical energy 
materials (e.g., Nd, Pr, Dy) will be short in supply. Therefore, it is essential to 
develop suitable strategies at the national level for attaining economies of scale in 
recycling of scrap magnets to make the recycling process economically viable. 
Further, the reprocessing facilities should be integrated with the e-waste collection 
and component segregation line to ensure seamless inflow of the scrap magnets from 
the EoL products.
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Fig. 11 Conceptual template for evaluating the potential for e-waste recycling for partial fulfill-
ment of the demand for NdFeB magnet and magnet-based REEs in RAC market 

Recently, Indian government has issued guidelines, promoting voluntary 
extended producer responsibility (EPR) to improve e-waste collection and recycling, 
accompanied by targets for minimum reuse of recovered minerals for the different 
subcomponent categories (PIB 2022). It is expected that in the near future, similar 
guidelines and policy interventions will be formulated for the effective collection of 
used electric motors and the recycling of critical components such as permanent 
magnets. This will further assist in building a robust indigenous manufacturing 
ecosystem, with enhanced production lines for highly energy-efficient products 
(as per the mandate of the Bureau of Energy Efficiency (BEE)), supported by the 
adoption of a sustainable 3R (recover, recycle, and reuse) model for material 
efficiency and also suitable financial arrangements.
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5.1 Reduction in Rare Earth Mining: Mitigation 
of Environmental Burden 

The principal sources of rare earth elements are bastnaesite (a fluorocarbonate 
commonly found in carbonatites and related igneous rocks), xenotime comprising 
yttrium phosphate (which predominantly occurs in mineral sand deposits), loparite 
(observed in alkaline igneous rocks), and monazite (a phosphate). In India, monazite 
is the principal source of REEs and thorium. The beach sand minerals (BSM) from 
placer deposits in India are a lean source of REEs (grade 0.06%). Therefore, a large 
volume of beach sand ore surface mining (~in excess of 50 lakh tons per annum) 
would be required to achieve a reasonable quantity of Nd-Pr compounds (~400–500 
tons per annum). Large-scale beach sand mining may also attract illegal sand mining 
for construction activities. Sand mining results in reduced sediment availability, 
eventually leading to coastal erosion. Coastal erosion would cause loss of land, 
destruction of infrastructure, and displacement of coastal communities (Mohanty 
et al. 2023). Keeping this in mind, exploration for REEs is being carried out by the 
Geological Survey of India (GSI) and the State Directorates of Geology & Mining 
for alternate sources. The reconnaissance stage investigation (G-4) has identified a 
few potential inland areas for REEs and other minerals. However, a detailed 
assessment of the grade of the ore in a case-specific manner would be crucial, 
since lean ore would lead to large-volume mining, leading to a higher environmental 
burden. Many identified locations in Northeast India also have biological hotspots in 
the vicinity. The sensitive and fragile ecosystems can potentially face dire conse-
quences in case imprudent and unabated mining activities take place in those areas. 

There are two primary methods for REE mining. The first method involves 
the removal of topsoil and the creation of a leaching pond where chemicals are 
added to the extracted ore to separate metals. However, toxic chemicals from such 
leaching ponds may leak into groundwater aquifers leading to devastating effects on 
the ecology and the environment. The second method involves the drilling of holes 
into the ground and the use of polyvinyl chloride (PVC) pipes and rubber hoses to 
pump chemicals into the earth for the extraction of desired metals. This method also 
creates a leaching pond with similar problems. Sometimes, the PVC pipes are not 
removed, leading to the natural aging of plastic material and the incursion 
of microplastics into the groundwater. Both methods produce a substantial amount 
of toxic waste, with a high risk of environmental and health hazards. For every ton of 
RE metal produced from the hard igneous rock deposits, the mining process yields 
roughly 13 kg of toxic dust, 9600–12,000 cubic meters of waste gas, 75 cubic meters 
of wastewater, and 1 ton of radioactive residue. This may however vary from one 
place to another based on the geological attributes and the type of deposit being 
exploited. This indicates that mining activities have the potential to contaminate air, 
water, and soil simultaneously. Looking at these concerns, the recovery and 
recycling of REEs provide some cushion for developmental activities when 
observed from the environmental impact point of view.
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6 Conclusions 

This study presents two different growth scenarios for the energy-efficient residential 
air conditioners (conservative and optimistic growth scenarios, respectively) to 
reflect the possible future demand for the NdFeB magnets and the critical REEs 
(Nd, Pr, Dy). From a thorough scrutiny of available literature, it is identified that the 
heavy consumer durable market in India (including RACs) could face the supply risk 
of NdFeB permanent magnets used in energy-efficient end products. This is primar-
ily due to the limited availability of critical magnet-based rare earth materials— 
neodymium, praseodymium, and dysprosium. A price shock may also deter the 
growth of the consumer durable industry. Considering India’s current status in the 
manufacturing of air conditioner compressors and the untapped market opportunities 
related to end-of-life electronic products, a conceptual template comprising 
recycling and remanufacturing has been suggested. Such an approach can reduce 
the country’s import dependency for the critical materials and components used in 
the subsystems and systems of the commercially important product. 

Currently, recovery and recycling are driven primarily by environmental needs, 
focused on reducing the toxicity attributed to e-waste disposal. A small fraction of 
the total e-waste (i.e., a few specific components that generate value for the dealers) 
reaches the formalized recycling facilities. Therefore, there is ample opportunity to 
tap the recycling potential provided suitable financial arrangements and formal ties 
can be worked out among the various parts of the waste collection and waste 
recycling value chains, leading to an integrated supply chain. Further, global 
advancements in the technical aspects of recycling should be closely followed, and 
necessary technological improvements should be imbibed and indigenized to 
enhance sustainable manufacturing ecosystem. By these means, the pressure on 
the extraction of virgin raw material through energy- and emission-intensive mining 
processes can be reduced by a substantial amount in the coming decades. Moreover, 
recent research related to electric motor design and specification supports the 
application of smaller but multiple rare earth-based permanent magnets for improved 
magnetic and coercivity properties, rather than big, centralized ones. In view of these 
developments, recycled magnets of smaller size would prove to be very useful for 
the end-product manufacturers as well as the makers of the magnets and motors. 
Apart from the initial support from the government for the creation of facilities and 
capacities, these trends would likely attract a lot of interest from business enterprises 
and original equipment manufacturers to invest and establish modern recycling 
facilities which could benefit the economy in the form of alternate supply chain 
and reduced burden on the environment. 
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of E-Waste 
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Abstract The exponential advancement of technology, along with our demanding 
consumption habits, has ended up in an alarming growth in electronic waste 
(e-waste) creation, posing a severe environmental risk. This chapter highlights the 
environmental implications of e-waste as well as government attempts to promote 
responsible waste management, sustainable consumption, and separation of raw 
materials from these wastes. Dangerous chemicals, including Hg, Pb, and Cd, 
along with brominated flame retardants (BFRs) are released into the atmosphere 
during illegal disposal or informal recycling of e-waste, eventually building up in our 
ecosystem and disrupting the normal ecological cycle. It results in heavy metal 
contamination in the soil and water, emissions in the air, as well as negative impacts 
on human lives such as reproductive abnormalities and respiratory disease. The 
government policy like extended producer responsibility (EPR) implementation 
frameworks emphasize the collection and recycling systems and promote the sus-
tainable waste management practices. EPR requires producers to take responsibility 
for their goods complete life cycle, including proper disposal and recycling. Collab-
oration among governments, manufacturers, consumers, and recycling sectors is 
required to manage e-waste effectively. Thus, environmental risks can be reduced 
by adopting ecosystem-friendly practices in sustainable e-waste management and 
nurturing a circular economy. 
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1 Introduction 

Incessant demands of electrical and electronics, including white goods, ICT equip-
ment, and corporate and residential items, have made our life easy and comfortable. 
However, after reaching its end of life (EoL), it has been thrown as waste, which is 
called e-waste (Pathak et al. 2017). E-waste is described as a heterogeneous mixture 
of ferrous and nonferrous metals, including ceramics and plastic components, by the 
Association of Plastics Manufacturers in Europe (APME) (Srivastava and Pathak 
2019). Commonly, household e-waste is disposed of along with municipal solid 
waste to the landfill or sold to vendors (authorized or unauthorized), and further, it 
reaches landfills (Ikhlayel 2018). 

Globally, e-waste production reached 53.6 Mt in 2019, and only 17% of this was 
managed in a sustainable way that recover $9.4 billion in raw materials including 
iron, gold, copper, and other precious raw minerals (Forti et al. 2020). As a result, the 
fate of about 83% of the generated e-waste remains unknown or unaccounted for. 
With a possible loss of $47.6 billion in precious metals, garbage may be handled and 
repurposed informally or abandoned, burned, exchanged, or even recycled on 
occasion (Baldé et al. 2022). It is predicted that the generation of e-waste will 
increase by 74.7 Mt in 2030 and up to 110 Mt in 2050 (Tabelin et al. 2021). 
E-waste contains valuable metals and minerals such as copper, cobalt, gold, and 
platinum, as well as potential environmental concerns such as polychlorinated 
biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) (Li and Achal 
2020; Pathak and Pandey 2023). 

Burning electronic debris can result in the release of dioxins, furans, polycyclic 
aromatic hydrocarbons (PAHs), polyhalogenated aromatic hydrocarbons (PHAHs), 
and hydrogen chloride (Das et al. 2021; Pathak et al. 2023). Further, informal 
recycling of e-waste that recover valuable metals but has a negative ecological 
impact is not a sustainable process. Moreover, developed nations export their 
unspecified amount of e-waste to developing nations that goes for informal 
recycling, which violates the Basel Agreement because recycling methods incorpo-
rate igniting and dissolving into deep acids without any effort taken to safeguard 
public’s well-being or the surroundings (Kumar et al. 2017). 

This type of recycling causes significant localized pollution at first, followed by 
the toxins spreading into receiving streams and food networks. Toxins are often 
introduced to the general public through a variety of avenues, including smoke, dust, 
drinking water, and food. However, because they handle electronic debris, e-waste 
employees are at a higher risk due to direct skin contact and inhalation. Furthermore, 
the influence of e-waste might extend beyond its immediate domain, as certain 
manufactured or agricultural items destined for export may contain contaminants 
linked with e-waste inadvertently. To determine the aforementioned global genera-
tion of e-trash, data on the number attributed to objects in use is required. Since these 
statistics are usually available in wealthy countries, Eq. 1 can be used to estimate 
how much e-waste is produced:
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E= 
MN 
L

ð1Þ 

The addition of a given product to the yearly creation of electronic trash, 
E (kg/year), is determined by its mass (M, kg) and the number of operational units 
(N ) including its typical lifespan (L, years). 

India holds the top ten position for the generation of e-waste in the world and is 
facing a severe problem amid the long-term disposal of such waste. As a result, the 
Indian government has been working for several years to provide an established 
foundation and judicial structure for our country’s e-waste management. E-waste’s 
massive volume and intricate composition, which contain lethal chemicals and toxic 
metals, endanger both the human health and the environment. E-waste contains 
thousands of distinct compounds, many of which are classified as hazardous or 
radioactive waste and vary depending on the products/devices generated. In mam-
mals, the main physical repercussions include abnormalities of the brain, lungs, 
thyroid, and reproductive systems (Pathak et al. 2017). E-waste disposal releases 
dangerous heavy metals and poisonous gases which may eventually contaminate 
groundwater (Zhang et al. 2022). Groundwater contamination from metal deposits in 
the soil, including As, Cd, Cu, Pb, Se, and Zn, poses a persistent threat to the 
environment and human health. Lack of health and safety laws and inadequate 
recycling procedures, like landfill discarding, disassembling, improper cutting, igni-
tion, and acid discharge, increase the threat to the people handling e-waste and the 
surrounding environment (Pathak et al. 2019; Pathak and Pandey 2023). 

Further, heavy metal concentrations were found in elevated amounts in natural 
plant specimens (Cynodon dactylon) from e-waste reprocessing sectors. Studies on 
threat estimation based on thorough metal concentration and multivariate analysis 
have shown considerable discrepancies across sample locations and solid proof of 
contamination with the heavy metal as a result of nonformal e-waste reprocessing. 
Long-term nonformal reprocessing of e-waste could result in elevated quantities of 
dangerous heavy metals accumulating in the upper soil layer, vegetation, as well as 
groundwater, posing a high risk to both the environment and the personnel. This 
needs the immediate deployment of corrective procedures to lessen heavy metal 
pollutants in e-waste reprocessing operations. 

2 The Global Framework of E-Waste Generation 

Different continents in the world generated 53.6 Mt of e-waste in 2019 as shown in 
Fig. 1. Production of electronic waste worldwide has increased by 9.2 Mt since 2014, 
and by 2030, it is projected to reach 74.7 Mt, nearly doubling in just 16 years. The 
main drivers for the e-waste generation rate are higher usage rates of electrical and 
electronic equipment (EEEs), short service lives, and limited repair choices of 
e-wastes (Forti et al. 2020).
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Fig. 1 E-waste generated 
by different continents in the 
year 2019 (in Mt) 

The international approach helps to harmonize the measurement framework and 
indicators to create an integrated and comparable global measuring framework for 
e-waste. The framework quantifies and identifies the essential elements of a 
country’s e-waste. The following indications can be generated using the framework: 

1. The total amount of e-waste that has been commercialized (placed on the market 
(POM), kg/person). This illustrates how large the domestic e-goods market is and 
the overall e-waste produced (kg/person). This indicates the amount of electronic 
garbage generated on a national scale. 

2. E-waste that has been formally collected (in kg/person). The quantity of elec-
tronic waste that is formally collected using the collection mechanism is as 
follows: 

E-waste collection center= 
Total e-waste recycled 
Total e-waste generated 

× 100 ð2Þ 

3. This metric indicates how successfully the government’s collection procedures 
are functioning (Forti et al. 2020). 

In the region’s low- and middle-income economies, the possession rate of large 
equipment and temperature exchange equipment is frequently no more than two 
appliances per home. These large, bulky appliances have relatively high unit weights 
and long lifespans. In contrast, the unit weight of tiny equipment is often lower. 
Smaller equipment is usually abandoned because it is purchased more frequently and 
has a shorter lifespan.
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2.1 Mass Generation of E-Waste by Different Regions of 
India 

Countries like India are battling an exponentially growing amount of e-waste 
produced domestically or illicitly. The average annual growth rate of electronic 
waste is 3–5% worldwide (Arya and Kumar 2020). The top nine states of India 
contribute ~70% of the total e-waste as shown in Table 1. It has been seen that 
e-waste is expanding within developing nations due to the insufficient imposition of 
existent legislation. Trading, repairing, and extracting resources from discarded 
electronic equipment have developed a new economic sector. Despite providing 
inception of an income in favor of the poor in both urban and rural areas, it 
frequently endangers both people and the regional setting. The majority of those 
working in this industry either are uninformed of the risks, don’t know about 
improved practices, or don’t have access to investment capital to finance successful 
improvements. 

3 Environmental Disturbances due to E-Waste 

E-waste is both beneficial and damaging because of the huge amounts of precious 
materials it contains, as well as the fact that it is one of the primary sources of 
potential environmental concerns (Wäger et al. 2011). Concerns about improper 
e-waste recycling practices, particularly in developing nations, are growing as the 
global e-waste trade grows both legally and illegally. This increased environmental 
contamination threatens ecosystems and people who live in or close to key recycling 
sites. In China and India, two nations where informal e-waste recycling plays a 
significant economic role, levels of polybrominated dioxins and furans, 
polychlorinated dioxins and furans (PBDD/Fs and PCDD/Fs), polybrominated

Table 1 E-waste generation annually by different states of India (Singh and Gangeya 2020) 

Top e-waste 
generator states in 
India 

State-wise capacity recycling/dismantling 
(metric tons per annum as per CPCB)

Annual e-waste 
generation by states 
(in %) 

Maharashtra 118,031.5 13.9 

Tamil Nadu 130,636 9.1 

Andhra Pradesh 44,002.5 8.7 

Uttar Pradesh 4219.47 7.1 

West Bengal 2640 6.9 

Delhi 1989 6.7 

Karnataka 126,015.48 6.2 

Gujarat 128,604.92 6.1 

Madhya Pradesh 13,600 5.3 

All other states – 30



diphenyl ethers (PBDEs), and lead (Pb) were measured in various environmental 
compartments. The risk to the people handling e-waste and the environment is 
increased by a lack of health and safety regulations as well as insufficient recycling 
techniques such as dumping, dismantling, incorrect shredding, burning, and acid 
leaching. Because some chemicals tend to long-distance transfer, the impact of 
pollutants produced by e-waste recycling operations is significant at the regional 
level. Despite the frightening facts, the situation can be quickly remedied by 
employing more responsible recycling methods as well as developing and enforcing 
e-waste-related national legislation, which includes prohibiting unregulated e-waste 
exports from developed countries (Chabhadiya et al. 2021). Despite numerous 
regulations, the informal sector’s illicit activities, such as acid leaching, open 
incineration, and illegal dumping, have a significant impact on the environment, 
natural resources, and the safety of unorganized and unskilled labor. To develop a 
low-carbon, circular economy, there is a fundamental need for stakeholders to 
understand consumer behavior, global concerns, and possibilities in this field 
(Murthy and Ramakrishna 2022). In the last 15 years, the collection and recovery 
of e-waste have increased significantly throughout the world, yet comprehensive 
studies evaluating the environmental costs and benefits of these systems are still 
limited. One of the major environmental management problems that are growing as 
quickly as global consumption and population is waste. The laws and regulations 
governing the discharge of e-waste into the land, water, and air are getting stricter, 
which raises the cost of effective treatment and turns the dangerous substance into a 
usable good. Waste trading accounts for around 15% of the total trade in the 
European Union (Pathak et al. 2019). Authorities expressed significant concern 
about China, the world’s largest CO2 emitter, which accounts for roughly 29.4% 
of the total emissions, in the most recent Paris Agreement, when they agreed to cut 
global emissions to a specific level. As of 2019, coal accounted for more than 65% of 
China’s total energy consumption (Abbasi et al. 2022).
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4 Correlation Between Environment and Economics 

The e-waste legislation has received support from about 71% of the world’s popu-
lation, but there is still a need to enforce and put in place a global legal framework. 
The formal sectors lack the infrastructure, equipment, and experience needed to 
collect and sustainably handle the growing amount of e-waste (Murthy and Rama-
krishna 2022). The infrastructure, knowledge, and resources required by the official 
sectors to collect and properly manage the growing volume of e-waste are lacking. 
The first proposed public policy approach is a system that divides financial account-
ability among consumers, businesses, and the government. The system includes a 
deposit that is refunded to clients as an incentive for turning in e-waste. The second 
option is to include an e-waste conduit where it makes sense, bridging the official 
and informal sector divide. The informal sector would manage the collection, while 
the formal sector would handle recycling and disassembly. Due to the growing



demand for raw materials, notably rare earth elements, and in undeveloped and 
underdeveloped countries, there are unregulated e-waste recycling businesses. 
E-waste management challenges are becoming increasingly important. Construction 
of the infrastructure needed for electronic waste handling and credibility, as well as 
efficient material recovery processes and product design, is extremely challenging 
despite growing markets for recovered materials (Yu et al. 2010). With the growing 
demands for raw materials from the e-wastes and people’s urge of using updated 
versions of electrical equipment and gadgets, environmental concerns like leaching 
of materials from landfills and contamination of water bodies, soil, and the air are 
also increasing consequently (refer Fig. 2). 
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Fig. 2 Environmental imbalance by e-waste 

Carbon emissions are strongly influenced by GDP; with a 1% increase in GDP, 
environmental change increases by 0.50% over time, according to statistical evi-
dence. Pollution of the environment is frequently caused by economic practices in 
developed countries, as these economies rely on fossil fuels (oil, gas, coal, and 
nuclear energy) for mining and other commercial activities that raise CO2 emissions 
in society as shown in Fig. 3 (Abbasi et al. 2022). E-waste statistics are crucial for 
more than simply environmental reasons; they also have a notable economic impact. 
In 2016, the projected total worth of all raw materials identified was around 55 billion 
euros from the generated e-waste which was higher compared to the global average



of the same year for GDP. Following waste management, the worth of recycled raw 
materials is much lower than the price of their components or old equipment. Models 
of the circular economy must be implemented to support closing the material loop 
through improved component design, recycling, reusing, and so on, as well as to 
reduce environmental harm. E-waste treatment has tremendous economic and 
employment potential owing to the circular economy concept. This entails the 
creation of strong legislation for the management of e-waste, which must be 
supported by data demonstrating the benefits to the environment and the economy. 
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Fig. 3 Correlation of GDP 
with CO2 emission and 
renewable energy 

4.1 Global Legislations and Initiatives of E-Waste 

Legislations address the challenges associated with e-waste from multiple angles. 
The worldwide marketplace producing raw e-waste is anticipated to be worth $57.0 
billion. Only 15.0 million tons (Mt) of CO2 are offset by sustainable e-waste 
recycling and recovery, which is valued at $10.0 billion. The main hurdles to 
e-waste treatment include trash collection, sorting, inhomogeneity, low energy 
density, stopping the development of further waste, emissions, and cost-effective 
recycling. Only 78 countries have laws governing e-waste. In most cases, such 
legislation is not properly enforced. In poor countries such as Southeast Asia and 
Northern Africa, there is little to no e-waste legislation (Abbasi et al. 2022). Over 
200 nonoperational gadgets were abandoned at various recycling facilities in the 
United States, and BAN (Basel Action Network) monitored them; few of the 
initiatives on e-waste management are shown in Table 2. 

A 32.5% export rate was seen for the tracked equipment, and 31% was likely to 
be shipped illegally (Kumar et al. 2017). Laws have been enacted around the world 
to develop and execute effective and sustainable systems for collecting, recycling, 
and transferring e-waste (refer to Fig. 4). While the Restriction of Hazardous



Substance Directive (RoHS) regulation prohibited the use of particular toxic sub-
stances in the production of e-waste, the European e-waste directive was established 
in 2002 in the European Union to control end-of-life electronics to increase the 
collection and the efficiency of the recycling chain. The established collection goals
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Table 2 Different e-waste initiatives worldwide 

Legislation/initiatives Specification 

Basel Convention and Basel Ban (1992) Since 1992, a global agreement has been in 
effect governing the transfer of hazardous 
wastes, including e-waste, between nations 

Canada’s Electronics Product Stewardship 
(EPS) 

EPS Canada was founded to work with organi-
zations and the government to deliver a flexible, 
useful Canadian solution. This industry-led 
organization’s initial members include 16 of the 
leading electronics manufacturers 

Computer Take Back Campaign, Silicon Val-
ley Toxics Coalition, and Basel Action 
Network 

A collection of US-based nongovernmental 
organizations (NGOs) that work together on 
e-waste issues, such as worldwide advocacy for 
the Basel Ban, domestic collection and 
recycling initiatives, and in-depth research to 
promote local solutions for hazardous waste 
management 

Initiative for the Stewardship of National 
Electronic Products (NEPSI) 

A multi-stakeholder conversation to develop the 
framework for an American national e-waste 
management system. Participants in the NEPSI 
discussion include manufacturers, retailers, 
state and local governments, recyclers, envi-
ronmental organizations, and others 

European Recycling Platform (ERP) (2002) The alliance was established by Hewlett 
Packard, Sony, Braun, and Electrolux at the end 
of 2002 to aid manufacturers in adhering to the 
e-waste guideline. One of its goals is to evalu-
ate, set up, and operate a pan-European platform 
for waste and recycling management services 

SECO/Empa E-Waste Scheme (2003) A project to assess and improve e-waste 
recycling systems in various parts of the world 
through system analysis and knowledge 
exchange on recycling techniques and frame-
works was established in 2003 by SECO (Swiss 
State Secretariat for Economic Affairs) and 
carried out by Empa (Swiss Federal Laborato-
ries for Materials Testing and Research) in col-
laboration with several local partners and 
authorities 

Solving the E-Waste Issue Through the StEP 
Program (2004) 

The UN started an initiative to develop a global 
platform for nations to exchange ideas and 
establish e-waste systems to enhance and coor-
dinate various international operations on the 
reverse supply chain at the (Electronic Goes 
Green) Conference in Berlin in 2004



are expressed as a constant weight per resident (now 4 kg). The rules were modified 
in 2016, including the collection objective, which was set at 45% of the e-waste sold 
that year. Due to a paucity of land for adequate disposal of solid waste, in an effort to 
increase recycling rates, Japan passed the laws like the Small Appliance Recycling 
Law and the Household Appliance Recycling Law (HARL). More than 50% of all 
e-waste generated through Western countries is estimated to be illegally transferred 
to China. The Philippines, Malaysia, Nigeria, Ghana, Vietnam, India, Pakistan, and 
even Mexico and Brazil are also claimed to be receiving substantial amounts of 
e-waste (Golev et al. 2016; Vanegas et al. 2017). China introduced an extended 
producer responsibility policy for e-waste recycling in 2011. In order to collect and 
recycle electronic waste, standards for e-waste management and handling were 
developed in 2011. In Indonesia, e-waste management is not officially regulated 
by legislation, but it is managed by the Republic of Indonesia Act on Environmental 
Protection and Management as a Hazardous and Toxic Waste (Yoshida et al. 2016).
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Fig. 4 India and other countries with their e-waste legislation
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4.2 Indian Scenario 

India established the guidelines for environmentally sound treatment of e-waste in 
2011 to classify garbage based on its compositions and components. The 2016 
amendment to the e-waste (management) regulations became law in India in 2018. 
India’s e-waste policy prioritizes environmental concerns over economic concerns, 
opting for a single extended producer responsibility (EPR) approach over a diversi-
fied one as shown in Table 3. 

To properly harness the urban mining potential of e-waste, existing restrictions 
must be made more compatible with successful techniques in other countries 
(Mudali et al. 2021). The electronics industry is the world’s largest and most rapidly 
developing manufacturing sector. As a result, the management of e-waste has 
become a serious concern in the modern day. Some developed countries, such as 
Japan, have enacted complex legal procedures and regulations (such as the home 
appliance recycling law) to recover materials from e-waste, conserve resources, and 
minimize environmental damage. Global warming and climate change are currently 
being prioritized as significant environmental concerns on the policy agendas of both 
developed and developing countries. From this perspective, assessing e-waste 
recycling capability to a country’s greenhouse gas (GHG) reduction goal would 
provide a new path for mitigating climate change. Two major gaps in current e-waste 
legislation are the lack of proper treatment for recovered materials and the absence of 
any regulations on materials to prevent heavy metals from entering new goods as 
shown in Table 4. To reduce the number of dangerous compounds entering down-
stream processes, it was advised that a knowledge base on the threat to the environ-
ment and ecotoxicology of these substances be illustrated and that advancements in 
the field of e-waste recycling get necessary. To address the growing volume of 
e-waste, manufacturers, recyclers, state and federal agencies, and the general public 
must work together. 

The issue of bioaccumulation of heavy metals in water and soil and their entry 
into the food chain is brought on by the proliferation and potential toxicity of e-waste 
as shown in Table 4. The feasibility of resolving these challenges is a 
non-Organisation for Economic Co-operation and Development (OECD) scenario 
using EPR, an environmental policy principle that has been used for e-waste control 
in numerous OECD countries. Large gray markets for some electronic items and 
illegal e-waste imports are the two major impediments in the Indian context that 
could undermine EPR processes (Manomaivibool 2009). 

A significant quantity of GHG emissions that would have been produced by the 
virgin production of materials might be avoided by implementing an adequate 
e-waste recycling and resource recovery scheme. For instance, recycling the unit 
weight of appliances such as televisions, air conditioners, refrigerators, and washing 
machines could help to reduce greenhouse gas emissions by 17.70, 27.34, 45.62, and 
3.61 kgCO2eq, respectively. The outcomes will be valuable for strengthening and 
implementing relevant legislation and regulations in nations throughout the
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Table 3 Proposed strategies and future initiatives in India (Singh and Gangeya 2020) 

Strategy 
2023 

Informal 
sector 

Facilitate the integration 
of the informal sector into 
the supply chain for 
e-waste management 
while taking into account 
the workers’ right to a 
living 

Stringent provisions 
under extended producer 
responsibility 

(Addressing the informal 
sector) 
Bridging the gap 
between formal and 
informal sectors 

Policy 
instruments 
under EPR 

Create a regularly 
updated, publicly accessi-
ble inventory of the 
amount of e-waste gener-
ated by the district, 
including the types of 
e-waste produced (such as 
computers, mobile 
phones, and appliances) 

Cost-effective setting up 
recycling facilities 

Access to environmen-
tally sound technologies 

Regulatory 
enforcement 

To promote the wide-
spread adoption of envi-
ronmentally friendly 
e-waste recycling tech-
nologies, build a frame-
work for policies 
governing the develop-
ment of native technolo-
gies and/or technology 
transfer 

Proper infrastructure Creation of viable 
e-waste business models 
and execution of pilot 
initiatives for various 
advances 

E-waste 
imports 

Locate and capitalize on 
public policy tools that 
encourage manufacturers 
and producers to make 
investments in design for 
environmental adjust-
ments to their product 
designs 

Boosting the formal 
e-waste recycling 
industry 

Public 
awareness 

Increase public knowl-
edge of e-waste, its effects 
on society, the obligations 
placed on various stake-
holders by current laws, 
and the righteous steps 
that individuals may take. 
These efforts should place 
more of an emphasis on 
prevention (i.e., lowering 
electronic device con-
sumption) than on treat-
ment (i.e., managing the 
generated e-waste) 

Developing an online 
mass balance system: it 
will consist of all the key 
e-waste stakeholder’s 
channelization: pro-
ducers, importers, port 
authorities/customs, bulk 
consumers, PROs, 
dismantlers, and 
recyclers



Contamination of metals from e-waste References

Asia-Pacific and enhancing the methodical techniques of sound material recycling 
(Menikpura et al. 2014).
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Table 4 Different pollutants from the e-waste polluting soil, air, and water 

Environmental 
factors 

Air Pb, Sn, Cr, As, Cd, benzo[a]pyrene, poly-
cyclic aromatic hydrocarbons (PAH), 
polybrominated diphenyl ethers (PBDEs), 
polybrominated dibenzodioxins/furans 
(PBDD/Fs), polychlorinated 
dibenzodioxins/furans (PCDD/Fs), 
polybrominated dibenzodioxins /furans 
(PAH), flame retardant 
tetrabromobisphenol A (TBBPA) 

Leung (2019), Needhidasan et al. 
(2014), Wu et al. (2016) 

Soil Pb, Ni, Zn, Cd, Mn, Hg, Cu, Cr, Sb, As, 
Al, PAH, polybrominated diphenyl ethers 
(PBDEs) 

McGrath et al. (2017), Wu et al. 
(2015), Han et al. (2019), Arya 
et al. (2021) 

Water PAH, As, Cd, Ni, Cu, Pb, Zn, Mn Yu et al. (2006), Wu et al. (2015) 

With a recycling rate of 16%, China produced more than 10 kt of electronic 
waste, making it the world’s top producer. The United States came in second with a 
recycling rate of 15% and produced almost 7 kt as shown in Table 5. Globally, more 
than 54 Mt of electronic waste were produced in 2019; by 2050, that number is 
projected to double as much as 111 million tons yearly. Despite significant efforts to 
raise it, the average global collection rate for e-waste remains below average at about 
20% (Parajuly et al. 2019). 

5 Conclusions 

Electronic waste is a global problem and became a serious environmental hazard. 
The world’s fastest-growing waste stream is being produced by a rising population 
and an insatiable desire for modern items. It increases as a result of the economy’s 
rapid expansion, people’s strong need for a digitally linked society, green energy 
projects, and quick pace of technological progress, which promotes the obsolescence 
of goods. These wastes, in addition to being detrimental to the environment, result in 
the loss of rare and valuable materials like gold, silver, copper, platinum, palladium, 
as well as rare earths. Large amounts of electronic waste go unutilized since only 
20% of it is managed appropriately globally. To tackle this problem, the Government 
of India came up with the policy of extended producer responsibility so that 
collection and recycling rates of the e-wastes can be improved. The volume of 
e-waste alone represents a substantial economic potential with a material worth of 
$62.5 billion. E-waste is therefore a valuable resource for urban mining. When 
compared to mining under the earth’s crust, resource extraction from e-waste uses



Countries Types of e-waste References

a lot less energy and emits a lot less CO2. Furthermore, it offers unrivaled opportu-
nities to workers and international firms. India is the third largest producer of e-waste 
in the world, producing approximately two million tons annually, but only 1.% of it 
is recycled. Unorganized industries handle more than 95% of all generated e-waste. 
Due to improved awareness of e-waste management, many nations are enacting 
e-waste legislation. 

84 N. Pandey and P. Pathak

Table 5 Top ten e-waste-generating countries with their GDP, recycling rate, types of waste, and 
volume (Statista 2022) 

GDP 
(in billion 
USD) 

E-waste 
produced 
(Kt) 

Recycling 
rate (%)

China 18,100.04 10,129 16 Household appli-
ances, computer, 
smartphones 

Yang et al. (2021), 

United 
States 

25,464.48 6918 15 Computer, TV, 
mobile phones 

Shittu et al. (2021) 

India 3386.4 3230 1 Computers, mobile 
phones, TV 

Kiran et al. (2021), 
Dasgupta et al. 
(2017) 

Japan 4233.54 2569 22 Computer, TV, 
printer, camera 

Xavier et al. 2021 

Brazil 1924.13 2143 0 Mobile phones, com-
puter, TV 

Gollakota et al. 
(2020) 

Russia 2215.29 1631 6 Cathode ray tubes, 
computers, mobile 
phones 

Andeobu et al. 
(2021) 

Indonesia – 1618 Not 
available 

Computer, mobile 
phones, TV 

Batool et al. (2019) 

Germany 4075.4 1607 52 Refrigerators, com-
puters, TV 

Patil and Rama-
krishna (2020) 

UK 3070.6 1598 57 Computers, TV, 
mobile 

Ghimire and Ariya 
(2020) 

France 2784.02 1362 56 Computers, TV, 
printers, scanners 

Bonifazi et al. 
(2021) 
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Hazards Associated with Industrial 
Effluents and Its Mitigation Strategies 

Ziaul Haque Ansari and Uttam Bista 

Abstract Industrial effluent is related to liquid waste generated by industries that 
may be emitted into the municipal drainage or sewer system. The effluents compo-
sition is extremely variable and heavily influenced by the various industries from 
which they originate. Contaminants can be grouped into different classes such as 
endocrine disrupting compounds (EDCs), pharmaceuticals, pesticides, heavy metals 
and metalloids, per- and polyfluoroalkyl substances (PFAS), and microplastics. Each 
contaminant upon exposure possesses a specific health impact on humans and 
animals as well as on marine life when mixed in the sewer. 

This harmful effluent needs to be treated to reduce its adverse effect either on-site 
or off-site. There are a variety of conventional and advanced wastewater treatment 
facilities available for use. For on-site installation of treatment facilities, the cost of 
such plants can be reduced by the government by taxing less on equipment pur-
chases. For off-site installation of the treatment plant, the local body can seek 
financial support from the industries producing these effluents. 

Keywords Effluent · Wastewater · Endocrine · Heavy metals · Per- and 
polyfluoroalkyl · Pharmaceuticals · Pesticides · Microplastics 
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DVFA Danish Veterinary and Food Administration 
EC European commission 
EDCs Endocrine-disrupting compounds 
EFSA European Food Safety Authority 
EPA Environmental Protection Agency 
kg bw Kilograms of body weight 
LOAEL Lowest observed adverse effect level 
MRL Minimum risk level 
PCBs Polychlorinated biphenyls 
PCDDs Polychlorinated dibenzo-p-dioxins 
PCDFs Polychlorinated dibenzofurans 
PFAS Per- and polyfluoroalkyl substances 
PFOA Perfluorooctanoic acid 
PFOS Perfluorooctane sulfonate 
POPs Persistent organic pollutants 
PTMI Provisional tolerable monthly intake 
RfD Reference dose 
TCDD 2,3,7,8- tetrachlorodibenzo-p-dioxin 
TDI Tolerable daily intake 
TMI Tolerable monthly intake 
TWI Tolerable weekly intake 
WHO World Health Organization 
μg/kg Microgram per kilogram 

1 Introduction 

Industries, a key factor of economic growth, also have caused serious pollution and 
environmental issues (Wen 2009; Wei and Huang 2001). Industrial waste refers to 
unwanted residual materials generated by industrial processes or operations. Waste 
materials can be in solid, liquid, or gaseous form (Wen 2009; Misra and Pandey 
2005; Ojoawo et al. 2011) that include among others food wastes, packaging 
materials, ashes, smoke, rubbish, debris, special wastes, and hazardous wastes 
(Aivalioti et al. 2014; Abduli 1996; Tchobanoglous et al. 1993; Casares et al. 
2005; Vigneswaran et al. 1999). Special wastes including clinical and pharmaceu-
tical wastes are considered nonhazardous waste but possess unique regulatory 
requirements. 

Wastes can be categorized as hazardous and nonhazardous according to their 
effect on human or other organisms. Hazardous materials as listed in the Resource 
Conservation and Recovery Act (RCRA) regulations can be toxic, flammable, 
ignitable, reactive, or corrosive. Oil, printing ink, paint, varnish, soluble cutting 
emulsion, and disinfectants are some examples of hazardous wastes. Wastes that do 
fall under the category of hazardous wastes as the Environmental Protection Agency



(EPA)’s definition are termed as nonhazardous waste. Laboratory waste consists of 
empty aerosol cans, nonsurgical and nonradioactive medical refuse, as well as food 
and packaging waste, which are a few examples of nonhazardous wastes. 
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In industrialized countries, public pressure regarding pollution led local bodies to 
act strictly, while in developing countries, awareness of pollution is lower in public, 
and the action of the local body is also not significant. Rapid industrialization and the 
use of toxic materials in processing have led to problems with environmental 
pollution (Wen 2009). 

1.1 Solid Wastes 

Annually, about 12 billion tons of industrial waste is being generated which will 
exceed upto 19 billion tons soon (Li 2009; Pappu et al. 2007; Yoshizawa et al. 2004). 
They can be of hazardous and nonhazardous nature (Li 2009). Unwanted materials 
produced during processing depend upon the types of industries. Mining industries 
produce waste stones, metallurgical industries produce slag, power industries pro-
duce ash, and chemical industries produce inferior products, unreacted materials, 
and disabled catalysts. Oil chemical industries produce oil mud and slag. 

1.2 Liquid Wastes 

Industrial liquid wastes include feedstock materials, by-products, product material in 
soluble or particulate form, washing and cleaning agents, solvents, etc. These wastes 
may be nontoxic inorganic substances or toxic organic substances. The effluents or 
wastewater including these materials pass through sewer network and affect the 
aquatic environment (Fig. 1). 

Fig. 1 Schematic diagram of domestic and industrial effluent
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1.3 Gaseous Wastes 

Industrial emissions are in the form of particulate vapor, powder, mineral fumes, and 
smoke. Depending on the local regulations, they can be emitted into the atmosphere 
with or without prior treatment. The components in the emissions depend upon the 
types of fuel used and the nature of industries (Ojoawo et al. 2011). The environ-
mental impacts of waste, such as pollution and disease, have turned into a source of 
major concern. When inadequately managed, wastes may lead to the deterioration of 
sewage systems with increasing environmental pollution and diseases (Hasheela 
2009). 

Sewage effluent-containing pathogens led to diseases such as diarrhea, polio, 
meningitis, and hepatitis. WHO (2003) estimated in 1998 that approximately 1.8 
million children passed away in developing nations due to microorganisms, the vast 
majority of which originated from contaminated food and water. It is estimated that 
12 million people die annually around the globe due to improper waste management 
(Davidson et al. 1992). Humans come into contact with wastes or are exposed to 
wastes by different routes such as ingestion, inhalation, and absorption. Drinking 
water and food containing hazardous substances from refuse residues constitute an 
ingestion route, the inhaling route is breathing airborne wastes, and the absorption 
route is by direct contact with waste residues (Hinga and Batchellor 2005). 

Hazardous industrial wastes may have short- or long-term effects on humans and 
ecological systems. The potential health effects on human depend upon the charac-
teristics of the hazardous chemicals, the duration of exposure, the health status of the 
exposed individual, as well as weather conditions (Misra and Pandey 2005; Grisham 
1986). Health effects on human due to exposure to hazardous wastes may be 
carcinogenesis (i.e., causing cancers), genetic defects, reproductive abnormalities, 
alterations of immunobiological homeostasis, central nervous system (CNS disor-
der), and congenital anomalies (El Sidig NOA 2004). To prevent the adverse effect 
of hazardous materials or wastes on human and the environment, proper storage and 
treatment and disposal by the latest technology are required. 

At present, waste management is one of the world’s greatest environmental 
challenges (Kan 2009). Industrial wastes can be toxic, ignitable, corrosive, and 
reactive substances that need to reduce the adverse effect before being discharged 
into the environment (Zurbrugg 2002). Waste management methods differ from 
developed countries to developing countries and also differ in urban to rural areas 
(Addo 2013). Waste is managed in accordance with public health, economics, 
engineering, conservation, esthetics, and other environmental considerations and 
public attitudes (Tchobanoglous et al. 1977; Demirbas 2011). 

Solid waste management covers control of the generation, storage, collection, 
transfer and transport, processing, and disposal of solids. Liquid waste management 
deals with wastewater treatment and sewage treatment. A variety of waste streams is 
generated by industries, referred as industrial effluents, which are discharged to 
either the municipal or public effluent treatment system or directly to receiving 
waters. These effluents contain numerous substances that may pose health hazards 
to humans. Depending on the industries, to reduce contaminant concentrations



effluents may be treated on-site, or are discharged to municipal effluent treatment 
system or directly to receiving waters. Countries possess policies regarding 
discharging effluents at tolerable levels and determining concentration limits for a 
variety of potentially hazardous contaminants. Additionally, sewage sludge, a 
potentially hazardous substance that settles out of domestic and industrial wastewa-
ter during remediation, also poses a threat to public health (Eaton 2022). 
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Different countries have set their own standards for concentration limits for 
several potentially harmful contaminants present in the discharge effluent. Also, 
the land is polluted by the addition of unstabilized sewage sludge from the treatment 
plant. The finding of new contaminants, their harmful effects, and their discharge 
limits will keep on being researched. Using global data, this report attempts to 
determine contaminants that are of more concern to human health and the types of 
industries that are discharging them. Depending on international data, contaminants 
that are of most concerns for human health are reported here (Stewart et al. 2016). 
The considered contaminants fall into seven general categories.: endocrine-
disrupting compounds (EDCs), heavy metals and metalloids, per- and 
polyfluoroalkyl substances (PFAS), pharmaceuticals, pesticides, and microplastics. 
The potential health concern associated with each contaminant is discussed. How-
ever, the precise health hazard they pose is currently unclear and uncertain. 

2 Endocrine-Disrupting Compounds 

These are substances that interfere with biosynthesis, metabolism, or action of 
hormones to disrupt normal hormone signaling. (Diamanti-Kandarakis et al. 
2009). The above chemicals of various categories have associated with variety of 
health issues and are considered a public health concern (Zoeller et al. 2014). These 
compounds are found in food, consumer goods, and pharmaceuticals (such as birth 
control medication), which upon discarded by human through excretion or activity 
pass to the municipal wastewater. 

2.1 Nonylphenol and Nonylphenol Ethoxylates 

Nonylphenol is a synthetic alkylphenol used in the production of antioxidants and 
lubricating oil additives and nonylphenol ethoxylate surfactants (Soares et al. 2008). 
Such surfactants are extensively used in cosmetics and coatings, detergents and 
cleaning products, degreasers, emulsifiers, and wetting and de-wetting agents (Envi-
ronment Canada and Health Canada 2001; Soares et al. 2008). On account of their 
widespread use, considerable amounts of NPEs enter into both industrial and 
residential wastewater systems. Nonylphenol and its ethoxylates have high environ-
mental persistence. The estimated half-life of NPEs in sediments is greater than 
60 years (Shang et al. 1999), they bioaccumulate over aquatic creature (Gautam et al. 
2015), and also been identified in human lactation (Sise and Uguz 2017).
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2.1.1 Health Hazard 

The studies of laboratory animals reflect that nonylphenol can have a negative 
impact on reproduction and the immune and nervous systems (Cressey 2018). 
Danish Veterinary and Food Administration (DVFA) (Nielsen et al. 2000) and 
European Commission (EC) (2002) have recommended nonylphenol and its 
ethoxylates exposure limits which is represented in Table 1. 

2.1.2 Sources of Industrial Effluent 

NPEs is mostly used for processes such as wool scouring, bleaching, laundering, and 
dyeing in Textile industries (Ho and Watanabe 2017). The concentrations range of 
0.23–26 μg/L of nonylphenol was found to be in textile industry effluent which was 
discharged to the municipal wastewater management system of Canada (Environ-
ment Canada and Health Canada 2001). NPEs are used in paper and pulp industry 
for wetting of pulp fibers, and in the leather industry (Groshart et al. 2001). 

2.1.3 Limit of Discharge and Policies 

In the European Union (EU), the discharge limit under Directive 2008/105/EC in 
surface water is 2 μg/L for nonylphenols. Canadian Environmental Protection Act 
(1999) has classified both nonylphenol and its ethoxylates as harmful compounds 
under Schedule 1. In the United States, the Environmental Protection Agency (EPA) 
set the rule of Agency review for its use. In New Zealand, 50 mg/kg dry weight is the 
proposed concentration limit of nonylphenol and its ethoxylates (Water 
New Zealand 2017). 

2.2 Bisphenol A 

It is a synthetic chemical which is mainly used for the manufacture of epoxy resins, 
polycarbonate plastics (NIEHS 2021), as well as food storage vessels (Cressey 
2018). 

Table 1 Recommended nonylphenol and its ethoxylates exposure limits 

LOAEL EC (mg/kg 
bw/day) 

TDI DVFA (mg/kg 
bw/day) 

LOAEL DVFA (mg/kg 
bw/day) 

4-Nonylphenol (NP) 15 0.005 15 

Nonylphenol 
ethoxylates (NPEs) 

– 0.013 40
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2.2.1 Health Hazard 

New Zealand Environmental Protection Authority suspected Bisphenol A could 
harm fertility or a fetus (EPA 2021). United States Food and Drug Administration 
(EPA 2021) and European Food Safety Authority (EFSA 2015) diminished the 
tolerable daily intake (TDI) of BPA to 5 and 4 μg/kg body weight/day respectively. 
However, a recent study reflects effects on concentrations as minimum as 2.5 
microgram per kilogram of body weight per day (Heindel et al. 2020). 

2.2.2 Sources of Industrial Effluent 

Municipal wastewater contains BPA that comes from food and beverage packaging. 
Industrial effluent from paper mills (Balabanic and Klemencic 2011; Fuerhacker 
2003; Lee and Peart 2000; Lee et al. 2015), textile industries (Lee and Peart 2000; 
Pothitou and Voutsa 2008), tanning industries (Pothitou and Voutsa 2008), metal or 
wood industries, chemical industries, dry cleaning/cloth washing, plastics and poly-
mer industries (Fuerhacker 2003; Lee and Peart 2000), and petrochemical industries 
(Mirzaee et al. 2019) contains subsequent amount of BPA. 

2.2.3 Discharge Limits and Regulation 

The set limit for BPA in industrial effluent is 1.75 μg/L in Canada (Government of 
Canada 2018), whereas in the United States, BPA action plan has been created by 
EPA (US EPA 2021a, b, c, d, e, f, g, h) without a discharge concentration limit. 

2.3 Phthalates 

Phthalates or phthalate plasticizers are used for solvent properties to make products 
more durable and flexible. They are used in various products such as vinyl flooring, 
plastic packaging, medical tubing, shampoos, hair sprays, soaps (CDC 2021), and 
cosmetics (U.S. Food and Drug 2021). Phthalates, which have a different types of 
derivatives, are diesters of 1,2-benzenedicarboxylic acid. Four derivatives included 
in discussion are BBP, DBP, DiBP, and DEHP. 

2.3.1 Health Hazards 

Phthalate syndrome is a common health effect that refers to the capacity to inhibit 
androgen biosynthesis, thereby disrupting sexual differentiation of male (CHAP 
2014; National Research Council 2008). The health hazard posed by above listed
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phthalates is reproductive or developmental toxicity (antiandrogenic) concerns 
(Ashworth and Chappell 2015). Other report suspected that they damaged fertility 
or the unborn child (Cressey 2018). The TDI for phthalates is set as 0.05 mg/kg 
bw/day by EFSA by setting the index compound as DEHP and expressing potency 
of another phthalate’s relative to DEHP (EFSA 2022a, b) (Table 2). 
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Table 2 Phthalate health implications and intake limits 

Phthalate compound RfD (mg/kg bw/day) RPF (EFSA 2022a, b) 

BBP 0.2 (US EPA 1989) 0.1 

DBP 0.1 (US EPA 1987a, b 5  

DEHP 0.02 (US EPA 1987a, b 1  

DiBP 

2.3.2 Sources of Industrial Effluent 

In Slovenia, DBP, BB, and DEHP were found in the waste from paper and pulp 
industries (Balabanic and Klemencic 2011). In Argentina and India, BBP, DBP, 
DEHP, and DiBP were found in the effluent from tanneries (Bharagava et al. 2018; 
Zubair Alam et al. 2010; Labunska et al. 2011). France found the DBP, BBP, and 
DEHP in the waste generated from the textile industries, pharmaceutical industries, 
aerospace company, waste management, vehicle washing, cosmetics products, met-
allurgy, and transportation maintenance industries (Bergé et al. 2014). Effluents 
from a turkey processing plant also reported DiBP concentration (Buyukada 2019). 

2.3.3 Limit of Discharge and Policies 

There are regulations regarding phthalate levels in kids toys, cosmetics kids care 
products etc., information about its level in sewage is not sufficient (Government of 
Canada 2017). In United States, EPA set discharge limits for DEHP, BBP, and DBP 
summarized in Table 3 (US EPA ELGs 2022a, b, c). 

2.4 Dioxins 

Dioxin, or 2,3,7,8- tetrachlorodibenzo-p-dioxin (TCDD), refers to chemicals 
polychlorinated dibenzofurans (PCDFs), polychlorinated dibenzo-p-dioxins 
(PCDDs), and polychlorinated biphenyls (PCBs). Stockholm Convention concluded 
these three classes of dioxin as persistent organic pollutants (POPs). It means 
signatories must act either to reduce or minimize or eliminate its release where 
possible. Chlorine-containing industrial processes produces dioxin as unwanted



Source

(ng/kg bw/week) 2019) (ng/kg bw/month) 2020) (ng/kg bw/month)

by-products from pulp and paper industries, herbicide/pesticide production, and 
smelting. 
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Table 3 Description of phthalate compounds US EPA effluent limits 

Phthalate 
compound 

Max concentration 
daily (μg/L) 

Max monthly 
average (μg/L) 

DEHP Plastics, organic substances, and 
synthetic fibers 

258–279 95–103 

Centralized waste management 215–267 101–158 

DBP Plastics, organic substances, and 
synthetic fibers 

43–57 20–27 

BBP Centralized waste management 188 BBP 

Table 4 Recommended dioxin and dioxin-like compound exposure limits 

RfD (US EPA 
2021) (ng/kg 
bw/day) 

TWI (EFSA 2018) PTMI JECFA (WHO TMI New Zealand (MoH 

0.0007 (for 
TCDD) 

0.002 0.07 0.03 

2.4.1 Health Hazards 

There is sufficient evidence that dioxin causes among others chloracne, 
non-Hodgkin and Hodgkin disease, hypertension, etc. (Ministry of Health 2020). 
Table 4 represents the recommended dioxins and dioxin-like compounds exposure 
limits set by different agencies, such as US EPA, Joint Food and Agriculture 
Organization of the United Nations (FAO)/WHO Expert Committee on Food Addi-
tives (JECFA), EFSA, and New Zealand Ministry of Health. 

2.4.2 Sources of Industrial Effluent 

Effluent and sludge from pulp and paper mills contain dioxins as they perform 
chlorine bleaching (Whittemore et al. 1990). Dioxin is also found in the effluents 
from other manufacturing industries such as caprolactam (an intermediate of nylon), 
vinyl chloride, acetylene, alumina fibers, chlorobenzene, 4-chloro sodium hydrogen 
phthalate, 2,3-dichloro-1,4-naphthoquinone, and organic colored pigments 
(Kawamoto and Weber 2021). Dioxins were found in the effluents of chemical 
industries that manufacture petroleum, plastics, synthetic polymers, nonvolatile 
elastics, industrial organic chemicals, cyclic organic crudes, dyes and pigments, 
pesticides, and agricultural chemicals (Sappington et al. 2015).
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2.4.3 Limit of Discharge and Policies 

In Japan, the PCDD/PCDFs discharge limit is set to 10 picogram toxic equivalentper 
litrefor industrial effluent (Kawamoto and Weber 2021). Canadian Environmental 
Protection Act, 1999 (Government of Canada 2021) prohibited pulp and paper 
industry from releasing 2,3,7,8-TCDD and 2,3,7,8-TCDF into the environment. 
For 2,3,7,8-TCDD and 2,3,7,8-TCDF by the pulp, paper and paperboard industries 
EPA has set discharge limit of maximum 10 pg/L per day (US EPA ELGs 
2022a, b, c). Trade Waste Standard (Standards New Zealand 2004) set a maximum 
concentration of 0.002 g/m3 (2 μg/L) for PCBs. 

3 Heavy Metals and Metalloids 

Heavy metals are high density (i.e., minimum five times denser in comparison with 
water) metallic elements (Tchounwou et al. 2012). Industrial effluents may contain 
chromium, nickel, lead, copper, metalloid arsenic, zinc, and cadmium (Wang 2018) 
and in sewage sludge as bio-solids. 

3.1 Cadmium 

It is a harmful and undesirable heavy metal present in phosphate rock, ingredient of 
superphosphate fertilizer. Cadmium enters the agricultural land through the use of 
fertilizer and industrial effluents containing cadmium to wastewater. 

3.1.1 Health Hazards 

Despite lowest levels, cadmium is toxic to body. It damages kidneys and gets 
accumulated with a half-life of approximately 15 years (Mannetje et al. 2018). 
Cadmium is used in various industries such as textile, electronics, electroplating, 
chemical, metal finishing, and metallurgical industries (Velusamy et al. 2021). 

Table 5 represent the recommended exposure limits set by different agencies, 
such as Dutch National Institute of Public Health and the Environment (RIVM), 
JECFA, US EPA, European Food Safety Authority (EFSA), and Food Standards 
Australia New Zealand (FSANZ), US Agency for Toxic Substances and Disease 
Registry (ATSDR).
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Table 5 Recommended cadmium exposure limits 

TDI RIVM 
(Baars et al. 
2001) (ng/kg 

RfD (EPA 
2021) 
(ng/kg 

PTMI JECFA 
(WHO 
2021a, b) 
(ng/kg 
bw/month) 

TWI 
(EFSA 
2021) 
(ng/kg 
bw/week) 

PTMI 
(FSANZ 
2011) 
(ng/kg 
bw/month) 

MRL (ATSDR 

500 (oral) 500 (water) 
1000 
(food) 

25,000 2500 25,000 100 (chronic oral) 

Table 6 US EPA cadmium discharge limits summary 

Daily maximum
concentration (mg/L)

Average concentration 
[monthly] (μg/L)

Max average 
concentration [monthly] 
(μg/L) 

Electroplating 1.2 –  

Inorganic 
chemicals 
production 

0.84 0.28 – 

Metal coating 0.11–0.69 0.07–0.26 – 

Centralized waste 
management 

0.0172–0.782 – 0.0102–0.163 

Ore mining and 
dressing 

0.1 0.05 – 

Electronic 
components 

0.06–0.55 –  

3.1.2 Limit of Discharge and Policies 

The summary of discharge limits set by EPA (US EPA ELGs 2021) is represented in 
Table 6. 

3.2 Chromium 

Chromium (Cr) is found in oxidation states such as most stable chromium VI and 
chromium III (Wilbur et al. 2012). An essential nutrient chromium III is found 
naturally, whereas highly toxic chromium VI seldom occurs naturally which readily 
occur reduction reaction to chromium III (US EPA 1984). Anthropogenic activities 
produced chromium VI which when enters water form relatively stable (US EPA 
1984; Wilbur et al. 2012).
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Table 7 Recommended chromium III and VI exposures limits 

TDI RIVM 
(Baars et al. 2001) 

TDI CONTAM 
(EFSA 2014a, b) 

TDI (WHO 
IPCS 2013) 
(mg/kg 
bw/day) 

MRL 
(ATSDR 
2021) (mg/kg 
bw/day) 

Cr 
III 

0.005 (water sol-
uble) 
5 (insoluble) 

1.5 (EPA 
2021) 
(insoluble) 

0.3 

Cr 
VI 

0.005* (oral) 0.003 
(EPA 2021) 
(oral) 

– 0.0009 (oral) 0.0009 
(chronic oral) 

* Provisional Maximum Permissible Risk, noncarcinogenic effects 

3.2.1 Health Hazards 

The exposure of chromium VI may affect on the respiratory system and kidneys and 
also causes cancer (Mannetje et al. 2018). Different organizations have set 
recommended exposure limits which are mentioned in Table 7. 

3.2.2 Sources of Industrial Effluent 

Chromium is present in the effluent of industries such as textiles, metal finishing and 
electroplating, tanneries, dyes and pigment, wood preservation, and fertilizer indus-
tries. (Dermentzis et al. 2011, Verma et al. 2013). Very high level of chromium in the 
effluent is reported from the electroplating industry (reportedly up to 2500 mg/L of 
the highly toxic chromium VI) (Dermentzis et al. 2011), substantial chromium 
concentrations in textile dying wastewaters (Çetin et al. 2008), and leather tanneries 
(0.2 to more than 14 mg/L) in Argentina (Labunska et al. 2011). 

3.2.3 Limit of Discharge and Policies 

In the European Union, discharge limits of total chromium vary among member 
states, with a maximum discharge limit of 5 mg/L for total chromium and 1 mg/L for 
chromium VI in water (Vaiopoulou and Gikas 2020). 

In the US, discharge limit is set for total chromium on daily maximum concen-
tration for electroplating 7 mg/L, leather tanning and finishing (12–19) mg/L, and 
timber 4 mg/L (US EPA ELGs 2021). The discharge limits for total chromium are 
summarized in Table 8.
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Table 8 US EPA total chromium discharge limits summary 

Daily maximum 
concentration 
(μg/L) 

Average 
concentration 
[monthly] (μg/L) 

Max average 
concentration 
[monthly] (μg/L) 

Electroplating 7000 –  

Inorganic chemicals 
production 

230–3000 120–1200 – 

Metal coating 2770 1710 – 

Centralized waste 
management 

167–15,500 – 52.2–3070 

Electronic components 560–650 – 260–300 

3.3 Lead 

Lead (Pb) in environment can be found in trace amounts. In early days, industries 
used it extensively in products such as ceramics, cosmetics, petrol, paints, batteries, 
and plumbing materials (EPA 2021). Its uses have been phased out because of its 
toxicity.(Pickston et al. 1985). 

3.3.1 Health Hazards 

Lead (Pb) exposure is associated with a several adverse health hazard, which include 
increased blood pressure, decrease in renal function and fertility, and neurocognitive 
effects. Neurodevelopmental effects in children even at low level (Mannetje et al. 
2018). The exposure limit reported by RIVM is 3.6 μg/kg bw/day, oral (Baars 
et al. 2001). 

3.3.2 Sources of Industrial Effluent 

Lead in the effluent from the iron, steel, pulp and paper industries 
(US Environmental Protection Agency 2018), paint industries (Malakootian et al. 
2009), a brewery, and a textile industry (Muhammd et al. 2018) are found. 

3.3.3 Limit of Discharge and Policies 

The discharge limits set by US EPA ELGs are summarized in Table 9.
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Table 9 US EPA lead discharge limits summary 

Daily maximum 
concentration 
(μg/L) 

Average 
concentration 
[monthly] (μg/L) 

Max average 
concentration 
[monthly] (μg/L) 

Electroplating 600 –  

Inorganic chemicals 
production 

180–3400 48–1400 – 

Metal coating 690 430 – 

Centralized waste 
management 

222–1320 – 160–283 

Electronic components 720–1120 – 270–410 

Table 10 Recommended mercury exposure limits 

TDI RIVM (Baars 
et al. 2001) (ng/kg 
bw/day) 

PTWI JECFA (2011) RfD (EPA 2021) (ng/kg 
MRL (ATSDR 
2021) (ng/kg 
bw/day) 

2000 (inorganic, oral) 
100 (organic, oral) 

4000 (inorganic) 
(WHO 2021a, b) 
1600 (methylmercury) 
(WHO 2022) 

100 (methylmercury, oral) 300 (methylmer-
cury, chronic 
oral) 

MRL minimum risk level 

3.4 Mercury 

Mercury (Hg) is a highly toxic, its uses are in products such as personal care 
products, thermometers, fluorescent light bulbs, electrical switches, pigments, bat-
teries, and dental amalgams. Its usage is being phased out due to its adverse effects 
on human health (Crossett 2011; Suess et al. 2020). 

3.4.1 Health Hazards 

The health hazards caused by exposure of mercury depend upon its form (elemental, 
organic, or inorganic). Mercury can be accumulated in the human body and is also 
harmful to many biological systems, including the kidneys, the brain, and the 
epidermis. The elemental and organic forms of mercury can cross the blood–brain 
and placental barriers, accumulate in the brain, and develop a fetus (Ministry of 
Health 2021a, b). Mercury affects the kidneys, brain, skin and can accumulate in the 
brain, neurological effects, and developing fetus (ATSDR 1999; JECFA 2007). 
Table 10 represents different government agencies recommended exposure limits 
for mercury.
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3.4.2 Sources of Industrial Effluent 

Mercury in effluent is found from dental practice wastes (Bender 2008), papers, 
electrical utilities, and also from metal sectors (such as mining, primary, and 
fabricated metals). 

3.4.3 Limit of Discharge and Policies 

Many countries have recognized mercury as a hazardous substance which led 
Minamata Convention to diminish mercury emissions in the world (Suess et al. 
2020). Under the ELGs, the US EPA has set mercury discharge limits for various 
point source categories (EPA 2021) summarized in Table 11. The daily maximum 
concentration of mercury in point source inorganic chemicals manufacturing is 
highest 110 μg/L to lowest in generating steam electric power (0.0018–0.788) μg/ 
L, other contributors being centralized waste management, ore mining and dressing, 
etc. 

3.5 Arsenic 

Arsenic (As), a metalloid, was used in pesticides, pharmaceuticals, and agriculture-
based industries (IARC Working Group on the Evaluation of Carcinogenic Risks to 
Humans 2012). Due to its toxic nature, many industries stopped its uses, though 
metal industry uses it as an alloying agent, leather industry uses during tanning of 
hides, and other uses is in manufacturing of paper, paint pigments, metal adhesives, 
glass, ammunition, and wood preservatives. 

3.5.1 Health Hazards 

Inorganic arsenic is highly toxic as compared to organic arsenic. Arsenic is known to 
be carcinogenic, lead to skin, bladder, and lung cancer. Moderate levels but long-
term exposure damage heart, kidneys, liver, nerves and blood vessels (Ministry of

Table 11 US EPA mercury discharge limits summary 

Daily maximum 
concentration 
(ng/L) 

Average 
concentration 
[monthly] (μg/L) 

Max average 
concentration 
[monthly] (μg/L) 

Ore mining and dressing 2000 1000 – 

Inorganic chemicals production 110,000 48,000 – 

Waste combustors 2300 – 1300 

Centralized waste management 641–17,200 – 246–6470



Sources

–

Health 2021a, b). Table 12 represents the different government agencies 
recommended exposure limits for arsenic.
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Table 12 Recommended arsenic exposure limits 

TDI RIVM (Baars et al. 2001) (ng/kg 
bw/month) 

RfD (EPA 2021) (ng/kg 
bw/day) 

MRL (ATSDR 2021) (ng/kg 
bw/day) 

30,000 (inorganic, oral) 300 (inorganic, oral) 300 (chronic, oral) 

3.5.2 Sources of Industrial Effluent 

Arsenic is usually found as an impurity from metal ores and consequently enters the 
mining industry. Other potential sources of arsenic include the paper industry, the 
generation of steam-powered electricity, the refining of wood products, and waste 
treatment, among others. 

3.5.3 Limit of Discharge and Policies 

The US EPA has set limits for arsenic present in discharges as daily maximum 
concentration from different point source (US EPA ELGs 2021), as described in 
Table 13. 

4 Per- and Polyfluoroalkyl Substances 

Per- and poly-fluoroalkyl substances are a broad family of synthetic chemicals with 
resistance to water, oil, grease, and fire. These properties led to its widespread use in 
the production of numerous products, such as fabrics and carpets that are stain- and 
water-resistant, coatings, aviation hydraulic fluids, cleaning products, insect lures, 
firefighting foams, and in the electroplating and electronic industries all contain

Table 13 US EPA arsenic discharge limits summary 

Maximum 
concentration 
[daily] (ng/L) 

Average 
concentration 
[monthly] (ng/L) 

Max average 
concentration 
[monthly] (ng/L) 

Ore mining and dressing 1000 500 – 

Inorganic chemicals production 3000 1000 – 

Timber product processing 4000 –  

Waste combustors 84 – 72 

Centralized waste management 99.3–2950 – 19.9–1330 

Landfills 1100 – 540 

Electrical components 2090 830 –



Substance

polyurethane. Due to their resistance to degradation, these substances persist in the 
environment for extended periods of time and bioaccumulate in tissues. Among the 
3000 PFAS, perfluoro octane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) 
are the most well known (Wang et al. 2017). Several PFAS being phased out because 
of environmental concerns, Stockholm Convention also enlisted PFOS and PFOA.
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These substances gets mixed with wastewater network from both industrial and 
residential sources which are most substantial (Rumsby 2018). The estimated half-
lives of PFOS and PFOA in the human body are 3.4 and 2.7 years, respectively 
(Li et al. 2018), though PFOS and PFOA are not considered to pose acute health 
risks. Industrial sources for these compounds among others are the textile, metal 
plating industry, pulp and paper industry, semiconductor, and electronics business 
(Lin et al. 2009; Tonkin and Taylor Ltd 2018; Kim et al. 2021). 

4.1 Health Hazards 

The effects of PFOS and PFOA exposure are not considered to pose an acute health 
risk (Ministry for the Environment 2021). The chronic exposure limit is on serum 
cholesterol levels and immune effects, in spite of that the estimated half-lives of 
PFOS and PFOA in the human body are 3.4 and 2.7 years, respectively (Li et al. 
2018), Table 14 represents the different government agencies recommended arsenic 
exposure limits. 

4.2 Sources of Industrial Effluent 

Textile industry is one of the major industries utilizing PFAS (Ministry of Environ-
ment and Food, The Danish Environmental Protection Agency 2015), in flame-
retardant clothing and to impart water, oil, and dirt resistance into fabrics and carpets 
(Tonkin and Taylor Ltd 2018). 

PFAS is commonly used in the metal plating industry (HRP Associates 2021), 
chromium electroplating facilities, pulp and paper industry, and semiconductor and 
electronics industries (Tonkin and Taylor Ltd 2018) resulted in contamination to 
wastewater (US EPA 2021a, b, c, d, e, f, g, h). 

Table 14 Recommended PFOS and PFOA exposure limits 

TWI (pg/kg bw/week) 
(EFSA 2022a, b) 

TDI (pg/kg bw/day) 
(FSANZ 2022) 

Draft RfD (pg/kg bw/day) 
(EPA 2021) 

PFOS 4400* 20,000 7.9 (chronic oral) 

PFOA 160,000 1.5 (chronic oral) 
* A group TWI for PFAS based on PFOA, PFOS, perfluorononanoic acid (PFNA), and 
perfluorohexane sulfonic acid (PFHxS) assessments
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Table 15 PFOS and PFOA discharge reported by the US Toxics Release Inventory 2020 

TRI industry 
sector 

Surface water 
discharge (kg)2 

PFOS All other chemical preparation and prod-
uct production 

Chemicals 0.5 

PFOA All other chemical preparation and prod-
uct production 

Chemicals 4.1 

4.3 Limit of Discharge and Policies 

The US EPA developed effluent guidelines based on data acquired from a “prelim-
inary multi-industry PFAS study” and mandated PFAS manufacturers to adhere to 
these standards (US EPA 2021a, b, c, d, e, f, g, h).The New Zealand EPA set PFOS 
and PFOA in waste discharge limits at 0.1 μg/L and 1 μg/L for total PFAS (Dawson 
2018). The EPA also proposed limit for PFOS in biosolids to be at 0.3 mg per kg dry 
weight (Table 15). 

5 Pharmaceuticals 

It is not possible to individually assess the hazards posed by each industrial effluent 
due to the wide variety of pharmaceutical drugs available worldwide. Wastewater 
treatment plants in industries are noted to be poorly equipped (Orias and Perrodin 
2013), and this becomes the major source of pharmaceuticals to the aquatic species 
(Larsson et al. 2007; Sengar and Vijayanandan 2022; ANSES 2013; Khetan and 
Collins 2007; WHO 2012). Also from human excretion, it entered municipal 
wastewater and groundwater. 

5.1 Health Hazards 

Several researches have determined the environmental and ecological effects of 
pharmaceuticals in aquatic environments (Khetan and Collins (2007), Orias and 
Perrodin (2013), and Orias and Perrodin (2014)), its impact on human is less known 
(Khetan and Collins 2007). It has been determined that very little amounts of 
pharmaceuticals in drinking water are extremely unlikely to pose health hazards to 
humans (WHO 2012), antibiotics contribution to the growth of antimicrobial resis-
tance (AMR) may constitute a threat to human health (Kumar et al. 2019; Larsson 
et al. 2007; Sengar and Vijayanandan 2022).
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5.2 Sources of Industrial Effluent 

Pharmaceuticals entered municipal WWTPs through residential and trade waste 
route. Consumed or improperly discarded medications that are flushed down the 
commode or sink constitute residential contributions (WHO 2012), whereas indus-
trial contributions consist of effluents containing pharmaceuticals from hospital 
waste, pharmaceutical company, and old care facilities (Orias and Perrodin 2014). 
Compared to residential wastewater, hospital effluents contain significantly higher 
concentrations of pharmaceuticals (Verlicchi et al. 2012; Majumder et al. 2021). 

5.3 Limit of Discharge and Policies 

There are guidelines relating to hospital wastewater management (WHO 2014; US  
EPA ELGs for Hospitals) without specific standards for pharmaceutical pollutants 
(Majumder et al. 2021). The US EPA has also set ELGs for the pharmaceutical 
manufacturers (US EPA ELGs 2022a, b, c) without mentioning discharge limits for 
specific pharmaceutical products. The Organization for Economic Cooperation and 
Development (OECD) 2019 published a report categorizing source-directed, 
use-oriented, and end-of-pipe policy instruments. 

All these three categories are further subdivided into regulatory, economic, and 
voluntary. Regulations include environmental quality, good manufacturing prac-
tices, effluent discharge, best available techniques, and product bans. Economic 
include product or substance charges and subsidies. Lastly, voluntary includes 
advisory services, waste collection, public environmental health campaigns, disease 
prevention, and eco-labeling of green pharmaceuticals. It is directed to decrease or 
diminish the discharge of pharmaceuticals into water resources (OECD 2019) to  
protect drinking water sources. 

6 Pesticides 

As like pharmaceuticals, pesticides also exist in wide variety in numbers. It is not 
possible to assess individually the risk posed by each chemical in industrial effluents. 
They entered to wastewater through industrial effluent and from agricultural land 
and thus effect the aquatic environment.
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Table 16 World Health Organization basis for pesticide classifications 

LD50 for the rat (gm/kg body weight) 

Class Oral Dermal 

Ia extremely hazardous <0.005 <0.05 

Ib highly hazardous 0.005–0.05 0.05–0.2 

II moderately hazardous 0.05–2 0.2–2 

III slightly hazardous Over 2 Over 2 

U unlikely to present acute hazardous 5 or higher 

6.1 Health Hazards 

Among the three primary categories of pesticides, only insecticides interfere with the 
nervous system, whereas fungicides and herbicides have a much wider range of 
potential health effects. The World Health Organization categorizes pesticides in 
accordance with their acute oral and dermal toxicity to rats (WHO 2020). These 
categories are extremely (Ia) and highly hazardous (Ib); moderately hazardous (II); 
slightly hazardous (III); and unlikely to present acute hazard (U) in normal use 
(WHO 2020), as summarized in Table 16. 

6.2 Sources of Industrial Effluent 

Significant quantities of pesticides have been detected in the wastewaters from 
multiple pesticide manufacturing facilities around the world (Affam et al. 2014, 
Pham et al. 2021). In addition, pesticides have been detected in effluent discharged 
from the agro-based industry, including fruits and vegetables (Campos-Mañas et al. 
2019), and fruit-packaging industry (Karas et al. 2016). 

6.3 Limit of Discharge and Policies 

The US EPA has determined ELGs of a daily maximum of 0.01 kg of organic 
pesticide chemicals per 1000 kg of total organic active ingredients and a monthly 
average of 0.0018 kg of organic pesticide chemicals per 1000 kg of total organic 
active ingredients (US EPA ELGs 2022a, b, c). In Italy, the discharge limit of total 
pesticides is 50 μg/L (Mezzanotte et al. 2005), in New Zealand, the Model General 
Bylaw for Trade Waste (Standards New Zealand 2004) sets a maximum concentra-
tion of 0.2 g/m3 (200 μg/L) for total pesticides discharge limit, and in Taiwan, 
discharge limits depend on types pesticides (Hamilton et al. 2003).
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7 Microplastics 

Microplastics refer to plastic smaller than 5 mm in length, it comprises various 
polymers and different chemical additives (Rochman et al. 2019). They emerge from 
the breakdown of larger plastic pollutant that comes from residential and industrial 
sources. 

7.1 Health Hazards 

Microplastics serve as vectors for toxic contaminants; they can be transported 
through circulatory system to distant sites in the body (Rahman et al. 2021). In 
addition, microplastics have also been detected in human placentas (Ragusa et al. 
2021). Microplastics infiltrate the wastewater network in large quantities from 
several household sources, including significant amounts of microfibers released 
when washing synthetic clothing (Prata 2018). 

7.2 Sources of Industrial Effluent 

Large amounts of microplastics pass through wastewater network from several 
household sources, including washing of synthetic clothes in the form of microfibers 
(Prata 2018). Though treatment processes reduce microplastic concentration to low 
level, a high volume of effluents released daily add substantial amount to wastewater 
(Conley et al. 2019, Prata 2018, Sun et al. 2019, Conley et al. 2019). Wastewater-
containing antibiotics get contact with microplastics and together they may develop 
extracellular antibiotic resistance genes and antibiotic-resistant bacteria (Syranidou 
and Kalogerakis 2021). Industrially, polymer processing plant (Bitter and Lackner 
2020), textile manufacturing industry (Chan et al. 2021, Xu et al. 2018, Zhou et al. 
2020), marine construction facilities (Franco et al. 2020), machine manufacturing, 
and chemical and electroplating plants in China (Wang et al. 2020) contribute 
microplastic to wastewaters. 

7.3 Limit of Discharge and Policies 

The European Commission is creating a microplastics initiative to decrease the 
accidental discharge of microplastics into the environment (European Commission 
2021). Water Research Australia studied that effluents that contain microplastic are 
not currently regulated under discharge licenses (Water Research Australia 2021). In 
New Zealand, Aotearoa Impacts and Mitigation of Microplastics (AIM2) Ministry of



Business, Innovation and Employment Endeavour (MBIE) also investigates 
microplastics in wastewater (ESR 2021). 
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8 Conclusions 

The objective of this study was to understand contaminants originating from indus-
trial as well as municipal waste. This chapter tries to provide an international 
perspective on contaminants that are more concerned with human health determined 
in industrial effluents based on the literature. The selected contaminants were 
grouped into six classes, such as endocrine-disrupting compounds, heavy metals 
and metalloids, per- and polyfluoroalkyl substances, pharmaceuticals, pesticides, 
and microplastics. The industries generating these effluents were identified and 
potential health effects to human were also highlighted. Biodiversity and ecosystem 
services are also affected by these pollutants. Within the context of the mitigation 
hierarchy, environmental impacts should first be avoided, then minimized, and 
finally restored where possible. To reduce the adverse effect, treatment facilities, 
both onsite and off-site, need to installed. Factors causing the unrepaired environ-
mental damage pay compensation, while the society does not bear the cost. The 
methods of environmental compensation and minimization of negative impacts on 
the environment are measures to protect environmental elements. This environmen-
tal compensation may relate to protecting plants, animals, or protection against 
pollution of air, water, and soil. The local body should also ensure that industries 
compensate the farmer for the loss of vegetation caused by the effluent. 
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Accumulation of Heavy Metals in Roadside 
Plants and Their Role in Phytoremediation 

Dipak Kumar Mahida, Vishal M. Makwana, Mahipal Singh Sankhla, 
Ankita Patel, and Pravinsang Dodia 

Abstract Plants play very crucial roles in pollution control. According to their 
physical and chemical properties, contaminants can either be stable or labile. The 
movement of the stoma, or mouth of the leaf, and trichome adsorption are what allow 
plants to carry out the absorption process (spines or leaf hair). Heavy metals are the 
group of inorganic chemical pollutants and road traffic emissions that are most 
harmful to the biosphere. Since they cannot be broken down through biological 
and chemical processes, unlike organic pollutants, they tend to accumulate in the 
environment. Vehicular emissions and industrial exhausts harm the ecosystem while 
also causing heavy metal contamination. Untamed plants growing beside roadsides 
may be able to assist reduce heavy metal pollution. Heavy metals that impact the 
morphological, physiological, and reproductive characteristics of plants progres-
sively change the pH of the soil. Roadside vegetation’s germination and seedling 
development are impacted by heavy metal pollution. Phytoremediation can be 
employed as an alternative solution for heavy metal remediation processes because 
of its advantages as a low-cost, high-efficient, environmentally acceptable and 
eco-friendly techniques based on the utilization of metal accumulating plants. Future 
research on the number of heavy metals in a range of tropical roadside plants is 
necessary to determine the exact source and transport processes. 
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1 Introduction 

Heavy metals may assemble and spread in the soil ecosystem. Plants vascular system 
and roots may allow them to take in metal pollution from the soil. Metal build-up in 
soil has the potential to threaten humans, plants, and animals as well as the ecosys-
tem’s stability. The capacity of the plant to synthesize chlorophyll may be hindered, 
oxidative stress may be increased, and stomata resistance may be weakened by high 
metal concentrations in the plant (Ashraf et al. 2011; Sulaiman 2018). Whether the 
pollution is in the soil or the air, unnaturally occurring heavy metals like chromium 
(Cr) and cadmium (Cd) can inhibit plant development. It is possible that heavy 
metals can enter people’s bodies through the food chain, causing an increase in 
chronic illnesses like cancer and harming the central nervous system, especially in 
young children (Sulaiman 2018). 

It is well acknowledged that vehicle traffic is a significant and growing source of 
air and soil pollution near highways. Since people are more likely to live close to 
vehicle exhaust than other types of air pollution (for example, along busy roads), 
they are more likely to breathe it in and come into touch with it. This makes vehicle 
pollution more dangerous than other types of air pollution. As a result, it is now 
widely acknowledged that transportation poses a serious threat to the health of the 
environment. Despite the fact that transportation emissions per vehicle have suc-
cessfully decreased thanks to technology, more research is still required to develop a 
comprehensive understanding of all emissions and their effects on both the environ-
ment and human health. Numerous contaminants have been discovered to have 
greater concentrations in soil, water, and plants close to highways than farther 
away (Khalid et al. 2018). 

Due to the lack of regulation governing nonexhaust pollution sources, attention to 
the effects of roadside dust to air pollution and human health has increased (Gope 
et al. 2018). Soil components, car exhaust and nonexhaust emissions, atmospheric 
deposition, and industrial activities are the main sources of heavy metals in roadway 
dust particles; among these, vehicle emissions are the major source of metals in 
metropolitan areas. Complex metal combinations from tire wear, brake and compo-
nent wear, and resuspended road dust are only a few of the car emissions (Al-Taani 
et al. 2019). Plants may deposit and bioaccumulate heavy metals that are in the air 
and dust, making biomonitoring that uses plants a useful technique for evaluating 
environmental impact in urban settings. Because of their poisonous effects, propen-
sity to bioaccumulate throughout the food chain, and high persistence in the envi-
ronment, heavy metals are considered to be the principal category of inorganic 
pollutants. Heavy metal environmental pollution in various compartments has sig-
nificantly grown globally, particularly in emerging nations (Fang et al. 2021).
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In this chapter, authors have discussed various aspects of heavy metals accumu-
lation in the roadside plant along with their hazard effects and mitigation strategies. 
Roadside use of native plants is a unique resource whose use goes far beyond the 
roadside, providing a toolbox for a fresh aesthetic that can be used on all sorts of 
public and private land. It is a crucial process for anybody interested in growing or 
restoring native vegetation and can help pave the way for an economical ecological 
approach to maintaining human-designed landscapes. 

2 Heavy Metals in the Environment 

Heavy metals are poisonous and highly reactive at low concentrations, polluting 
large regions of the world and posing serious dangers to human and environmental 
health. Even though many heavy metals are naturally present in the Earth’s crust and 
atmosphere, human activities like mining, smelting, transportation, military opera-
tions, industrial manufacturing, and the use of metal-containing pesticides and 
fertilizers in commercial agriculture can promote heavy metal pollution. Through 
trash disposal, runoff, and the application of chemical products containing heavy 
metals, these activities release heavy metals into the environment, which may then 
enter terrestrial ecosystems through airborne deposition, surface waters, or soil (Gall 
et al. 2015). Heavy metals cannot be decomposed, in contrast to their organic 
pollutant counterparts. Heavy metals therefore remain in the environment for years 
after point sources of contamination have been eliminated (Babin-Fenske and Anand 
2011). 

2.1 Spatiotemporal Variations of HMs 

Most scientists have studied how alterations in vegetation composition and structure 
are related to increased levels of nitrogen emissions. Elevated levels of atmospheric 
N can affect community diversity by favoring nitrophilous species (Bobbink et al. 
1998). Early research during 1971/72 and 1990 showed that the prevalence of 
species that require nitrogen as well as the increase in the Ellenberg’s ecological 
value N (nitrogen) were characteristics of the herb-layer vegetation in the Lorraine 
Plain (northeast of France), which was probably brought on by atmospheric depo-
sition. A similar trend was noticed in Germany (Bernhardt-Römermann et al. 2007) 
or in Poland (Dzwonko 2001). Automobiles are one of the main contributors to 
heavy metal contamination in roadside soils. These pollutants enter the environment 
as particles from exhaust fumes or other vehicular components, eventually contam-
inating soil and vegetation in roadways and surrounding regions (Bohemen and van 
Janssen Van De Laak 2003). The most frequent heavy metals found in automobile 
exhaust include Cd, Cu, Pb, Ni, and Zn (Li et al. 2001;  Elik  2003). The primary 
sources of Pb include domestic and industrial effluents, industrial paints, and exhaust



emissions from gasoline-powered vehicles (Harrison and Laxen 1977). Despite the 
elimination of Pb from gasoline and the dramatically reduced amount of Pb entering 
sediments, the threats posed by previously deposited Pb in the environment are still 
very high. Cd is one of the most hazardous metals in the environment, easily 
transferring from soil to plants (Jia et al. 2010) due to its high solubility and mobility 
(Pagotto et al. 2001). Cd is typically found in automobile tyres and is contributed to 
sediments by the vehicle wear and the traffic propagation. For Cd and Pb uptake in 
all age categories, the World Health Organization considers 0.007 and 0.025 mg/kg, 
respectively, to be tolerable weekly limits (Bakirdere and Yaman 2008). On the 
Razan-Hamedan highway in Iran, Safari Sinegani (2007) studied the spatiotemporal 
fluctuations of Pb on the canopy of the Amaranthus retroflexus plant. The findings 
showed that Pb levels in plant samples were higher than allowed due to heavy traffic, 
the age of the road, seasonal variations, and distance from roadways. Roadside 
plants are especially susceptible to air pollution (Sinegani 2007; Lee et al. 2012). 
According to Princewill-Ogbonna and Ogbonna (2011), the results of a study 
conducted in Nigeria, soil and medicinal plants in Aba city have high accumulations 
of heavy metals, mostly due to vehicular emissions (Princewill-Ogbonna and 
Ogbonna 2011). Feng et al. (2012) found that traffic on the roadsides of rice and 
wheat fields in eastern China is a contributing factor to the significant rise in heavy 
metal levels in soil, rice, and wheat grains (Feng et al. 2012). Naser et al. (2012) 
concluded that as the distance from the road increased, the concentration of Pb and 
Ni in the soil and vegetables decreased in Bangladesh (Naser et al. 2012). However, 
concentration of Cd is independent from the distance to roads. Al-Chalabi and 
Hawker (2000) investigated the concentration of Pb around the roads in Brisbane, 
Australia and concluded that the primary source of pollution was traffic and Pb 
accumulation was noticed in the top 5 cm of the soil (Al-Chalabi and Hawker 2000). 
Fakayode and Olu-Owolabi (2003) investigated heavy metal concentration on the 
sidewalks of the streets of Osgbo, Nigeria and concluded that the concentration of 
heavy metals in the soil significantly reduced as the distance from the roadways 
increased up to 50 m (Fakayode and Olu-Owolabi 2003). Vehicle emissions pose 
serious risks to people, properties, and the surrounding biodiversity, including plants 
in metropolitan areas (Sánchez-Chardi 2016; Singh et al. 2020). In southwestern 
Nile Delta in Egypt, Khalifa and Gad (2018) collected samples of agricultural soils to 
investigate the heavy metal contamination (Khalifa and Gad 2018). The result 
indicated that the most significant causes of heavy metal contamination in the area 
were high urbanization, industrial activity, and agricultural activity. 
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2.2 Sources of HMs in the Environment 

In general, heavy metals decrease enzyme activity and soil microbial biomass (SMB) 
levels which in turn reduces diversity of soil ecosystem and modifies microbial 
structure. There are several pathways through which heavy metals may enter the soil 
including the application of treated and untreated sewer sludge, runoff from



industrial sites and highways, metallo-pesticides, phosphate fertilizers, and atmo-
spheric deposition of metal-containing particles, refer Fig. 1. Heavy metals in plants 
can be extremely toxic to animals, leading to a variety of sublethal consequences 
including mortality. Invertebrates may inadvertently consume heavy metals found in 
soil and plants or absorb them through their outer body coverings or exoskeleton 
(Gall et al. 2015). When invertebrates consume metals, they may transfer those 
metals to their predators, particularly if those metals are present in the alimentary 
tract at the time of predation or accumulated in the tissues. Similar to small 
mammals, large mammals frequently consume contaminated vegetation (van der 
Fels-Klerx et al. 2011), small amounts of soil, or drinking water and they may also be 
exposed to metals by inhalation or grooming (Miranda et al. 2009). Heavy metal 
exposure in humans can occur in several ways, such as through dietary intake, 
workplace exposure, or environmental exposure through inhaling dust that contains 
contaminated particles (Amaya et al. 2013). The mining and milling of phosphate 
rock are significant sources of heavy metal air and soil pollution, in addition to the 
fact that phosphate-based fertilizers are a source of heavy metals in agricultural 
systems. 
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Fig. 1 Sources of heavy metals in the environment 

The total Cd input in Europe is 1.6 g ha-1 year-1 , with phosphate fertilizers 
accounting for 55% of the Cd and air deposition for 40% (Pan et al. 2010). 
According to Chauhan (2010), the amount of air pollution in India’s urban areas 
caused by atmospheric dust pollutants is approximately 40% (Avnish 2008; 
Chauhan 2010). Sewage sludge is a by-product of sewage treatment that is produced 
in enormous quantities in China (30 million tonnes), Japan (70 million tonnes), and



the USA (six million tons). With large amounts of available sewage sludge and the 
necessity to dispose of it, many farmers use sewage sludge to fertilize and irrigate 
farmlands. Heavy metals can be found in treated sewage sludge, which can come 
from sources like domestic inputs and wastewater, road runoff, and industrial 
contributions (Gall et al. 2015). Essential and nonessential heavy metals, both 
originating from anthropogenic and natural sources, enter food webs through soils. 
Heavy metals from soils may enter plants, insects, and grazers, and may then build 
up in humans, creating serious health hazards. To monitor heavy metals in the 
environment and evaluate the possibility of metal transmission within a food web, 
many organisms can be used (Stankovic et al. 2014). The health of both humans and 
animals is seriously threatened by the heavy metal contamination of plants and soil 
along roadways, as well as the introduction of these contaminants into the food 
chain. 
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3 Roadside Proximity 

Over the past 40 years, several studies have been conducted on the pollution of the 
roadside environments along regularly used main roads and highways. The effect of 
restrictions like the prohibition on leaded gasoline, which has decreased emissions 
from individual automobiles, has been countered by rising global traffic. Road salts, 
metals, and polycyclic aromatic hydrocarbons, which can be found in both particu-
late and dissolved forms, are just a few of the toxins that are released from major 
roadways. Because they cannot be broken down by microorganisms (persistence) 
and have long-term toxicity for plants, animals, and people, metals in particular are a 
major problem. Cd, Cr, Cu, Pb, Ni, and Zn are the metals that are most frequently 
recognized and investigated in roadside situations. However, there are also higher 
concentrations of other metals, including As, Co, Sb, Se, Sr, and V, along regularly 
used roadways. Sb has received a lot of attention as a roadside pollutant in several 
recent studies due to its presence in vehicle brake pads, in particular (Pekey et al. 
2004). In sense of roadside proximity, researchers are focusing on two main things: 
(1) roadside plants and (2) roadside soil. Additionally, there is a significant correla-
tion between metal concentrations in flora and soil along roadsides. 

The original physical, biological, and chemical characteristics of the soil in the 
nearby region are altered by the building, usage, and maintenance of roadways. The 
topsoil was frequently removed during road building or buried more than 1 m 
beneath the foundation course. Roadside soils frequently include up to 30% of 
stones and technologically derived minerals. These substances, together with other 
elements like alkaline deposition from road surfaces, cause soil pH to rise even 
higher than 7. The embankment, which was constructed when the road was being 
built, frequently measures up to 5 m and is situated very next to the edge of the road. 
There are frequently hills and ditches in this region as well to drain and infiltrate the 
runoff from the road. The soils are frequently disturbed and compacted at a distance 
of 5–10 m, with little to no vegetation. After this distance, the road’s effect gradually



fades, and original soil profiles predominately appear after 10–15 m. Many studies 
have been done to estimate the metal concentrations along European main roads and 
highways since roadside soils are one of the key targets for pollutants discharged 
from vehicles (Pekey et al. 2004). 
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The ability of many plant species to absorb, detoxify, and endure greater amounts 
of heavy metal contamination is well recognized. Few tree species are utilized to 
reduce air pollution, including Mangifera indica L., Pongamia pinnata L. Pierre, 
Dalbergia sissoo Roxb, and Holoptelea integrifolia L. Roadside plants often have 
higher levels of heavy metal tolerance, indicating their suitability for planting in 
ecological regions for the restoration of urban ecosystems. Urban wild plants are 
important for the ecosystem because they absorb air pollutants and lessen the 
island’s heat-related effects. Therefore, trees and plants may help reduce air pollu-
tion and slow the effects of global warming (Altaf et al. 2021). 

4 Phytoaccumulations of HMs by Roadside Plants 

Phytoaccumulation is the process through which plants take up pollutants. In 
phytoaccumulation, plants or algae are primarily used to convert pollutants from 
soils, sediments, or water into harvestable plant biomass. More commonly than for 
organics, this method has been explored for heavy metal extraction. Until it is 
harvested, a live plant may continue to absorb toxins. In order to achieve consider-
able cleaning, the growing cycle must often be repeated through numerous crops 
because a lesser amount of contamination will still be present in the soil after 
harvesting. 

Roadside vegetation is particularly vulnerable to air pollution, which includes a 
variety of potentially hazardous chemicals carried by particles. Some of these sub-
stances, including heavy metals and polyaromatic hydrocarbons, have an impact on 
plants by producing reactive oxygen species (ROS), refer Fig. 2 (Kováts et al. 2021). 

4.1 Sensitivity of Roadside Plants 

The diverse variety of symptoms displayed by plants in contaminated environments 
can even be used to evaluate the habitat quality in its whole. Physiological and 
morphological features, leaf water status, leaf ultrastructure, nonenzymatic and 
enzymatic antioxidants, photosynthetic pigments, nutritional status, and resource 
utilization are among the functional traits that have been discovered to be the most 
vulnerable to environmental stress (Mukherjee and Agrawal 2018). Many 
researchers have reported the bioindication of sensitivity toward air pollution in 
various plants which are described in Table 1. 

However, it is important to emphasize that neither the precise exposure nor the 
quantity of the pollutant is known in the majority of field bioindication



S. N. Bioindications

investigations. Furthermore, synergistic effects may cause symptoms to appear. 
Even though atmospheric deposition is now often blamed for many changes in 
vegetation, dose–effect, or more accurately, concentration-effect correlations are
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Opened stomata 

Closed stomata 
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Uptake and Translocation of Heavy 
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Fig. 2 Phytoaccumulation of HMs by leaf 

Table 1 Sensitivity and bioindication in plants toward HMs 

Physiological/ 
morphological 
characteristics 

1. Stomatal conductance or 
stomatal density 

Stomatal density increases and size decreases in stressed 
plants 

2. Leaf morphology Decrease in specific leaf area (SLA) and enhanced leaf 
senescence 

3. Leaf injury Necrotic spots, chlorotic patches like symptoms are seen 

4. Surface wax layer The presence of lipophilic aromatic hydrocarbons in the 
emission was linked to the surface wax breakdown caused 
by exhaust gas exposure 

5. Biochemical markers Ascorbic acid is one of the main compounds used in the 
defence against reactive oxygen species (ROS), hence 
greater ascorbic acid levels represent higher pollution loads. 
Also, some enzymes (catalase or peroxidase), antioxidant, 
and nonenzymatic antioxidant have similar pattern toward 
the pollution 

6. Photosynthesis activity Stress can be quantified by the chlorophyll A to chlorophyll 
B ratio. A higher score denotes an improved tolerance for 
air pollution 

7. Photosynthetic pigments A reduction in the protein content of the leaves is another 
sign of air pollution from contaminated environments



typically poorly understood (Kováts et al. 2021). To assess the impact of air quality 
on plants, a biological metric known as the Air Pollution Tolerance Index (APTI), is 
of major importance. The capacity of plants to mitigate the impacts of air pollution is 
an indication of their intrinsic qualities. High-index plants are typically tolerant of air 
pollution. They may live off of contaminated air. Low-index plants exhibit suscep-
tibility to air pollution. Air contaminants are continuously exposed to by plants, 
which causes a build-up in their system. It changes the characteristics of the leaves 
and increases their sensitivity to contaminants. Because they make plants more 
sensitive, pollutants from traffic emissions endanger plant life (Sadia et al. 2019).
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4.2 Translocation of HMs in Plants 

In roadside plants, heavy metals mainly uptake through foliar way because of higher 
air pollution. However, only the root system has been studied in studies on the 
absorption and accumulation of heavy metals by crops and vegetables. This is 
because the bulk of heavy metals accumulate in soil systems and are mostly 
absorbed by plants through their roots. Heavy metals can also be absorbed by 
plant aerial organs including leaves, fruits, and flowers in addition to plant roots. 
According to this, plant aerial organs are effective absorbing organs that have 
processes comparable to the roots for absorbing heavy metals. After air particles 
have been deposited on the leaf surfaces, foliar transfer allows metals to accumulate 
in plant leaves. Increased foliar concentrations of heavy metals are seen in plants 
growing close to mining and smelting sites as well as in populated regions. There-
fore, investigations on biomonitoring near businesses or roadways are presently 
given more consideration in order to assess metal pollution caused by air deposition 
or transmission (Shahid et al. 2016). 

Foliar metal uptake can be described in two major steps: 

1. Adsorption and internalization though the cuticle. 
2. Penetration of metals though the stomatal pores. 

About 300 years ago, it was discovered that plant foliar portions had the ability to 
absorb nutrients, water, and metals. The foliar transmission of metals can be 
overlooked or, conversely, seems to be the primary conduit of pollution, particularly 
when ultrafine particles interact with plant leaves. An effective filter for the emis-
sions of heavy metals into the atmosphere is the plant canopy. Through stomata, 
cuticular cracks, lenticels, ectodesmata, and aqueous pores, heavy metals are 
absorbed by foliar surfaces, refer Fig. 3. In actuality, ectodesmata—no plasmatic 
channels found mostly between subsidiary cells and guard cells in the cuticular 
membrane or epidermal cell wall—are the primary pathways via which foliar 
deposited heavy metals are absorbed. Additionally, compared to epidermal cells, 
the cuticle located above the guard cell is relatively more porous (Shahid et al. 2016). 

The cuticle is regarded as the initial barrier to the entrance of heavy metals 
because it is water repellent and acts as a protective layer. This layer was essential



for the defense system that kept water from evaporating, shielded plants from 
invaders, and aided in the flow of solutes. Additionally, there is little evidence of 
heavy metals penetrating through the cuticle. It is also important to keep in mind that 
cuticles will fluctuate according to various climatic conditions, life phases, and pest 
illnesses. Therefore, under some circumstances, the initial barrier (cuticle) to the 
translocation of heavy metals may be avoided. 
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Fig. 3 Translocation of HMs in plant 

Numerous scientific studies have described the stomatal pathway for the translo-
cation of heavy metals in addition to the cuticular pathway. On leaves, stomata are 
microscopic holes that aid in gas exchange. It is interesting to note that the stomatal 
holes are larger than 20 nm in diameter. Then, through stomatal pathways, heavy 
metals are absorbed and move from leaves to interior tissue. Previous investigations 
have shown that heavy metals accumulate following foliar application in different 
plants’ stomatal pathways, where they pass through. In addition, various plants have 
varying leaf morphologies and stomatal sizes, which affect the ability of heavy 
metals absorption. The thorough investigation of the stomatal route employed by 
various plant species to absorb heavy metals should be the main goal of future 
research. Such particles travel through the circulatory system after ingesting heavy 
metals through the stomatal route. The phloem system in plants allows different 
elements to go from shoot to root by following macromolecules, proteins, or RNA. 
Materials are often transported across long distances in plants by the vascular 
system, which is made up of the xylem and phloem. While the liquid in the phloem 
flows downhill from the shoot to roots, the elements of xylem go upward from the 
root to the plant’s aerial portion.
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The fact that the vascular system is thought of as no circulatory further establishes 
that once particles have moved from shoot to root, they do not return to their original 
location. The optimal method for heavy metals to migrate from upward to downward 
after foliar application is the phloem pathway, in order to sum up. However, it is still 
unclear how heavy metals are transported between the xylem and phloem. Another 
element that has a substantial impact on how plants absorb heavy metals through 
their foliar tissues is the phyllo sphere. Microorganisms that are symbiotic and 
harmful live in the phyllo sphere, which emits chemical signals. These exudates 
create a shield on the surface of the leaves that prevents the absorption of heavy 
metals. Furthermore, diseases like chlorosis, necrosis, leaf mould, and blight have a 
significant impact on this protective layer. As a result, the exudate layer on the leaf 
may become ineffective as a barrier, allowing heavy metals to enter. 

4.3 Adaptation and Mitigation Potential 

The first line of defence against urban vehicular pollution is the roadside planting. As 
well as absorbing gaseous pollutants, the surface area of the leaves allows for the 
settling of dispersed particulate matter. But eventually, individuals experience vary-
ing degrees of stress as evidenced by the physiological reaction. Most trees have an 
instantaneous physiological response to airborne contaminants before the appear-
ance of the visual indication on leaves. The ability of the trees to withstand these 
pressures determines their capacity for adaptation and mitigation. A number 
of elements, such as the architecture, morphology, physiology, and biochemistry 
of plant tissues, influence the trees’ ability to mitigate climate change. The effects of 
vehicle motion on photosynthesis, transpiration, stomatal conductance, proline con-
tent, and heavy metal concentration in plant tissue. The photosynthetic pigment is 
negatively impacted by air pollution, which lowers production. Air pollution has 
been reported to negatively affect leaf proteins, proline, carotene, and chlorophyll. 
Stomatal function and leaf thickness of urban plantations are affected by air pollu-
tion. One of the most reliable markers of stress is ascorbic acid, which has been 
linked to air pollution levels. 

For many tree species, the ability to reduce air pollution is yet unknown, and it is 
unclear how each species would react in different situations. There have been reports 
of several biochemical, morphological, and anatomical alterations in trees growing 
beside roadsides as a result of greater air pollution concentrations. Some trees, 
nevertheless, have been shown to adjust their physiological and biochemical char-
acteristics to survive larger doses. The more delicate tree varieties serve as biological 
markers of air pollution. Some trees can withstand quite high pollution levels and be 
utilized to efficiently reduce air pollution. Thus, it is critical to find trees that might 
reduce air pollution in urban settings and screen out trees that can serve as signs of 
stress caused by air pollution (Singh et al. 2020). 

Air pollution and noise emissions have increased as a result of the growing 
population and number of cars nearby. It has been discovered that the neighboring



people and tree species in that region are quite concerned about the pollution 
generated by autos. The roadside forest fragments, which are made up of different 
tree species, might in this way significantly lessen the impacts of air pollution 
brought on by automobiles and thereby lessen the enormous problem of air pollu-
tion. These remnants of the roadside woodland absorb carbon during photosynthesis, 
acting as a sink for atmospheric CO2. Additionally, the forest remains beside the 
roadway and serve as a trap for gaseous and particle contaminants, including heavy 
metals. In general, heavy metal-containing particulate matter and gaseous pollutants 
are released into the atmosphere by industrial processes and motor movement. For 
those who are more prone to stay near vehicle exhaust, contaminants released by 
moving vehicles are more harmful than pollutants from other sources (Kumar 2020). 
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4.4 Biomonitoring of HMs 

In a quality control program, biological monitoring entails the routine use of living 
things to gather quantitative data on environmental changes that are frequently 
brought on by human activity. Because they cover a wider range of space and time 
than data from chemical or physical detectors, biological responses can be thought of 
as more accurate representations of environmental conditions. Additionally, they 
enable estimation of the concentrations of pollutants and, more crucially, their 
effects on biological receptors. Plants at every level can serve as bioindicators, 
biomonitoring devices, and bio-accumulators. Generally, a range of scale levels, 
from the molecular to the population or community rank, are used to evaluate the 
reactions of vegetative structures. Even however, a certain quantity of pollution may 
not be enough to cause the vegetative structures to respond, even while it has a 
significant impact on plants’ total ability to reproduce. Pollen does appear to be a 
particularly good indication of environmental toxins. In reality, several genes regu-
late pollen quality, which can be assessed using a variety of techniques. Virtually 
any tiny loss in the genome would result in pollen abortion. Pollen, the male haploid 
generation of higher plants, is used less frequently than other methods (Calzoni et al. 
2007). 

Forests and other forms of plants have been shown to be affected by heavy metal 
accumulating. As biological trace element monitors, terrestrial and aquatic plant 
species are being employed more and more. A species that is widely distributed, 
simple to recognize, and has a high tolerance to environmental toxins makes for an 
effective biological monitor. Metals accumulating in the monitor body need to be an 
accurate representation of the outside world. Often cited in environmental studies, 
the dandelion (Taraxacum officinale, Weber) is a common plant that may be found in 
many environments. The assessment of SO2, polycyclic aromatic hydrocarbons, and 
heavy metal contamination is one of its applications. In earlier research, there has 
been a correlation between the quantity of many metals in Taraxacum officinale 
leaves and nearby environmental contamination (Kleckerová and Dočekalová 2014).
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4.5 Potential Ecological Risks 

There are many different human activities that lead to the degradation of the 
environment that is brought on by pollution. Unwanted environmental changes 
brought on by pollution have negative effects on people, animals, and plants. The 
kind and quantity of pollutants affect how badly they affect the environment and the 
health of people (Asiminicesei et al. 2020). The effects of solid wastes of anthropo-
genic origin on the environment are becoming more widely known (Gavrilescu 
2010; Alharbi et al. 2018). 

The majority of the time, dumpsites are abandoned agricultural fields, and the 
garbage that is irresponsibly dumped there has a terrible impact on the soil, water, 
and air. The sort of vegetation that may grow in a particular soil is often influenced 
by its physicochemical characteristics. For instance, soil structure and acidity have 
an impact on how well plants absorb and store minerals (Ekere et al. 2020; 
Gavrilescu et al. 2015). Furthermore, the concentrations and types of heavy metals 
in soil and consequently in crops around dumpsites are influenced by the waste’s 
types, run-off, topography, and level of scavenging (Fiedler 2008). 

Usually, it comprises poisonous pesticides and substances that may physically 
harm pests, such as silicate, borate, and sulfur compounds, that are recovered from 
mines and then turned into powders. Some of these pesticides are extremely dan-
gerous since they include metals including arsenic, copper, lead, and tin salts. As 
persistent inorganic pollutants, heavy metals are nonbiodegradable, can accumulate 
in soils and biological compartments and move through the food chain, then 
affecting the normal functions of the human body (Živković et al. 2012; Alkherraz 
et al. 2013; Asiminicesei et al. 2020). The dangers posed by the presence of heavy 
metals in the environment are covered in great detail in the literature on various 
contaminants. 

Heavy metal contamination of agricultural soil may pose health risk to humans 
via the food chain and can also lead to reduction in food quality (Gavrilescu 2010). 
Heavy metals have a stronger propensity to accumulate in crops and vegetables 
growing in polluted soil. Consumption of vegetable has increased in recent years due 
to its health benefits and uptake of metals by vegetables is a major pathway for soil 
metals to enter the food chain and bio-accumulates leading to human health risk 
(Hlihor et al. 2015). The chemical make-up of the waste, its physical attributes, the 
type of vegetables grown, and the pace of consumption all affect the health hazards. 
Through inhalation, food, and manual handling, heavy metals from polluted soils 
make their way into plants and then into human tissues. The metals can attach to 
crucial biological elements including structural proteins, enzymes, and nucleic acids 
and prevent them from working properly. Long-term exposure to heavy metals can 
have negative effects on the circulatory system, central nervous system, and periph-
eral nervous system. To guarantee that the acceptable values are not exceeded, it is 
necessary to regularly check the amount of heavy metal bioaccumulation in edible 
crops (Ekere et al. 2020).
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Heavy metals are significant environmental pollutants, and their toxicity signif-
icantly affects ecological, evolutionary, nutritional, and environmental systems 
(Ibrahim et al. 2017). Long-term irrigated regions with treated or untreated waste-
water, places with high automobile traffic, tailings dumps, or other forms of waste 
deposits that may include metals are the origins of heavy metal contamination of 
medicinal plants (Asiminicesei et al. 2020). Soils in various parts of the world are 
slightly to moderately contaminated with toxic heavy metals, such as Cd, Cu, Zn, Ni, 
Co, Cr, Pb, and As, as a consequence of long-term use of phosphate fertilizers, soil 
amendment with sludge from wastewater treatment plants, traffic, the presence of 
industrial waste, and inadequate irrigation practices (Pavel et al. 2010; Yadav 2010). 
The most frequent hazardous metals are lead (Pb), chromium (Cr), arsenic (As), zinc 
(Zn), cadmium (Cd), copper (Cu), mercury (Hg), and nickel. Heavy metals are 
persistent toxic compounds that may also cause significant soil and water contam-
ination (Ni). The majority of metals may stay in soils for a very long time after being 
introduced because they cannot be broken down by microbial or chemical activity. 
Toxic metals in the soil can severely inhibit the biodegradation processes of some 
organic pollutants (Wuana and Okieimen 2011; Manu et al. 2018; Asiminicesei et al. 
2020). Being stationary creatures, plants continually interact with heavy metal-
polluted soil. To combat these circumstances, plants have evolved sophisticated 
defense mechanisms that use a wide range of chemical compounds. Studies have 
shown that metals that are soluble in soil solutions or that are solubilized by exudates 
from plant roots are therefore bioavailable for uptake by plants (Asiminicesei et al. 
2020). Although plants need a number of metals for growth, development and 
maintenance, they can become toxic if they are in excessive amounts, but the ability 
of plants to accumulate essential metals makes it possible to absorb other metals, 
whose presence affects the plant (Pavel et al. 2010; Ibrahim et al. 2017; Sobariu et al. 
2017). Some plants are bred to take heavy metals from the soil and purify the 
environment because they can withstand high concentrations of the pollutants. In 
contrast, agricultural crops, industrial plants, or other useful veggies meant for 
human food and use make up the bulk of plants grown on polluted soils. Therefore, 
eating fruits and vegetables from plants that were grown in soil with high levels of 
heavy metals might have a negative impact on one’s health. For example, some 
studies estimate that about half of the lead in the human body comes from food, 
which in a proportion of approximately 50% originate from plants (Intawongse and 
Dean 2006; Asiminicesei et al. 2020. 

Despite being used as natural remedies, foods, and sources of nourishment, 
medicinal plants can nevertheless be polluted with various organic or inorganic 
toxins. For instance, heavy metals and other persistent inorganic pollutants are 
regarded as a group of high concern due to their detrimental effects on both the 
environment and human health. Contrary to many organic contaminants, which 
biodegrade into carbon dioxide and water, heavy metals may accumulate in the 
environment and, as previously indicated, have a multitude of detrimental conse-
quences on both the ecosystem and human health. Although some medicinal plants 
are harvested from the wild, their cultivation for commercial purposes has grown 
directly in proportion to the requirement (Ibrahim et al. 2017; Asiminicesei et al.



2020). Heavy metal deposition in plant tissues can be accelerated by pesticide usage 
and poor storage conditions for medicinal plants after harvest. 
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Some heavy metals are essential to the organism, such as Cu, Mn, and Zn, which 
serve as part of proteins and enzymes in human body with the function of enhancing 
interaction and deactivating enzyme activity (Gavrilescu 2010; Gavrilescu et al. 
2015). However, after building up in specific bodily organs, they may also result 
in chronic poisoning. Therefore, consuming too many necessary heavy metals is bad 
for the human body. Other heavy metals, meanwhile, are harmful to the organism 
and useless. Herbal remedies may include significant levels of dangerous metals that 
are scarcely biodegradable, such as, Cd, or Pb. These metals may be absorbed by the 
roots from the soil, deposited in the air through wet or dry deposition, or polluted 
during processing. Thus, they are enriched in human body by food chain for 
thousand folds, which is equal to biological amplification (Ncube et al. 2012; 
Ekere et al. 2020). In order to ensure the secure use of herbs, the World Health 
Organization (WHO) has defined maximum concentration limits for hazardous 
substances (1996). In order to protect human health, rigorous restrictions have 
been placed on the amount of heavy metals that may be found in soil and 
medications. 

Additionally, vehicle pollution has an impact on how plants function physiolog-
ically. By absorbing heavy metals, which impact plants’ anatomical, physiological, 
and reproductive characteristics, the pH of soil is progressively changed. Plant 
reproductive organs are negatively impacted by car emissions. Roadside vegetation’s 
germination and seedling development are impacted by heavy metal pollution. 
Overly toxic Pb causes a reduction in the germination rate of seedlings. Controlling 
heavy metal contamination is essential for ecosystem recovery and restoration. To 
counteract the negative impacts of heavy metal contamination, several remediation 
solutions have been created. A simple and effective method for reducing the 
pollution caused by heavy metals is phytoremediation. Various plant species with 
a high potential to absorb heavy metals can be employed in phytoremediation (Altaf 
et al. 2021). 

5 Assessment of Ecological Risk by HMs 

Ecological risk assessment (EcoRA) entails evaluating the dangers that, in principle, 
exist for all living things in the many ecosystems that make up the environment due 
to the presence of chemicals introduced into the environment by humans. Technical 
assistance for management choices such as whether to allow a discharge into a body 
of water, whether or how much to clean up a spill, or what harvest restrictions to set 
for a natural resource is provided by ecological risk assessments. Similar to other risk 
assessment techniques, ecological risk assessment focuses on determining the kind, 
scope, and probability of unfavorable outcomes of situations or activities. It stands 
out for being concerned about ecological repercussions (effects on nonhuman 
organisms, populations, and communities). It is a procedure that includes issue



conceptualization, exposure analysis, effect analysis, and risk characterization. The 
scope and procedures of the assessment process are decided upon during problem 
formulation, which also yields a conceptual model of the system under evaluation. 
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Numerous creatures, each with a different sensitivity to chemicals, and different 
groups with different exposure situations, such as free swimmers and sediment 
dwellers, are dealt with by EcoRA. The accepted approach is to test chosen members 
of important taxonomic groups and use them as substitutes for the entire system 
because it is impossible to gather toxicity data on all the creatures in an ecosystem. 
This approach raises concerns since it could not safeguard the most vulnerable 
species that are exposed to the environment. Widespread harm to animals and 
ecosystems can occur if the actions of a chemical on a possible receptor are not 
identified. An example of this is the harm done to oysters and dog whelks as a result 
of using antifouling paints that contain tributyltin (Suter and Norton 2019). Although 
hazard identification and dose–response assessment is consolidated into a single 
stage, the process still includes the three elements required for health risk assess-
ment. Effects assessment: 

1. A predicted no effect concentration (PNEC), generated from ecotoxicity data and 
the application of assessment variables, is estimated as part of the effects assess-
ment process. This comprises identifying the danger based on its physico-
chemical characteristics, ecotoxicity, and planned use. 

2. Calculating a predicted environmental concentration (PEC) is part of the expo-
sure assessment process. Monitoring data, plausible worst-case scenarios, and 
predictive modeling approaches are used to determine this. It is a difficult 
undertaking that should take release, degradation, transport, and destiny pro-
cesses into account. 

3. The PEC/PNEC ratio is a quotient that is calculated as part of the risk character-
ization process. The material is thought to pose no damage to the environment in 
a particular situation if the ratio is less than 1. 

Various indexes that are used for the assessment of ecological risks are discussed 
below. These indexes are important to show how the value changes with heavy 
metals concentrations in environment. 

5.1 Various Indexes 

5.1.1 Air Pollution Tolerance Index (APTI) 

The ability of plants to withstand air pollution is described by the air pollution 
tolerance index (APTI). It is one of the crucial factors that might be taken into 
account while choosing the species of plants for traffic barriers. The ability to 
classify plants according to their levels of sensitivity or tolerance to air pollution is 
a crucial tool. Four biochemical factors have been used to define plant APTI: total 
chlorophyll, relative water content (RWC), ascorbic acid, and pH of leaf extract. A



single parameter’s change as a result of pollution may not accurately represent the 
situation. Consequently, four biochemical variables are taken into account to deter-
mine an empirical value for plants’ APTI (Nadgórska-Socha et al. 2017). 
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One of the frequent consequences of air pollution that inhibits photosynthesis is 
the progressive removal of chlorophyll and the yellowing of leaves. An essential 
electron donor in photosynthesis is ascorbic acid. pH is a key factor in photosyn-
thetic activity. These metabolic factors are interdependent and most affected by air 
pollution. Low APTI plant species can be utilized as bio-indicators in low pollution 
regions based on APTI values, whereas high APTI plant species can be used to 
reduce air pollution in highly contaminated areas (Shrestha et al. 2021). 

ATPI can be calculated by below formula: 

ATPI= A T  þ Pð Þ þ  Rð Þ½ ]=10 

where A = Ascorbic acid content (mg g-1 ) (dry weight), T = total chlorophyll 
content (mg g-1 ), and P = leaf extract pH, and R = RWC (%). 

5.1.2 Bio-Contamination Factor (BCF) 

The heavy metals and trace elements are transported from the soil mixture to the 
plants according to the bio-concentration factor (BCF). Any metal’s BCF may be 
determined by dividing the quantity of heavy metal in a plant sample by the same 
amount in the matching soil sample. The formula below was used to determine 
the BCF: 

BCF=CPlant=CSoil 

where CSoil is the amount of heavy metals in the associated soil, and CPlant is the 
amount of heavy metals in the plant (dry weight). If BCF is less than 1, the plant 
merely absorbed the heavy metal; it did not accumulate. If BCF is more than 1, the 
plant both absorbed and accumulated the heavy metal (Kaur et al. 2022). 

5.1.3 Translocation Factor (TF) 

Translocation factor (TF) is the capacity for translocation from the plant’s root to its 
aboveground components (the stem and leaves), which can calculate using the 
formula: 

TF=Cstem or leaves=Croot or stem 

Metal concentrations in stems and leaves are expressed as Cstem or leaves and in 
roots or stems as Croot or stem (Sulaiman 2018).
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5.1.4 Enrichment Factor (EF) 

According to Chester et al. (1999), the enrichment factors can be used to determine 
how enriched or depleted heavy metals are in relation to a certain source 
(EF) (Chester et al. 1999). Additionally, it aids in separating anthropogenic origins 
from crustal sources of heavy metals in road dust. Estimates were made of the EFs of 
heavy metals in dust in relation to their crustal compositions. It is calculated using 
the equation shown below: 

EF= HM=xð Þdust= HM=xð Þcrust 
where (HM/x)dust is the concentration ratio of the heavy metal (HM) to x in dust 
samples, (HM/x)crust is their average ratio in the upper continental crust, and x is the 
amount of most abundant metal in results. 

There were five contamination categories: where EF < 2 represents the depletion 
of metal enrichment; 2 ≤ EF < 5 moderate enrichment; 5 ≤ EF < 20 significant 
enrichment; 20 ≤ EF < 40 very high enrichment; and EF > 40 extremely high 
enrichment. In general, the EF value of>10, enriched element, is an indicator of 
anthropogenic source, whereas EF value of<10 indicates crustal element (Al-Taani 
et al. 2019; Ekere et al. 2020). 

5.1.5 Contamination Factor (CF) 

The ratio of the metals in the samples to the background value of the relevant metal 
was used to calculate the contamination factor (CF). 

Pekey et al. (2004) divided the contamination factor into four categories: low 
(CF < 1), moderate (1 ≤ CF ≤ 3), considerable (3 ≤ CF ≤ 6), and very high (CF > 6) 
(Pekey et al. 2004; Sulaiman 2018). 

5.1.6 Index of Geo-Accumulation (Igeo) 

Index of geo-accumulation (Igeo) values varied from 0 to 5, where 0 is 
uncontaminated soil and 5 is very contaminated soil, and were determined using 
an equation initially presented by Muller in 1997 to assess the degree of soil 
contamination by heavy metals (Singh et al. 1997). 

Igeo=Log2 Cm=1:5*Bmð Þ, 

where 1.5 is a factor used to account for any fluctuations in the background data 
caused by various lithogenic influences, Cm is the concentration of the studied metal 
in the soil sample, and Bm is the background level of the same metal (Kaur et al. 
2022).
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5.1.7 Pollution Load Index (PLI) 

Pollutant load index (PLI) was introduced by Tomlinson. The following formula was 
used to determine the pollutant load index (PLI) for metals: 

PLI= CF1 ×CF2 . . .  ×CFnð Þ1=n 

where n is the number of heavy metals and CF is the computed contamination factor. 
The PLI offers straightforward but comparable methods for rating the quality of a 
study site. Each metal’s PLI was divided into three categories: baseline level 
(PLI = 1), not polluted (PLI < 1), and polluted (PLI > 1) (Al-Taani et al. 2019). 

5.1.8 Potential Ecological Risk Index (PERI) 

The potential ecological risk index (PERI), which was established by Hakanson 
(1980), was used to assess the impact of various metal contaminations in dust using 
following formula: 

PERI=ƩEi, 

Ei= Ti×CF 

CFi=Cm=Bm 

where Ti is the toxic reaction factor for a particular heavy metal I and Ei is the single 
ecological risk index. According to Hakanson (1980) and Xu et al. (2008), the Ti 
values for Hg, Cd, As, Ni, Pb, Cr, Mn, and Zn are 40, 30, 10, 5, 2, 1, and 
1, respectively [52, 8]. Ei can be classifed as either low risk (Ei < 40), moderate 
(40 ≤ Ei < 80), considerable risk (80 ≤ Ei < 160), high (160 ≤ Ei < 320), or 
signifcantly high risk (Ei ≥ 320). The PERI consists of four grades: <150 low, 
150 ≤ PERI<300 moderate, 300 ≤ PERI<600 considerable, and ≥600 very high 
(Hakanson 1980; Xu et al. 2008). 

6 Conclusions 

Usually focusing on airborne pollution, tailpipe (silencer) emission restrictions 
address concerns about the impact of motor vehicle emissions on human health. 
But automobiles also produce heavy metal pollutants via non-tailpipe sources (e.g., 
brake wear and tire particulates). Long after they have descended from the strato-
sphere, the metal contaminants created pose risks to ecosystem and human health, 
mainly via contaminating soils and plants. Through photosynthesis, plants are 
known to bind carbon dioxide (CO2), making them a significant resource in efforts



to reduce air pollution. In many nations, common plant species line certain roads and 
national highways; however, these plants, such as Azadirachta indica, Bougainvillea 
spectabilis, Cassia fistula, Ficus religiosa, and Polyalthia iongifolia, are harmed by 
heavy metal air pollution (Ni, Pb, Cr, Zn, Cu, and Cd). In this way, the varieties of 
trees that line the sides of roadways and in close proximity to them serve as a buffer 
against vehicle emissions. 
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6.1 Future Aspects 

For the purpose of reducing air pollution, urban and peri-urban vegetation is being 
considered. The requirement for developing a green area is suitable plants that are 
effective at adsorbing and absorbing air pollutants. To evaluate how well roadside 
plantings can withstand urban roadside air pollution brought on by high traffic 
volumes, physiological- and biophysical-based parameters are combined. The 
assumption was made that Azadirachta indica, Bougainvillea spectabilis, Cassia 
fistula, Ficus religiosa, and Polyalthia iongifolia, etc. are a species that is tolerant of 
vehicle emissions and may be utilized to create roadside plantings and other green 
areas in an urban setting. 

The field of ecological risk assessment is still very much in its infancy, and there 
are still many issues that need to be solved, including: 

– Determining the impacts on populations and communities. 
– Selection of end points. 
– Selection of indicative species. 
– The decision about field, lab, mesocosm, and microcosm experiments. 
– The inclusion of ecological recovery and resilience variables. 
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and Chemical Activation 
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Abstract Anthropogenic coal fly ash (CFA) is a pozzolanic material comprises 
silico-alumina, making it an excellent secondary raw material with a range of 
applications. It is utilized for wastewater treatment, extraction of valuable minerals, 
and the production of ceramics, cement, concrete, building materials, composites, 
paints, and plastic materials. The crystalline and amorphous phases of CFA contain 
metals and metalloid oxides, with the amorphous portion playing a significant role in 
chemical reactions. However, the direct use of coal fly ash poses challenges due 
enriched potentially toxic trace elements. Nevertheless, the upstream extraction of 
valuable minerals and efficient downstream applications of CFA can be improved 
through mechanical and/or chemical activation. Industrial and laboratory-scale puri-
fication and modification of coal fly ash by size reduction, surface modification, and 
functionalization are discussed in this chapter. 
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1 Introduction 

Coal fly ash (CFA) is the thermal power plant waste produced from burning 
pulverized coal and is a hazard to the environment. CFA particle contains potentially 
toxic trace elements. CFA is generally used for landfill, causing serious environ-
mental concerns. CFA is made up of abundant anthropogenic materials, which are 
composed of quartz, mullite, hematite, calcite, and rutile. These elements pose 
severe effects on the environment, especially in soil, air, and human health (Carlson 
and Adriano 1993). Water-soluble constituents of CFA are added to soil which 
increase its salinity and pH and decrease the concentration of water-soluble phos-
phorous, ultimately affecting soil fertility (Page et al. 1979). Depending on the 
chemical properties and toxicity, CFA particles present in the air are a hazard to 
the workers when they inhale (Borm 1997). Numerous researchers have dedicated 
their efforts to exploring the utilization of CFA as a means to mitigate its detrimental 
environmental consequences. These investigations involve either the direct applica-
tion of CFA or the creation of novel products through mechanical activation and/or 
chemical activation techniques. 

CFA is a pozzolanic powdery material rich in silico-aluminate, abundant in 
anthropogenic materials composed of crystalline and amorphous phases (Vassilev 
et al. 2003). CFA falls as the fifth largest raw material (Ahmaruzzaman 2010), which 
is currently used in the concrete making as a cement additive to improve their 
workability and durability (Bilodeau and Malhotra 2000). Around 44.26% of 
world CFA is used in the cement sector, 13% in mine filling, 12.88% in embank-
ments and roads making, 10.77% in low-lying area reclamation, 1.93% in soil 
fertility improvement, and 11.72% in the making of bricks and tiles in the recent 
years (Singh et al. 2016). Despite being employed in various sectors, the utilization 
of CFA remains limited, with only 55.69% of the total CFA being effectively 
utilized. Moreover, it finds applications in diverse areas such as valuable mineral 
extraction and separation, wastewater treatment, geopolymer precursor and zeolite 
production, as well as in composite, concrete, and paint materials (Ahmaruzzaman 
2010; Juenger et al. 2011; Srivastava et al. 2023). 

Raw CFA complicates the hydration reaction in cement, resulting in a longer 
setting time and a delay in the development of early-age strength in concrete. 
However, by carefully modifying factors such as particle size distribution, surface 
smoothness, shape morphology, fineness, compressive strength, bulk density, poros-
ity, permeability, pozzolanic activity, and the radical composition of both the 
crystalline and amorphous phases of CFA, its utilization can be enhanced (Bentz 
2010; Bentz and Ferraris 2010; Rajak et al. 2017). These properties can be achieved 
through the mechanical activation (size reduction) of CFA using a high-energy mill. 
Ultimately mechanically activated CFA contains more finer fractions with an 
increase in glass content (amorphous siliceous spherical particulates) and also 
increases the reaction rate and decreases the reaction time. The mechanically acti-
vated CFA has relatively high reactivity in alkaline solution and promotes direct



transformation into zeolite and geopolymer materials (Ahmaruzzaman 2010; Kumar 
and Kumar 2011; Rajak et al. 2017; Blicharz et al. 2022). 

Sustainable Utilization of Anthropogenic Coal Fly Ash Through. . . 145

Chemical activation, which includes surface modification and/or 
functionalization, also improves the utilization of CFA as it provides twofold 
benefits (a) increased reactive site by spoiling smooth and close surface structure 
of CFA glasses and (b) formation of three-dimensional inorganic polymer like 
material, which can be easily subjected to beneficiary reactions (Provis and Van 
Deventer 2013; Rajak et al. 2016; Gautam et al. 2018; Gollakota et al. 2019). 

In the past two decades, alkali-treated CFA has gained significant popularity as a 
means to synthesize cost effective and environmentally friendly cement-like mate-
rials (Nidheesh and Kumar 2019; Srivastava et al. 2023). Notably, the crystalline and 
amorphous phases of CFA predominantly consist of mullite (Al2O3) and quartz 
(SiO2), the proportions of which vary depending on the type of coal used in power 
plants. Alkali reacts with amorphous SiO2 of CFA in an aqueous solution, whereas 
the crystalline part remains unaffected (Pietersen 1990; Rowles and O’Connor 2009; 
Rajak et al. 2016). 

In the present study, a brief study is done on the characterization of CFA, which 
includes morphological analysis, physical (area to mass ratio, gravity, and particle 
size distribution), and chemical properties (radical compositions) of CFA, which 
helps to classify the CFA. The characterization of CFA also provides a full-proof 
path for mechanical and chemical activation. In the mechanical activation, the 
determination of breakage parameters for CFA, such as the breakage distribution 
parameter (Bi,j), and specific rate of breakage (Si) using a planetary ball mill are 
discussed, as these kinetic parameters give an idea of how much mass fractions with 
time the CFA are grinded. In addition to mechanical activation, the present study 
also investigates the chemical activation of grinded CFA, as it improves the appli-
cability of CFA in the aforementioned fields by considering alkali dissolution and 
fusion with subsequent functionalization. 

2 Characterization of CFA 

According to the European Standard EN450-1, CFA is categorized as “type II 
additions,” which refers to finely divided materials with pozzolanic properties. 
These materials can be added to concrete to improve setting time, achieve early 
strength, or obtain specific desired properties (The European Committee for Stan-
dardization 2012). CFA is also defined as spherical particles primarily consisting of 
fine powder generated from the combustion of pulverized coal in thermal power 
plants. The ASTM Standard C-618 classifies CFA based on its chemical composi-
tion; if the weight percent of Al2O3, SiO2, and Fe2O3 exceeds 70%, the CFA is 
classified as Class F CFA. On the other hand, if the weight percent of the same 
radicals falls in the range of 50 to 70 percent, the CFA is classified as cementitious 
Class C CFA (ASTM C 618-00 2000). CaO content also determines the class of 
CFA, as Class F CFA is characterized by a CaO content of less than 10% (by weight)



(Sear 2001). Anthracite or bituminous coal is the primary source of pozzolanic Class 
F CFA, whereas Class C CFA is produced by the combustion of sub-bituminous or 
lignite coal. Class C CFA possesses both cementitious and pozzolanic characteris-
tics. Coal’s primary minerals are alumino-silicates (including clay), carbonates, 
sulfides, and silica (quartz), which are also responsible for the composition of CFA. 
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CFA stands out as one of the most intricate materials to characterize due to its 
complex nature. Numerous CFA samples have been analyzed, revealing the pres-
ence of approximately 188 mineral groups across various samples (Vassilev et al. 
2003; Vassilev and Vassileva 2005). Around 10 to 85% of coal residue contains 
CFA spherical particles (Stockel and Bridgewater 1984). CFA is an anthropogenic 
material that contain both amorphous and crystalline phases and a small amount of 
unburned carbon (Chancey et al. 2010). 

According to Felekoglu et al. (2009), the fineness and specific surface area of 
CFA are the two most influential factors in its activity. The size of CFA particles is 
primarily determined by the primary grinding of the source coal, the combustion 
efficiency of the furnace in a thermal power plant, and even variation in electricity 
production (Lee et al. 2010). The average particle size of CFA has been determined 
by multiple researchers ≥300 μm (Rajak et al. 2017; Bhatt et al. 2019). The 
morphology of CFA is determined by utilizing scanning electron microscopy 
(SEM) analysis. The morphology of CFA depends on the temperature of coal 
combustion and the rate at which the combustion products cool down. Alumino-
silicate (Al2SiO5(OH)4), spheres (Cenosphere), iron-rich spheres (Ferrosphere), and 
calcium make up the majority of CFA. 

Iron oxide (FeO) and amorphous Al2Si2O5(OH)4 make up the majority of the 
ferrosphere, while oxygen, sulfur, and phosphorus are associated with calcium 
(Kutchko and Kim 2006). Figure 1 depicts the typical CFA SEM monograph. The 
observed CFA was gathered at the Bokaro Thermal Power Station in Bokaro, 
Jharkhand, India. The energy-dispersive X-ray spectroscopy (EDX) and X-ray 
fluorescence (XRF) analyses in Table 1 represent the collected CFA sample from 
which unburned carbon has been removed. The oxide forms of Al, Ca, Fe, K, Mg, Si, 
and Ti are confirmed by EDS analysis, which is supported by XRF testing. The 
weight% of SiO2 + Al2O3 + Fe2O3 is approximately 95.11, which is greater than 
70% (from Table 1), confirming that the CFA belongs to Class F. 

The CFA also contains a minor amount of unburned carbon. The presence of 
unburned carbon in CFA can be attributed primarily to inefficient combustion 
processes and the inherent properties of the coal itself (Bartoňová 2015). During 
combustion, coal char oxidation is slower than devolatilization (Al-Qayim et al. 
2017). Thus, char reactivity is crucial in determining the amount of unburned carbon 
present in CFA. Other important factors include (a) the inorganic layer that forms on 
the surface of char during combustion, which prevents the diffusion of oxygen 
through the carbonaceous matrix (Wigley et al. 1997) and (b) the high specific 
heat capacity of mineral matter present in coal relative to organic grains, which 
causes it to heat up and combust more slowly than organic grains (Van Dyk et al. 
2009).
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Fig. 1 SEM images of (a) CFA, (b) plerosphere rich in Al and Si, (c) cenosphere rich in alumino-
silicate, (d) ferrosphere rich in ferrous particle (Figures are taken from Yadav and Fulekar 2020 
which is adapted from Goodarzi and Sanei 2009; Sharonova et al. 2015) 

Table 1 EDS and XRF analysis of CFA 

Composition (wt%) 

Method Sample Mg Si Fe Al K Ca Ti 

EDS CFA 0.0 26.25 
± 1.8 

5.41 
± 0.5 

15.83 
± 1.5 

0.69 
± 0.05 

0.45 
± 0.01 

1.88 
± 0.08 

XRF CFA MgO SiO2 Fe2O3 Al2O3 K2O CaO TiO2 

0.0 56.22 
± 2.8 

9.06 
± 0.58 

29.83 
± 2.1 

1.72 
± 0.15 

0.54 
± 0.02 

2.62 
± 0.1 

In order to determine the particle size distribution and mean particle size of the 
newly acquired CFA from Bokaro Thermal Power Station (BTPS), dynamic light 
scattering (DLS) experiments were employed. The calculated mean particle size with 
32% passing was found to be 134.5 μm (Fig. 2). This indicates that 68% of total fly 
ash was retained on a sieve with a 134.5 μm average opening.
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Fig. 2 DLS analysis of 
fresh CFA 

Table 2 Particle size, specific 
gravity, and specific surface 
area of fresh fly ash 

Physical properties of fresh fly ash 

Particle size 134.5 ± 8.54 μm 

Specific gravity 2.25 ± 0.2 
Specific surface area 7.31 ± 0.45 m2 g-1 

The BET technique was utilized to determine the specific surface area of CFA, 
yielding a value of 7.31 ± 0.45 m2 /g. Additionally, the specific gravity of fly ash was 
measured to be 2.25 ± 0.2. Table 2 provides a list of previously measured values for 
particle size, specific gravity, and specific surface area. 

3 Mechanical Activation 

CFA can react with H2O and CaO to produce a substance that behaves like cement; 
therefore, CFA is pozzolanic. Due to its pozzolanic nature, CFA has a wide range of 
applications in composite cement. It is also a basal material for the production of 
geopolymer and zeolite (Srivastava et al. 2023). SiO2,  Al2O3,  Fe2O3, CaO, and 
varying quantities of carbon make CFA a strong alkaline substance with a pH 
between 10 and 13. When CFA and H2O are combined, the surface becomes 
negatively charged, which can remove the toxic metal ion from the aqueous solution 
effectively (Xiyili et al. 2017). CFA is also a potential source of Al, Si, Fe, rare 
metals Ga, Ge, Se and rare earth metals La, Ce, Pr, and Nd, which are extracted via 
dissolution, solvent extraction, and/or precipitation (Srivastava et al. 2023). Due to 
the stable structure of crystalline phases (such as mullite and quartz) in CFA and the 
limited availability of the least stable and reactive amorphous phase, i.e., the glassy



phase, the direct use of CFA in the aforementioned applications is restricted. 
Mechanical activation can change the crystalline phases of CFA into amorphous 
phases without altering the chemical compositions (Rajak et al. 2017; Grabias-
Blicharz and Franus 2022). 
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Several researchers attempted to create ultrafine CFA particles by utilizing 
different mills and milling parameters (Bouzoubaa et al. 1997; Kumar et al. 2007; 
Paul et al. 2007; Aydin et al. 2010; Li et al. 2010; Kumar and Kumar 2011). CFA can 
be ultrafinely milled using a high-energy vibratory mill with balls and rings, a 
planetary ball mill, or an attrition mill, which improves CFA’s reactivity by 
augmenting its specific surface area and amorphous content. Using a ball and 
vibratory mill, nano-sized CFA particles were effectively produced from coarse 
raw CFA; however, the grinding time was lengthy (Paul et al. 2007; Kumar and 
Kumar 2011). During milling, the crystalline nature is diminished, which enhances 
the bulk and surface activity of CFA containing a silanol (Si-OH) functional group 
(Paul et al. 2007). Various authors have conducted numerous studies on the mechan-
ical activation of CFA through ultrafine milling. However, it is worth noting that the 
total duration of time necessary to achieve the desired particle size of CFA was 
relatively long, spanning from 2 to 96 h (Bouzoubaa et al. 1997; Paul et al. 2007; 
Aydin et al. 2010; Li et al. 2010). The crystalline nature of CFA (due to the presence 
of SiO2, Al2O3, Fe2O3, Fe2O3, etc.) and various critical milling parameters such as 
material-to-ball ratio, jar filling volume, moisture content of CFA, and mishandling 
of the mill are the major factors for the increased grinding time (Mio et al. 2004; 
Sharma 2012; Patil and Anandhan 2015; Rajak et al. 2017). 

In a study by Mio et al. (2004), the critical speed of jars and sun was calculated 
using a planetary ball mill with gibbsite powder as the milling material. Another 
study conducted by Patil and Anandhan (2015) investigated the wet grinding of CFA 
using a high-energy planetary ball mill. They examined the impact of the weight 
ratio of milling balls to CFA powder on the crystallite and particle size, as well as the 
specific surface area of the milled CFA. Moreover, Chen et al. (2015) investigated 
the effect of media density and rotation-to-revolution speed of jars on the morphol-
ogy and particle size distribution of CaCO3 powder using a planetary ball mill. 
Several attempts have been made to determine the energy consumption and milling 
time required to obtain the desired particle size using a ball mill by employing 
mathematical simulation and modeling with milling kinetic models based on popu-
lation balance equations (Kapur and Fuerstenau 1987; Kapur et al. 2003; Bilgili and 
Scarlett 2005; Capece et al. 2011). Modeling and simulation of milling are not only 
useful for scale-up studies but also for selecting the optimal values of operating 
variables through process optimization. In addition, milling simulation enhances 
large-scale milling efficiency, allowing for the production of the desired end product 
at the lowest possible cost. Bilgili et al. (2006) used a laboratory-scale agitated media 
mill to determine the mechanisms and breakage kinetics for nano-sized pigment 
agglomerate using size-discrete population balance models. Several researchers have 
investigated the optimum operating parameters of planetary ball milling, such as 
power consumption, the angular speed of the jar and sun, and powder-to-ball 
loading, which aid in determining the physicochemical changes that occur in CFA



during the grinding process (Watanabe 1999; Mio et al. 2004; Paul et al. 2007). 
Rajak et al. (2017) also attempted to calculate breakage parameters such as the 
breakage distribution parameter (Bi,j) and the specific rate of breakage (Si) using the 
direct- and back-calculation methods. CFA (Class F grade) was used to determine 
breakage kinetics, and the milling equipment was a high-energy planetary ball mill. 
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The CFA feed size was 120 μm which was milled to a mean particle size of 
13.4 μm with a minimum particle size of 2.0 μm during the 2.5 h milling period. The 
reactivity of CFA was increased after milling as a result of the rise in specific surface 
area (i.e., from 7.31 m2 /g to 28.08 m2 /g) during milling, whereas crystallite size of 
SiO2 was decreased by 40.1% and percent crystallinity of CFA was decreased by 
26.12%. Bi,j and Si of CFA calculated using a direct experimental method were 

Si min - 1 = 0:00121x1:08058 i ,Bi,j = 0:19 
xi 
xjþ1 

0:2656 

þ 0:81 xi 
xjþ1 

2:4678 

; n≥ i 

> j≥ 1 and Bi,j = 1; i= j and i= jþ 1: 

In order to simplify the tedious experimental procedures of the direct calculation 
method for determining the kinetic breakage parameters, the straightforward back-
calculation method was employed for determining the values of Bi,j and Si. The 
values of Si and Bi,j calculated using the direct- and back-calculation method were 
quite similar. Finally, with the help of calculated Bi,j and Si values, the specific-
energy breakage rate with particle size was also calculated. This laboratory milling 
simulation can be applicable to scale-up studies. While the primary focus was to 
examine the impact of mechanical activation on the surface and bulk properties of 
CFA so that CFA can be utilized efficiently in various industrial and commercial 
applications. 

3.1 Microstructure Changes in Mechanically Activated CFA 

CFA is composed of an outer reactive amorphous region and a less reactive crystalline 
interior. The CFA has been milled into smaller, more reactive particles as the glass 
content has increased. Figure 3 depicts the typical SEM images of raw CFA (RFA) 
and milled CFA (AMFA, VMFA, and CFA) produced by attrition mills (AMFA), 
vibrating mills (VMFA), and jet mills (CFA). The SEM image verifies the disinte-
gration of large CFA particles and the formation of new, smaller particles. Figure 3 
also depicts the corresponding Fourier-transformed infrared spectrometer (FTIR) 
analysis. Si-O-Si symmetric stretching (798 cm-1 ), Si-O-Si bending (460 cm-1 ), 
and Si/Al-O-Si asymmetric stretching (798, 913, 1090, and 1160 cm-1 ) indicate the 
structural reconfiguration of CFA during milling (Lee and van Deventer 2002). 

Figure 4 shows that milling enhances the amorphous content of CFA, which is 
supported by the X-ray diffraction plot of CFA. Figure 4 demonstrates that as
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Fig. 3 SEM micrographs of (a) raw CFA (RFA), (b) vibratory milled CFA (VMFA), (c) attrition 
milled CFA (AMFA), (d) jet milled classified CFA (CFA) and corresponding Fourier transformed 
infrared spectrometer (FTIR) plot (adapted from Kumar et al. 2007, copyright Elsevier)



grinding progresses, the crystalline peaks diminish, indicating a notable rise in 
amorphous content and ultimately an enhanced reactivity. Figure 4 also illustrates 
how the crystalline apex of SiO2 and Al2O3 decreases as grinding time progresses.
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Fig. 4 (a) XRD of CFA grinded over 30 (1/2 h), 60(1 h), 90 (3/2 h), 120 (2 h), and 150 (5/2 h), (b) 
variation in the SiO2 peak at 2θ = 26.8° with grinding times (0, 30 (1/2 h), 60 (1 h), 90 (3/2 h), 
120 (2 h), and 150 (5/2 h) minutes), (c) variation in the Al2O3 peak at 2θ = 16.6° with milling times 
(0, 30, 60, 90, 120, and 150 min), and (d) variation in % crystallinity and crystallite size with respect 
to the milling time (adapted from Rajak et al. 2017 copyright Elsevier) 

4 Chemical Activation of CFA 

The mechanically activated CFA can be used more efficiently by treating the 
powdered CFA with compounds that provide a more active CFA surface. The 
surface-modified CFA can be readily functionalized, increasing its applications, 
such as heavy metal adsorption from wastewater and drilling fluid additives in the

https://www.sciencedirect.com/topics/chemical-engineering/mullite
https://www.sciencedirect.com/topics/chemical-engineering/mullite


petroleum industry (Ahmaruzzaman 2010; Dash et al. 2022). When CFA is treated 
with alkali, amorphous constituents undergo dissolution, while crystalline phases 
remain unaffected (Brouwers and van Eijk 2002; Rowles and O’Connor 2009; Rajak 
et al. 2016). Several researchers investigated the aqueous solution alkali leaching 
mechanism of CFA spheres under the assumption that the amorphous portion of 
CFA was dissolved in an alkaline solution. The alkaline dissolution generates a 
porous “shell” and an unreacted core that are completely separated by a pointed 
boundary (Brouwers and van Eijk 2002; Rajak et al. 2016). In the alkaline dissolu-
tion of CFA, the diffusion of reacted SiO2 and Al2O3 is fast relative to boundary 
movement, whereas the diffusivity of the dissolved amorphous phase is relatively 
sluggish. This form of process is controlled by diffusion and is known mathemati-
cally as a “pseudo-steady” or “quasi-stationary” process. The alkali dissolution of 
CFA can be described by Fick’s law with invariable diffusivity is taken into account. 
Brouwers and van Eijk (2002) believed that the amorphous phase leaching in CFA 
using an aqueous solution of alkali falls under pseudo-steady-state conditions and 
that the effluent solution concentration remains unchanged during the course of the 
treatment, i.e., under conditions of infinite volume solution. In actual experimental 
conditions, however, it is difficult to maintain infinite-volume solution conditions, as 
the concentration of alkali gradually decreases during alkali leaching of CFA, i.e., 
finite solution volume conditions are attained. In addition, the reaction kinetics of 
dissolution for CFA leaching with an alkaline solution is more realistic under 
conditions of unsteadiness. Therefore, the batch scale investigation of alkali leaching 
for CFA can be viewed as a finite solution volume shell core model with a non-
steady-state condition. Rajak et al. (2016) investigated the pseudo-steady and 
unsteady state shrinking core model for NaOH dissolution of CFA with shell–core 
behavior by assuming that the concentration of NaOH in the aqueous solution was 
significantly decreasing; this provides a better understanding of CFA leaching 
kinetics in the presence of NaOH containing aqueous solution. Using both “unsteady 
state” and “pseudo-steady state” models, the diffusivity of dissolved SiO2 in the 
porous media ranged from 2.28 × 1011 to 2.96 × 1010 cm2 /s. This indicates that the 
alkali dissolution of CFA is a gradual process. Gautam et al. (2018) conducted an 
effective laboratory experiment by activating CFA with NaOH fusion and then 
substituting amine and epoxy in the activated CFA. The functionalized CFA aque-
ous solution was then measured for yield point gel strength, apparent and plastic 
viscosity, and filtration loss. The outcomes are comparable with the API-grade 
aqueous bentonite solution. 
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The primary objective of this endeavor is to utilize functionalized CFA as an oil 
well drilling fluid additive. Activating CFA with Na2SiO3, which forms a new 
geo-adsorbent via geopolymerization, increases the adsorption capacity of CFA as 
well. Geopolymerized CFA is effective at removing phenol, dyes, and heavy metal 
contaminants from effluent water (Ahmaruzzaman 2010; El Alouani et al. 2019). 
Geopolymers are gaining popularity in the construction industry as a result of their 
superior mechanical properties, thermal stability (remain unchanged up to 1200 °C), 
and lower Ca content, which provides superior resistance to acid attack and out-
performs Portland cement (Palomo and Jimenez 2011; Schmücker and MacKenzie
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2005). Numerous scientists have attempted to synthesize geopolymer from CFA 
using the activators outlined in Table 3. Table 3 verifies that alkalis are the primary 
activator of CFA geopolymerization. Silica and alumina dissolution occur during 
geopolymerization (Gollakota et al. 2019). Additionally, CFA finds application in 
the preparation of zeolites and mesoporous materials. However, zeolite synthesis is 
linked to potentially hazardous compounds derived from CFA. In hydrothermal and 
pyrothermal processes for zeolite preparation using CFA as a base material, Si and 
Al are extracted; consequently, there is a risk of contamination throughout the entire 
process, and there is also a risk of undesirable elements being mobilized into the 
environment (Ferrarini et al. 2016). Zeolite synthesis requires a substantial quantity

154 D. K. Rajak et al.

Table 3 Geopolymer from CFA 

Operating 
conditions 

CFA Poly (sialate-
siloxo) (PSS, 
SiO2/Al2O3: 4)  
Temp.: 20–85 ° 
C 
Time: 
16–672 h 

KOH 
and 
NaOH 

The compressive strength of 
K-based geopolymers is 18.6 MPa, 
whereas Na-based geopolymer has 
9.6 MPa. Suitable for making 
building blocks 

Andini 
et al. 
(2008) 

CFA with 
blast furnace 
slag 

SiO2/K2O: 
1.25 
Temp.: 25–30 ° 
C 
Time: 28 days 

K2SiO3 

and 
KOH 

Synthesized geopolymer immobi-
lize trace pollutants such as Th, U, 
Zr, Be, Co, Cu, Nb, Cr, Zr, Y, Ni, 
Sn, Cd, and Bi and rare earth ele-
ments during water leaching, which 
is a major concern in raw CFA and 
hazard to environment 

Izquierdo 
et al. 
(2009) 

CFA and 
blast furnace 
slag 

SiO2/K2O: 
1.25 
Temp.: 25–30 ° 
C and time: 
28 days 

K2SiO3 Synthesis of geopolymer with 
compressive strength 100 MPa, 
which is stronger and denser than 
Portland cement binders 

Nugteren 
et al. 
(2009) 

CFA Al/Si: 0.43; 
Al/Na: 
1,14; temp: 
70 °C 
Time: 4 day 

NaOH Geopolymer has compressive 
strength 60 MPa. It is used as a fire-
resistant coating on steel and bind-
ing material in construction mate-
rials to replace the Portland cement 

Temuujin 
et al. 
(2010a, b) 

CFA CFA/NaOH: 
1.25; temp: 
25–105 °C 
Time: 4 days 

NaOH Ultrasonic alkaline dissolution. 
Potential adsorbent Pb from aque-
ous solution 

Al-
Harahsheh 
et al. 
(2015) 

Class F CFA 
and copper 
mines tailings 

Si/Al: 2; temp.: 
60 °C, time: 
24 h 

NaOH Alkaline dissolution. Use as a con-
struction material 

Zhang 
et al. 
(2011) 

CFA K2SiO3/KOH: 
3.5; temp: 80 ° 
C; time: 72 h 

K2SiO3 

and 
KOH 

Potassium activation. Use as an 
adsorbent 

Kaewmee 
et al. 
(2020)



of water. Geng et al. (2021) demonstrated that mechanochemical activation of CFA 
enhances Hg adsorption capacity.
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Raw CFA has the lowest Hg removal efficacy, while mechanical-chemically 
activated CFA mechanical-chemically brominated CFA-impregnated brominated 
CFA has the highest adsorption capacity. The chemical activation of CFA with 
mineral acids also increases the silica content of the activated CFA, which is then 
used to prepare the catalyst (Khatri and Rani 2008). Rezaei and colleagues investi-
gated a well-defined sodium salt (NaCl, NaNO3, Na2CO3, and Na2SO4) roasting to 
decompose the alumino-silicate of CFA. 

Ge, V, and Li can be extracted from roasted CFA when subjected to citric acid 
monohydrates (C6H8O7�H2O), DL-malic acid (C4H6O5), acetic acid (C2H4O2), and 
oxalic acid dehydrate (C2H2O4�2H2O) leaching. Citric acid leaching gives excellent 
results (Rezaei et al. 2022). CaCl2, Na2SO4, Ca(OH)2, Na2SiO3, and K2SiO3 are 
used to activate the CFA to increase its pozzolanic reactivity (Ahmaruzzaman 2010; 
Srivastava et al. 2023). The chemical activators provide an efficient and cost-
effective technique. The addition of Na2SO4 and CaCl2・2H2O can enhance the 
early and later strength of cement that incorporates CFA. Na2SO4 is particularly 
effective in improving early-age strength, while CaCl2・2H2O exhibits greater 
effectiveness in enhancing later-age strength. CFA waste, which comprises diverse 
metal oxides and possesses thermal stability, serves as a cost-effective resource for 
catalyst preparation (Wang 2008). The major constituent of CFA is alumina-
silicates, which makes it catalyst support for various reactions. CFA-supported 
CaO catalyst has application in Knoevenagel condensation reaction and 
transesterification of soybean oil (Kelechi et al. 2022). Chemically activated CFA 
loaded with sulfated zirconia can be used in benzylation reactions (Khatri et al. 
2010). Nitric acid-activated CFA is used for the synthesis of heterogeneous Fenton-
like catalysts, which can remove around 98% p-nitrophenol from wastewater (Park 
and Bae 2018). Sulfuric acid leached CFA followed by ethanol and organic silane 
treatment is used for the polystyrene-coated CFA catalyst preparation, which can be 
used for the synthesis of alkyl levulinates (a good solvent and additives) (Tian et al. 
2023). 

5 Conclusions 

Raw CFA is a finely grained and powdery material composed of particulates, which 
exhibit thermal stability. It is obtained by collecting it from flue gases through the 
utilization of an electrostatic precipitator. It is composed of metal and metalloid 
oxides. CFA also contains heavy metals such as Mn, Hg, Be, Zn, Sb, Cu, Co, Sr, F, 
and As, and long-term, large-scale storage may have severe environmental conse-
quences. Through the leaching of these heavy metals, CFA has the potential to 
negatively impact the soil and adjacent groundwater, as well as the plants, food 
chain, and local environment. However, the predominant components found in CFA 
include Al2O3,SiO2, and CaO, and its physical properties, such as amorphous



spherical fine powder particles (hollow or solid), lead to various applications in 
cement additives, concrete making, geopolymer and geolite production, catalyst 
preparation, corrosion-resistant material, and wastewater treatment after mechanical 
activation and/or chemical activation. Size reduction (mechanical activation), which 
provides surface and bulk modification with the use of suitable compounds (chem-
ical activation), can increase CFA utilization. Mechanical and chemical activation 
significantly modifies the morphology of CFA. Mechanical activation of CFA also 
increases the area to mass ratio and amorphous content, which renders the CFA more 
reactive and increases the efficiency of its use. The chemistry of CFA activation is 
limited to surface modification and bulk functionalization. CFA’s surface modifica-
tion renders it reactive and suitable for a variety of productive reactions. The surface 
is modified by utilizing various alkali and/or acid dissolutions or occasionally alkali 
fusion when less reaction time is required. The functionalization of chemically 
activated CFA generates polymer-like material that can be utilized in various catalyst 
preparation applications. As its aqueous solution possesses the same rheological and 
filtration loss properties as the aqueous solution of AP grade bentonite, the 
functionalization of modified CFA may be utilized as a drilling fluid additive. 
However, mechanical activation of CFA is an energy-intensive procedure, whereas 
chemical activation generates numerous hazardous by-products. Consequently, sub-
stantial research is still required to optimize these processes to be cost effective and 
environmentally beneficial. 
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Abstract Solid waste’s generation rate depends on any country’s urbanization and 
economic development. Among all types of SW processes, management and han-
dling of municipal solid waste (MSW) is one of the significant concerns. Generally, 
in developing countries, the discarded MSW is either being dumped in landfills or 
directly combusted in open air. This unscientific manner of treating solid wastes 
causes environmental pollution and global climate change besides posing a threat to 
human health. Moreover, it is projected that there would be an increase in population 
of ~3.4 billion tons by 2050, thereby adding to the new challenges in managing solid 
waste due to limited landfill space and lack of technologies in treating them. Thus, 
accordingly, this chapter provides an overview of various sources, environmental 
damages, and the potential solutions that can help address these environmental 
damages caused by MSW mismanagement. Sustainable management mainly 
includes waste reduction, composting, recycling, and energy recovery. The effective 
utilization of these technologies directly or indirectly depends on composition, 
geographical location, attributes, funding accessibility, and externalities associated 
with each method. 
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1 Introduction 

In developing countries, increased urbanization and industrialization are leading to 
the increased consumption and production of different types of solid wastes. MSW 
mainly comprises organic waste (food and green waste), paper waste (newspapers 
and cardboard), plastic waste (bottles, packaging materials, and disposable items), 
glass waste (broken glassware and colored glasses), metals (aluminum cans, steel 
containers, and foils), and the inorganic inert waste (nondegradable and 
nonrecyclable materials) as shown in Fig. 1a. Globally, it is currently estimated 
that two billion tons of MSW are produced, with nearly one-third (33%) of it not 
being collected by municipalities (Kaza et al. 2018). On average, according to the 
World Bank (Kaza et al. 2018), one person can generate from 0.11 to 4.54 kg of 
waste per day (Table 1). This figure tends to approximate the maximum in regions 
like Europe and Central Asia and North America, and it is lower in Sub-Saharan 
Africa and East Asia and Pacific. 

According to the What a Waste 2.0 report (Kaza et al. 2018), the composition of 
MSW in different locations is shown in Table 2. As can be observed from the table, 
the MSW is primarily composed of organic wastes which is nearly around 50%. The 
organic and biodegradable portions of MSW are subjected to composting (5%), and 
less than 9% of MSW is recycled across various parts of the world. However, this

Fig. 1 MSW waste generators and types 

Table 1 Ranges of average national waste generation (kg/capita/day) by region (Kaza et al. 2018) 

Region 2016 Average Min 25th Percentile 75th Percentile Max 

Sub-Saharan Africa 0.46 0.11 0.35 0.55 1.57 

East Asia and Pacific 0.56 0.14 0.45 1.36 3.72 

South Asia 0.52 0.17 0.32 0.54 1.44 

Middle East and North Africa 0.81 0.44 0.66 1.40 1.83 

Latin America and Caribbean 0.99 0.41 0.76 1.39 4.46 

Europe and Central Asia 1.18 0.27 0.94 1.53 4.45 

North America 2.21 1.94 2.09 3.39 4.54



Region Glass Metal Other cardboard Plastic Wood

percentage is lower in more developed regions such as Europe and Central Asia and 
North America, where it is 36% and 28%, respectively. In North America, the lower 
percentage of green and food waste results in a higher proportion of metal, paper and 
cardboard, rubber and leather, and wood waste compared to the global average. 
Additionally, according to the World Bank’s What a Waste 2.0 report, the per capita 
generation (kg/cap/day) of industrial, agricultural, construction, hazardous, medical, 
and electronic waste is 12.73, 3.35, 1.68, 0.32, 0.25, and 0.02, respectively (Kaza 
et al. 2018).
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Table 2 Ranges of average waste composition by region (Kaza et al. 2018) 

Food 
and 
green 

Paper and 
Rubber 
and 
leather 

Sub-Saharan 
Africa 

43% 3% 5% 30% 10% 8.6% <1% <1% 

East Asia and 
Pacific 

53% 2.6% 3% 12% 15% 12% <1% 2% 

South Asia 57% 4% 3% 15% 10% 8% 2% 1% 

Middle East 
and North 
Africa 

58% 3% 3% 8% 13% 12% 2% 1% 

Latin America 
and Caribbean 

52% 4% 3% 15% 13% 12% <1% <1% 

Europe and 
Central Asia 

36% 8% 3% 21% 18.6% 11.5% <1% 1.6% 

North America 28% 4.5% 9.3% 3.6% 28% 12% 9% 5.6% 

Global 44% 5% 4% 14% 17% 12% 2% 2% 

In the natural environment, direct combustion of MSW causes gaseous emissions 
that is mainly composed of hazardous pollutants including particulate matters, 
oxides of sulfur, carbon, and nitrogen, and volatile matters in the air. In the openly 
dumped areas, the decomposition of biodegradable organic waste produces huge 
amounts of methane (greenhouse) gas, which directly contributes to global warming. 
It is estimated that greenhouse gas emissions generated by the disposal of food waste 
amount to 887 Mt/year of CH4, 77 Mt/year of N2O, and 996 Mt/year of CO2eq 
(Tubiello et al. 2021). Furthermore, presence of high organic contents in MSW 
attracts various microbial pathogens that cause several chronic diseases to rag 
pickers and nearby people living in that area. These emissions have significant 
environmental impacts, highlighting the urgent need for effective waste management 
strategies that prioritize the reduction, reuse, and recycling of MSW. 

Apart from causing air pollution, improper disposal of MSW also pollutes water 
bodies and soil. The leachate through the solid waste seeps into groundwater, 
contaminating it with hazardous chemicals and pathogens. When waste is not 
disposed of properly, it can also end up in waterways, causing harm to aquatic life 
and making water unfit for human consumption. Soil pollution mainly occurs 
because of the leakage of hazardous chemicals and heavy metals into the soil,



making it unfit for farming and other uses. In addition, illegal dumping of waste in 
open areas can cause soil erosion and other environmental problems. 
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The mismanagement of municipal solid waste can have significant and lasting 
impacts on the environment. It is essential that proper waste management practices 
be implemented to minimize these impacts and prevent further damage. By adopting 
best practices, such as waste reduction, recycling, and safe disposal, we can ensure 
that our cities are healthy and sustainable for generations to come. Proper waste 
management practices are essential to prevent environmental damage and ensure a 
healthy and sustainable future. The improper disposal of waste can have severe 
impacts on the environment, including air, water, and soil pollution, and can also 
contribute to climate change. 

2 MSW Characteristics and Types 

2.1 MSW Characteristics 

MSW is a complex mixture of materials, including food waste, paper, plastics, 
metals, glass, and textiles, as well as hazardous waste such as batteries and electronic 
devices. It is highly heterogeneous in the nature which makes the sustainable 
management of MSW more challenging. The composition of MSW can vary 
depending on factors such as geography, climate, population density, and cultural 
practices. This makes it challenging to develop a one-size-fits-all approach to MSW 
management. Technical reasons for the challenges in MSW mismanagement can 
include issues with waste separation, transportation, and disposal methods. Waste 
separation can be challenging due to inadequate infrastructure, lack of education and 
awareness among citizens, and limited funding for waste management programs. 
Issues with transportation infrastructure, such as poor road conditions and limited 
access to collection sites, can lead to delays and increased costs (Kumar 2016; Nanda 
and Berruti 2021). 

2.2 Types of MSW Generated in Urban Areas 

MSW generated in urban areas can be classified into different types based on their 
composition and potential environmental impact. The main types of MSW generated 
in urban areas are organic, plastic, paper, and carboard, metal, glass, hazardous, 
electronic waste (e-waste), construction and demolition (C&D), and bulky and 
medical waste (Kumar 2016; Reddy 2011) (Fig. 1).



Environmental Damages Due to Mismanagement of Municipal Solid Waste 165

2.2.1 Organic Waste 

Organic waste is a common type of MSW generated in urban areas, which refers to 
biodegradable waste derived from plants and animals. Organic wastes mainly 
include fruit and vegetable scraps, meat and dairy products, bakery waste, coffee 
grounds, grass clippings, leaves, and tree trimmings. The percentage of organic 
matter in these wastes can vary widely depending on the specific material, with 
food waste typically having a high organic content ranging from 70 to 90% organic 
matter and yard waste having estimates ranging from 50 to 80% organic matter 
(FAO 2014). Overall, organic waste is generally defined as any waste material that 
originates from a living organism and is biodegradable, including biodegradable 
materials from the food and agricultural industry, as well as other biodegradable 
waste such as yard waste and paper products. 

2.2.2 Plastic Waste 

Plastic waste is a major type of MSW generated in urban areas. Plastics can be 
classified into different categories based on their recyclability and degradability. 
Recyclable plastics are those that can be collected, sorted, and processed into new 
products. These mainly include polyethylene terephthalate (PET), high-density 
polyethylene (HDPE), polyvinyl chloride (PVC), and polypropylene (PP). 
Nonrecyclable plastics are those that cannot be effectively recycled due to technical 
or economic reasons. Examples of nonrecyclable plastics include polystyrene (PS), 
multilayer plastics, and low-density polyethylene (LDPE). On the other hand, 
degradable plastics are those that break down into smaller pieces over time but 
may not completely biodegrade. Examples of degradable plastics include 
oxo-degradable and photodegradable plastics. Nondegradable plastics are those 
that do not biodegrade or degrade significantly in the environment (Tejaswini 
et al. 2022). Examples of nondegradable plastics include most types of plastics, 
such as PET, HDPE, LDPE, and PP. It is important to note that some plastics may 
have properties that fall into multiple categories, and the proper classification of 
plastics can vary depending on the specific context and definitions used. 

2.2.3 Paper and Carboard Waste 

Paper and cardboard waste refers to waste products derived from paper and card-
board, including newspapers, magazines, cardboard boxes, and packaging materials. 
Paper and cardboard production is generally considered energy-intensive and the 
amount of energy consumed can vary depending on factors such as the production 
process and location. In the United States, the energy consumption for paper and 
cardboard production ranges from 11 to 22 GJ/MT (EPA 2022), while in the 
European Union, it is estimated to be around 12–15 GJ/MT (EC 2018). The energy



consumption includes both direct and indirect energy use, and factors such as the 
efficiency of the production process and the use of renewable energy sources can 
also affect it. 
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2.2.4 Glass Waste 

Glass waste denotes to waste products derived from glass, including beverage 
containers, food jars, and glass packaging materials. Glass waste is generated from 
households, businesses, and industries. The nonbiodegradable nature of glass waste 
and its potential to harm the environment make it a significant concern in managing 
municipal solid waste (MSW). 

2.2.5 Hazardous and Electronic Waste 

Hazardous and electronic wastes refer to waste products that have the potential to 
cause harm to human health or the environment and are derived from households, 
businesses, and industries. Improper management of these waste products poses 
significant concerns in the management of MSW. Common examples of hazardous 
and electronic waste include batteries, electronic devices, pesticides, chemicals, 
medical waste, and electronic devices such as computers, cell phones, and televi-
sions. These waste products contain harmful substances such as lead, mercury, and 
arsenic, which can cause serious health problems if not managed properly. 

2.2.6 C&D and Bulky Waste 

C&D waste denotes to waste products derived from construction, renovation, and 
demolition activities such as bricks, concrete, wood, steel, and other building 
materials. Bulky waste indicates to large items such as furniture, appliances, mat-
tresses, and other household items that are too big for regular waste disposal systems. 
C&D and bulky waste are generated from households, businesses, and industries. 

3 Current Scenario of MSW Management 

Analyzing the current state of solid waste management, like the study of any human 
activity, is a broad, polarized, and contradictory topic. It is broad in the sense that 
waste management is implicit in any human activity. It is polarized due to the 
inequalities inherent in community life, particularly in urban areas. In these areas, 
the central and more affluent zones tend to have some good waste management 
practices, while the peripheral and marginalized areas, due to a lack of resources 
among other reasons, tend to have poor solid waste management practices.



Furthermore, it can also be contradictory when the adoption of modern practices is 
counterproductive to local practices. There is the example of the use of waste 
compactors in urban areas of Lima. The waste composition in this city, like many 
located in Latin American countries, is more than 50% organic. This means that 
when waste is compacted, leachate is generated and inadvertently discharged onto 
the road. Waste compactors are useful for predominantly dry and compactible waste, 
such as plastics, cardboard, or cans. This inequality and variability make it very 
interesting to review the extremes of the situation. 
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Open dump Landfill Composting Recycling Incineration 

Fig. 2 Disposal methods by income level (a) and region (b) (Kaza et al. 2018) 

Figure 2 exemplifies these differences. High-income countries tend to have more 
friendly environment disposal methods such as recycling and incineration (which 
can cause zero pollution if proper managed). Low-income countries, however, 
usually open dumps their waste, leading to several environmental problems. A 
similar scenario occurs in the regions that were developed countries (i.e., North 
America) and have more sustainable waste management practices than developing 
countries (i.e., Latin America).
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Table 3 provides a summary of the waste generation rate, collection coverage, 
main waste treatment disposal methods, recycling rates, and main MSWM problems 
in Bangladesh, China, Brazil, Switzerland, Israel, and the USA. It highlights the 
differences in waste management practices and challenges across these countries, 
with some countries facing more significant challenges such as limited landfill space, 
inadequate waste disposal infrastructure, and inadequate funding. Other countries 
have achieved high collection coverage rates and use more advanced waste treatment 
methods such as incineration and anaerobic digestion. The recycling rates in all 
countries could be improved, and there is a need for better education and enforce-
ment of MSWM regulations and laws. 

Bangladesh is a densely populated country with limited resources for waste 
management. As a result, many areas suffer from inadequate waste collection and 
disposal services, leading to uncontrolled dumping and pollution. China is the 
world’s largest generator of municipal solid waste. However, the country has 
made significant efforts to improve its waste management system in recent years, 
including promoting waste reduction, increasing waste-to-energy capacity, and 
enforcing stricter regulations. Brazil has a relatively advanced waste management 
system compared to many other developing countries. However, the country still 
faces challenges in providing adequate waste collection and disposal services, 
particularly in rural and low-income areas. In recent years, there have been efforts 
to increase recycling and promote more sustainable waste management practices in 
Brazil, including the expansion of waste-to-energy facilities. 

Analyzing the current state of solid waste management is a complex task that 
requires considering the broad, polarized, and contradictory aspects of waste man-
agement practices, particularly in urban areas. The case of Lima exemplifies how the 
adoption of modern practices can be counterproductive when they do not take into 
account the local context and the composition of the waste. Therefore, it is necessary 
to develop strategies that are adapted to local conditions and that promote greater 
equality in waste management practices. 

3.1 Japan 

Japan has long been recognized as a world leader in MSW management. The 
country’s waste management system is based on the 3R principle—reduce, reuse, 
and recycle—and emphasizes the importance of waste reduction at the source. The 
Japanese government has set ambitious targets for waste reduction and recycling, 
with a goal of reducing waste by 25% by 2030 and achieving a recycling rate 
of 60%. 

The Japanese government works to educate residents and businesses on the 
importance of waste reduction, recycling, and proper waste sorting practices. This 
has led to a high level of public participation in waste reduction and recycling 
programs, and a cultural shift toward viewing waste as a resource (Mekonnen and
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Tokai 2020). Japan has put in place measures that encourage the reduction of waste 
and the practice of recycling.
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3.2 Germany 

Germany is often cited as a world leader in MSW management. The country has a 
comprehensive waste management system that emphasizes waste reduction, 
recycling, and energy recovery (Azevedo et al. 2021). In 2018, Germany generated 
approximately 51 million tons of MSW. Around 64% of this waste was recycled or 
composted, while 34% was incinerated for energy recovery. Another important 
aspect of Germany’s waste management system is its extended producer responsi-
bility (EPR) program. Under the EPR program, manufacturers and importers of 
certain products are responsible for the costs associated with their disposal or 
recycling. 

Germany has also introduced measures that encourage the reduction of waste and 
promote recycling. For example, households are charged for the amount of 
nonrecyclable waste they generate, which creates a financial incentive for waste 
reduction and recycling (Azevedo et al. 2021). 

3.3 India 

It is a rapidly growing country with a population of over 1.3 billion people, and with 
this growth comes significant challenges in managing MSW. The current state of 
MSW management in India is characterized by inadequate infrastructure, poor waste 
collection and disposal practices, and limited awareness among the general public 
about the importance of proper waste management (Chand Malav et al. 2020). 

Another challenge is the lack of effective policies and regulations governing 
waste management in India. While there are a number of laws and regulations in 
place, the enforcement of these regulations is weak, and the penalties for 
noncompliance are not severe enough to act as a deterrent. Additionally, many 
local municipalities are understaffed and underfunded, further complicating the 
implementation and enforcement of waste management policies and regulations 
(Chand Malav et al. 2020). In recent years, the Indian government has made efforts 
to improve the state of MSW management in the country. As part of this initiative, 
the government has allocated significant funds to build waste treatment plants and 
improve waste collection and transportation infrastructure.
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3.4 Nigeria 

The current state of MSW management in Nigeria is a major concern, with limited 
infrastructure, inadequate funding, and poor public awareness contributing to wide-
spread environmental pollution and public health risks. Nigeria has a population of 
over 196 million people, making it the most populous country in Africa, and 
generates an estimated 32 million tons of waste annually, according to the Federal 
Ministry of Environment (Ibikunle et al. 2019). There is also a lack of education and 
outreach programs to promote better waste management practices and encourage 
behavioral change (Ezeudu et al. 2021). 

Despite these challenges, there have been some recent efforts to improve MSW 
management in Nigeria. For example, the government has launched the National 
Waste Management Program, which aims to improve waste collection, transporta-
tion, and disposal in the country. Additionally, several private companies are now 
investing in waste-to-energy (WTE) projects, which could provide alternative solu-
tions to the country’s waste management challenges. 

4 Environmental Impacts of Mismanagement of MSW 

The mismanagement of MSW has severe negative impacts on the environment 
(Fig. 3). Some of the negative impacts of the mismanagement of MSW on the 
environment are the release of toxic chemicals, contribution to climate change, air

Fig. 3 MSW disposal practices and environmental impacts



pollution, destruction of habitats and biodiversity loss, and economic and social 
impacts (Kulkarni 2020; Vyas et al. 2022). The improper disposal of MSW can lead 
to the release of toxic chemicals and pollutants into the environment, which can 
contaminate soil and water resources. This can lead to health problems for both 
humans and wildlife, with long-term consequences for biodiversity and ecosystem 
functioning (Wang et al. 2019).
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Additionally, the transportation and processing of waste can also generate carbon 
emissions. Poorly managed disposal of MSW can lead to the destruction of natural 
habitats and biodiversity loss. Improper waste disposal can damage ecosystems and 
harm wildlife, disrupting ecological balance and reducing biodiversity. The accu-
mulation of waste can also change the soil composition, which can negatively affect 
plant growth and disrupt the food chain. 

Finally, the mismanagement of MSW can have negative economic and social 
impacts. Improper waste management practices can lead to reduced property values, 
discourage tourism, and increase healthcare costs due to pollution-related illnesses. 
In addition, the negative effects of MSW mismanagement are often felt most 
strongly by marginalized communities, who are disproportionately affected by 
environmental degradation and health risks. 

4.1 Water 

The leachate from landfills can seep into groundwater and surface water, contami-
nating them with harmful chemicals and pathogens. Leachate is formed when 
rainwater percolates through the waste and mixes with organic and inorganic 
compounds, producing a toxic cocktail of pollutants. These pollutants can include 
heavy metals, pathogens, and organic chemicals, which can cause a range of health 
problems, including cancer, neurological disorders, and reproductive problems 
(Kulkarni 2020). 

The disposal of hazardous waste, such as electronic waste, chemicals, and 
medical waste, can also contaminate water resources. These wastes can contain 
toxic chemicals that can leach into water sources, leading to pollution and harm to 
aquatic ecosystems. Marine litter, such as plastic waste and debris, can harm marine 
life, damage aquatic ecosystems, and lead to water pollution. MSW mismanagement 
can also contribute to the eutrophication of water bodies. The organic matter in 
MSW can lead to an increase in nutrient levels in water, which can cause an 
overgrowth of algae and other aquatic plants. 

4.2 Soil 

Improper disposal of hazardous waste, such as electronic waste, chemicals, and 
medical waste brings about the release of toxic chemicals such as heavy metals,



polychlorinated biphenyls (PCBs), dioxins, and volatile organic compounds (VOCs) 
(Vyas et al. 2022). Moreover, the chemicals, such as lead, mercury, and cadmium in 
the soil, accumulate in the food chain and cause bio-accumulation in the plant 
eco-system (Rautela et al. 2021). 
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4.3 Climate Change 

The decomposition of organic waste in landfills can lead to the production of 
methane gas. The United Nations Intergovernmental Panel on Climate Change 
(IPCC) has estimated that methane emissions from landfills account for about 5% 
of global GHG emissions, contributing to climate change and its associated impacts. 
These emissions contribute to climate change and can negatively affect human 
health (Khan et al. 2022). Transportation and handling of MSW can also contribute 
to GHG emissions. Collection and transportation of waste to landfills or incinerators 
require fossil fuel-powered vehicles, which emit GHG. 

4.4 Public Health 

Open dumping of MSW can lead to the breeding of disease-carrying pests such as 
rats, flies, and mosquitoes, which can spread diseases such as malaria, dengue fever, 
and cholera. This is particularly problematic in urban areas, where large amounts of 
waste can accumulate in densely populated areas (Reddy 2011). These substances 
are known to be carcinogenic and can cause respiratory problems, skin irritation, and 
other health problems. 

Informal waste pickers, who often work in hazardous conditions without proper 
protective equipment, are particularly vulnerable to health hazards. They are at risk 
of injury, respiratory problems, and exposure to hazardous chemicals, which can 
lead to long-term health problems (Khan et al. 2022). 

5 Case Studies Depicting Mismanagement of MSW Caused 
Significant Environmental Damage 

There have been several incidents around the world where the mismanagement of 
municipal solid waste (MSW) has caused significant environmental damage. Some 
examples are The Ghazipur landfill in Delhi, India, the Philippines dumping con-
troversy, and the Lago Agrio oil field contamination in Ecuador.
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5.1 Ghazipur Landfill in Delhi, India 

It is one of the largest landfills in the country, covering an area of over 70 acres and 
reaching a height of more than 50 meters. It was designed to handle about 1300 tons 
of waste per day, but it was receiving nearly double that amount. The landfill had 
been operating for more than 30 years and had exceeded its capacity several times 
over the years (Ghosh et al. 2019). On September 1, 2017, a part of the landfill 
collapsed, causing a huge pile of garbage to slide down the slope and crash into a 
nearby canal. The collapse led to the death of two people and several injuries. The 
incident also caused significant damage to the environment, including pollution of 
the nearby water source and damage to the surrounding ecosystem (Law and Ross 
2019). 

The immediate cause of the collapse was the heavy rainfall that had been 
occurring in the region, which had made the waste on the landfill heavier and 
more unstable. However, the root cause of the collapse was the mismanagement of 
the landfill. The landfill had also been exceeding its capacity for years, causing it to 
become taller and steeper, which made it more susceptible to collapse (Ghosh et al. 
2019). The incident provoked a strong negative response from the public, and the 
Delhi government was forced to take action. The landfill was closed down, and the 
government announced plans to build new WTE plants and to increase the recycling 
of waste. The incident also highlighted the need for better waste management 
practices in India, including the segregation of waste at source, the promotion of 
composting and recycling, and the development of sustainable waste management 
systems (Ghosh et al. 2019). 

5.2 Philippines Dumping Controversy 

The Philippines dumping controversy, also known as the Canadian waste issue, 
refers to a dispute between the Philippines and Canada over the dumping of 
Canadian waste in the Philippines. The controversy began in 2013 when a Canadian 
company, Chronic Inc., exported 103 shipping containers of mixed garbage labeled 
as recyclable plastics to the Philippines. The shipment arrived in the Philippines in 
2014, and the Bureau of Customs discovered that the containers were filled with 
household waste, including used adult diapers, food waste, and plastic bottles (Stoett 
and Omrow 2021). 

In response, the Philippine government asked the Canadian government to take 
back the garbage and threatened to pursue legal action if Canada refused (Stoett and 
Omrow 2021). The controversy escalated in 2019 when Philippine President 
Rodrigo Duterte demanded that Canada take back the waste by May 15, 2019, or 
he would declare war on Canada. Canada initially refused to take back the garbage, 
citing legal and contractual issues.
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5.3 Bordo Poniente, Mexico 

Bordo Poniente was once the largest landfill in Mexico City, spanning an area of 
927 acres. The landfill was in operation for over three decades, accepting over 
76 million tons of MSW during this time. However, the mismanagement of the 
landfill led to significant environmental damage and posed serious health hazards for 
the residents living in the vicinity (Gutiérrez Galicia et al. 2019). One of the major 
environmental problems caused by the Bordo Poniente landfill was groundwater 
contamination. The landfill was located on the outskirts of Mexico City, near the 
Lerma River, which is a vital source of water for the region. The landfill’s lining was 
inadequate, and the waste was left exposed, which allowed leachate to seep into the 
groundwater. The contamination of groundwater affected the drinking water supply 
of the region and posed a significant health hazard to the residents (Gutiérrez Galicia 
et al. 2019). 

The landfill’s mismanagement also led to the burning of waste, which caused 
further air pollution and health hazards (Gutiérrez Galicia et al. 2019). Additionally, 
the mismanagement of the landfill led to the formation of large amounts of garbage 
mountains, which posed a significant risk of landslides and slope failures, particu-
larly during the rainy season. The garbage mountains also served as a breeding 
ground for disease-carrying pests like rats and mosquitoes, posing a health hazard to 
the residents (Gállego Bravo et al. 2019). 

6 Best Practices in MSW Management 

MSW management is an important aspect of environmental sustainability. With the 
increasing amount of waste produced every day, proper management practices are 
essential to prevent environmental damage. Implementing proper waste manage-
ment practices is critical in preventing environmental damage. By mitigating pollu-
tion, conserving natural resources, mitigating climate change, preserving 
ecosystems, and protecting human health and safety, the correct handling of MSW 
can help to create a sustainable environment. Individuals, businesses, and govern-
ments must adopt suitable waste management practices to protect the environment 
and ensure a healthier and sustainable future for generations to come. Most of these 
practices are consider within the waste hierarchy, which prioritized waste prevention 
measures over final disposal (Fig. 4). Some of the best practices in MSW manage-
ment are the following:
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Fig. 4 Best practices of MSW management 

6.1 Waste Reduction and Segregation 

One of the most effective practices in MSW management is waste reduction. This 
includes strategies such as reducing packaging, reusing items, and recycling. By 
reducing the amount of waste produced, the overall impact on the environment can 
be significantly reduced. On the other hand, segregation of waste involves process of 
separating waste materials into different categories such as organic waste, recycla-
bles, and hazardous waste. This practice enables the different types of waste to be 
treated and disposed of in the most appropriate manner. 

6.2 Composting 

It is the process in which organic waste is broken down by microorganisms such as 
bacteria, fungi, and protozoa to produce compost. This compost is rich in nutrients 
can be utilized for agricultural practices, which will help in increasing the soil 
fertility. The most common types of aerobic composting methods include windrow 
composting, aerated static pile composting, and in-vessel composting. Apart from 
these, compost materials help in preventing soil erosion, soil reclamation, and 
construction of wetlands and landfill covers. Moreover, this method provides both 
environmental and economic benefits. It reduces the amount of waste sent to landfills 
and provides an opportunity to convert organic waste into a valuable resource for 
agriculture.
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6.3 Incineration 

Energy can be recovered by the process of incineration or controlled combustion. 
This can be done through incineration, gasification, or other thermal treatment 
methods. It provides a source of renewable energy. It is the technology that can be 
mainly used for MSW, which is containing less moisture after compaction. In this 
method, solid wastes are heated at a very temperature of 850 °C in the presence of 
air. There are different types moving grate, fixed grate, rotary-kiln, and fluidized bed 
are developed to deal with solid waste. However, in this process, carbon dioxide is 
emitted in the atmosphere and noncombustible materials, i.e., ash is produced. On 
the other hand, refuse-derived fuel (RDF) (MBT) is the method that can be used for 
treating combustible fractions of plastic, paper, and cardboard whoch cannot be 
easily recycled. 

6.4 Sanitary Landfilling 

Landfills are an important component of MSW management, and proper landfill 
management practices can significantly reduce their impact on the environment. This 
includes measures such as proper lining, leachate collection and treatment, and 
landfill gas management. Sanitary landfills are designed in such way that there is a 
both landfill gas and leachate collection systems. The collected landfill gas can be 
used for generation of electricity. 

6.5 Polices Intervention and Laws 

Extended producer responsibility (EPR): Is an important best practice in MSW 
management as it holds manufacturers responsible for the environmental impact of 
their products throughout their lifecycle. By requiring producers to take responsi-
bility for the disposal and recycling of their products, EPR encourages them to 
design products that are more environmentally friendly and easier to recycle, which 
reduces waste generation, conserves natural resources, and promotes a circular 
economy. EPR also incentivizes the development of effective waste management 
infrastructure and systems, reduces the environmental impact of products, and pro-
motes a more equitable distribution of waste management costs.
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7 Case Studies Depicting MSW Best Practices 

7.1 San Francisco, USA 

San Francisco is often cited as one of the most successful case studies in MSW 
management in a city. The city has set a remarkable example by reducing its landfill 
waste by 80% and achieving zero waste in 2020. The success of San Francisco in 
MSW management can be attributed to several key factors, including a strong 
political will, a comprehensive regulatory framework, public participation, and the 
use of innovative technologies (EPA 2021). This commitment is reflected in the 
city’s long-term waste management plan, which sets ambitious goals and targets for 
reducing waste and increasing recycling and composting. Additionally, the city has 
launched a number of campaigns to promote waste reduction, such as “Zero Waste 
Challenge” and “Recycle Myths” (EPA 2021). 

Innovation and the use of new technologies have also been crucial to San 
Francisco’s success in MSW management. The city has implemented innovative 
programs such as the “Pay-As-You-Throw” system, which charges residents and 
businesses for the amount of waste they generate. This system has been effective in 
reducing waste and increasing recycling and composting. Additionally, the city has 
implemented a “Mandatory Recycling and Composting Ordinance,” which requires 
all businesses and residents to recycle and compost. This has helped the city divert 
more waste from landfills and reduce GHG emissions (EPA 2021). 

7.2 Taipei, Taiwan 

Taipei, the capital city of Taiwan, is considered a successful case study of MSW 
management in a city. The city has transformed its waste management practices and 
infrastructure over the past few decades, making it a model for other cities around the 
world (Nguyen et al. 2020). 

One of the essential factors in Taipei’s success in MSW management is public 
participation. The city has implemented a number of programs and campaigns to 
encourage residents to reduce waste, recycle, and compost. For example, the city has 
launched a recycling lottery program, where residents can exchange recyclables for 
lottery tickets, incentivizing them to recycle more. The city has also implemented a 
“food waste recycling” program, which requires households and businesses to 
separate their food waste from other waste and send it to designated facilities for 
processing.
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7.3 Ljubljana, Slovenia 

Ljubljana, Slovenia’s capital city, has become a benchmark for MSW management 
worldwide due to its successful transformation of waste management practices and 
infrastructure over the past few decades. One of the central factors in Ljubljana’s 
success in MSW management is public participation. For example, the city has 
implemented a “zero waste” campaign, which aims to reduce the amount of waste 
generated by residents and businesses. The city has also launched a “waste-free 
market” initiative, where farmers and vendors can sell products without using plastic 
packaging (Romano et al. 2021). 

Innovation and the use of new technologies have also been important to 
Ljubljana’s success in MSW management. The city has implemented several inno-
vative programs, such as the “Ljubljana Bicycle System,” which uses bicycles to 
collect recyclables and compostables from households. 

7.4 Adelaide, South Australia 

One of the primary reasons for Adelaide’s success is its integrated waste manage-
ment approach, which includes waste reduction, reuse, recycling, and energy recov-
ery. The city has implemented a three-bin system, which includes a green bin for 
organic waste, a yellow bin for recyclables, and a red bin for residual waste. This 
system has proven to be effective in diverting waste from landfills, reducing GHG 
emissions, and promoting sustainable waste management practices (Du et al. 2023). 

The city has also implemented several waste management programs to encourage 
waste reduction and recycling, such as a food waste recycling program and a 
program to recycle electronic waste. Adelaide has also established a composting 
facility, which processes organic waste into compost for use in agriculture and 
landscaping. These programs have not only helped reduce the amount of waste 
going to landfills but also created employment opportunities and contributed to the 
local economy (Du et al. 2023). Adelaide has made significant progress toward 
achieving this goal, with over 80% of waste being diverted from landfills (Arnold 
et al. 2019). 

Adelaide has also adopted sustainable waste management practices in its con-
struction industry, where waste is generated in large quantities. The city requires 
construction and demolition projects to have waste management plans that promote 
waste reduction, reuse, and recycling. This has resulted in a significant reduction in 
construction waste being sent to landfills (Arnold et al. 2019).
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8 Conclusions 

This chapter provides a comprehensive review of the environmental damages 
associated with MSW mismanagement, including air and water pollution, soil 
degradation, and greenhouse gas emissions. The current global waste generation 
trends show that MSW production is increasing rapidly due to population growth, 
urbanization, and changes in consumption patterns. The rising waste generation rates 
have led to the adoption of various waste management methods, including 
landfilling, incineration, and recycling. However, each method has negative envi-
ronmental impacts that need to be addressed. The mismanagement of MSW poses 
significant environmental challenges that require urgent attention. Effective waste 
management policies and regulations, as well as the adoption of sustainable waste 
management practices, can help reduce the environmental damages associated with 
MSW mismanagement. The implementation of the waste hierarchy and circular 
economy principles can significantly reduce waste generation and promote resource 
efficiency, leading to a more sustainable and healthier environment for future 
generations. It is crucial to prioritize sustainable waste management practices to 
mitigate the adverse impacts of MSW mismanagement and ensure a sustainable 
future for our planet. 
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Problem and Remediation of Anthropogenic 
Biomass Waste 
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Abstract Biomass waste management is a transnational, ever-growing dilemma for 
a healthy environment and its related issues. Growing agricultural and industrial 
sectors, households, and municipal garbages are the major sources of biowaste. The 
careless handling of these wastes results in a continuous buildup of toxic contami-
nants, which have a detrimental effect on the environment and living things. Burning 
biomass is a substantial source of pollution affecting local, regional, and global air 
quality, human health, land, and the environment. The high anthropogenic activity 
also contributes to soil degradation, making soil health and safety a crucial issue. 
Using organic bio wastes results in the release of macro- and micronutrients, carbon 
sequestration, and the immobilization and stability of heavy metals. The usage of 
biowaste increases carbon sequestration, which aids in reducing climate change and 
global warming. The stimulation of shoot and root length, biomass production, grain 
yield, chlorophyll content, and a reduction in oxidative stress, soil amendment with 
biowaste promotes soil activity and plant productivity. This article reviews the 
sustainable utilization of biomass waste processes and possible future novel 
practices. 
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1 Introduction 

The pattern of energy consumption in any nation can be used to infer that nation’s 
level of socioeconomic development. Natural gas, oil, and coal are examples of 
fundamental energy sources that are frequently regarded as the most essential energy 
sources on the planet. According to the most recent statistics, the output of primary 
energy sources has increased by between 75% and 79% relative to other energy 
sources (Nasir et al. 2013), and the global consumption of primary energy sources in 
2012 reached 12,476.76 million metric tonnes (British Petroleum 2013). However, 
renewable energy only accounts for between 13 and 18% of the total demand for 
primary energy. In order to prevent the depletion of inputs from fossil fuels, which 
are significant energy sources, there has been a strong emphasis on the application of 
renewable energy as alternative energy option (Halder et al. 2014). There are several 
forms of energy derived from non-conventional and fossil fuels that can be used as 
alternatives to these fuels. The terms “alternative sources of energy” and “renewable 
energy resources” are frequently used interchangeably. Renewable energy resources 
that utilize domestic resources are able to offer energy services without or nearly nil 
air pollutant and greenhouse gas emissions. The use of anthropogenic biomass and 
its application to utilize as alternative energy is causing a lot of harm to the 
environment. India produces close to 750 million metric tons of solid anthropogenic 
biomass annually [including straw, bagasse, husks, shells, and agriculture-related 
residues such as hardwood chips, sawdust, wood bark, etc.] (Pallavi et al. 2014). 
This anthropogenic biomass consists of fiber, biogases, husks, and shells. Anthro-
pogenic biomass is one of the most advantageous and cost-effective renewable 
energy resources on the planet (Saratale et al. 2019). Agricultural by-products 
such as wood dust, wheat husk, and rice husk are also used as basic materials in 
the paper and pulp manufacturing industries. Due to the immediate effect that 
burning these wastes would have on the adjacent ecosystem, disposing of large 
quantities of these wastes is a particularly challenging task. Consequently, utilizing 
these residues as a renewable fuel is a formidable obstacle for us. 

In order to comprehend the effects that the combustion of anthropogenic biomass 
has on the atmosphere, it is crucial to provide models with consistent parameteriza-
tions and dependable uncertainties. In the past decade, numerous publications were 
published regarding chemical, physical, and thermodynamic properties of the parti-
cles produced by the burning of anthropogenic biomass. Their qualities, smoke 
particles are well-known. Eighty to ninety % of their volume, for instance, is in 
the accumulation stage. Smoke particles consist of approximately 50–60% organic 
carbon and 5–10% black carbon. Human-made smoke particles are capable of 
reflecting and absorbing solar energy. If the updraft velocity is sufficient, smoke 
particles may serve as cloud condensation nuclei.
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2 Biomass: Sustainable Natural Resource 

The term “biomass” refers to all biological matter on Earth. These are the various 
varieties of compounds capable of storing solar energy. Plants are able to continu-
ously produce biomass through a process known as photosynthesis (McKendry 
2002; Demirbas 2001).The American Bioenergy Association defines “biomass” as 
any ligno-cellulosic organic matter primarily composed of carbon, hydrogen, oxy-
gen, and nitrogen. Biomass is comprised of trees, plants, and their by-products, as 
well as plant fibers, animal wastes, industrial trash, and municipal solid waste 
(American Bioenergy Association 2005). Biomass is both a renewable and an 
alternative source of energy. It can be pyrolyzed to produce a liquid product that 
can be used as a liquid fuel or as a starting feedstock for recovering valuable 
compounds, and it can be gasified to produce valuable gas. These are only a few 
of the applications that can use it. Direct combustion can be used to generate heat and 
power, or it can be converted into a liquid through pyrolysis. The use of biomass has 
numerous advantages, including the fact that it is an eco-friendly fuel, that it is 
plentifully obtainable on earth, that it is inexpensive in agriculturally oriented 
nations, and that it does not generate carbon dioxide. 

In 2021, biomass was responsible for the production of around 4835 trillion 
British thermal units (TBtu), which is equivalent to approximately 4.8 quadrillion 
Btu and almost 5% of the total primary energy consumption in the United States. 
About 2316 TBtu of that total came from biofuels, the majority of which were in the 
form of ethanol. Another 2087 TBtu came from wood and wood-derived biomass, 
while the remaining 431 TBtu came from the biomass found in municipal solid 
waste and sewage, animal manure, and agricultural leftovers (Table 1). 

Figure 1 shows typical natural photosynthesis in which the product is sugar and 
oxygen (O2) by converting the solar energy (Nguyen et al. 2007). The process of 
photosynthesis allows anthropogenic biomass to absorb CO2 from the atmosphere. 
This CO2 (carbon dioxide) is then burned in a variety of energy-generating technol-
ogies. Anthropogenic biomass can be considered the largest renewable energy 
source currently in use. In 2008, 10% of the world’s annual primary energy supply 
was attributed to anthropogenic biomass (IPCC 2014; Mohan et al. 2006; Zoulalian 
2010). Anthropogenic biomass can contribute to global energy demands. The annual 
global biomass production is estimated to be less than 147 billion metric tons and the 
combustion of biomass produces no carbon emissions. This means that the same

Table 1 Biomass energy use by consuming sector in 2021 

Sl. No. Sectors Amount (in TBtu) % Age shares 

1 Industrial 2313 48% 

2 Transportation 1477 31% 

3 Residential 464 10% 

4 Electric power 435 9% 

5 Commercial 147 3% 

Source: U.S. Energy Information Administration (public domain)



quantity of carbon will be released during combustion as was absorbed by plants 
during their growth. However, experts continue to debate the extent to which the 
production of biofuels can achieve carbon neutrality.
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Fig. 1 Photosynthesis 
(Figure is taken from 
Nguyen et al. 2007) 

3 Anthropogenic Biomass in Environmental Problems 

The presence of one or more pollutants in the atmosphere in such quantity is harmful 
for health or wellbeing of humans, animals, or plants. Air pollution is the discharge 
of hazardous substances into the environment that pollute the air. Air pollution may 
have detrimental effects not only on people’s health but also on the environment and 
their property. This has contributed to the thinning of the protective ozone layer in 
the atmosphere leads to climate change. The air quality standard (AQS) is the 
amount of a pollutant that is permitted to be present outside a structure and that, in 
order to protect public health, must not exceed the AQS during any given time 
period. Air pollution is considered to be the presence of hazardous gases and 
suspended particles in excess of the AQSs. The term air quality criterion (AQC) 
refers to the varying levels of air pollution and durations of exposure at which certain 
adverse effects on health and comfort become apparent. According to Morrison and 
Boyd (1983), Ozone (O3), carbon monoxide (CO2), nitrogen dioxide (NO2), lead 
(Pb), persistent organic pollutants (POPs), suspended particulate matter, and sulfur 
dioxide (SO2) are the most prevalent forms of air pollution. The contribution of CO2 

(Carbon dioxide) to global warming has received increasing attention in recent years. 
The greenhouse effect is caused by gases with greater heat capacity than oxygen and 
nitrogen, meaning their molecules contain at least three atoms. 

Higher concentrations of greenhouse gases (GHGs) in the atmosphere are 
predicted to result in a rise in global surface temperature. If anthropogenic biomass 
fuels are used in an environmentally responsible manner, there will be no overall 
increase in CO2 concentration in the atmosphere. Some would even argue that the 
use of sustainable anthropogenic biomass would result in a net reduction of CO2 in



the atmosphere (Tester et al. 1991). This is predicated that all of the CO2 released by 
the combustion of anthropogenic biomass was only absorbed by photosynthesis. 
Therefore, increasing the use of fuels derived from anthropogenic biomass as 
opposed to fossil fuels will help reduce the likelihood of global warming, which is 
caused by increased CO2 levels in the atmosphere. 
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The majority of scientists believe that if CO2 and other gases known as green-
house gases continue to increase in the atmosphere, then it is likely that the global 
average temperature will continue to rise (Cline 1992). Over the span of the last 
century, scientists have recorded around 0.56 °C rise in the global average temper-
ature. The term for this temperature increase is “global warming” or “climate 
change.” Recent warming projections for the next century have been increased to 
between 1.5 and 5.8 K, based on the assumption that current trends will persist. 
Changes in the global climate may have a variety of effects, including, but not 
limited to, rises in sea level, shifts in precipitation patterns, increased weather 
variability, and other possible outcomes. The production and consumption of energy 
by humans account for 60% of their impact on the climate. Other human activities, 
including agriculture (12%), land-use modification (9%), and the use of compounds 
such as chlorofluorocarbons (15%), all contribute to the increase in greenhouse gas 
concentration in the atmosphere. The remaining 4% increase is attributable to 
additional human activities. At present, the annual rate of GHGs emissions is 
increasing. This trend is anticipated to persist. Due to the issue of global climate 
disruption, energy concerns will be the focus of a substantial quantity of political 
action on a global scale. This is a topic that raises essential questions regarding 
politically sensitive issues such as the sovereignty of individual nations and global 
justice. The Kyoto conference, which took place in 1997 and was attended by 
160 nations, and other global summits, such as the Rio and Montreal meetings, 
have demonstrated that the majority of governments recognize the need to resolve 
the issue. The temperature of the earth’s surface has increased by approximately 
0.6 K over the past century, and as a direct consequence, the sea level is predicted to 
have risen by approximately 20 cm. If the atmospheric concentrations of greenhouse 
gases, which are primarily caused by the combustion of fossil fuels, continue to 
increase at the current rates, the global temperature may increase by 2–4 K over the 
next century. This is consistent with predictions. According to this prognosis, the sea 
level could rise between 30 and 60 cm before the turn of the century (Colonbo 1992). 

The US Environmental Protection Agency (EPA) lists carbon monoxide, lead, 
nitrogen dioxide, ozone, suspended particulate matter, and sulfur dioxide as impor-
tant air pollutants. Human activities including burning coal, oil, and natural gas emit 
CO2, the main greenhouse gas. They warm the world. The greenhouse effect, which 
is affected by climate change, is affected by fossil and anthropogenic biomass fuel 
emissions of CO2. 54% of CO2 emissions come from OECD countries. Inefficient 
burning of carbon-based fuels like petrol, diesel, and biomass produces CO. This 
produces odorless, colorless carbon monoxide. It may also be created by burning 
natural and man-made things like tobacco. It reduces blood oxygenation. It may 
impair reaction time and tyre us. CO AQS averages 2.0–4.0 mg/m3 . The sun’s  UV  
light creates ozone (O3) in the upper atmosphere. This vital atmosphere screens the



Effect Reference

earth from damaging UV rays from the sun. At ground level, this pollution is 
particularly dangerous. Pollution damages the ozone layer. The stratospheric 
ozone layer shields earth from the sun’s UV radiation. CFCs from aerosol cans, 
cooling systems, and refrigeration equipment destroy the ozone layer. This results in 
the formation of ‘holes’ in the ozone layer, making it simpler for radiation to reach 
the planet’s surface. NOx emissions are responsible for both smog and acid rain. Its 
production requires the combustion of hydrocarbons such as gasoline, diesel, 
and coal. 
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Table 2 Effects of air pollution on the health of infants 

Air 
pollutants 

Exposure 
concentration 

SOx Infant deaths Bobak and Leon (1992) 

NOx Respiratory system symptoms, 
asthma deteriorations, reduced pul-
monary function development 

Lipsett et al. (1997), Shima 
and Adachi (2000), 
Gauderman et al. (2000) 

PM10 ≥250 ppb Enhanced allergen reactivity, infant 
mortality primarily due to respiratory 
illness, sudden neonatal death 
syndrome 

Woodruf et al. (1997), 
Strand et al. (1998) 

O3 >110 ppb 37% increase in asthma emergency 
department appointments, asthma 
incidence increased threefold in the 
group with high ambient ozone and 
high outdoor activity 

Tolbert et al. (2000), 
McConnell et al. (2002) 

>120 ppm Decreased FEV1 in asthmatic sub-
jects exposed to allergens, incidence 
of dyspnea increased by 35 percent 
per 50-ppb increase 

Molfino et al. (1992), 
Petroeschevsky et al. 
(2001) 

Children exposed to nitrogen oxides during the winter months may have an 
increased risk of developing respiratory disorders. The typical adverse effect on 
the children health by air pollutants is shown in Table 2. SOx, NOx, PM10 (partic-
ulate matter), and O3 have severe health effects on the infant which are responsible 
for asthma, enhancing allergen reactivity and death (Trasande and Thurston 2005). 

The NOx air quality standards (AQS) limit value falls between 60 and 80 mg/m3 . 
Carbon dioxide (CO2) is produced by the incomplete combustion of anthropogenic 
biomass, along with carbon monoxide (CO), nitrous oxide (N2O), hydrocarbons 
(HCs), and particulate matter. It has been demonstrated that smoke from inefficient 
wood-burning furnaces is one of the most significant risk factors for a variety of 
health conditions. Using anthropogenic biomass fuels in direct combustion, gasifi-
cation, or pyrolysis systems could have significant environmental benefits, despite 
the fact that there are still a number of unanswered concerns regarding these 
processes. Typically, the output of sulfur dioxide (SO2), carbon dioxide (CO2), 
and waste from anthropogenic biomass power systems will be significantly lower 
than that of coal combustion and conversion systems. Sulfur dioxide (SO2) gas 
produced by the combustion of coal, typically in thermal power facilities sulfur



dioxide (SO2) is a by-product of a number of manufacturing processes, including the 
production of paper and metals. Significantly contributes to the formation of pollu-
tion and acid rain. Sulfur dioxide may cause pulmonary conditions. The AQS value 
of SO2 in the air ranges from 60 to 80 mg/m3 . CFCs, also known as chlorofluoro-
carbons, are gases emitted primarily by refrigeration and air-conditioning systems. 
When CFCs are discharged into the atmosphere, they rapidly reach the stratosphere. 
They deplete the earth’s ozone layer by interacting with few other gases. 

A Detailed Review on the Environmental Problem and Remediation. . . 189

A hazardous air pollutant (HAP) is an air pollutant that endangers human health 
or the environment due to its ambient concentrations, bio-accumulation, or depos-
iting over time. This contaminant can be inhaled and otherwise ingested. The flue 
gas was tested for harmful chlorinated hydrocarbons (polychlorinated biphenyls, 
benzenes, dioxins, and furans) and poly-aromatic hydrocarbons (Ruokojarvi et al. 
2000). Lavric et al. (2004) measured dioxins in wood combustion gases and partic-
ulates. Dioxins persist and bioaccumulate. Dioxins are persistent organic pollutants 
(POPs) because they may travel vast distances. Wood emits less than fossil fuels 
because it has less sulfur and nitrogen. Thus, wood emits almost no sulfur oxide 
(SOx) and less nitrogen oxide (NOx) when the temperature is managed to avoid 
nitrogen oxidation from the ambient air (McIlveen-Wright et al. 2001). 

3.1 Greenhouse Gas Impact 

The increased levels of greenhouse gases (GHGs) in the atmosphere are leading to an 
increase in the average surface temperature of the globe. Carbon dioxide (CO2) is the 
most important greenhouse gas in terms of its contribution to the warming of the 
planet. Coal is responsible for between 30 and 40 percent of the world’s carbon 
dioxide (CO2) emissions that are created by fossil fuels at the time. Nearly all carbon 
emissions come from the burning of fossil fuels like coal, oil, and natural gas. This 
accounts for around 98% of all carbon emissions. The term “greenhouse effect” 
refers to the phenomenon in which there is an overall rise in temperature on Earth. 
This is due to the presence of a number of gases in the atmosphere, including carbon 
dioxide (CO2), oxides of nitrogen (NOx), methane (CH4), and other gases (Demirbas 
2005). 

Table 3 shows the typical emission of GHGs from the combustion of diesel, coal 
and natural gases. The CO2 emission from each of the fissile fuel is maximum 
whereas the emission of CH4 is always remains ≥0.5% (Karmaker et al. 2020). 

3.2 Pollution of the Atmosphere 

The term “air pollution” refers to a broad category that includes a large number of 
distinct types of pollution. The presence of one or more pollutants in the atmosphere 
in such quantity and duration that their presence is harmful or has the potential to be



harmful to the health or well-being of humans, animals, or plants It is the discharge 
of harmful compounds into the environment that pollutes the air. Air pollution may 
have negative effects on people’s health, the environment, and their property. As a 
consequence, the protective ozone layer in the atmosphere has become thinner, 
which contributes to climate change. The personal automobile is the most significant 
contributor to urban air pollution on a global scale. The emissions from the millions 
of vehicles and trucks on the planet’s roads constitute a global problem. However, 
the combustion process of a petroleum-based engine releases other compounds into 
the atmosphere in addition to carbon dioxide and water. Many of these molecules are 
either smog-producing or openly hazardous, and some of these substances are both. 
This contains numerous lead compounds that are produced by an engine that runs on 
leaded petrol (Morrison and Boyd 1983). It also includes unburned hydrocarbons, 
carbon monoxide, and nitrogen oxides. Both the petroleum and automotive indus-
tries are now going through a period of transition. The use of anthropogenic biomass 
fuels in various thermochemical process may have significant positive effects on the 
environment, despite the fact that many questions remain about these processes. 
Carbon dioxide (CO2), sulfur dioxide (SO2), and ash emissions would typically be 
substantially lower in anthropogenic biomass power systems than in coal combus-
tion and conversion systems (Bain et al. 1998). 
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Table 3 Typical emission of GHGs from the combustion of fossil fuels (Karmaker 2020) 

Type of fuel Emission parameters Emission (kg/kWh) 

Diesel CO2 0.76 

CO 0.01 

Unburned hydrocarbons 0.0002 

Particulate matters 0.00003 

SO2 0.002 

NOx 0.005 

Coal CO2 0.90 

SO2 0.007 

NOx 0.004 

Natural gas CO2 0.566 

CO 0.0018 

Particulate matter 0.0000525 

NOx 0.0039 

In addition, gases that are acidic in nature, such as HCl, as well as heavy metals, 
such as lead, may be released into the atmosphere. According to Donovan Associ-
ates’ research from 1995, the by-products of incomplete combustion include carbon 
monoxide (CO), hydrocarbons (HC), volatile organic compounds (VOC), and poly-
cyclic aromatic hydrocarbons (PAH). The thermal pyrolysis of a particular type of 
anthropogenic biomass generates smoke when there is insufficient oxygen to prevent 
combustion but sufficient oxygen to permit detrimental reactions. A recent analysis 
of the components of anthropogenic biomass smoke revealed that it contains 
approximately 400 volatile components, including acids, alcohols, carbonyls, esters,



furans, lactones, phenols, polycyclic aromatic hydrocarbons (PAHs), and various 
other compounds. These components were extracted by distillation (Luthe et al. 
1997). A study was conducted on the dioxin emissions generated by power boilers 
fueled with salt-laden wood waste. When combustion conditions were favorable, it 
was discovered that controlling dioxin emissions could facilitate effective control 
(stack dioxin emissions of 0.064–0.086 ng/m3 ). It has been suggested that the 
combustion of anthropogenic biomass, specifically forest fires, is a significant source 
of dioxins and furans in the environment. 
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3.3 Acid Rain 

It is common knowledge that the majority of energy-related activities are the primary 
causes of acid precipitation. Acid rain is a term used to characterize a variety of 
processes that are more accurately termed acidic deposition. Acid rain is a term used 
to characterize a number of different processes. When petrol, diesel, and coal are 
burned, sulfur dioxide and nitrogen oxides are released into the atmosphere. These 
compounds may react with atmospheric water vapor to produce acid rain, which can 
then descend to the ground as rain, snow, or fog. Natural sources, such as volcanoes, 
are also capable of releasing these gases into the atmosphere. NOx emissions are 
responsible for both smog and acid rain. One of the primary causes of air pollution is 
the combustion of gasoline, diesel, and coal in residential and commercial settings, 
such as automobiles and power plants. The average air quality standards (AQS) 
value of suspended particulate matter (SPM) in respirable air is between 140 and 
200 mg/m3 (Demirbas 2005). Acid rain is detrimental not only to human health but 
also to water, soil, and forest resources. It is rumoured to be corrosive to structures 
and hazardous to human health. International agreements have been made to restrict 
the amount of sulfur and nitrogen oxide emissions, as this issue impacts nations 
worldwide. These agreements have been executed. 

4 Anthropogenic Biomass in Environmental Remediation 

4.1 Biosorption and Bioaccumulation 

Depending on the type of central agent utilized in the remediation process, abiotic 
and biotic approaches can be distinguished from one another. These methodologies 
serve as the foundation for the elimination of hazardous substances. Typically, the 
application of a biotic (physico-chemical) methods, such as membrane filtration, ion 
exchange, adsorption and absorption, precipitation, and oxidation, depends on the 
concentration of the pollutant being treated. This is due to the fact that some of these 
procedures can harm the environment. Abiotic methods include membrane filtration, 
ion exchange, adsorption and absorption, and precipitation (Crini 2006). As a result,



research in recent years has focused on biological approaches, which have demon-
strated several advantages, including being environmentally benign, cost-effective, 
and able to be conducted in situ while maintaining a high level of efficiency. 
Particularly, biosorption and bioaccumulation indicated that there is a significant 
potential for the elimination of hazardous substances, especially pigments and heavy 
metals. This article provides a thorough analysis of the numerous types of biomass 
that can be utilized in biosorption and bioaccumulation processes. This article’s 
primary objective is to provide a summary of recent findings regarding the use of 
both living and nonliving biomass in the process of cleaning up polluted 
environments. 
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Although biomass is utilized in both biosorption and bioaccumulation, the mech-
anisms involved and the levels of efficiency attained are distinct. During the 
bioaccumulation process, living cells absorb pollutants across the cell membrane 
and accumulate them within the cells as a consequence of the cells’ metabolic cycle 
(Malik 2004). Biosorption processes, on the other hand, are exclusive to dead 
anthropogenic biomass and are commonly regarded as a passive mechanism for 
the retention of contaminants on the cell wall. This is contingent on the type of 
anthropogenic biomass (Vijayaraghavan and Yun 2008). There are two possible 
explanations for how living and decomposing anthropogenic biomass absorb metal 
ions. One of the models is the attachment of metal ions to the cell wall surface 
(extracellular). This type of metal adsorption is shared by both living and 
decomposing anthropogenic biomass. The second model proposes that metals infil-
trate cells through an active uptake process, also known as bioaccumulation. This 
occurs when a contaminant passes through the cell membrane and accumulates in 
living cells. In any event, both living and nonliving anthropogenic biomass possess 
the ability to absorb metals. The biosorption of metals by anthropogenic biomass is 
primarily determined by the components present in the cell, especially those that are 
accessible via the cell surface and the spatial organization of the cell wall. According 
to Volesky (2007), the most significant of these groups are carbonyl (ketone), 
carboxyl, sulfhydryl (thiol), sulfonate, thioether, amine, secondary amine, amide, 
imine, imidazole, phosphonate, and phosphodiester. Other groups included in this 
category include phosphonate and phosphodiester. It is common knowledge that the 
use of living anthropogenic biomass as a biotreatment solution cannot be considered 
for the continuous treatment of highly toxic contaminants. This is due to the fact that 
the accumulated amount of toxicant will ultimately reach saturation, at which point 
the cell culture will have died (Eccles 1999). In contrast, deceased or inactive 
anthropogenic biomass is more adaptable to the concentration of toxicants and 
environmental conditions, and as a result, it has numerous advantages over living 
species. In addition, anthropogenic biomass derived from living organisms may 
require a nutrient supply in order to carry out their metabolic processes. Because 
of this, either the biological oxygen demand (BOD) or the chemical oxygen demand 
(COD) of the effluent or the solution may increase (Hemambika et al. 2011). Due to 
these additions, the approach that employs active anthropogenic biomass is associ-
ated with higher costs.
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4.2 Captured Carbon Dioxide 

Recent global interest has increased in finding “carbon efficient” waste management 
solutions that conserve energy, reduce carbon dioxide (CO2) emissions, and make 
productive use of waste products. It is well known that industrialized nations have 
pledged to reduce atmospheric carbon dioxide (CO2) emissions by implementing 
carbon capture and storage initiatives; however, their ability to fulfil this commit-
ment is limited due to the high costs involved and the unreadiness of the underlying 
technology. Carbon dioxide utilization (CCU) is the process of using carbon dioxide 
(CO2) as a feedstock to manufacture a variety of products, such as construction 
materials, polymers, and fuels (Armstrong and Styring 2015). Recent technological 
advancements have created opportunities for CCU. To keep costs low, however, the 
successful full deployment of CCU technology will depend in part on the direct use 
of point emissions of carbon monoxide (CO) and carbon dioxide (CO2) or, if 
necessary, their preferential capture through the use of, for instance, low-cost 
sorbents, which may even be waste-derived (Kaithwas et al. 2012). This is due to 
the fact that direct use of carbon monoxide (CO) and carbon dioxide (CO2) point 
emissions will enable for the most efficient use of the technology (Belmabkhout 
et al. 2011). Carbon dioxide (CO2) conditioning of cementitious materials has been a 
widespread practice for decades. This technique has been employed, for instance, for 
the rapid hardening of calcium silicate-based materials (Berger et al. 1972) and 
concrete objects such as roofing tiles (Maries and Hills 1986). Carbonation has been 
demonstrated to be effective for stabilizing soil contaminated with a variety of heavy 
metals and solidifying cement-based waste forms (Lange et al. 1996, 1997). Zinc, 
copper, and lead are examples of these metals (Whitehead et al. 2003). Carbonation 
as a means of reducing risk and producing engineered materials lends credence to the 
notion that the controlled carbonation of residues derived from anthropogenic 
biomass may be advantageous. Annual volumes of Gt of anthropogenic biomass 
by-products are not managed sustainably. The disposal of anthropogenic biomass 
wastes ought to adhere to a “hierarchy of waste management” that places energy 
recovery and disposal at the bottom of the list of desired alternatives if the wastes 
have the potential for other applications, as they do. According to the hierarchy of 
waste management alternatives presented by the United Nations Environment 
Programme (2011), energy recovery and disposal are the two least desired options. 
In spite of this, the use of anthropogenic biomass produced in a sustainable manner 
over the long term as a substitute feedstock for carbon-intensive industries and fossil 
fuels results in more persistent CO2 reductions than preservation. According to 
Searle and Malins (2013), the EU Trash Framework Directive requires that measures 
be taken in order to decrease the amount of garbage produced to the maximum 
degree practicable, lessen dependency on landfills, and enhance recycling rates. It 
has been mandated by the Department of Energy (DOE) and the Department of 
Agriculture (USDA) of the United States of America that by 2022, 5% of heat and 
power energy, 20% of liquid transportation fuel, and 25% of chemicals and materials 
must be derived from anthropogenic biomass (Perlack 2005; Balan 2014). These



percentages are to be met in order to comply with the mandates. It is well known that 
the world’s anthropogenic biomass has a considerable untapped potential for the 
recovery of both materials and energy (UNEP 2009), but innovative technology that 
can effectively manage waste anthropogenic biomass is still unavailable. This 
becomes even more significant when one considers the possibility of utilizing refuse 
products to alleviate pressure on virgin material resources (such as soil and natural 
aggregates). 
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4.3 Utilization as Biochar for Waste Management 
and Disposal 

According to Matteson and Jenkins (2007), agricultural and animal wastes have the 
potential to present severe environmental concerns, which might ultimately result in 
the pollution of ground and surface rivers. This garbage, together with other left-
overs, may be utilized as fuel for pyrolysis bioenergy, which is a success for the 
environment as well as the economy (Bridgwater 2003). According to Matteson and 
Jenkins (2007), several waste streams hold the economic potential for energy 
recovery. This is particularly true in places that have a stable supply of feedstock. 
According to Kwapinski et al. (2010), this results in a reduction of the amount of 
energy that is required for transportation as well as the emissions of methane (CH4) 
that would be created if these materials were disposed of in landfills. Hossain et al. 
(2011) noted that pyrolysis provides the opportunity to convert waste material into 
biochar. This would lead to an improvement in waste management, a decrease in the 
costs associated with transporting trash, and a decrease in the quantity of waste 
produced. As a result of the disposal of organic waste in landfills and the anaerobic 
digestion of animal manure, it is possible for significant quantities of methane (CH4) 
and nitrogen oxide (N2O) to be discharged into the atmosphere. Consequently, 
utilizing this waste for the synthesis of biochar and its applications is an effective 
waste management strategy that helps to reduce greenhouse gas emissions and the 
costs associated with conventional waste disposal methods (Kwapinski et al. 2010). 

China’s wastewater treatment facilities generate 25 million metric tons (80% by 
weight) of sewage sludge annually, which considerably contributes to the country’s 
severe environmental problems. Lu et al. (2012) pyrolyzed waste sewage sediment 
from these wastewater treatment facilities in order to manufacture biochar for lead 
absorption. In addition to removing pathogens and reducing biosolids, the produc-
tion of biochar from sewage sludge converts this organic matter into bio-oil and 
biochar (Domínguez et al. 2006; Lu et al. 2012). In slow pyrolysis facilities, 
exceedingly low-grade anthropogenic biomass feedstocks or even by-product gar-
bage can be used to create energy and biochar (Downie 2007). This shifts the carbon 
in these materials from short-term to long-term carbon cycles. After that, it is 
possible to recycle the biochar back into the soil, creating a positive feedback loop 
that will increase crop yields in consecutive cycles (Downie et al. 2011).
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Sánchez-García (2015) utilized biochar that had been co-composted with poultry 
manure and observed the impact of biochar on the degradability of organic matter 
and the mineralization of nitrogen. This study demonstrated that the addition of 
biochar to the composting process at a rate of three % by dry weight of poultry 
manure led to an increase in organic matter (OM) degradability over a shorter 
composting period, as well as a decrease in the formation of clumps and an increase 
in the mineralization of nitrogen. 

Hydrothermal carbonization (HTC) produces greater biochar yields (50–80%) 
and lower gas outputs (2%–5%) than dry pyrolysis during the conversion of moist 
manure or anthropogenic biomass into high-energy fuel and fertilizer. Temperatures 
between 180 and 300 degrees Celsius are used during this procedure. In addition to 
charcoal fuel with a high nitrogen-phosphorus-potassium (NPK) content, high 
thermal carbonization (HTC) provides access to fatty acids and heavy metals of 
significant economic consequence. The thermal carbonization (HTC) treatment of 
bovine manure at temperatures between 180 and 260 °C for 5 to 30 min increased the 
high heat value (HHV) of the ash-free biochar products from 19.1 to 22.1 MJ kg-1 . 
In addition, the nitrogen-phosphorus-potassium (NPK) ratios of the products were 
20:20:3, and the solid biochar absorbed phosphorus and other minerals in consider-
able quantities (Toufiq Reza et al. 2016). Chicken litter was hydrothermally carbon-
ized at 250 °C to create biochar with an HHV of 24.4 MJ kg-1 , a nutrient-rich liquid, 
and a CO2-dominated vapor (Mau 2016). Ghanim (2016) created poultry litter 
biochar. Its HVV was 25.17 MJ kg-1 697. The hydrothermal conversion of wheat 
straw digestate (Reza et al. 2015) and (Suwelack 2016) shows that agricultural and 
animal waste can be converted into biochar fuel in a controlled environment to 
produce high-carbon fuels with HHVs comparable to sub-bituminous coal and 
fertilizer value. This produces high-carbon fuels with sub-bituminous coal-like 
HHVs. This can provide high-grade fuels with HHVs comparable to 
sub-bituminous coal. 

Conesa et al. (2009) conducted a study to determine how much pollution is 
produced by the combustion of sewage sludge, cotton textiles, meat and bone 
meals (MBM), olive pomace, and paper refuse. At 850 °C, pyrolysis produced 
polyaromatic hydrocarbons (PAHs), the most significant of which was naphthalene. 
Whenever pyrolysis is performed, these PAHs must be considered. As the temper-
ature increased, the production of volatile hydrocarbons and semivolatile com-
pounds decreased. Light hydrocarbons, semivolatiles, and both monoaromatic and 
polyaromatic hydrocarbons were produced at intermediate temperatures. The pro-
cedure must be carried out in a controlled environment so as not to harm the 
environment (Conesa et al. 2009). Using these procedures, aromatic compounds 
can be synthesized. These compounds serve as building blocks for the production of 
dyes and other chemicals.
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4.4 Utilization of Biochar for the Treatment of Wastewater 

A water and wastewater purification system that utilizes biochar to remove organic 
and heavy metal contaminants from water is a relatively new concept with a great 
deal of potential as a method of removing water contaminants. Agricultural residue 
feedstocks are composed of cellulose, hemicelluloses, lipids, carbohydrates, and 
proteins, all of which contain functional groups that can be physically activated by 
pyrolysis or additional steam and CO2 treatment to make them more effective at 
absorbing contaminants. Sugars and proteins are also present in agricultural residue 
feedstocks (Inyang et al. 2011). Agricultural residue feedstocks contain a multitude 
of functional groups, each of which can be physically activated through pyrolysis, 
additional treatment with steam or carbon dioxide, or both. According to research 
conducted by Yenisoy-Karakaş et al. (2004), the adsorption capacity of biochar is 
not only determined by its type but also by the concentration of functional groups 
present on its surface. As a consequence of this, the removal of adsorbates may be 
better understood. Due to its carbon-structured matrix, high porosity, large surface 
area, and strong affinity for nonpolar substances such as PAHs, dioxins, furans, and 
other compounds, biochar is an essential surface sorbent for controlling environ-
mental contaminants (Chen et al. 2011; Regmi et al. 2012; Jiang et al. 2012; Shrestha 
et al. 2010). 

Biochar’s superabsorbent properties can be used to remove both organic and 
inorganic contaminants from soil and water. Its activity is comparable to that of 
activated carbon (AC), but the two materials differ in their feedstocks, manufactur-
ing processes, and final physiochemical properties. Cao et al. (2009), Lu et al. 
(2012). X discovered that biochar was superior to commercial AC (Pb) at removing 
lead. Because so many diverse materials can be used to create biochar, it may be less 
expensive to use biochar as a Pb adsorption remediation technology than AC (Shang 
et al. 2012). Aluminum (Al) and manganese (Mn) in acid soils and arsenic (As), 
cadmium (Cd), copper (Cu), nickel (Ni), and lead (Pb) in heavy metal-contaminated 
soils can be taken up by biochar because its surface can have a large number of 
chemically active groups, including OH, COOH, and ketones, among others 
(Uchimiya et al. 2010; Xu et al. 2011). This means that biochar has a tremendous 
possibility because biochar is created by separating oxygen-containing functional 
groups, the majority of biochars have net negative surface charges. As a result, they 
can be used to economically remove organic pollutants and heavy metal cations from 
water (Uchimiya et al. 2010; Xu et al. 2011; Qiu et al. 2008; Mohan et al. 2007; 
Wang and Xing 2007). 

Numerous studies (Wang et al. 2010; Chen et al. 2011; Nguyen et al. 2007) have 
investigated the possibility of removing organic pollutants with biochar produced 
from plant anthropogenic biomasses. In contrast to AC, however, biochar’s ability to 
remove heavy metals from aqueous solutions is poorly understood (Uchimiya et al. 
2010; Tong et al. 2011). 

Several additional studies have demonstrated that biochar produced from rice 
husk, maize straw, peanut straw, olive pomace, and oak wood and bark may be an



effective method for removing heavy metals (Wang and Xing 2007; Tong et al. 
2011; Liu and Zhang 2009; Pellera et al. 2012; Xue et al. 2012). 
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5 Conclusions 

This literature review focuses on the environmental problem and remediation of 
biodegradable waste generated by humans. This analysis examines the effects on 
India’s air quality, health, and climate. Smoke particles are a significant source of 
black carbon and brown carbon, which have negative health and climate effects after 
the combustion of anthropogenic biomass waste. That contains numerous carcino-
genic compounds, including PAHs, hydroxylated, and oxygenated derivatives. It 
may contribute to the slowing of climate change and the reduction of acid rain, soil 
erosion, and water pollution through enhanced management. It is believed that the 
technologies for processing biogenic raw materials for the production of intermedi-
ate and final products on integrated and circular platforms will make the 
coproduction of bio-based products and energy feasible. Biorefineries, which are 
multistep, multiproduct facilities designed for the eco-efficient production of specific 
biosourced feedstocks, are viewed as the precursor to widespread applications. It is 
anticipated that these applications will evolve over time. 
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Abstract Nowadays, the generation of waste is increasing in many developing 
countries like India as a result of the constant growth of industrialization, urbaniza-
tion, and population. Improper management of municipal solid waste (MSW) not 
only has detrimental environmental consequences but also poses a risk to public 
health and raises some other issues, like socioeconomic matters, that are worth 
discussing. Thus, it is crucial to improve the regular handling of waste collection, 
segregation of waste, and proper disposal. There are certain technologies for the 
conversion of waste into energy like gasification, incineration, pyrolysis, and 
bio-methanation that convert the MSW into a suitable source for renewable energy 
that is safe and eco-friendly. However, the incineration process generates a signif-
icant amount of secondary waste, like bottom ash and fly ash. This chapter describes
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the status of waste-to-energy plants, the challenges associated with the implementa-
tion of waste-to-energy technology, and the possibility of utilizing residue generated 
after waste incineration.
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1 Introduction 

The worldwide population is estimated to be over 10 billion by 2050 (Ajorloo et al. 
2022). This rapid growth of the population contributes to the generation of a large 
quantity of waste depending on their daily consumption and food habits, lifestyle, 
and the traditional use-and-throw linear approach (Ilyas et al. 2022). Such waste is 
termed “municipal solid waste. The World Bank has estimated that global waste 
generation may reach 3.40 billion metric tons by the end of the year 2050 (World 
Bank 2018). The generation of waste is increasing in developing countries like India, 
contributing about 160,000 tons of MSW on a daily basis, which is estimated to 
reach 436 million tons by 2025 with an annual growth rate of 4.2% (CPCB 2020– 
2021). The state-wise details of solid waste in India are summarized in Table 1 
(CPCB 2022), which reveals that 80,000 tons/day of MSW are treated, 29,4000 tons/ 
day are disposed of by landfilling, and about 51,000 tons/day are unaccounted for. 
This quantity is huge and alarming with respect to the growing attention paid to the 
environment (Desai et al. 2023). 

Open dumping of MSW can have an adverse effect on the surrounding air quality 
due to the mixing of particulate matter, bad smells, and gaseous emissions, whereas 
the soil and water bodies can also get polluted via the bio- or chemical degradation of 
waste and their seepage through the channels and voids on the grounds (Cremiato 
et al. 2018). Organic content contained in the waste can attract different bacteria, 
viruses, and several other pathogens that can cause long lasting or serious illness for 
living creatures (Awasthi et al. 2019). Additionally, the formation of methane 
through the enteric fermentation of MSW is considered the third largest source of 
man-made methane (Annepu 2012), which can greatly contribute to global 
warming’s impact compared to CO2 emissions and is estimated to have a 21-fold 
higher value. Due to direct combustion practices, it has been estimated to generate 
about 1 ton of CO2eq for each ton of MSW combustion (Botello-Alvareza et al. 
2018). Particularly in India, both the direct combustion and landfill disposal of MSW 
are common practices (Pujara et al. 2019). It creates immense pressure on public 
organizations and also on local authorities in urban areas for the execution of 
effective waste management plans in terms of the collection, segregation, treatment, 
and disposal of MSW by shifting from traditional nonsustainable practices to 
advanced sustainable management. In this context, Pujara et al. (2019) have 
designed a framework for an integrated management of MSW (Fig. 1), showing 
composting and anaerobic digestion for the direct treatment of organic waste, while



State
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Table 1 The state-wise solid waste management status in India (CPCB 2022) 

SI. 
No. 

Generated waste 
(TPD) 

Collected 
(TPD) 

Treated 
(TPD) 

Landfilled 
(TPD) 

1 Andhra Pradesh 6898 6829 1133 205 

2 Arunachal 
Pradesh 

236.5 202.1 Nil 27.5 

3 Assam 1199 1091 41.4 0 

4 Bihar 4281.3 4013.5 NA NA 

5 Chhattisgarh 1650 1650 1650 0 

6 Goa 226.9 218.9 197.5 22 

7 Gujarat 10,373.8 10,332 6946 3385.8 

8 Haryana 5352.1 5291.4 3123.9 2167.5 

9 Karnataka 11,085 10,198 6817 1250 

10 Kerala 3543 964.8 2550 NA 

11 Madhya Pradesh 8022.5 7235.5 6472 763.5 

12 Maharashtra 22,632.7 22,584.4 15,056.1 1355.4 

13 Tamil Nadu 13,422 12,844 9430.3 2301 

14 Telangana 9965 9965 7530 991 

15 Tripura 333.9 317.7 214.1 12.9 

16 Uttarakhand 1458.5 1379 779.8 – 

17 Uttar Pradesh 14,710 14,292 5520 0 

18 West Bengal 13,709 13,356 667.6 202.2 

19 Andaman & 
Nicobar 

89 82 75 7 

20 Chandigarh 513 513 69 444 

NA data not available 

Fig. 1 Framework for an integrated solid waste management system (adopted from Pujara et al. 
2019 with copyright permission from Elsevier)



Region Landfill Incineration Composting Recycling

1 9

c 46

inorganic waste can be treated through refuse-derived fuel and incineration 
techniques.
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2 Waste-to-Energy Concept 

The global demands for energy are continuously rising and projected to cross 
17 billion metric tons of oil equivalent (toe) by 2035, which will add 29–43 metric 
tons of CO2 equivalent emissions per year (Chu and Majumdar 2012). Therefore, 
capturing the energy in terms of fuels and heat by means of the treatments shown in 
Fig. 1 can lead toward a waste-to-energy (WtE) concept by reducing waste volume 
and a simultaneous recovery of energy (Istrate et al. 2020). This technique can help 
reduce environmental issues by reducing fossil fuel consumption and treating waste 
(Srivastava et al. 2020). They can also be divided into direct processes (involving the 
production of agro-waste and refuse-derived fuel) and indirect processes (wherein 
the waste is subjected to burning and heat is captured as a form of energy that 
involves incineration, composting, gasification, biomethanation, pyrolysis, 
bioethanol, and landfill gas production) (Malav et al. 2020). 

Currently, about 1700 WtE plants worldwide are operating. Among those, Asia 
Pacific holds 62%, Europe holds 33%, and North America holds 4.5% 
(UN Environment Annual Report 2019). The primary methods for disposing of 
waste include open dumping, incineration, landfilling, composting, and recycling on 
a global scale (as summarized in Table 2). It interestingly reveals that North America 
has a high prevalence of open dumping, i.e., about 38%, and composting is a less 
common disposal method. In contrast, incineration is mostly used in East Asia and 
the Pacific countries (Word Bank 2018). Figure 2 depicts that Japan is the leading 
country for waste incineration (80.2%), and then Denmark uses 52.5% incineration 
disposal, followed by Norway (52.3%) and Sweden (51.2%) (World Bank 2019). 

Table 2 Worldwide waste treatment and disposal methods (source: “What a Waste 2.0” report of 
World Bank 2018) 

Open 
dumping 

North America – 54.3 12 0.4 33.3 

South Asia 75 4 – 16 5 

Middle East and North 
America 

52.7 34 < 4  

Europe and Central Asia 25.6 25.9 17.8 10.7 20 

Sub Saharan Africa 69 24 – <1 6.6 

Latin America and 
Caribbean 

26.8 68.5 – <1 4.5 

East Asia and Pacifi 18 24 2 9  

Global average 38.16 36.67 7.83 5.01 12.49
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Fig. 2 Country wise waste incineration percentage (source data from World Bank 2019) 

2.1 WtE Status-Quo in India 

India is the fifth largest generator of MSW with a quantity of 160,000 tons per day 
(CPCB 2020–2021), albeit it is poorly handled due to a lack of appropriate collec-
tion, processing, and disposal (Kumar et al. 2018). In fact, in the last one and a half 
decades, the generation of MSW has increased four times, as summarized in Fig. 3 
(Ministry of New and Renewable Energy 2021). Different approaches for the WtE 
technologies are attempted in different cities of India. The country has a WtE 
potential of 2.55 GW and 1.68 GW for the generation of energy from MSW from 
urban and industrial waste, respectively. About 50.5 GW of energy can be produced 
by using the MSW generated by cities and towns in the country, which is expected to 
rise to 1.12 GW by 2031 and 2.8 GW by 2050 (Paulraj et al. 2019). There are 12 WtE 
facilities running in India, as shown in Fig. 4 (CPCB 2020–2021), where the 
maximum facilities are in the capital area near the Delhi region. On the other 
hand, the highest capacity plants are established in the southern Indian state of 
Andhra Pradesh, and many new projects are in the pipeline, including one in the 
western Indian state of Gujarat.
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Fig. 3 Waste-to-energy installed capacity in India between the year 2007 and 2018 (Figure is 
drawn using the sources data from Ministry of New and Renewable Energy 2021) 

3 Contributory Techniques in Waste to Energy 

3.1 Composting 

It is a widespread treatment process for MSW organic waste, which usually accounts 
for more than 50% of the total weight fraction. Herein, the use of microorganisms, 
viz., fungi, bacteria, protozoa, and algae, leads to the degradation of organic matter 
under their growth conditions, wherein organic carbon and nitrogen are consumed as 
energy sources for the microbial growth. As optimized data suggests, maintaining a 
pH >4.0 and a temperature between 20 and 40 °C is optimized as a good condition 
for composting (Tomberlin et al. 2009; Ma et al. 2018). A piece of land, either 
on-site or off-site, with the proper upholding of aerobic conditions, suitable micro-
organisms, optimum temperature, and moisture for microbes’ survival is the most 
important factors for the composting process (Pujara et al. 2019). The thus acquired 
composts can be primarily used as soil conditioners (Bohacz 2018), resulting in the 
reduction of MSW volume and turning waste into a source of energy.
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Fig. 4 Installed WtE plants in India (Source data used from Annual Report on Solid Waste 
Management, CPCB 2020–2021) map is prepared using QGIS version 3.22 

3.2 Anaerobic Digestion 

Anaerobic digestion, also known as the bio-methanation process, is also applied to 
the organic waste fraction to be decomposed under anaerobic conditions to generate 
CO2 and CH4 as by-products. On the other side, the residual mass of this process 
(i.e., digestate) is recycled as manure for soil conditioning. As has been reported by 
the researchers, a controlled anaerobic digester can produce a fourfold higher 
quantity of CH4 by treating 1 ton of MSW for 3 weeks than the landfill treatment 
of MSW, which usually takes 6–7 years to digest the same quantity with a lower 
methane value (Ahsan 1999; Pujara et al. 2019). The methane produced can be used 
as a fuel in industries and for residential purposes as well. 

3.3 Refused-Derived Fuels 

The refuse-derived fuel (RDF), also termed mechanical biological treatment (MBT), 
simply utilizes nonbiodegradable combustible waste, viz., papers, plastics, and 
cardboard. In particular, those cannot be used for recycling purposes but have a



higher calorific value (Sharholy et al. 2008). They are used as a feedstock material in 
a WtE plant to produce the fluffy solid fuels as pallets or cubes for their convenient 
use as an alternate fuel material in industries. Due to a calorific value in the range of 
8–14 MJ/kg, it generates sufficient energy to be used for heating systems in houses 
and industrial use (Govani et al. 2019). 
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Although it is not always necessary to follow, the weight distribution of MSW 
greatly differs depending on factors such as source waste, types of waste, the weather 
of waste collection, area of waste generated, and food and lifestyle of the inhabitants. 
For example, the Khat-Prakalp (an integrated MSW management facility located at 
Nasik in Maharashtra, India) under the Nashik Municipal Corporation is currently 
collecting about 600 TPD of MSW, of which approximately 48% is dry waste. On 
average, they are able to convert >41% of the weight fraction into RDF, which is a 
very good quantity, i.e., about 250 TPD RDF (see Fig. 5), compared to the proposed 
framework design for the conversion of 20% MWS to RDF (refer to Fig. 1). 

3.4 Material Recovery/Recycling Facility 

A materials recovery and recycling facility (MRF) is a specialized unit that collects, 
segregates, and prepares recyclable materials for marketing to end-use manufac-
turers. Waste is received at the MRF by the collectors, who dump it on the tipping 
floor, which is then transported through the conveyor belts to the presorting area. 
Generally, there are two different types: clean and dirty material recovery facilities. 
The nonrecyclable items are manually sorted out along with 5–45% of the mixed 
waste (referred to as a dirty MRF) collection, thereby removing the potential hazards 
and flammable items like spent batteries, propane tanks, and aerosol cans. On the 
other side, a clean MRF accepts recyclable materials that have been previously 
separated from MSW at the source end, either by a residential or commercial 
generator. There are a variety of clean MRFs, like glass, ferrous and nonferrous 
metals, aluminum cans, PET bottles, newspapers, and magazines. Metals are sepa-
rated using magnets and eddy current separators. In India, waste segregation at the 
source is not being practiced properly, which necessitates a centralized material 
recovery facility to segregate the nonbiodegradable content from the mixed waste 
(Pujara et al. 2019). Further, it can be directly sent to the authorized recyclers for 
material recovery. Poor waste management facilities in India contribute 11% of 
greenhouse gas emissions (Ramachandra et al. 2018). 

3.5 High-Temperature Incineration 

Incineration is an effective process that deals with the combustion of MSW in the 
presence of air at a temperature ≥850 °C. It converts the waste material into ash, flue 
gas, and heat, which are then released into the environment without any further



treatment. A significant amount of heat is generated during waste combustion, which 
is captured as an energy source. A typical incineration process for MSW is depicted 
in Fig. 6. However, a variety of incinerators like fixed gates, moving grates, fluidized 
beds, and rotary kilns have been engineered (Pujara et al. 2019). This process has 
recently gained attraction due to its simplicity of operation, waste volume reduction 
of up to 90%, and mass decrease of 70–75% (Desai et al. 2023). It also controls 
odour and noise and is suitable to operate in various types of weather conditions. In 
contrast, incineration is not much recommended in the Indian scenario due to the fact 
that the MSW of India contains high moisture contents (40–60%), which results in a 
significant reduction of the calorific value found to be 800–1100 kcal/kg (Pujara
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Fig. 5 Integrated solid waste management facility at the Khat-Prakalp, Nasik in the Maharashtra 
state of India



et al. 2019). whereas CO2 emissions during combustion remain an issue with the 
generation of secondary waste like fly ash and bottom ash (Zhang et al. 2021).
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Fig. 6 Schematic diagram of a typical incineration process 

3.6 Landfilling 

Landfilling is the conventionally used process for the generated waste volume, and it 
is also regarded as the final disposal method for the residual waste after treating the 
MSW. It contains several layers, liners, and covers on top of it. The bottom liners 
and the top cover of the landfill are considered the most critical components that 
prevent leachate penetration into the soil. In either case, landfilling is not a sustain-
able solution. Direct landfilling of MSW produces landfill gases (LFGs) like CH4 

that cause environmental pollution, while the leachate of them can harm human and 
natural systems through subsurface and groundwater pollution. However, the gases 
can be treated and further utilized for energy production. The bioreactor landfill is 
one of the emerging technologies introduced by several cities in India. It utilizes the 
LFGs for electricity production (Pujara et al. 2023). On the other side, the heavy 
metals in MSW and residual waste can be harmful to landfills without their proper 
removal (Desai et al. 2023). A hypothetical sustainability model presented by Pujara 
et al. (2019) entails maintaining the population on the basis of the carrying capacity 
of land, wherein waste should be utilized as a resource, which may lead to zero
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Fig. 7 Different scenario for MSW management with waste generation and land capacity between 
2001 and 2050, wherein (a) Case-I belongs to the actual scenario which is being observed at present 
time; (b) Case-II represents the controlled and well-managed waste management system and land 
required in accordance to achieve the sustainable development goals for 2030; and (c) Case-III is the 
most ideal condition where controlled population and controlled waste generation and management 
system is hypothesized (adopted from Pujara et al. 2019 with copyright permission from Elsevier)



landfilling (refer to Fig. 7). The potential tapping of the WtE program by utilizing the 
source of MSW can be one of the leading pathways to achieving the bio-energy 
production goal. Hence, the applicability of life-cycle assessment (LCA) has been 
found to be helpful for the prior estimation of environmental and economic costs 
(Gentil et al. 2010), which is discussed below.
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4 Assessment of Impacts Through LCA 

The LCA is a decision-making tool that is helpful to identify the environmental and 
economic viability of MSW management (ISO 14040-1997; ISO 14040-2006). The 
LCA tool involves the following steps: (1) goal and scope; (2) life-cycle inventory; 
(3) environmental, social, and economic impact assessment; and (4) data interpreta-
tion, as depicted in the schematic in Fig. 8 (Koroneos and Nanaki 2012; Kulczycka 
et al. 2015; Lam et al. 2018). Further, the estimation of environmental loads that 
result from activities like waste collection, treatment, and disposal can be performed 
using LCA (Winkler and Bilitewski 2007). Collection, transportation, treatment, 
landfilling, and composting are thought of as the system boundaries between waste 
management and the product (Evangelisti et al. 2015; Havukainen et al. 2017). On 
the other hand, within the unit process system boundaries (like time, place, and 
functions), the environmental consequences can be assessed (Cleary 2009). Then, 
the system boundary data can be analyzed by employing software like GaBi, 
OpenLCA, and SimaPro, which contains several algorithms to compute the LCA 
(Gentil et al. 2010), thereby using inbuilt libraries and secondary data to give the 
impact of the process along with the economic and environmental expenses (Winkler 
and Bilitewski 2007). The traditional practices involved in MSW management have

Fig. 8 Key steps of life cycle assessments in MSW management as defined by ISO 14040- (2006) 
(adopted from Pujara et al. 2019 with copyright permission from Elsevier)



a negative impact on the environment, leading to the abiotic depletion of fossil fuels, 
global warming potential, acidification potential, ozone layer depletion, resource 
depletion, human, marine, freshwater, and terrestrial toxicity, and photochemical 
oxidation potential (Cetinkaya et al. 2018; Fernandez-Nava et al. 2014). Studies 
revealed, however, that sorting waste and switching raw materials will reduce 
environmental problems, which will increase environmental and economic benefits 
(Arena et al. 2003). Further, it is also noted that WtE is suitable for minimizing 
carbon footprints by shifting the generation of electricity from fossil fuels to waste. 
Consequently, it prevents uncontrolled methane gas emissions from the landfill site 
and reduces the potential for global warming (Waste to Energy 2016).
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5 Challenges Associated with WtE Process 

The development of the WtE industry is facing challenges from a number of 
political, economic, and technological obstacles, like insufficient funding, a lack of 
dedicated policies and regulations, and an incomplete data collection and assessment 
system. Analysis and debate of these constraints are always required for the adoption 
of future technologies (Khajuria et al. 2010). The failure of WtE technology can be 
attributed to several factors that include the lack of source segregation, inappropriate 
techniques for waste collection, missing interests in public participation, the quality 
of the waste component, litigation concerns, nonfavorable policies, and insufficient 
financial support in terms of incentives (Istrate et al. 2020). Additionally, the 
incinerators generate a significant number of gaseous emissions containing pollut-
ants like SOx, NOx, dioxins, and furans, whereas residual secondary waste like 
incinerated fly ash and bottom ash is also challenging to dispose of in the environ-
ment (Malav et al. 2020). All these contaminants can have a direct or indirect effect 
on human health. Henceforth, the local citizens are often not willing to have an 
incineration facility in their surroundings, which makes it difficult to find a new site 
to open a new treatment facility. In fact, most of the time, they oppose such 
initiatives. Such issues can only be solved not only by a solid environmental policy 
and emissions regulation but also by their strict implementation strategy, which 
includes a priority on public awareness programs and growing business leaders and 
investors in the waste management field (Paulraj et al. 2019). 

6 Mitigation of the Environmental Issues Related to Heavy 
Metals in the Secondary Waste of MSW 

As per the aforementioned challenges with the WtE treatment model, the generated 
solid waste is of two types: fly ash (contributing about 20% of the secondary waste 
generation) and bottom ash (belonging to an 80% weight fraction of the total



secondary waste of the incineration process) (Dontriros et al. 2020; Ginés et al. 
2009). With the addition of lime during fly ash collection, the acidic nature of it can 
be neutralized before sending it to landfills, although landfilling is still considered a 
nonsustainable practice due to the associated heavy metals’ contents (Bie et al. 
2016). Nevertheless, research suggests that fly ash can be used as a raw material in 
the creation of building materials like cement, concrete, and glass ceramics (Chen 
et al. 2020; Fan et al. 2019; Golewski 2018; Zhao et al. 2020). 
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Numerous studies in this direction reveal that the major application techniques 
belong to thermal separation, bio- and chemical processing, and electro-chemical 
processing (Geng et al. 2020a). In a thermal separation, the volatility of metals is 
achieved at high temperatures that amass in the gas treatment, yielding metal-
enriched material for the subsequent metal extraction process. The use of MgCl2/ 
HCl greatly influences the formation of volatile metal chlorides in particular, the 
base metals like zinc, lead, and copper can effectively volatilize up to 95% by adding 
MgCl2 at 900 °C, compared to only 87% for lead, 60% for copper, and 40% for zinc 
without adding the chloride salt. Geng et al. (2020a, b) performed a co-reduction of 
fly ash with bauxite residue to enhance the reduction efficiency of metals by 
changing the melting point of the CaO-SiO2-Al2O3 ternary system. They obtained 
74% copper, 83% nickel, and 76% iron at the fly ash to bauxite residue mass ratio of 
3:7. 

On the other hand, the heavy metals’ removal is also carried out using different 
techniques (Weibel et al. 2018; Wang et al. 2021). The acidic fly ash leaching 
(FLUWA) process and the FLUWA-FLUREC process are among the most feasible 
processes for metal recycling from fly ash before landfill disposal (Quina et al. 
2018). Usually, the acid generated by a wet flue-gas cleaning system is used as the 
lixiviant medium. In the FLUWA process (refer to Fig. 9), the acidic or alkaline 
scrub water is slurried with IFA to react in several cascade reactors. After 1 h of 
leaching, the slurry is filtered to separate the cake and leachate volumes. 
The leachate undergoes the desired metal separation and recovery process, while 
the unwanted metals are precipitated as hydroxide by mixing lime in the solution. 
The cake is sent to landfills for disposal. It is noteworthy to mention that the recovery 
of heavy metals from IFA does vary depending upon the type of metal and the 
mineral composition of that metal, as well as factors like waste input for incineration 
(Desai et al. 2023; Ilyas et al. 2022). 

In the case of bottom ash, dry discharge systems can have good results for metal 
removal and their recovery due to easy screening of particle size fractions, which 
leads to better treatment potential. The nonagglomerated dry particles reduce the 
water consumption and transportation costs along with the improved leaching 
efficacy, although they would need to operate under a closed system to avoid the 
dust outcome (Böni and Morf 2018; Quicker et al. 2015). A typical treatment facility 
named MSWI KEZO, Hinwil (Zurich), having a designed capacity of 0.2 million 
tons per annum of bottom ash, is illustrated in Fig. 10. 

As can be seen, the bottom ash is the first magnetic separation of coarse metallic 
scraps that yield four different particle size fractions: (A) >80 mm, (B) 30–80 mm, 
(C) 12–30 mm, and (D) <12 mm. The fraction-A is subject to handpicking of large



particle metals to resend for crushing. The fraction-B is subjected to magnetic 
separation and crushing to obtain particles 30 mm in size. Fraction-C undergoes 
magnetic separation with a glass separator, two stainless steel separators, ECS, and a 
crusher to 12 mm. whereas two magnetic separations of fraction-D are followed by 
two high-frequency ECS to get the light fraction (e.g., Al) separated over the heavier 
one (e.g., Cu) using the densimetric tables. Consequently, about 10% iron, 4.45% 
nonferrous metals, and 1.1% glass are obtained. 
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Fig. 9 The flow sheet of the acidic fly ash leaching (FLUWA) process (adopted from Quina et al. 
2018, copyright Elsevier) 

Several other works have been carried out and reported in the literature for 
treating the bottom ash and metal recovery. Following a simple water wash, Sun 
and Yi (2020) achieved the heavy metals’ removal with respect to pH swing. A steep 
increase in pH of the washed liquor (up to 3 h of washing) could be attributed to the 
dissolution of quicklime and portlandite. Then, the pH started to decline as a result of 
hydroxyl ion consumption in metal precipitation, forming metal hydroxides (mainly 
of Pb, Zn, Fe, Cu, and Ni). Therefore, the optimization of a suitable process has been 
found to be a crucial matter while dealing with heavy metal removal from the bottom 
ash of MSW incineration.
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Fig. 10 Scheme of the dry bottom ash treatment plant in Hinwil (CH) (Böni and Morf 2018; 
adopted with permission from Šyc et al. 2020, copyright Elsevier)



Sustainable Management of Municipal Solid Waste: Associated Challenges. . . 219

7 Conclusions 

Municipal solid waste is an emerging challenge to modern society and sustainable 
waste management practices. The rapid urbanization and resulting anthropogenic 
activities cause a significant growth rate in waste generation. Waste to energy (WtE) 
has been found to be an important treatment practice to follow as a sustainable way 
to handle waste volume in addition to tapping the advantageous heat and energy 
from that. The contributory techniques of WtE like composting, anaerobic digestion, 
refuse-derived fuels, material recovery and recycling facilities, high-temperature 
incinerations, and landfilling have been discussed along with the life-cycle assess-
ment. At present, the development of the WtE industry is facing challenges from a 
number of political, economic, and technological obstacles, like insufficient funding, 
a lack of dedicated policies and regulations, and an incomplete data collection and 
assessment system. Among other techniques, incineration has been widely used to 
reduce the mass and volume of MSW, leaving secondary waste to be collected as fly 
ash and bottom ash, the treatment of which is necessary for heavy metal removal 
before sending it to final landfilling. The extent of the formation of volatile metal 
species from fly ash shows great potential for the separate removal of different 
metals. It has been found that the reducing gas atmosphere increased Zn volatility, 
although it suppressed Cu volatility and Pb volatility. Whereas metal recovery from 
bottom ash has remained dependent mainly on dry mechanical processes. 
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Collaborative Governance 
and Nonmonetary Compensation 
Mechanisms for Sustainable Forest 
Management and Forest Fire Mitigation 

Satyam Verma, Ekta Purswani, and Mohammed Latif Khan 

Abstract This chapter explores the importance of collaborative governance and 
nonmonetary compensation mechanisms in the context of sustainable forest man-
agement and fire mitigation. It provides a comprehensive analysis of these 
approaches in the Indian context and other developing nations in the tropics. The 
chapter discusses the problem of forest fires, the need for collaborative governance, 
and the role of nonmonetary compensation in achieving sustainable outcomes. It 
examines various aspects, including community-based initiatives, indigenous 
knowledge and practices, policy and legal frameworks, case studies, integration of 
technology, challenges and opportunities, stakeholder engagement and awareness, 
and synergies with sustainable forest management practices. The chapter concludes 
by highlighting future directions for enhancing collaborative governance and 
nonmonetary compensation mechanisms in sustainable forest management and fire 
mitigation. 

Keywords Collaborative governance · Nonmonetary compensation · Sustainable 
forest management · Fire mitigation · Stakeholder engagement 

1 Introduction 

Forest fires pose a significant challenge to sustainable forest management, leading to 
ecological, social, and economic consequences (Lang and Moeini-Meybodi 2021). 
To effectively address this issue, a multifaceted approach is needed, encompassing 
collaborative governance and nonmonetary compensation mechanisms. Forest fires 
have become a pressing apprehension global, including in the Indian context
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(Mohanty and Mithal 2022). Uncontrolled fires often result from a combination of 
natural factors and human activities, such as land-use changes, agricultural practices, 
and negligence (Leone et al. 2009; Busico et al. 2019). These fires pose severe 
threats to ecosystems, biodiversity, livelihoods, and the overall well-being of forest-
dependent communities (Ray et al. 2023). Addressing forest fires requires compre-
hensive strategies that go beyond traditional firefighting approaches.
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Collaborative governance plays a crucial role in effective forest management and 
fire mitigation efforts, both in the Indian context and globally. It emphasizes the 
involvement of multiple stakeholders, including local communities, government 
agencies, nongovernmental organizations, and indigenous groups, in decision-
making processes and the implementation of sustainable practices (Cadman et al. 
2023). By promoting collaboration, information sharing, and collective responsibil-
ity, collaborative governance fosters holistic and inclusive approaches to address the 
complex challenges of forest management and fire mitigation (Yami and 
Mekuria 2022). 

In the Indian context, collaborative governance has gained recognition as an 
essential approach for ensuring sustainable forest management and mitigating the 
risk of forest fires. India, with its diverse ecosystems and significant forest cover, 
faces the dual challenge of balancing economic development with ecological con-
servation (Srivathsa et al. 2023). Collaborative governance offers a framework for 
addressing these challenges by engaging stakeholders at various levels and integrat-
ing their knowledge, perspectives, and expertise. 

One notable example of collaborative governance in India is the Joint Forest 
Management (JFM) approach. Implemented across several states, JFM involves the 
active participation of local communities in forest management activities. Through 
this collaborative model, communities are empowered to protect and manage forests, 
leading to reduced incidences of forest fires. Additionally, JFM has resulted in 
improved livelihoods for communities by providing them with access to 
non-timber forest products and ecotourism opportunities (Bhattacharya et al. 2010). 

On a global scale, collaborative governance has also proven effective in forest 
management and fire mitigation. An excellent example is found in Canada, where 
the Canadian Boreal Forest Agreement (CBFA) was established. The CBFA brought 
together environmental organizations and the forestry industry to develop sustain-
able forest management practices that consider ecological, social, and economic 
aspects. This collaborative approach has contributed to reducing conflicts, promot-
ing conservation measures, and implementing effective fire management strategies 
(Teitelbaum et al. 2023; Riddell 2014). 

Furthermore, in Sweden, the Sami people have played a significant role in 
collaborative governance practices for forest management. The Sami, an indigenous 
community, have traditional knowledge and practices that have been integrated into 
modern forest management strategies. Their involvement and contributions have led 
to more sustainable forest management approaches and effective fire mitigation 
measures (Parkatti and Tahvonen 2021). The importance of collaborative gover-
nance in forest management and fire mitigation extends beyond specific regions or 
countries. By bringing together diverse stakeholders and fostering inclusive



decision-making processes, collaborative governance ensures that the interests and 
perspectives of different groups are considered. It enhances the effectiveness and 
legitimacy of forest management efforts, promotes the conservation of biodiversity, 
and safeguards ecosystem services (Nikolakis and Hotte 2020). 
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Collaborative governance is of paramount importance in both the Indian context 
and globally for sustainable forest management and fire mitigation. It enables the 
integration of diverse knowledge systems, encourages stakeholder participation, and 
supports the development of inclusive policies and practices. By embracing collab-
orative governance, countries can harness the collective wisdom and efforts of 
various stakeholders, leading to more resilient forests, reduced forest fire risks, and 
the promotion of sustainable development (Srivathsa et al. 2023). Nonmonetary 
compensation mechanisms on the other hand play a significant role in promoting 
sustainable forest management. While financial incentives are crucial, nonmonetary 
compensation goes beyond monetary values and addresses broader ecological, 
social, and cultural aspects. These mechanisms recognize and enhance the multiple 
benefits that forests provide beyond economic gains, fostering a more comprehen-
sive and balanced approach to conservation and management (Tedesco et al. 2023; 
Lundgren and Morrison-Métois 2016). 

1. Recognition of Ecosystem Services: While monetary compensation schemes 
have been used a lot under the REDD (reducing emissions from deforestation 
and forest degradation), their effect on alleviating poverty has been insignificant 
(Lundgren and Morrison-Métois 2016). Another report by Nordic Council of 
Environmental Ministers (2015) suggests that compensation mechanisms due to 
their clear framework remain largely ineffective. Nonmonetary compensation 
mechanisms protect the underlying theme of UN Decade on Ecosystem Restora-
tion which is addressing governance and socioeconomic challenges along with 
conservation (Santangeli et al. 2016). Forests offer benefits such as carbon 
sequestration, water regulation, biodiversity conservation, and cultural values. 
By acknowledging and incorporating these services into management strategies, 
nonmonetary compensation mechanisms ensure their preservation and sustain-
able use (Ainsworth et al. 2022). 

2. Conservation of Biodiversity: Forests are home to a rich array of plant and animal 
species. Nonmonetary compensation mechanisms support the conservation and 
restoration of biodiversity by promoting measures such as protected areas, habitat 
restoration, and ecological corridors. These mechanisms recognize the intrinsic 
value of biodiversity and its crucial role in maintaining ecosystem health and 
resilience (Wood et al. 2019). These mechanisms recognize the intrinsic value of 
biodiversity and its crucial role in maintaining ecosystem health and resilience 
(Wood et al. 2019). One of the CBD targets is to phase out the subsidies that 
amount to biodiversity loss of at least $500 bn annually. 

3. Participation and Empowerment: Nonmonetary compensation mechanisms 
encourage stakeholder participation and empower local communities and indig-
enous groups. By involving them in decision-making processes, their traditional 
knowledge, practices, and cultural values can be integrated into forest manage-
ment strategies. This approach fosters a sense of ownership, strengthens
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community resilience, and promotes sustainable practices that align with local 
contexts. Convention on biological diversity also aims to encourage people’s 
responsible attitudes and participation in forest conservation (Santangeli et al. 
2016, Convention on Biological Diversity 2014). 

4. Sustainable Livelihoods: Nonmonetary compensation mechanisms contribute to 
the development of sustainable livelihoods for forest-dependent communities. 
For instance, they may provide opportunities for community-based forest enter-
prises, eco-tourism initiatives, or the sustainable harvesting of non-timber forest 
products. These mechanisms recognize the importance of balancing economic 
activities with conservation, ensuring the long-term well-being of forest-
dependent communities. 

5. Social and Cultural Benefits: Forests hold immense cultural, spiritual, and 
esthetic value for societies. Nonmonetary compensation mechanisms safeguard 
these intangible benefits by recognizing and protecting cultural heritage, tradi-
tional practices, and sacred sites. They contribute to the preservation of cultural 
diversity and the intergenerational transmission of knowledge and values associ-
ated with forests. 

6. Environmental Education and Awareness: Nonmonetary compensation mecha-
nisms often include educational programs and awareness campaigns to promote 
environmental literacy. These initiatives aim to raise awareness about the value of 
forests, the importance of biodiversity conservation, and sustainable forest man-
agement practices. By fostering environmental consciousness, nonmonetary 
compensation mechanisms empower individuals to become stewards of forest 
resources (Sattayapanich et al. 2022). 

7. Resilience to Climate Change: Forests play a crucial role in climate change 
mitigation and adaptation. Nonmonetary compensation mechanisms support ini-
tiatives that enhance forest resilience to climate change impacts, such as refores-
tation and forest restoration programs. These mechanisms recognize the role of 
forests in carbon sequestration, regulating microclimates, and mitigating natural 
hazards (Wood et al. 2019). 

Nonmonetary compensation mechanisms bring essential value to sustainable 
forest management. They acknowledge the multifaceted benefits of forests, promote 
stakeholder participation, empower local communities, conserve biodiversity, and 
enhance cultural and social well-being. By incorporating these mechanisms, forest 
management strategies can achieve a more balanced and holistic approach, ensuring 
the long-term sustainability and resilience of forest ecosystems (Walle and 
Nayak 2020). 

2 Collaborative Governance in Forest Management 

Collaborative governance has emerged as a vital approach to addressing complex 
societal challenges and fostering effective decision-making processes (Yami and 
Mekuria 2022). This section delves into the principles and frameworks that underpin



collaborative governance, providing a deeper understanding of its key components 
and how it can be applied in diverse contexts. 
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Collaborative governance refers to a collaborative and inclusive process of 
decision making, in which multiple stakeholders with diverse backgrounds and 
perspectives come together to jointly address common problems. It recognizes that 
no single entity or organization can adequately tackle complex issues alone, neces-
sitating the collective expertise, resources, and efforts of different stakeholders. 

Several principles form the foundation of collaborative governance: 

1. Inclusiveness: Collaborative governance values inclusiveness, ensuring that all 
relevant stakeholders have the opportunity to participate in decision-making 
processes. It aims to involve a broad range of voices, including local communi-
ties, government agencies, NGOs, academia, and private sector entities. Inclu-
siveness promotes diverse perspectives, fosters innovation, and strengthens the 
legitimacy and acceptance of decisions. 

2. Shared Purpose: Collaborative governance centers around a shared purpose or 
common goal that unites stakeholders. This shared purpose serves as a driving 
force for collaboration, aligning interests and promoting cooperative actions. It 
requires stakeholders to recognize the interdependence of their goals and to work 
together towards mutually beneficial outcomes. 

3. Trust and Relationships: Building trust among stakeholders is critical in collab-
orative governance. Trust facilitates open communication, knowledge sharing, 
and the willingness to explore innovative solutions. Developing strong relation-
ships based on respect, transparency, and shared understanding helps establish a 
foundation of trust necessary for effective collaboration. 

4. Co-creation of Knowledge: Collaborative governance emphasizes the cocreation 
of knowledge and information among stakeholders. It recognizes that each 
stakeholder brings unique insights and expertise to the table. By sharing knowl-
edge, combining different perspectives, and engaging in joint learning, stake-
holders can collectively generate innovative and informed decisions. 

5. Adaptive Management: Collaborative governance embraces adaptive manage-
ment, recognizing that solutions to complex problems may evolve over time. It 
encourages learning from experiences, monitoring outcomes, and adjusting strat-
egies as necessary. This adaptive approach allows for flexibility, responsiveness, 
and continuous improvement in addressing challenges. 

Frameworks and models provide guidance for implementing collaborative gov-
ernance in practice. One widely recognized framework is the “Collaborative Gov-
ernance Model,” which outlines key steps for effective collaboration, including 
problem identification, stakeholder identification and engagement, goal setting, 
decision making, and monitoring and evaluation. This model helps structure the 
collaborative process, ensuring clarity and coherence in collaborative governance 
initiatives. 

Additionally, there are various tools and techniques available to support collab-
orative governance, such as facilitation, mediation, conflict resolution, and 
consensus-building processes. These tools help manage disagreements, navigate



power dynamics, and foster constructive dialogue among stakeholders. Collabora-
tive governance principles and frameworks have been successfully applied in diverse 
fields, including natural resource management, environmental policy, urban plan-
ning, and public health (Emerson et al. 2012). They enable stakeholders to transcend 
traditional silos, bridge differences, and develop innovative solutions that reflect the 
collective wisdom and expertise of those involved. 
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Understanding collaborative governance principles and frameworks is essential 
for fostering effective collaboration and decision-making processes. By embracing 
inclusiveness, shared purpose, trust, cocreation of knowledge, and adaptive man-
agement, stakeholders can address complex challenges more holistically and gener-
ate sustainable solutions. Applying collaborative governance principles in practice, 
supported by relevant frameworks and tools, enables stakeholders to navigate 
complexities, build resilience, and achieve collective outcomes for the benefit of  
society as a whole. 

3 Nonmonetary Compensation Mechanisms for Forest Fire 
Mitigation 

3.1 Introduction to Nonmonetary Compensation Approaches 

In the context of forest fire mitigation, nonmonetary compensation mechanisms offer 
valuable strategies that extend beyond financial incentives. These mechanisms 
recognize the diverse ecological, social, and cultural values associated with forests 
and provide alternative means of compensation that contribute to sustainable forest 
management. This section explores nonmonetary compensation approaches in the 
Indian context and other developing nations in the tropics, highlighting specific 
examples from India. Nonmonetary compensation approaches encompass a range of 
strategies that go beyond monetary rewards. They aim to address the multifaceted 
dimensions of forest fire mitigation, including ecological restoration, community 
well-being, and cultural preservation. By recognizing and incorporating these 
aspects, nonmonetary compensation mechanisms enhance the effectiveness and 
sustainability of forest fire management strategies. 

3.2 Exploring Community-Based Initiatives 
and Participation in Forest Fire Mitigation 

Community-based initiatives play a crucial role in forest fire mitigation, particularly 
in developing nations in the tropics, including India. These initiatives emphasize the 
active participation and engagement of local communities in fire management 
efforts. By involving communities, these approaches empower individuals, foster a



sense of ownership, and enhance the resilience of forest ecosystems (Walle and 
Nayak 2020). 
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In India, examples of community-based initiatives for forest fire mitigation 
abound. For instance, the Bishnoi community in Rajasthan has a long-standing 
tradition of protecting forests, including efforts to prevent and manage forest fires. 
Their collective efforts and traditional knowledge have contributed significantly to 
the conservation of forests and the mitigation of fire risks. Furthermore, the Joint 
Forest Management (JFM) program implemented in various states of India involves 
the collaboration between local communities and forest departments in forest man-
agement activities, including fire prevention and control. Under the JFM model, 
local communities actively participate in fire line construction, fire patrolling, and 
early warning systems. These initiatives not only enhance forest fire mitigation but 
also promote sustainable livelihoods and community empowerment. 

3.3 Role of Indigenous Knowledge and Practices in Fire 
Management 

Indigenous communities in India possess valuable traditional knowledge and prac-
tices related to fire management. Their indigenous knowledge systems have evolved 
over generations and offer valuable insights into preventing and managing forest 
fires. In the Indian context and other developing nations in the tropics, incorporating 
indigenous knowledge and practices into fire management strategies can signifi-
cantly enhance their effectiveness. 

One example of the integration of indigenous knowledge is the use of controlled 
or prescribed burning techniques practiced by indigenous communities in the West-
ern Ghats region of India. The Soliga tribe in Karnataka has a deep understanding of 
forest ecosystems and has been practicing controlled burning for centuries 
(Madegowda 2009). These controlled burns help maintain biodiversity, regenerate 
natural vegetation, and prevent the spread of wildfires by reducing fuel loads. 

Furthermore, indigenous communities in Northeast India, such as the Mizo and 
Naga tribes, have traditional practices of shifting cultivation that involve controlled 
burning as part of their agricultural cycle. These practices not only promote food 
security but also contribute to fire management by reducing fuel accumulation and 
minimizing the risk of uncontrolled wildfires. Recognizing and valuing indigenous 
knowledge systems contributes to the preservation of cultural heritage, promotes 
social equity, and supports indigenous communities’ rights and aspirations. Collab-
orative efforts that involve indigenous communities in decision-making processes 
and give them a voice in fire management policies can ensure that their knowledge 
and practices are respected and effectively integrated into broader forest fire mitiga-
tion strategies. 

Nonmonetary compensation mechanisms for forest fire mitigation encompass a 
range of approaches that extend beyond monetary incentives. In the Indian context



and other developing nations in the tropics, community-based initiatives and the 
incorporation of indigenous knowledge and practices play integral roles in effective 
fire management. These approaches empower local communities, foster sustainable 
practices, and contribute to the resilience and well-being of forest ecosystems. By 
integrating nonmonetary compensation mechanisms into forest fire mitigation strat-
egies, a more holistic and inclusive approach can be adopted, promoting sustainable 
forest management in these regions. 
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4 Policy and Legal Frameworks for Collaborative 
Governance and Nonmonetary Compensation 

4.1 Overview of Relevant Policies and Laws in India 

In India, the implementation of collaborative governance and nonmonetary com-
pensation mechanisms for environmental management, including forest fire mitiga-
tion, is supported by various policies and legal frameworks. These frameworks 
provide a regulatory framework, guidelines, and incentives to promote inclusive 
decision-making processes, community participation, and the integration of 
nonmonetary compensation approaches. This section provides an overview of 
some key policies and laws in India that support collaborative governance and 
nonmonetary compensation for forest fire mitigation. 

1. Forest Rights Act (2006): The Forest Rights Act recognizes the rights of forest-
dwelling communities, particularly Scheduled Tribes and other traditional forest 
dwellers, over forest lands and resources. It empowers communities to participate 
in the management and conservation of forests and recognizes their traditional 
knowledge and practices. Under this act, communities have the right to protect 
and conserve forests, including measures to prevent and control forest fires. 

2. National Forest Policy (1988, revised in 2006): The National Forest Policy pro-
vides a comprehensive framework for forest management in India. It emphasizes 
the involvement of local communities, NGOs, and other stakeholders in partic-
ipatory forest management. The policy encourages collaborative approaches, 
joint forest management, and the integration of traditional knowledge systems 
for sustainable forest management, including fire prevention and mitigation. 

3. National Disaster Management Act (2005): The National Disaster Management 
Act establishes a legal framework for managing disasters, including forest fires. It 
provides guidelines for disaster preparedness, response, and mitigation. Collab-
orative governance principles are incorporated through the involvement of mul-
tiple stakeholders, including local communities, in disaster management planning 
and implementation. 

4. Joint Forest Management (JFM) Guidelines (1990, revised in 2000): The JFM 
guidelines provide a framework for collaboration between forest departments and 
local communities in forest management activities. It encourages the participation
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of communities in fire prevention, control, and awareness programs. Under the 
JFM model, communities are actively involved in decision making, planning, and 
implementation of forest fire mitigation measures. 

4.2 Analysis of Institutional Arrangements Supporting 
Collaborative Governance and Nonmonetary 
Compensation 

Institutional arrangements play a crucial role in supporting collaborative governance 
and nonmonetary compensation mechanisms for forest fire mitigation in India. 
These arrangements involve the establishment of institutions, frameworks, and 
mechanisms that facilitate stakeholder participation, coordination, and the integra-
tion of nonmonetary compensation approaches. This section analyzes the institu-
tional arrangements that support collaborative governance and nonmonetary 
compensation in the Indian context (Sattayapanich et al. 2022). 

1. Forest Department: The Forest Department, at both the national and state levels, 
plays a pivotal role in the implementation of forest fire mitigation strategies. It 
formulates policies, provides technical expertise, and coordinates efforts to pre-
vent, control, and manage forest fires. The Forest Department often collaborates 
with local communities, NGOs, and other stakeholders to promote collaborative 
governance and nonmonetary compensation approaches. 

2. Joint Forest Management Committees (JFMCs): JFMCs are community-based 
institutions established under the JFM model. These committees comprise repre-
sentatives from local communities and the Forest Department. JFMCs facilitate 
participatory decision making, planning, and implementation of forest manage-
ment activities, including fire mitigation. They provide a platform for collabora-
tion, knowledge exchange, and the integration of nonmonetary compensation 
mechanisms. 

3. Community-Based Organizations (CBOs): Community-based organizations, 
such as self-help groups, community forest management committees, and indig-
enous community organizations, play a significant role in collaborative gover-
nance and nonmonetary compensation for forest fire mitigation. These 
organizations represent the interests of local communities, facilitate community 
participation, and ensure the inclusion of traditional knowledge and practices in 
fire management efforts. 

4. Research Institutions and Academia: Research institutions and academia contrib-
ute to the development of knowledge, research, and capacity building in collab-
orative governance and nonmonetary compensation. They conduct studies, 
provide technical expertise, and generate evidence-based recommendations to 
inform policy and practice. Collaborative partnerships between research institu-
tions, academia, and implementing agencies enhance the effectiveness of fire 
mitigation efforts.
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India has developed policy and legal frameworks that support collaborative 
governance and nonmonetary compensation for forest fire mitigation. The Forest 
Rights Act, National Forest Policy, National Disaster Management Act, and JFM 
guidelines provide the basis for stakeholder participation, community empower-
ment, and the integration of nonmonetary compensation approaches. Institutional 
arrangements, such as the Forest Department, JFMCs, community-based organiza-
tions, and research institutions, play essential roles in facilitating collaboration and 
ensuring the effective implementation of nonmonetary compensation mechanisms. 
By leveraging these policy and institutional frameworks, India can enhance its 
efforts in collaborative governance and nonmonetary compensation for sustainable 
forest management and effective forest fire mitigation. 

5 Case Studies: Collaborative Governance 
and Nonmonetary Compensation in Forest Fire 
Mitigation 

5.1 Examining Successful Case Studies of Collaborative 
Governance and Nonmonetary Compensation 
Mechanisms 

Case studies provide valuable insights into the practical implementation of collab-
orative governance and nonmonetary compensation mechanisms in forest fire mit-
igation. These examples demonstrate the effectiveness of these approaches in diverse 
contexts and highlight the benefits of stakeholder participation, community engage-
ment, and the integration of nonmonetary incentives. This section examines suc-
cessful case studies from India and other developing nations in the tropics. 

1. Uttarakhand Community-Based Forest Fire Management, India: In Uttarakhand, 
a state in northern India prone to forest fires, a community-based forest fire 
management initiative has been implemented. Local communities, in collabora-
tion with the Forest Department and NGOs, actively participate in fire prevention, 
early detection, and fire suppression activities. The initiative involves the estab-
lishment of village-level forest fire management committees and the training of 
community members in fire management techniques. This approach has led to 
improved fire response, reduced fire incidents, and increased community owner-
ship of forest resources. 

2. Bañados del Este Biosphere Reserve, Uruguay: In the Bañados del Este Bio-
sphere Reserve, a wetland ecosystem in Uruguay, collaborative governance, and 
nonmonetary compensation mechanisms have been successfully employed for 
fire mitigation. The reserve is managed through a participatory approach that 
involves the participation of local communities, NGOs, and government agen-
cies. Local residents contribute to fire prevention activities, such as firebreak
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construction and controlled burning. In return, they receive nonmonetary incen-
tives, such as access to sustainable livelihood opportunities and eco-tourism 
development, which serve as compensation for their active engagement in fire 
management. 

5.2 Lessons Learned and Best Practices from These Case 
Studies 

The examination of successful case studies in collaborative governance and 
nonmonetary compensation provides valuable lessons and best practices for forest 
fire mitigation efforts. These insights can inform the design and implementation of 
future initiatives, promote knowledge sharing, and enhance the effectiveness of 
collaborative approaches. The following lessons and best practices can be derived 
from the case studies: 

1. Community Engagement and Empowerment: Successful case studies highlight 
the importance of involving local communities in decision-making processes, 
planning, and implementation of fire mitigation strategies. Active community 
engagement builds trust, empowers individuals, and strengthens the sense of 
ownership and responsibility for forest resources. It is essential to recognize 
and value local knowledge, practices, and cultural perspectives in fire manage-
ment efforts. 

2. Stakeholder Collaboration and Partnerships: Collaborative governance relies on 
the collaboration and partnerships between diverse stakeholders, including gov-
ernment agencies, local communities, NGOs, research institutions, and academia. 
Effective coordination, information sharing, and joint efforts are critical for 
successful fire mitigation. Partnerships enable the pooling of resources, expertise, 
and efforts towards a common goal. 

3. Nonmonetary Incentives and Compensation: Nonmonetary compensation mech-
anisms play a crucial role in incentivizing community participation and sustaining 
long-term engagement in fire management. These incentives can take various 
forms, such as access to alternative livelihood opportunities, capacity-building 
programs, infrastructure development, and social recognition. It is important to 
tailor the incentives to the specific needs and aspirations of local communities to 
ensure their effectiveness (Nakagawa et al. 2022). 

4. Adaptability and Learning: Flexibility and adaptive management are essential in 
collaborative governance and nonmonetary compensation approaches. Learning 
from experiences, monitoring and evaluation, and continuous improvement 
enable the identification of successful strategies, as well as the adjustment of 
approaches that are not yielding the desired outcomes. Feedback loops and 
knowledge exchange platforms facilitate the sharing of lessons learned and 
promote adaptive management (Bilbao et al. 2019).
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By integrating these lessons and best practices into forest fire mitigation strate-
gies, policymakers, practitioners, and communities can enhance the effectiveness of 
collaborative governance and nonmonetary compensation mechanisms. These 
approaches contribute to sustainable forest management, community resilience, 
and the reduction of forest fire risks in both the Indian context and other developing 
nations in the tropics. 

6 Integrating Technology for Effective Forest Fire 
Mitigation 

6.1 Role of Technology in Enhancing Collaborative 
Governance and Nonmonetary Compensation 
Mechanisms 

Technology plays a crucial role in enhancing collaborative governance and 
nonmonetary compensation mechanisms for effective forest fire mitigation. It pro-
vides tools and solutions that improve the efficiency, accuracy, and timeliness of fire 
detection, prevention, and early warning systems. This section explores the role of 
technology in supporting collaborative governance and nonmonetary compensation 
approaches in forest fire mitigation efforts. 

1. Remote Sensing and Satellite Imagery: Remote sensing technologies, including 
satellite imagery and aerial surveys, enable the detection and monitoring of forest 
fires over large areas. These technologies provide real-time data on fire locations, 
intensity, and spread, allowing for rapid response and effective resource alloca-
tion. Remote sensing also facilitates the identification of high-risk areas, enabling 
proactive fire prevention measures. 

2. Geographic Information Systems (GIS): GIS technology enables the integration 
and analysis of spatial data, facilitating informed decision making in forest fire 
management. It allows for the mapping of fire-prone areas, the identification of 
vulnerable communities, and the visualization of fire risks. GIS-based tools 
support collaborative governance by providing stakeholders with accessible and 
interactive platforms for data sharing, planning, and coordination. 

3. Sensor Networks and IoT Devices: Sensor networks and Internet of Things (IoT) 
devices can be deployed in forested areas to detect and monitor fire incidents. 
These devices, such as temperature and humidity sensors, provide real-time data 
on environmental conditions that contribute to fire risks. IoT devices can also be 
integrated with early warning systems, triggering alerts and notifications to 
relevant stakeholders, including local communities and fire management 
agencies.
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6.2 Examples of Technological Innovations for Forest Fire 
Detection, Prevention, and Early Warning Systems 

Technological innovations have led to the development of advanced tools and 
systems for forest fire detection, prevention, and early warning. These innovations 
enhance the effectiveness of collaborative governance and nonmonetary compensa-
tion mechanisms. The following examples highlight some of the technological 
advancements in forest fire mitigation: 

1. Automated Fire Detection Systems: Automated fire detection systems utilize 
thermal imaging, infrared sensors, and machine learning algorithms to detect 
fires in real time. These systems can be integrated with existing surveillance 
infrastructure or deployed as stand-alone units. Examples include fire detection 
drones, camera networks, and sensor arrays that can detect smoke, heat, or flame 
signatures. 

2. Mobile Applications for Community Reporting: Mobile applications empower 
local communities to report fire incidents and provide real-time updates on fire 
risks. These applications often include features such as geolocation, multimedia 
reporting, and connectivity with fire management authorities. They facilitate 
community engagement, early response, and information sharing between 
stakeholders. 

3. Early Warning Systems: Early warning systems utilize weather monitoring, fire 
behavior modeling, and communication technologies to provide timely alerts and 
warnings about potential fire outbreaks. These systems can be integrated with 
sirens, SMS alerts, and mobile applications to disseminate information to com-
munities and relevant authorities. Early warning systems help improve response 
times and enable proactive measures to mitigate fire risks. 

4. Fire Behavior Prediction Models: Fire behavior prediction models utilize com-
plex algorithms and input data, such as weather conditions, topography, and fuel 
moisture, to forecast the behavior and spread of fires. These models assist fire 
management agencies in decision making, resource allocation, and planning fire 
suppression strategies. They contribute to more effective collaboration and allo-
cation of nonmonetary compensation resources. 

By integrating technology into collaborative governance and nonmonetary com-
pensation mechanisms, forest fire mitigation efforts can benefit from enhanced 
monitoring, early detection, and efficient response systems. These technological 
innovations promote information sharing, stakeholder engagement, and the integra-
tion of data-driven approaches in forest fire management, leading to more effective 
outcomes in both the Indian context and other developing nations in the tropics.
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7 Challenges and Opportunities in Implementing 
Collaborative Governance and Nonmonetary 
Compensation 

7.1 Identifying Challenges and Barriers to Implementation 

Implementing collaborative governance and nonmonetary compensation mecha-
nisms for forest fire mitigation presents various challenges and barriers. These 
obstacles can hinder the effective integration of these approaches into existing 
systems and practices (Yami and Mekuria 2022). This section examines some of 
the key challenges and barriers encountered in the implementation of collaborative 
governance and nonmonetary compensation, both in the Indian context and other 
developing nations in the tropics. 

1. Limited Awareness and Understanding: One of the primary challenges is the 
limited awareness and understanding of collaborative governance and 
nonmonetary compensation approaches among stakeholders. Many communities, 
government agencies, and even nongovernmental organizations may not be 
familiar with these concepts and their potential benefits. Building awareness 
and providing education about these approaches are crucial to foster support 
and engagement. 

2. Power Dynamics and Stakeholder Engagement: Collaborative governance 
requires the active participation and engagement of diverse stakeholders, includ-
ing local communities, government agencies, and NGOs. However, power 
dynamics, unequal resource distribution, and conflicting interests can impede 
effective stakeholder engagement. Overcoming these challenges requires 
addressing power imbalances, promoting inclusive decision-making processes, 
and ensuring equitable participation. 

3. Limited Capacity and Resources: Implementing collaborative governance and 
nonmonetary compensation mechanisms often requires adequate capacity and 
resources. Local communities and government agencies may lack the necessary 
skills, knowledge, and financial resources to actively participate in fire manage-
ment efforts. Strengthening capacity through training programs, technical sup-
port, and resource mobilization is essential to overcome this challenge. 

4. Legal and Policy Constraints: Existing legal and policy frameworks may pose 
challenges to the implementation of collaborative governance and nonmonetary 
compensation. Inconsistent regulations, conflicting mandates, and bureaucratic 
procedures can hinder the integration of these approaches into formal systems. 
Addressing legal and policy constraints requires policy advocacy, institutional 
reforms, and the alignment of diverse regulatory frameworks.
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7.2 Exploring Opportunities and Potential Solutions 

Despite the challenges, several opportunities and potential solutions exist to facilitate 
the implementation of collaborative governance and nonmonetary compensation for 
forest fire mitigation. By capitalizing on these opportunities, stakeholders can 
overcome barriers and foster a conducive environment for the adoption of these 
approaches. 

1. Knowledge Sharing and Learning Networks: Establishing knowledge sharing 
platforms, networks, and partnerships can facilitate the exchange of best prac-
tices, lessons learned, and innovative solutions. These platforms can bring 
together stakeholders from different regions, enabling cross-learning, capacity 
building, and the adaptation of successful strategies to local contexts. 

2. Community Empowerment and Ownership: Empowering local communities and 
fostering their ownership in forest fire mitigation efforts are crucial. By recog-
nizing the traditional knowledge, practices, and cultural values of communities, 
collaborative governance can be strengthened. Community-led initiatives, partic-
ipatory planning processes, and the integration of indigenous practices provide 
opportunities for community empowerment and active involvement. 

3. Synergies with Sustainable Development Goals: Collaborative governance and 
nonmonetary compensation approaches align with the United Nations’ Sustain-
able Development Goals (SDGs). Leveraging these synergies can mobilize 
resources, enhance policy support, and promote multistakeholder partnerships. 
Integration with SDGs such as Goal 15 (Life on Land) and Goal 11 (Sustainable 
Cities and Communities) opens up opportunities for funding, technical assistance, 
and global collaboration. 

4. Technology and Innovation: Harnessing technological advancements and inno-
vation can address some of the implementation challenges. Integrated informa-
tion systems, data analytics, and remote sensing technologies can enhance 
monitoring, early warning systems, and decision-making processes. Embracing 
digital platforms, mobile applications, and geospatial technologies facilitates 
stakeholder engagement, information sharing, and collaboration. 

Implementing collaborative governance and nonmonetary compensation mecha-
nisms for forest fire mitigation presents both challenges and opportunities. Over-
coming barriers requires building awareness, addressing power dynamics, 
strengthening capacity, and aligning legal and policy frameworks. By capitalizing 
on opportunities such as knowledge sharing, community empowerment, alignment 
with sustainable development goals, and leveraging technology, stakeholders can 
enhance the effectiveness of these approaches. These efforts contribute to sustain-
able forest management, community resilience, and effective forest fire mitigation in 
both the Indian context and other developing nations in the tropics.
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8 Enhancing Stakeholder Engagement and Awareness 

8.1 Strategies for Improving Stakeholder Engagement 
in Collaborative Governance 

Effective stakeholder engagement is vital for the success of collaborative gover-
nance in sustainable forest management and fire mitigation. This section explores 
strategies and approaches to enhance stakeholder engagement, ensuring meaningful 
participation and inclusive decision-making processes. 

1. Participatory Decision making: Emphasizing participatory decision-making pro-
cesses enables stakeholders to have a voice in shaping forest management and fire 
mitigation strategies. This approach involves engaging stakeholders from the 
early stages of planning, fostering open dialogue, and incorporating diverse 
perspectives. Platforms such as community meetings, workshops, and consulta-
tive forums provide opportunities for stakeholder engagement and collaborative 
decision making. 

2. Strengthening Partnerships and Networks: Building strong partnerships and 
networks among stakeholders is crucial for effective collaborative governance. 
Collaboration between government agencies, local communities, NGOs, acade-
mia, and research institutions fosters information sharing, resource mobilization, 
and coordinated actions. These partnerships create a conducive environment for 
joint problem-solving, innovation, and shared responsibilities. 

3. Capacity Building and Empowerment: Enhancing the capacity of stakeholders is 
essential to ensure their active engagement and meaningful contributions. 
Capacity-building programs can provide training on forest management practices, 
fire prevention techniques, and collaborative approaches. By equipping stake-
holders with the necessary knowledge, skills, and resources, they become 
empowered to actively participate in decision-making processes and implement 
sustainable forest management practices. 

4. Conflict Resolution and Mediation: Collaborative governance may encounter 
conflicts and disagreements among stakeholders with differing interests. 
Implementing conflict resolution mechanisms, such as mediation or negotiation 
processes, can help find common ground and reach consensus. These mecha-
nisms promote understanding, respect for diverse perspectives, and the resolution 
of conflicts in a constructive manner. 

8.2 Importance of Raising Awareness and Building Capacity 
for Sustainable Forest Management and Fire Mitigation 

Raising awareness and building capacity among stakeholders are fundamental for 
promoting sustainable forest management and fire mitigation practices. This section



highlights the significance of awareness-raising and capacity-building efforts to 
foster a culture of responsible forest management and fire prevention. 
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1. Knowledge Dissemination: Creating awareness about the importance of sustain-
able forest management and fire mitigation is key to engaging stakeholders. 
Disseminating information through various channels, such as workshops, aware-
ness campaigns, educational programs, and digital platforms, helps stakeholders 
understand the ecological, economic, and social benefits of sustainable practices. 
Knowledge dissemination should be targeted at diverse audiences, including 
local communities, policymakers, academics, and the general public. 

2. Education and Training: Building capacity through education and training pro-
grams equips stakeholders with the necessary skills and knowledge to implement 
sustainable forest management and fire mitigation strategies. Training initiatives 
can focus on fire prevention techniques, ecosystem conservation, indigenous 
knowledge, and the use of modern technologies. Integrating sustainable forest 
management principles into formal education systems, vocational training pro-
grams, and professional development courses ensures a long-term impact 
(Banerjee et al. 2019). 

3. Demonstration Projects and Pilot Initiatives: Implementing demonstration pro-
jects and pilot initiatives can showcase the benefits of sustainable forest manage-
ment and fire mitigation practices. These projects serve as real-life examples, 
providing tangible evidence of the positive outcomes that can be achieved 
through collaborative governance and nonmonetary compensation mechanisms. 
Demonstrations can include the establishment of community-managed forests, 
agroforestry models, or successful fire prevention strategies, creating practical 
learning experiences for stakeholders. 

4. Knowledge Exchange and Networking: Facilitating knowledge exchange plat-
forms and networking opportunities allows stakeholders to learn from each 
other’s experiences and share best practices. Conferences, workshops, and online 
forums provide spaces for stakeholders to share insights, innovations, and chal-
lenges. Engaging with international networks and global initiatives fosters cross-
cultural learning and promotes the adoption of successful strategies from different 
contexts. 

By implementing strategies for improving stakeholder engagement and raising 
awareness, stakeholders can actively participate in collaborative governance for 
sustainable forest management and fire mitigation. Enhancing stakeholder involve-
ment and capacity leads to more inclusive decision-making processes, the imple-
mentation of effective forest management practices, and the reduction of forest fire 
risks in the Indian context and other developing nations in the tropics.
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9 Synergies with Sustainable Forest Management Practices 

9.1 Linkages Between Collaborative Governance, 
Nonmonetary Compensation, and Sustainable Forest 
Management 

Collaborative governance and nonmonetary compensation mechanisms are closely 
intertwined with sustainable forest management practices (Targetti et al. 2021). This 
section explores the linkages between these concepts, highlighting how they com-
plement and reinforce each other in achieving the goal of sustainable forest 
management. 

1. Participatory Decision making: Collaborative governance emphasizes the active 
participation of stakeholders in decision-making processes. This participatory 
approach aligns with the principles of sustainable forest management, which 
prioritize inclusive and transparent decision making. By involving stakeholders 
in the planning, implementation, and monitoring of forest management activities, 
collaborative governance enhances the effectiveness and legitimacy of sustain-
able forest management practices (Banerjee et al. 2019). 

2. Conservation and Restoration of Ecosystems: Sustainable forest management 
aims to conserve and restore forest ecosystems, promoting their long-term eco-
logical health and resilience. Collaborative governance and nonmonetary com-
pensation mechanisms support these objectives by engaging local communities, 
indigenous peoples, and other stakeholders in the protection and restoration of 
forest ecosystems. Through their active involvement, these stakeholders contrib-
ute to biodiversity conservation, watershed protection, and the sustainable use of 
forest resources. 

3. Integrated Landscape Approaches: Sustainable forest management recognizes the 
interconnectedness of ecosystems and landscapes. It emphasizes the need for 
integrated approaches that consider not only forests but also the broader land-
scape context. Collaborative governance facilitates multistakeholder engagement 
and coordination, enabling the integration of forest management with other land 
uses, such as agriculture, infrastructure development, and biodiversity conserva-
tion. This integration ensures the sustainable management of forest resources 
while considering the social, economic, and environmental dimensions of the 
landscape. 

9.2 Building Resilient Ecosystems Through Integrated 
Approaches 

Building resilient ecosystems is a crucial aspect of sustainable forest management 
and fire mitigation. Integrated approaches that combine collaborative governance, 
nonmonetary compensation, and sustainable forest management practices contribute



to the development of resilient ecosystems (Nuesiri 2015). This section explores the 
importance of integrated approaches in building ecosystem resilience. 
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1. Landscape-Level Fire Management: Integrated approaches recognize that fire 
management should extend beyond individual forests and encompass the entire 
landscape. Collaborative governance brings together stakeholders from various 
sectors to develop landscape-level fire management strategies. These strategies 
include fire prevention measures, early warning systems, and coordinated 
response mechanisms. By considering the landscape as a whole, integrated 
approaches enhance the resilience of ecosystems to fire disturbances. 

2. Ecosystem-Based Adaptation: Integrated approaches embrace ecosystem-based 
adaptation strategies to address the impacts of climate change on forest ecosys-
tems. Collaborative governance facilitates the identification and implementation 
of nature-based solutions, such as forest restoration, agroforestry practices, and 
the protection of natural firebreaks. These strategies enhance the adaptive capac-
ity of ecosystems, making them more resilient to climate change-induced chal-
lenges, including increased fire risks. 

3. Sustainable Livelihoods and Community Well-being: Integrated approaches rec-
ognize that sustainable forest management should not only focus on ecological 
outcomes but also consider the well-being of local communities. Collaborative 
governance ensures that forest management practices and nonmonetary compen-
sation mechanisms are designed to support sustainable livelihoods, social equity, 
and community resilience. By integrating social and economic dimensions into 
forest management, integrated approaches contribute to the overall resilience of 
ecosystems and the well-being of communities. 

4. Monitoring and Evaluation: Integrated approaches emphasize the importance of 
monitoring and evaluation to assess the effectiveness of collaborative gover-
nance, nonmonetary compensation, and sustainable forest management practices. 
By establishing robust monitoring systems, stakeholders can track progress, 
identify gaps, and adapt their strategies accordingly. Monitoring and evaluation 
enable the continuous improvement of integrated approaches, ensuring their long-
term sustainability and effectiveness. 

By recognizing the linkages between collaborative governance, nonmonetary 
compensation, and sustainable forest management, and by embracing integrated 
approaches, stakeholders can build resilient ecosystems (Nuesiri 2015). These 
approaches contribute to the conservation and restoration of forest ecosystems, the 
protection of biodiversity, and the reduction of forest fire risks in both the Indian 
context and other developing nations in the tropics.
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10 Conclusions 

Throughout this book chapter, we have explored the significance of collaborative 
governance and nonmonetary compensation mechanisms in the context of sustain-
able forest management and fire mitigation. We have highlighted the importance of 
understanding the problem of forest fires, the need for collaborative governance, and 
the role of nonmonetary compensation in achieving sustainable outcomes. 

Key findings include: 

1. Collaborative governance brings together stakeholders from diverse back-
grounds, fostering inclusive decision-making processes and promoting sustain-
able forest management practices. 

2. Nonmonetary compensation mechanisms, such as knowledge sharing, capacity 
building, and community-based initiatives, play a vital role in incentivizing and 
empowering stakeholders to actively engage in forest fire mitigation. 

3. Indigenous knowledge and practices contribute to effective fire management 
strategies, emphasizing the value of incorporating traditional ecological knowl-
edge into modern fire management approaches. 

4. Policy and legal frameworks provide a supportive environment for collaborative 
governance and nonmonetary compensation mechanisms. Analyzing relevant 
policies and institutional arrangements is crucial for identifying areas of improve-
ment and strengthening the implementation of sustainable forest management 
practices (Roesch-McNally and Rabotyagov 2016). 

Looking ahead, there are several key directions to consider for advancing collab-
orative governance and nonmonetary compensation mechanisms in the field of 
sustainable forest management and fire mitigation. 

1. Strengthening Partnerships and Networks: There is a need to foster stronger 
partnerships and networks among stakeholders at various levels, including local 
communities, government agencies, NGOs, research institutions, and interna-
tional organizations. Collaboration and knowledge exchange facilitate the sharing 
of experiences, innovations, and best practices, promoting continuous learning 
and improvement (Banerjee et al. 2019). 

2. Integration of Technology: Technological advancements offer great potential for 
enhancing collaborative governance and nonmonetary compensation mecha-
nisms. Embracing technologies such as remote sensing, Geographic Information 
Systems (GIS), and early warning systems can improve forest fire detection, 
prevention, and response, leading to more effective outcomes in sustainable forest 
management. 

3. Scaling up Successful Case Studies: Building upon successful case studies of 
collaborative governance and nonmonetary compensation mechanisms is crucial 
for replication and scaling up. Identifying the key factors that contributed to their 
success and adapting them to local contexts can pave the way for widespread 
implementation (Isyaku 2021).
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4. Adaptation to Climate Change: As climate change continues to impact forest 
ecosystems, it is essential to integrate climate change adaptation strategies into 
collaborative governance and nonmonetary compensation approaches. This 
involves incorporating climate resilience considerations, addressing increased 
fire risks, and implementing nature-based solutions that enhance ecosystem 
resilience. 

5. Continuous Learning and Evaluation: Regular monitoring and evaluation of 
collaborative governance and nonmonetary compensation initiatives are essential 
for identifying gaps, assessing effectiveness, and making informed decisions. 
Building robust monitoring systems and engaging in adaptive management 
practices ensure that approaches remain relevant and responsive to changing 
needs and challenges. 

By embracing these future directions, stakeholders can further advance collabo-
rative governance and nonmonetary compensation mechanisms in sustainable forest 
management and fire mitigation. This will contribute to the preservation of forest 
ecosystems, the protection of biodiversity, the well-being of local communities, and 
the reduction of forest fire risks in both the Indian context and other developing 
nations in the tropics. In conclusion, collaborative governance and nonmonetary 
compensation mechanisms offer promising pathways toward sustainable forest 
management and effective forest fire mitigation. Their integration, along with 
stakeholder engagement, policy support, and technological innovations, will shape 
the future of forest management practices, ensuring the preservation of invaluable 
forest resources for generations to come. 
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