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Preface

The present book deals with the state-of-the-art research studies and technological
developments in modeling trends and remediation of solid and hazardous waste
management of various categories. Hazardous waste is a waste that creates sub-
stantial or potential threats to general health of public. Hazardous wastes are defined
under RCRA in 40 CFR 261, according to which they have been divided into two
major categories as characteristic hazardous and listed hazardous wastes.
Characteristic hazardous wastes are materials that are tested for exhibiting four
hazardous traits such as ignitability, reactivity, corrosivity, and toxicity. The haz-
ardous wastes are materials listed by the regulatory authorities and connoted as
hazardous wastes. These are from nonspecific sources, specific sources, or dis-
carded chemical wastes. The various types of case studies discussed in this book
include hospital waste which is an important type of urban waste. The waste from
utilization and exploitation of energy resources enhances the heavy metal content
and the ambient radiation environment ‘Naturally Occurring Radioactive Materials
(NORM)’. Procedural aspects for the framing of regulatory mechanism as
employed for waste disposal and modeling of solid waste which includes municipal
solid waste and the effects of hydrofracking for shale gas recovery is presented. The
Non Invasive methods can be used for characterization and monitoring of solid
waste and sustainable mineral development, primarily uranium resources for
nuclear energy. The book also emphasizes the efficacy of Remote Sensing and GIS
for geohazard studies, integrated geophysical methods for hazardous waste man-
agement and recent developments in site selection for landfills and innovations in
microbial fuels cells.

The adequate protection and restoration of soil ecosystems contaminated by
heavy metals require their characterization and remediation. Scattered literature is
harnessed to critically review the possible sources, chemistry, potential biohazards,
and best available remedial strategies for a number of heavy metals commonly
found in contaminated soils. This book would be useful not only for practitioners of
Environmental Science and Engineering but also to the readers who are involved in
Environmental Planning and Management, preservation of heritage sites, devel-
opment of suitable healthcare systems, and the practitioners in the framework of
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environmental-friendly “Green Technology.” The context is of great significance
due to the rapid urbanization and the development of smart cities for the growing
population in various countries, especially developing countries like India, China,
Brazil, South Africa, and Nigeria, to name a few.

In order to visually understand the trends in solid and hazardous waste man-
agement, we need the tools of remote sensing and GIS. GIS or geological infor-
mation system is “location Intelligence” as propounded by the father of GIS Roger
Tomlinson (1968). Necessity is the mother of invention. There is a dire need to
understand the trends in solid and hazardous waste management for regional
planning. This book encompasses the extensive research work by various research
groups all over the world to understand the modeling trends in solid and hazardous
waste management.

Kharagpur, India Debashish Sengupta
Sudha Agrahari

viii Preface



Contents

Management of Radioactive Wastes in a Hospital Environment . . . . . . . 1
Ramamoorthy Ravichandran

Heavy Metal and Radionuclide Contaminant Migration in the Vicinity
of Thermal Power Plants: Monitoring, Remediation, and Utilization . . .. . . 15
Debashish Sengupta and Sudha Agrahari

Forecasting Solid Waste Generation Rates . . . . . . . . . . . . . . . . . . . . . . . . 35
Sudha Goel, Ved Prakash Ranjan, Biswadwip Bardhan and Tumpa Hazra

Shale Gas: Hydrofracking, its Effects and Possible Remediation. . . . . . . 65
Waheed Gbenga Akande

Characterization and Monitoring of Solid Waste Disposal Sites Using
Geophysical Methods: Current Applications and Novel Trends . . . . . . . 75
Pantelis Soupios and Dimitrios Ntarlagiannis

Uranium Resource Development and Sustainability—Indian
Case Study. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
A.K. Sarangi

Geohazard Modeling Using Remote Sensing and GIS . . . . . . . . . . . . . . . 127
Sandeep Narayan Kundu

Modeling Trends in Solid and Hazardous Waste Management . . . . . . . . 141
Andre Luiz Bufoni

Microbial Fuel Cells in Solid Waste Valorization: Trends
and Applications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159
R.A. Nastro, G. Falcucci, M. Minutillo and E. Jannelli

ix



About the Editors

Dr. Debashish Sengupta is Professor, Higher Administrative Grade and Ex-Head
of the Department of Geology and Geophysics at the Indian Institute of Technology
Kharagpur, West Bengal, India. Dr. Sengupta completed his Ph.D. in Applied
Geophysics in 1987, and has more than 25 years of teaching and research expe-
rience. His areas of interests include nuclear geophysics with petroleum logging
using subsurface nuclear data, radioactive methods and geochronology, radon
emanometry and its applications, applications of isotopes and radionuclides in Earth
and Environmental Geosciences, heat flow and geothermics. Dr. Sengupta has
authored more than 90 research publications in international journals and more than
50 papers in conference proceedings, in addition to a large number of invited talks
delivered both in India and abroad. His research work has been seminal and resulted
in the formulation of environmental regulation policies in various countries of Asia,
North and South America and the European Union. Dr. Sengupta had also been
Visiting Professor at the University of Sao Paulo, Brazil and Senior Visiting
Professor at the University of Salamanca, Spain. He received the Society of
Geoscientists and Allied Technologists (SGAT’s) Award of Excellence in Earth
Sciences for the year 2003. To date, 10 students have been awarded Ph.D. degrees
under his supervision.

Dr. Sudha Agrahari is Assistant Professor in the Department of Geology and
Geophysics at the Indian Institute of Technology Kharagpur, India. She completed
her Ph.D. in 2010, followed by three years of postdoctoral research experience in
the field of helicopter-borne electromagnetics at the University of Cologne,
Germany. Her research interests include unconventional energy resources, study of
joint inversion of electrical and electromagnetic methods for environmental appli-
cations, and modeling and simulation of geophysical data. She has disseminated her
research through publications in international journals and book chapters.

xi



Management of Radioactive Wastes
in a Hospital Environment

Ramamoorthy Ravichandran

Abstract Cytotoxic and radioactive wastes from hospitals are of major concern in
the various types of urban wastes, and in developed countries they are managed by
proper regulated methods. Nuclear medicine services are in the increase in many
developing countries. Therefore to implement existing regulatory policies and
guidelines in terms of handling of radioactive materials used in the treatment of
patients and management of wastes arising out of hospitals need a good model. The
commonly used radioisotopes in hospitals are: for diagnostic investigations
99mTechnetium (99mTc), 99Molybdenum (parent for 99mTc), 67Gallium, 201Thallium,
131I-MIBG, and 131I (Capsules of activity 555MBq, 3.7,7.4 GBq(15,100,200mCi))
for therapeutic applications. Positron Emission radiopharmaceuticals do not pose
much problem because of their short half lives. National regulatory authorities
monitor the issues relating to organized safe use of radiopharmaceuticals in medical
applications and give clearance for their use in hospitals. The sequences of pro-
tocols insisted are (1) Maintain inventory of receipts and safe custody of received
radioisotopes, (2) Constant surveillance in terms of their safe applications during
routine use (3) Safe methods of disposal of the radioactive wastes generated from
human use of these radioisotopes and chemical formulations. Permissible concen-
trations of the radioactive waste disposals must take into account the community
safety, and the expected degree of dilution is achieved at the discharge point of the
institution into the sewage system. The hazard to the general population is
insignificant in case the sludge containing radioactive waste material being used as
fertilizer material. Depending on the type of radioactive waste from nuclear med-
icine procedures indicate to simply store the wastes till radioactive decay reduces
the activity to a safe level or possibly by disposal of low-activity waste into the
sewage system to achieve sufficient dilution. Disposal with permission from the
regulatory authority and appropriate monitoring is known as a controlled disposal.
Solid wastes (Diagnostic): Syringes, sharps, gloves kept in yellow plastic con-
tainers, allowed minimum 2 months decay, monitored by GM survey instrument
and released. They bear dates written on them. They go for incineration. General
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department wastes are sent only after 24 h elapsed, because most of them contain
99m Tc cotton swabs etc., with half-life 6 h. Liquid wastes (Diagnostic): No labo-
ratory work with open isotopes except for some labeling studies in the department.
Diagnostic waiting patients’ toilet urine wastes go to delay tank for increase in
volume for I-131 patient’s urine storage. Total about 2–4 months decay is ensured.
131I Therapy Isotope is received in capsule form, and directly administered to
patients orally. No liquid operations are carried out these days in the departments.
I-131 (therapeutic) patients’ linen, collected in an adjacent room in therapy ward,
allowed to decay for varying periods 2–4 months; released to laundry after moni-
toring the count-rate, by an end-window type GM monitor. Half-life of 131I is
8.05d, and therefore about 8–10 half lives will reduce the waste activity burden. 131I
therapeutic Solid wastes (nonactive black bags) (active yellow bags) all are mon-
itored, and sent to ‘Decay Waste Box’ kept in the backyard of the hospital, which is
innovation by the author based on long experience in the hospital. Whenever the
box becomes filled up (about 2–3 months), individual bags are re-monitored to
ascertain residual radioactivity. If they reach background count rates, they are
released. Waste release with BIN number, informed to regulatory authority for
records. A special waste storage trolley help to keep the I-131 solid wastes from
wards to allow decay, before these are released to waste treatment plant of the city.
Some countries follow, centralized waste collection system which are commercial
firms dealing with this operation throughout city, for many busy hospitals. Our
local set up has a pair of delay tanks with individual volume total volume 36 M3.
The urine toilet releases are collected for about 2 months, kept closed for achieving
a delay time of 2 months before releasing into the sewage treatment plant (STP) of
the hospital. Six releases at 2 monthly intervals take place annually. At the time of
releasing the contents of the delay tank, 50 mL samples are collected, and these
sample are counted to document released activity of I-131 to confirm whether they
are much below recommended levels of bi-monthly release. The released activity
calculated showed good statistical correlation with measured values. The safe
procedures followed for radioactive waste disposal is enumerated.

Keywords Radioactivity � Wastes management � Toxic wastes � Environmental
pollution

Introduction

Waste management has become a global issue, and hospital wastes become subject
of concern because of the associated risks due to their specific nature. The usual
wastes released from the hospital are (a) solid and liquid infectious wastes,
(b) sharps, (c) cytotoxic wastes, (d) pharmaceuticals, (e) chemicals and disinfec-
tants, (f) pressurized containers, and (g) radioactive wastes. The applications of
radionuclides in nuclear medicine for medical diagnosis and treatment have been
steadily increasing ever since the discovery of artificial radioactivity. Radioactive
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wastes generate with the use of radioactive isotopes in large quantities, which has
been either discarded because it is not required or not usable anymore. Handling
unsealed sources leave some left over material from routine preparations, during
dispensing of dose to patients, contaminated items resulting from handling them.
The wastes in a large variety of forms based on the on the physical, chemical, and
biological characteristics of the material. In medical and research work, there will
be excreta or tissue specimens containing traces of radioactivity. The waste man-
agement aims at minimizing the risks in an effective way over the whole life cycle
of the considered productions. Cytotoxic and radioactive wastes from hospitals are
of major concern in the various types of urban wastes, and in developed countries
they are managed by proper regulated methods. Nuclear medicine services are in
the increase in many developing countries. Therefore to implement existing regu-
latory policies and guidelines in terms of handling of radioactive materials used in
the treatment of patients and management of wastes arising out of hospitals need a
good model. International Atomic Energy Agency (IAEA) has published manuals
on the handling, transportation, and storage of radioactive wastes from application
of radionuclides in hospitals. As most of the medical waste has a relatively short
half-life, storage for decay on site is the key element in the optimization of waste
management. This necessitates a well-organized selective collection, segregation,
and packaging, following strict procedures and qualitative and quantitative mea-
surement before and after decay. The clearance of nuclear waste after storage is
considered a crucial step in the process. It should be based on careful control
measurements. A brief account of methods practiced in a major hospital is
presented.

Overview and Guidelines

It is customary to manage on site the biomedical radioactive wastes by decay
storage. This reduce transport risks and ALARA (as low as reasonably achievable)
activity levels. If the waste packages contain a mixed β, ν emitters the quantitative
estimation of isotope activity becomes difficult. Therefore, segregation at the time
of waste collection is recommended. Effective waste management indicates
preparation of universal documentation procedures. These written procedures will
deal with guidelines such as waste segregation at source in selected containers/ bags
for waste accumulation. The staff members need to be trained well in the imple-
mentation of these guidelines. Department protocols indicate responsibilities at each
level starting with management level with commitment for the waste policy. Data
on all types of wastes generated, list of radionuclides, based on the procedures that
are currently used for managing of radioactive wastes, use of decay storage and
pretreatments of medical radioactive waste. Table 1 shows the radionuclides
commonly used in clinical and biomedical research and found in wastes. Table 2
indicates short-lived Positron Emission radionuclides.
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The waste management strategies should be subject to periodic review, at least
annually, to ensure optimization in waste management procedures, cost benefit
analysis, and compliance with regulatory guidelines. If disposal routes change
environmental impact, the individual disposal methods, i.e., incineration, landfill,
low-level radioactive waste discharge to drainage, should be reviewed at the same
time without violating compliance of regulatory guidelines keeping in mind the
risks arising due to radiological and non-radiological impacts associated with type
of wastes.

National and international recommendations dictate that radioactive waste
management of the hospitals is one of the responsibility of the Radiation Safety
Officer (RSO). Radioactive wastes arise in different forms depending on the variety
of use to which the radionuclides are applied. Chemical operations generate wastes
in solution form, precipitation, equipment decontamination, contaminated glass-
ware, or agents applied for decontamination. Tissue specimens and excreta wastes

Table 1 Radionuclides in clinical and biomedical applications

Radionuclide T½ Emission and energy Isotope T½ Emission and energy

H-3 12.3 Y Eβmax 17 keV Zn-65 244 d β, ν 1.12 MeV

C-14 5730 Y Eβmax 157 keV Ga-67 3.3 d β, ν 185 keV

P-32 14.3 d Eβmax 1.17 MeV Tc-99 m 6.0 h β, ν 141 keV

S-35 87.5 d Eβmax 167 keV In-111 2.8 d β, ν 171 keV

Cr-51 27.7 d β, ν 320 keV I-123 13 h β, ν 159 keV

Co-57 272 d β, ν 122 keV I-125 60.1d β, ν 27 keV

Co-58 70.8 d β, ν 810 keV I-131 8.05 d β, ν 364 keV

Co-60 5.3 y β, ν 1.25 MeV Tl-201 3.4 d β, ν 80 keV

Table 2 Positron emission
radionuclides

Isotope T½ β + Emax

MeV
Annih. photons
(keV)

C-11 20.4 min 0.959 511

N-13 10.0 min 1.197 511

O-15 2.0 min 1.738 511

F-18 110 min 0.633 511

Cu-64 12.7 h 0.650 511

Ga-68 68 min 1.898 511

Rb-82 75 s 3.400 511

Tc-94 m 52 min 0.755 511

I-124 4.2 d 2.130 511
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results out of medical and biological work. The following types of radioactive
wastes may occur in hospitals:

(i) Sealed sources
(ii) Excreta from patients treated with radionuclides
(iii) Unwanted solutions of radionuclides intended for therapeutic use
(iv) Normal low level liquid waste, e.g., from washing of apparatus or liquid

scintillation counting residues
(v) Normal low level solid wastes, e.g., paper of glass
(vi) Wastes from spills and decontamination
(vii) Gases.

Wastes are classified into solid, liquid, and gaseous forms and finally the wastes
are to be disposed into the urban sewage or atmosphere with prescribed limits by
applying known methods. Basic guidelines toward waste disposal are available in a
few hand books published from different countries. The permissible limits for dif-
ferent isotopes vary based on the physical, chemical, and radioactive toxicity con-
siderations and their half lives. In India, Atomic Energy Regulatory Board (AERB)
is the statutory/regulatory body of the Government of India, which gives policy
issues from time to time relating to the radioactive waste disposal into the envi-
ronment as well as public sewerage. At present the strategy are such that the user
medical institution should prospectively plan in terms of the total radioactive wastes
likely to be generated from the expected amount of radioactivity intended to be used,
for the entire subsequent year. Authorization is necessary for the released wastes
outside hospital premises. AERB under Radiation Protection Rules 1971, enforced
by Atomic Energy Act, 1962. The document AERB Safety Code (SC-Med 4) [1]
includes recommendations relating to disposal of radioactive wastes as below:

1. Stipulations for disposal of small quantities of radioisotopes as radioactive
wastes by institutions

2. Guidelines for handling cadavers containing radionuclides administered before
death.

An authorized person could carry out disposal of radioactive waste released into
sanitary sewerage system if the wastes are in readily soluble form, and released
quantity shall not exceed maximum limits shown in Table 3. The radioactive
material released into the sewerage system by the institution per year shall not
exceed 37 GBq. If many radionuclides are present the liquid waste, the sum of the
fractions of the individual quantities of each of the radioisotopes shall not exceed
respective maximum quantities allowed as in Table 3 added to unity. Details in a
log book need to be maintained recording the isotopes disposed and the details of
release.

Disposal of radioactive wastes is either by burial into pits or by incineration. Total
activity buried per pit, the fractions of different isotopes buried should be based on
the allowed limits in Table 4. The buried wastes should be below an earth layer of
1.20 m thickness, inter pit distance of 1.80 m, 12 burials per year, and reuse of pits

Management of Radioactive Wastes in a Hospital Environment 5



only after completion of 10 half lives of the longest lived radioisotopes are some of
the recommendations relating to burial. Special type of incinerators with provision
for retention of solid and liquid combustion bye products arising out of radioactive
wastes should be used. Air borne radioactive contaminations in excess of operation
limits for unrestricted areas should not arise due to incineration. Release of solid and
liquid wastes from incinerators should be collected and disposed off in accordance
with the recommendations. Records of incineration and supervision by Radiological
safety officer are additional requirements for radiation surveillance.

Diagnostic and Therapeutic Applications in Hospitals

The commonly used radioisotopes in a hospitals are: for diagnostic investigations
99mTechnetium (99mTc), 99Molybdenum (parent for 99mTc), 67Gallium, 201Thallium,
131Iodine-MIBG, and for therapeutic applications 131I (Capsules of activity

Table 3 Disposal limits for sanitary sewage system

Radionuclide Maximum discharge
limits MBq/day

Average monthly concentration in the
discharge (MBq m−3)

H-3 92.5 3700

C-14 18.5 740

Na-24 3.7 222

P-32 3.7 18.5

S-35 18.5 74.0

Ca-45 3.7 10.1

Mo99 + Tc99 m 3.7 185

I-125 3.7 22.2

I-131 3.7 22.2

Table 4 Disposal limits for
radioisotopes for ground
burial

Radionuclide Maximum activity in a pit (MBq)

H-3 9250

C-14 1850

Na-24 370

P-32 370

S-35 1850

Ca-45 370

Fe-59 370

Mo-99 370

I-125 37

I-131 37
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555 MBq, 3.7 GBq, 7.4 GBq, (15, 100, 200 mCi)) for therapeutic applications.
Positron Emission radiopharmaceuticals do not pose much problem because of their
short half lives. National regulatory authorities monitor the issues relating to
organized safe use of radiopharmaceuticals in medical applications and give
clearance for their use in hospitals [11]. The sequences of protocols insisted are
(1) Maintain inventory of receipts and safe custody of received radioisotopes,
(2) Constant surveillance in terms of their safe applications during routine use
(3) Safe methods of disposal of the radioactive wastes generated from human use of
these radioisotopes and chemical formulations [2]. Permissible concentrations of
the radioactive waste disposals must take into account the community safety, and
the expected degree of dilution is achieved at the discharge point of the institution
into the sewage system. The hazard to the general population is insignificant in case
the sludge containing radioactive waste material being used as fertilizer material.
Depending on the type of radioactive waste from nuclear medicine procedures
indicate to simply store the wastes till radioactive decay reduces the activity to a
safe level or possibly by disposal of low-activity waste into the sewage system to
achieve sufficient dilution. Disposal with permission from the regulatory authority
and appropriate monitoring is known as a controlled disposal. A position statement
in a recently IAEA document indicated [4] that there is no need for storage of urine
in delay tanks. Continuous sewage dilutions appears to be sufficient for I-131 urine
release from therapy wards. However, in most of the places in the middle east Asian
countries, there are no centralized sewage management systems connected to
hospitals, and therefore, there is a need for controlled discharge of radioactive
wastes, especially for radioactive liquid waste effluents.

Positron emission tomography (PET) radiopharmaceuticals do not pose much
problem because of their short half lives. The radioactive waste generated from a
PET department would typically consist of syringes, needles, i.v.lines, vials, gloves,
cotton, tissue paper, absorbent papers, etc. The half-life of Fluorine-18 (F-18) is the
longest, but 110 min (1 h 50 min), still considered short compared to conventional
radioisotopes in the nuclear medicine department. This short half-life permits easy
disposal of the radioactive waste associated with this isotope. The waste should be
collected in shielded bins and after 10 half lives (about 20 h) decay, can be disposed
of along with the general waste. Care should be taken to deface the radiation
symbols on the vials and other articles, before they are discarded or recycled.

In medical cyclotron (MC) used for production of PET radioisotopes, various
components of the cyclotron contain different elements which are subject to acti-
vation. A few of activated products are long lived to manifest radiation safety and
waste disposal problem. Few of the activation products having long half life are
V-49 (330 d), Mn-53 (3.74 M.y), Mn-54 (312.3 d), Co-57 (121.2 d), Ag-108 m
(418 y), Ag-110 m (249.9 d), etc. A shielded and sealable storage area within the
MC vault should be provided for housing these radioactive components [3]. Special
handling procedures and care should undertaken while dealing with these activated
components. The air inside the MC during irradiation can get activated. The
presence of negative pressure inside the MC is essential to exhaust out this activity.
With hospital-based MC, the presence of N-14, Ar-41 in the air exhausted into the

Management of Radioactive Wastes in a Hospital Environment 7



atmosphere is believed to be of negligible hazard to the public. In the following
sections, the mode of hospital waste management followed in Royal Hospital at
Muscat, Sultanate of Oman is outlined. The applications of regulatory control on
waste management could as well be appreciated.

Hospital Wastes Management

Diagnostic Wastes

A Royal Hospital Document [10] outlines procedures for infection control, also
covering handling and disposal of radioactive wastes from diagnostic use of
radioactive isotopes. Daily wastes arising out of 99mTc (disposables) are put along
with normal wastes after 48 h delay. Plastic containers marked with wastes are used
to collect used gloves and syringes. 67Ga, 131MIBG syringes are kept in different
container and these long undergo minimum 2 months decay before these are
released because they are relatively long-lived radioactive isotopes. They are
released after monitoring by the department Medical Physicist using an end window
GM survey meter. Department maintains the records of wastes released.
A proforma will be faxed to medical wastes treatment plant (MWTP) when hospital
releases any waste A copy of this document is also sent to the radiation protection
adviser (RPA). To increase the volume of the I-131 delay tank (mentioned later),
the toilet wastes of diagnostic patients go into delay tank, thereby achieving higher
dilution factor.

I-131 Therapy Wastes

Royal Hospital imports I-131 capsules from GE Health Care, Amersham, UK.
Presently no other radioisotope is used for therapy. An inventory of unused cap-
sules is maintained in stores. After about 2 years elapsed they are allowed to go into
the delay tank. Solid wastes from the isolation wards go into yellow and black bags.
With marked patients’ numbers they are sent to a temporary storage trolley (TST),
which has provision for locking (Fig. 1). This is kept in the in the backyard of the
hospital, and the contents are allowed to decay 2–3 months before disposal. After
sufficient decay, the Individual bags will be checked with end window contami-
nation probe. When the count rate is near background level, they are released for
disposal, certified, and sent to MWTP, along with necessary documentation. As the
volume of wastes increased, four boxes are being used, with sequential delay,
decay, and disposal is followed.

8 R. Ravichandran



Delay Tanks

Two isolation rooms are available for administration of I-131 for therapy. Urine
excreted from these patients contain about 90 % of administered radioactive iodine.
These effluents got into separate sewage lines and reach the delay tanks. Figure 2
shows the two sewage connections from ward connected to twin concrete tanks
located in the garden area below ground level. The size of the tanks are
5 m × 4 m × 2 m each, with 40 kL volume. Because of available ultrasound level
sensors, only 75 % of volume could be filled viz. 30 kL when one tank is in
operation. Two submersible pumps installed at 50 cm at the tank bottom make the
flush volume of each delay tank as 24 kL.

Business management system (BMS) monitor levels of tanks, in a control system
existing at the Engineering department, also showing status of opening, closing
valves. A hooter also ensures maximum level and percentage filling. Certification
procedure is followed for filling of delay tanks, closing and opening of valves, and
releasing contents of the tanks. Filling phase of one tank will start when the other
tank in filled condition to start decays for about 2 months [5–9]. Documents are
maintained in the nuclear medicine and engineering departments regarding the
status of valves and which tank (1 or 2) is in operation. We follow operational
guideline as either 3.7 MBq/day or average monthly concentration 22.2 MBq/M3

for maximum limit of discharge (refer Table 3). The BMS and manual sample
collection before release of effluents are shown in Figs. 3 and 4.

Fig. 1 Temporary storage
trolley at Royal Hospital, for
decay
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Procedure for Release of Delay Tank Effluents

At the time of manual check, 50 mL effluent sample taken out from the delay tank is
checked by end window contamination monitor. This is a gross check. One mL of
this sample is separately counted by a well counter gamma ray spectrometer.
Calibration of well counter is carried out by Cs-137 check source. Using counting

Fig. 2 Twin delay tanks at
Royal Hospital for delay and
decay

Fig. 3 BMS system display
in monitor
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efficiency of 30 % for this counting set up, the activity present in the delay tank
sample is determined. The tap water one mL is also counted to express the true
I-131 activity released in the total volume of 24 kL. Figure 5 shows the well

Fig. 4 Sample taken from
delay tank

Fig. 5 Well counting system for estimation of I-131 activity/mL
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Table 5 Summary of patients admissions, filling, and delay phases relating to I131 procedures

Sl.
No.

No. of
patients

Date of
closing

Total days (MBq)
at
closing

Activity released (MBq)

Filling Decay Calculated Measured

1 3 1.1.2006 123 55 20 0.2 0

2 4 3.5.2006 73 51 80 1 6.5

3 6 15.7.2006 63 78 3922 4.6 0

4 5 16.9.2006 78 51 315 3.8 0

5 7 3.12.2006 51 57 7223 79.8 84.5

6 7 24.1.2007 57 72 1774 3.5 2.8

7 8 24.3.2007 72 35 4038 194.7 145.8

8 9 4.6.2007 35 60 2654 14.7 1.5

9 7 10.7.2007 60 75 Gonu 2.8 12.1

10 9 10.9.2007 75 86 1846 1.6 6

11 7 25.11.2007 86 75 2762 5.2 0

12 10 19.2.2008 75 70 2660 10.6 4

13 8 4.5.2008 70 57 4544 7.5 7.4

14 8 14.7.2008 57 68 1047 5.1 7.7

15 9 8.9.2008 68 109 1834 0.4 0

16 8 16.11.2008 109 57 7161 54 55.9

17 8 1.3.2009 57 98 1530 0.5 0

18 8 8.6.2009 98 59 3850 8.5 0

19 6 7.10.2009 59 69 1418 7.2 4.8

20 5 23.1.2010 69 50 2826 37.6 118

21 10 6.4.2010 50 69 9869 11 17.3

22 5 20.6.2010 69 60 4680 41.11 44.8

23 12 14.8.2010 60 87 11483 5.9 12.3

24 8 11.11.2010 87 80 2970 3.7 0

25 7 31.1.2011 80 80 5619 75.9 118

26 12 22.3.2011 80 50 9587 50 42

27 10 22.5.2011 50 60 10896 3.7 5.3

28 12 22.8.2011 60 90 2963 1.9 8.1

29 10 29.11.2011 90 90 5972 3.7 0

30 8 4.3.2012 90 93 3073 7 506

31 7 13.5.2012 93 69 320 1.3 0

32 8 17.7.2012 69 64 2575 1 0

33 13 13.10.2012 64 86 8367 21.9 0

34 12 22.12.2012 86 69 8915 7.4 2.2

35 13 6.3.2013 69 74 9309 53.2 48

36 14 6.5.2013 74 60 9794 41 76

37 14 9.7.2013 60 63 7288 7.4 3.3

38 15 29.9.2013 63 80 8557 24 24

39 15 4.12.2013 80 65 7313 7.5 23.6

40 13 23.2.2014 65 10569 7.5 0
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counting system for documenting the activity per mL of discharged delay tank
decayed waste urine effluent. Table 5 gives the delay tank releases over period of
10 years demonstrating the efficacy of delay and decay method.

Discussion

Some countries follow, centralized waste collection system which are commercial
firms dealing with this waste management throughout city, for many busy hospitals.
From Table 5 it could be seen that external counting of samples showed good
correlation to theoretical calculations based on total ward occupancy, activity
administered and physical decay with decrement periods. Last two columns of
Table 5 clearly brings out that never we exceeded operational limit of 22 MBq/m3.
Calculations for two admissions per session, four patients/week in two isolation
wards, taking all patients administered with 5.5 GBq (150 mCi) has shown activity
accumulation in the delay tank, 35.16 GBq. A further delay period of 2 months
after closing valve in individual delay tank will envisage a decay factor of
0.5712 % (a factor of 0.005712) resulting in an activity to permissible levels. The
temporary storage trollies for solid wastes of I-131, delay tank for liquid wastes,
written policies, and documentation of waste disposal records are the solutions for
the radioactive waste management in hospital environment.

Acknowledgements Thanks to Director General Royal Hospital; Head, Department of Nuclear
Medicine; Principal Engineer, Royal Hospital for using data of releases of radioactive wastes.
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Heavy Metal and Radionuclide
Contaminant Migration in the Vicinity
of Thermal Power Plants: Monitoring,
Remediation, and Utilization

Debashish Sengupta and Sudha Agrahari

Abstract Environmental pollution has been an important issue particularly in a
period which is witnessing a rapid industrial growth. The major sources of heavy
metal and radionuclide pollution in urban areas are anthropogenic which includes
the fossil, coal combustion, etc. Coal, one of the most abundantly found materials in
nature, has trace quantities of primordial radionuclides, 238U, 232Th, and 40K. Thus,
combustion of coals in thermal power plants (TPPs) is one of the major sources of
environmental pollution enhancing the natural radiation in the vicinity of TPPs. Fly
ash, the main residue from the combustion of pulverized bituminous or
sub-bituminous coal (lignite), is directly disposed of in large ponds in the nearby
areas of TPPs. This problem is of particular significance in India, which utilizes
coals of very high ash content (approximately 40–55 %). Background knowledge,
i.e., monitoring of the origin, chemistry, and risks of toxic heavy metals (Pb, Cr, As,
Zn, Cd, Cu, Hg, and Ni) and radionuclides in contaminated soils, is necessary for
the selection of appropriate remedial options. For this purpose, soil, ash, and coal
samples were collected from the nearly areas of TPPs. In order to validate the fact
of heavy metal and radionuclide contaminant migration in the vicinity of TPPs,
several geophysical, radiochemical, and trace element analysis tests were carried
out. Lack of proper insulation at the bottom of the ash disposal ponds enhances the
chances of groundwater contamination. The direct current (dc) resistivity survey,
employing Schlumberger configuration, was undertaken to identify the local sub-
surface and to estimate the depth of contamination around ash ponds near a thermal
power plant in Eastern India. A continuous conductive zone with resistivity <5 Ωm
was identified throughout the studied region at a depth of about 2–10 m indicating
the presence of water with higher ionic concentration. The study was also supported
by the radiometric geophysical measurements indicating the presence of radionu-
clides in the vicinity of ash ponds. Groundwater samples have also been collected
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from the tube wells located near the ash ponds and analyzed for pH, TDS and trace
elements. Results of the chemical analysis show high values of TDS and high
concentration of the toxics. The studies on the geochemistry of the ash ponds have
shown that the ashes are characterized by high concentration of As, Pb, Cu, Ni, Fe,
Zn, Cr, Co, and Mn all of which exceeded the crustal abundance by a factor of 3–5.
The high concentration of the toxics (As, Al, Li, Zn, Ag, Sb, Si, Mo, Ba, Rb, Se,
Pb) in the water samples implies significant input from the ash pile due to leaching.
This increases the TDS values of the water. Radiochemical characterization of coal,
ash, and soil samples was done based on Radium equivalent activity, dose rate, and
hazard index. The activity concentration variations infer to the high radioactivity in
the vicinity of the ash ponds up to a radius of 500 m and indicate a decreasing trend
beyond 500 m. In general, the radioactivity of the nearby area showed three to four
times higher values than the prescribed limit, and the hazard index was estimated as
unity. In order to mitigate the associated risks, make the land resource available for
agricultural production, enhance food security, and scale down land tenure prob-
lems, remediation of contaminated soil is necessary. Immobilization, soil washing,
and phytoremediation are one of the best technologies for cleaning up of con-
taminated soils but have been mostly demonstrated in developed countries. Such
technologies need high recommendation for field applicability and commercial-
ization in the countries (developing) where agriculture, urbanization, and indus-
trialization are causing environmental degradation. The utilization of contaminated
soil is also discussed. Rare earth elements, heavy metal, and radionuclides, which
are of economical importance, can be extracted from the contaminated soil and the
remainder can be utilized in filling voids and reclamation of the mining lands.

Keywords Thermal power plants � Radionuclides � VES � Radon exhalation

Introduction

One of the most significant fuel sources for steam and energy production is coal.
Coal combustion in thermal power plants increases the three aspects of atmospheric
pollution. Huge quantities of gaseous and particulate pollutants (SO2, NOx, CO2,
hydrocarbons, and fly ash) are discharged into the local environment. Additionally,
small amounts of toxic trace elements (As, Hg, and Cd) and minute amounts of
radionuclides (U, Th, and their radioactive daughters) are also released, which may
have a radiological impact on the environment.

Coal is serving as a major power source in our country by fulfilling the 70 %
electricity demand. Remaining part of power generation comes from the hydro-
electricity and nuclear power plants. Coal ash is the residual after coal combustion,
which was not fully burnt. The volume of the end residue generated after coal
combustion is dependent on the quality of coal used in thermal power stations. In
Indian thermal power stations, bituminous or sub-bituminous type of coal is used
which is generating about 55–60 % ash content. Consequently, 160 million tons of
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ash is produced yearly and is projected to reach 300 million tons per annum by
2016–2017 (Singh et al. 2011). Because of the enrichment of radionuclides in coal
ash, the management of coal ash is a major environmental problem.

Fly ash and bottom ash are mainly two types of solid wastes, which are gen-
erated as a byproduct after coal combustion. Trace elements, which are smaller in
size and larger in surface area, got absorbed on the ash particles (Culec et al. 2001).
Bottom ash is the coarse-grained fraction of ash, which precipitates due to its
weight and settles at the bottom of the furnace. This course-grained fraction is
directly thrown into the closer ash ponds. Due to the light weight of fly ash par-
ticles, it spreads and distributes in the vicinity by air, henceforth deposits on the soil
surface, which increases the radioactivity level of the local environment.

The toxicity of the soil and groundwater gets enhanced due to continuous dis-
posal of bottom ash into the ash ponds. The solid wastes generated after coal
combustion are released either directly through the stack releases or indirectly from
waste storage areas. Most of the power stations in India operate close to coal fields,
which are mainly located in the eastern region of India, i.e., Bihar, Jharkhand, and
West Bengal. Due to dense population density in these areas, the environmental
aspect is of major concern. According to Lalit et al. (1986), the radioactivity level of
coals from these coal fields is on the higher side compared to the other coal fields.
Consequently, population residing in this particular region is facing more envi-
ronmental hazard.

Out of 31 coal-based thermal power plants of eastern India, 14 of these are
located in West Bengal. Kolaghat, Durgapur, and Bandel are one of the biggest
thermal power plants of eastern India with a capacity of 1260, 350, and 530 MW of
electricity, respectively. The Kolaghat thermal power plant is located in Midnapur
district, West Bengal (22°27´–22°25´ N latitude and 87°50´–87°55´ E longitude).
Coal used in this thermal power plant is of bituminous type and 1260 MW power is
generated in six units of 210 MW. The Durgapur thermal power plant is situated in
Burdwan district, West Bengal (22°56´–23°53´ N latitude and 86°48´–88°25´ E
longitude), and Bandel thermal power plant in Hooghly district, West Bengal (23°
39´32´´–23°01´20´´ N latitude and 87°30´15´´–88°30´20´´ E longitude). Due to the
use of low-grade coal (sub-bituminous), huge amount of ash is produced, which is
thrown away in ash ponds. These ash ponds are open and exposed to the sun, and
therefore the slurry starts drying and becomes hard and compact, which later
becomes a source of radiation hazard.

Recently, the use of fly ash is increased many folds as building material in the
form of ash bricks and as filling material for underground cavities. Thus it is evident
to monitor the radiation risk to the population.

Here, we are going to discuss the three power plants (Bandel, Durgapur, and
Kolaghat) in detail. For this purpose, these power plants were investigated (Mandal
and Sengupta 2006; Maharana et al. 2010; Mondal et al. 2006; Parial et al. 2015,
2016). The general objectives were as follows:
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i. The determination of the presence of radionuclides (U, Th, and K) in coal and
ash, and their enrichments in ash after coal combustion. It gives an idea about
the environmental hazard of the area.

ii. Because of the improper management of ash, it is directly dumped into the
open ash ponds and thereby severely affecting the surrounding population.
Therefore, the radiological impact is determined by computation of the dose
rate.

iii. The determination of the subsurface contamination was done using noninva-
sive geophysical methods.

iv. A comparison between the radiometric data in the vicinity of Kolaghat,
Durgapur, and Bandel thermal power plants is required in order to estimate the
radiation potential in these areas.

v. Hazard index estimation for the fly ash admixture for cement, concrete, and fly
ash bricks.

Materials and Methods

Characterization of the nearby areas of thermal power plants, in terms of heavy
metals and radionuclide contaminant migration, is done by conducting field-based
and lab-based analyses. Mostly field-based studies include noninvasive methods;
however, lab-based analyses are done by conducting several geochemical tests. In
this section, a brief summary of all the methods utilized is presented, which are used
for the characterization of the vicinity of the TPPs.

1. Noninvasive Geophysical investigations:

i. In situ radiometric study
A reconnaissance survey was conducted in and around Kolaghat thermal
power plant (KTPP) based on in situ radiometric analysis. The ambient
terrestrial dose rate was measured using a handheld scintillation counter.
The counter is commonly known as micro-R survey meter. The model used
was UR-709, manufactured by Nucleonix Systems Private Limited,
Hyderabad, India. Soil samples from high ambient dose rate areas were
collected for lab-based radiometric analysis. The locations of the sampling
points were marked using GPS (manufactured by Trimble, Juno ST
Handheld, Trimble Juno Series).

ii. Subsurface characterization using direct current (dc) resistivity method
1D vertical electrical sounding (VES) measurements were conducted using
Terra Science resistivity meter. VES were measured at twelve locations
around KTPP and at one reference site outside the contaminated area. These
twelve soundings were conducted in the vicinity of the two ash ponds and
within a radius of 1 km from the ash disposal sites using Schlumberger
electrode configuration. To achieve greater depth of penetration, longest
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possible profile at every location was selected. The measurements were car-
ried out during winter and spring season to avoid the interferences due to rain.
In dc resistivity sounding, current (I) is injected into ground through a pair
of electrodes and the potential difference (ΔV) is measured by another pair
of electrodes (potential electrodes). The placement of these two pairs of
electrodes determines the array configuration. According to the Ohm’s law,
the ratio of the potential difference to the current injected estimates the
resistance. The apparent resistivity is estimated using Ohm’s law (Eq. 1):

qa ¼ G:
DV
I

� �
ð1Þ

where G is the geometric factor due to the array configuration, DV is the
potential difference between the two potential electrodes, and I is the current
injected. A detailed discussion can be found in Telford et al. (1990). The
greater the current electrode separation, the greater is the depth of
penetration.

2. Laboratory (Geochemical) investigations

i. Sample collection and preparation
The feed coal samples were collected from inside of the power plants. The
coals from four different coal fields (Jharia, Talchir, Giridih, and Raniganj)
of lower Gondwana age were mixed together and pulverized before
combustion. The entire mass of generated ash in the power plants was
disposed off in large ponds located near the power plant. Ash samples were
collected from the ash ponds. Soil samples were collected from the villages
in the vicinity of the active ash ponds. The collected samples were stored in
polyethylene bags. The samples were homogenized and then dried for 24 h
in an air circulation oven at 110 °C. About 100 g of the dried samples were
weighed and sealed in gas-tight, radon impermeable, cylindrical poly-
ethylene containers (7.0 cm height and 6.5 cm diameter). These samples
were then left for 15 days in order to allow for radium, thorium, and their
short-lived progenies to reach secular equilibrium before radioactive
determination of uranium and thorium. Subsequently, gamma-ray spec-
trometric analyses of the samples were conducted for the estimation of the
238U, 232Th, and 40K in soil, coal, and ash samples. The analysis was
performed at the Radiochemistry Division, Variable Energy Cyclotron
Centre, BARC, Kolkata.

ii. Radioactivity measurements
Low-level gamma-ray spectrometry was used to determine the activity
concentrations of 226Ra, 232Th, and 40K in fly ash samples. The present
system is an intrinsic p-type coaxial HPGe detector with a relative efficiency
of 50 % and energy resolution of 1.9 keV at 1332.5 keV for 60Co. It is
placed vertically in a lead cylindrical shield of 12 cm thickness and 65 cm
height to reduce the background radiation. A low ambient temperature is
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maintained by electric refrigeration system. A solid radionuclide mixture of
gamma reference materials, sealed in standard cylindrical polyethylene
containers (7.0 cm in height and 6.5 cm diameter), was used to estimate the
absolute efficiency of the gamma-ray spectrometer.

a. Estimation of Radiation dose and Hazard index
Natural radioactivity is a consequence of the radioactive emission of
mainly 238U, 232Th, and 40K. Potassium can be measured with the help
of its own peak (1460 keV); however, uranium and thorium are mea-
sured with the help of their daughter products. For uranium the peaks
295 keV, 352 keV (214Pb), and 609 keV (214Bi), and for thorium the
peaks of 338 keV, 911 keV (228Ac), 239 keV (212Pb), 727 keV (212Bi),
and 583 keV (208Tl) are considered (Abd El-mageed et al. 2011; Khan
et al. 2002). Efficiency of these respective peaks is calculated using a
standard Eu152 sample, with known half-life, with the help of Eq. (2).
Each sample is measured for 40,000 s to obtain a reasonable ϒ-ray
peak area. From this peak area the activity is measured with the help of
a multi-channel analyser Canberra DSA 1000, which is connected to
computer through Genie 2 K software:

e ¼ CPS� 100
At � I

; ð2Þ

where e = Efficiency; CPS = Counts per second; At = Activity of
152Eu; and I = Intensity of 152Eu.

b. Absorbed Dose Rate
It is basically the radiation received by any person per kilogram of its
mass. The conversion factor required to calculate absorbed dose rate at
1 m above the ground surface, due to uniform distribution of gamma
radiations from 238U, 232Th, and 40K, is calculated by the method
proposed by the UNSCEAR 2000. The equation is mentioned below:

D nGyhð Þ ¼ 0:461AU þ 0:623ATh þ 0:0414AK; ð3Þ

where AU, ATh, and AK are the specific activities of 238U, 232Th, and
40K in Bq kg−1.

c. Annual Effective Dose Rate
It basically gives us an idea about the internal and external radiation
exposures. It is calculated using the conversion coefficients (0.7
SvGy−1) and 0.2 as the outdoor occupancy factor, as proposed by
UNSCEAR 2000:

AED mSvy�1
� � ¼ D nGyh�1

� �� 8760 hy�1
� �

�0:2� 0:7SvGy�1 � 10�6:
ð4Þ

20 D. Sengupta and S. Agrahari



d. Radium Equivalent
It describes the gamma output from different mixtures of U, Th, and K
in samples and helps in comparison of radiation exposure due to dif-
ferent radioisotopes:

Raeq ¼ AU þ 1:43 ATh þ 0:077AK: ð5Þ

The equation is proposed by UNSCEAR 2000, based on the assump-
tion that contributions from other radionuclides are insignificant.

e. Hazard Index
It is the index that indicates the external exposure due to the
radioisotopes in the environment:

Hex ¼ AU=370þATh=259þAK=4810: ð6Þ

Hex < 1 is considered to be within limit, and Hex > 1 is unsafe and
equivalent to 370 Bq kg−1.

iii. Radon exhalation rate measurements
Radon exhalation measurements were undertaken using Cup dosimeters.
The fly ash samples were dried and sieved through a 100-mesh sieve and
placed in cups/cans, up to the sensitive volume (diameter 7.0 cm and
height 7.5 cm). An LR-115 type-II solid-state nuclear track detector
(2 cm × 2 cm) was fixed at the top, within the cup. The sensitive, lower
surface of the detector is freely exposed to the emergent radon and was
capable of recording the alpha particles, due to the decay of radon in the
cup. After a week or more, radon and its daughters attain equilibrium.
Thus, the equilibrium activity of emergent radon could be obtained from
the geometry of the cup and time of exposure. After exposure for 100 days,
the detectors from all the cups were retrieved. For the revelation of tracks,
the detectors were etched in 2.5 N NaOH at 60 °C for a period of 90 min,
in a constant-temperature water bath. Alpha tracks on the exposed face of
the detector foils were scanned using an optical microscope at magnifi-
cation of 400 times. From the track density, the radon activity was obtained
using a calibration factor of 0.056 Tr cm−2 d−1 obtained from an earlier
calibration experiment, for an LR-115 type-II detector (Singh et al. 1997).
An experiment was performed in order to study the effect on radon
exhalation rates by adding varying amounts of fly ash. The measurement of
the exhalation rate of radon from a homogeneous mixture of (i) fly ash and
soil and (ii) fly ash and cement was obtained. For this purpose, different
percentages of fly ash were introduced in the soil and cement, keeping the
total weight of the sample constant. All the samples were dried and sieved
through a 100-mesh sieve before mixing, for homogeneity.
The exhalation rate was estimated from the relationship provided by
Fleischer and Morgo-campero (1978) and Khan et al. (1992):
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Ex ¼ CVk
A T þ 1=k e�kT � 1f g½ � ; ð7Þ

where Ex is the radon exhalation rate (Bq m−2 h−1), C is the integrated
radon exposure measured by an LR-115 type-II plastic track detector
(Bq m−3 h), V is the effective volume of Can (m3), k is the decay constant
for radon (h−1), T is the exposure time (h), and A is the area covered by the
Can (m2), respectively.

Results and Discussion

Environmental pollution measurements in and around TPPs were done by adopting
two-step methodology. At first, the sites were investigated using noninvasive
geophysical measurements and thereafter based on the preliminary noninvasive
geophysical survey results, locations were selected for sample collection. As a
second-step methodology, geochemical tests of soil/ash samples were conducted in
laboratory.

i. Noninvasive Geophysical investigation results:
The isorad map, based on surface gamma radiation, from the vicinity of
Kolaghat thermal power plant is shown in Fig. 1. The surface radiation varies
from 4.5 to 9.2 μRhr−1 showing an increasing trend toward northwest. The
maximum surface radiation dose was observed toward the northern edge of the

Fig. 1 Isorad map based on surface radiation in the vicinity of Kolaghat thermal power plant
(after Parial 2016)
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area, which coincided with the ash ponds present in the area. This indicated the
presence of a high background radiation in the vicinity of the thermal power
plant as well as the ash ponds (Parial 2016).
These observations emphasize that the contamination is maximum close to the
ash ponds. The leachate from the ash ponds consists of water-soluble metallic
species, which are posing maximum risk to groundwater. Generally, clay acts
as a natural barrier to the leachates; however, due to high porosity sand not only
acts as a potential aquifer but also allows an easy passage to the leachates from
the waste dumps. Extreme precipitation events during monsoon can allow
higher infiltration of the contaminants from the ash dumps to the deeper levels.
Therefore, to assess the status of groundwater aquifers noninvasive vertical
electrical sounding measurements were conducted in and around the Kolaghat
thermal power plant. VES measurements using Terra Science resistivity meter
(DDR2) were conducted at 12 locations and at one reference site. The reference
site was located *3 km northwest of the thermal power plant; five soundings,
VES-S4 to VES-S8, were in the vicinity of the two ash ponds; VES-S1 to
VES-S3, VES-S9, VES-S10 were located within a radius of 1 km from the ash
disposal sites. VES-S11 was located to the east of the thermal power plant,
downstream of the River Rupnarayan, and VES-S12 was present south of the
thermal power plant within 1 km (Fig. 2). The maximum profile length in the
thirteen soundings varied between 100 and 800 m. The maximum profile length
measured was at VES-S12 and the reference site.
These investigations help in understanding the subsurface in the region close to
the thermal power plant. The 1D interpreted models infer the presence of a
thick conductive zone (resistivity < 5 Ωm) throughout the region (Fig. 2). This
conductive layer starts at a depth ranging from 2 to 10 m from the top and its
thickness ranges between *27 and 39 m (Parial et al. 2015). Based on the
available borehole data and the earlier observations (Mandal et al. 2007), this
zone is identified as saturated clay with high concentration of various ionic
species. From the borehole information, the presence of sandy layers at the top
facilitates the percolation of the leachate into the deeper clay layer. Although
clay is considered as a repository of trace/heavy metals, continuous loading of
these species at higher concentration results in enhanced percolation.
Ultimately, it percolates up to the deeper aquifer at a depth of *50 m (Fig. 2).
As groundwater is the major source of potable water in this region, an extension
with the previous studies by Mandal et al. (2007), Parial et al. (2015)
emphasizes the importance of meticulous monitoring of the groundwater
quality and the temporal variation in the nature of the contaminant(s).

ii. Geochemical investigation results:
The geochemical studies of water samples, collected from a 50-m-deep tube
well in the vicinity, by Mandal et al. (2007), further strengthened the presence
of the mentioned contaminated layer (<5 Ωm). They confirmed the presence of
high TDS count (550–760 ppm), abundance of Ca2+, Na+, presence of anions
(HCO3

−, SO4
2−, and Cl−), and high concentration of trace elements (like Li,
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As, Zn, Ag, Pb, Cr, Mn, Se, Cd, Cu) indicating the high concentration of
various ionic species within the clay layer.
We analyzed the ash samples from three power stations located in West Bengal
(Kolaghat, Durgapur, and Bandel). Tables 1, 2, and 3 show the results of
radiometric analysis from these power stations (Mondal et al. 2006). Kolaghat
ash showed the activity concentration variation of 232Th, 238U, and 40K in the
range from 126 to 146 Bq kg−1 (average 140 Bq kg−1), 98–119 Bq kg−1

(average 111 Bq kg−1), and 266–415 Bq kg−1 (average 351 Bq kg−1),
respectively. Similarly, the activity concentration variations of 232Th on

Fig. 2 Geoelectric section from the vicinity of Kolaghat thermal power plant derived from
interpreted resistivity and borehole log (modified after Parial et al. 2015)
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Durgapur and Bandel Thermal Power Stations indicate an average value of
107 and 106 Bq kg−1 (ranged from 62 to 139 Bq kg−1), respectively.

On comparing the variation in radionuclides activity concentration measured at
these power stations, it indicated that the enrichment of a particular radionuclide in
the ashes is different at different power stations. Here, Kolaghat ashes indicate
maximum enrichment of 232Th compared to Durgapur and Bandel ashes. However,
Bandel ashes are enriched in 238U. Durgapur ashes show lesser activity concen-
tration for 40K compared to Kolaghat and Bandel ashes. Ashes from these power
stations show more activity concentration for 232Th compared to 238U activity
concentration. The feed coal analysis from these power plants also indicates the
maximum activity concentration of 232Th compared to 238U (Mandal and Sengupta
2003). These power plants infer to the high radionuclides activity concentration
compared to the power plants located in other parts of India. Table 4 shows the
mean activity coefficients of radionuclides (U, Th, and K) and absorbed dose rates
of fly ashes from other thermal power plants (Mondal et al. 2006).

Due to the presence of uranium in the organic material in sedimentary rocks, it
accumulates in coal, during the formation of coal. Uranium is mainly retained in the
carbonaceous part, due to sorptive uptake during the initial stages of peat accu-
mulation and subsequent burial (Zielinski et al. 1986). In contrast, the inorganic
phases retain most of the thorium. The geological formation around the ash ponds

Table 1 Radioactivity measurements in fly ash samples from Kolaghat thermal power station,
West Bengal (after Mondal et al. 2006)

Sample
No.

238U
(Bq kg−1)

232Th
(Bq kg−1)

40K
(Bq kg−1)

Dose
rate
(nGy
h−1)

Annual
external
effective
dose rate
(mSv y−1)

Raeq
(Bq kg−1)

Hex

(Bq kg−1)

KAP1 117.4 145.8 403.0 159.1 0.195 357 0.96

KAP2 119.8 146.7 279.0 155.6 0.191 351 0.95

KAP3 114.9 144.2 282.1 151.9 0.186 343 0.92

KAP4 117.4 143.0 266.6 151.8 0.186 342 0.92

KAP5 98.9 141.8 372.0 146.8 0.180 330 0.89

KAP6 110.0 146.7 272.8 150.8 0.185 341 0.92

KAP7 117.5 136.2 372.0 152.1 0.187 341 0.92

KAP8 108.0 136.4 372.0 147.8 0.181 332 0.89

KAP9 113.7 126.1 359.6 143.7 0.176 322 0.87

KAP10 108.4 138.7 384.4 149.9 0.184 336 0.91

KAP11 107.2 139.7 368.9 149.3 0.183 335 0.90

KAP12 107.5 146.3 415.4 155.3 0.191 348 0.94

KAP13 113.9 141.4 403.0 154.9 0.190 347 0.94

KAP14 105.2 129.7 359.6 141.9 0.174 318 0.86

Mean 111.4 140.2 350.7 150.8 0.185 339 0.91
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Table 2 Radioactivity measurements in fly ash of Durgapur thermal power plant (after Mondal
et al. 2006). The annual external effective dose rate (mSv y−1), radium equivalent activity (Raeq),
and external hazard index (Hex) have also been provided

Sample
No.

238U
(Bq kg−1)

232Th
(Bq kg−1)

40K
(Bq kg−1)

Dose
rate
(nGy
h−1)

Annual
external
effective
dose rate
(mSv y−1)

Raeq
(Bq kg−1)

Hex

(Bq kg−1)

DAP1 96.6 109.1 300.7 123.1 0.142 276 0.74

DAP2 93.1 105.3 280.1 118.3 0.142 265 0.71

DAP3 96.5 109.3 290.4 122.7 0.145 275 0.74

DAP4 94.1 101.0 267.3 115.7 0.159 259 0.70

DAP5 85.4 107.6 272.4 115.8 0.146 260 0.70

DAP6 96.5 98.1 354.7 118.6 0.157 264 0.71

DAP7 100.4 113.9 344.4 129.5 0.150 290 0.78

DAP8 95.6 103.8 287.8 118.8 0.157 266 0.72

DAP9 100.4 110.0 364.9 128.1 0.143 286 0.77

DAP10 99.6 104.0 326.4 122.4 0.158 273 0.74

DAP11 101.7 112.0 321.3 128.0 0.161 287 0.77

DAP12 99.3 96.0 313.5 116.9 0.156 261 0.70

DAP13 102.9 112.0 334.1 129.1 0.142 289 0.78

DAP14 96.7 120.0 336.7 131.2 0.142 294 0.79

DAP15 100.4 110.3 341.8 127.3 0.145 284 0.77

Mean 97.3 107.8 315.8 123.0 0.150 275 0.74

Table 3 Radioactivity measurements on fly ash samples of Bandel thermal power plant (after
Mondal et al. 2006). The Ra equivalent activity (Raeq) and external Hazard index (Hex) are also
provided

Sample
No.

238U
(Bq kg−1)

232Th
(Bq kg−1)

40K
(Bq kg−1)

Dose
rate
(nGy
h−1)

Annual
external
effective
dose rate
(mSv y−1)

Raeq
(Bq kg−1)

Hex

(Bq kg−1)

BAP1 116.7 139.9 327.7 152.0 0.186 342 0.92

BAP2 128.4 123.9 296.9 146.6 0.180 328 0.89

BAP3 133.4 111.6 332.8 142.9 0.175 319 0.86

BAP4 78.5 62.8 307.2 87.0 0.107 192 0.52

BAP5 183.4 118.2 174.1 163.4 0.200 366 0.99

BAP6 130.2 94.8 417.3 134.8 0.165 298 0.80

BAP7 118.3 92.6 396.8 127.1 0.156 281 0.76

Mean 126.9 106.3 321.8 136.3 0.167 304 0.82
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of these power plants is mainly laterites overlained by clay. Clays are considered as
potential trace elemental repositories. Therefore, the mixture of dry ashes and clay
forms the top soil around these three thermal power plants. This facilitates the
adsorption of radionuclides on the top soil (clayey layer). Due to the volatile nature
of uranium, it migrates deeper by the percolating rain water and subsurface run-off;
however, thorium remains adsorbed on the clayey formations. This is the reason
that the ash samples show high activity concentration for 232Th compared to 238U.
Hence, the dose rates of the measured ash samples are following the trend of
thorium activity concentration, which mean high concentration thorium contributes
more in the dose rate. The activity concentration of the natural radionuclides in feed
coal samples is 2–3 times lesser than the ash samples (Fig. 3).

Table 4 Mean activity of uranium, thorium, and potassium concentration along with absorbed
dose rates of fly ash samples from some thermal power plants in India

Thermal power stations
(India)

Activity (Bq kg−1) Absorbed
dose
rates (nGt
h−1)

Reference
226Ra 228Ac 40K

Allahabad (Uttar Pradesh) 78.4 89.1 362.7 107.59 Vijayan and Behera
(1999)

Angul (Odisha) 78.5 86.5 278.1 102.38 Vijayan and Behera
(1999)

Badarpur (Delhi) 75.5 88.1 286.4 102.50 Vijayan and Behera
(1999)

Chandrapur (Madhya
Pradesh)

58.2 89.2 301.2 96.46 Vijayan and Behera
(1999)

Raichur (Karnataka) 83.1 102.5 334.1 117.27 Vijayan and Behera
(1999)

Talchir (Odisha) 79.2 96.3 291.6 109.73 Vijayan and Behera
(1999)

Bokaro (Bihar) 70.3 118.4 252.0 118.91 Lalit et al. (1986)

Ramagundam (Andhra
Pradesh)

59.2 95.1 507.0 109.38 Lalit et al. (1986)

Neyvelli (Tamil Nadu) 64 126.9 370.0 126.76 Lalit et al. (1986)

Amarkantak (Madhya
Pradesh)

49.2 106.2 329.3 105.04 Lalit et al. (1986)

Nasik (Maharashtra) 126.9 138.0 279.0 157.18 Lalit et al. (1986)

Nellore (Andhra Pradesh) 64 126.9 370.0 126.76 Lalit et al. (1986)

Farakka (West Bengal) 84.1 98.8 297.1 113.71 Vijayan and Behera
(1999)

Bakreshwar (West Bengal) 76.3 87.5 288.1 102.52 Vijayan and Behera
(1999)

Kolaghat (West Bengal) 111.4 140.2 350.7 150.8 Mondal et al. (2006)

Durgapur (West Bengal) 97.3 107.5 315.8 123.0 Mondal et al. (2006)

Bandel (West Bengal) 126.9 106.3 321.8 136.3 Mondal et al. (2006)
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To estimate the external gamma dose and internal dose due to radon and its
daughters, Raeq is calculated (Tables 1, 2, and 3) for the ash samples. The maxi-
mum permissible value for Raeq is 370 Bq kg−1 and for external hazard index (Hex)
is unity. These values are calculated using Eqs. (5) and (6).

In order to monitor the migration of contaminants laterally, several soil samples
were collected and analyzed. High radioactivity was observed within a radius of
500 m and it decreases as we move further away from the ash ponds (Parial et al.
2016).

Nowadays, fly ash is being utilized in civil constructions in several forms;
therefore, the radiation potential estimation becomes necessary (Eisenbud and
Gesell 1997; MacKenzie 2000; UNSCEAR 1993, 2000). On comparison with coal,
enhanced levels of uranium are present in fly ash (Jojo et al. 1993). Therefore, it is
not easy to calculate the radon exhalation rate by uranium’s or its daughter pro-
duct’s concentration due to its dependence on the texture and grain size compo-
sition (Tufail et al. 1991). Interestingly, the radon exhalation values are more in coal
samples compared to fly ash samples. This may be due to the difference in the
texture of coal and fly ash. In addition, the finer fly ash particles fill the small voids
in the material and check the radon escape.

Easy availability and low cost of fly ash makes it an attractive substitute as
building materials. In order to limit the radiation potential, it can be used as an
additive in building materials. Several studies are reported which show the influ-
ence of fly ash as an additive on radiation level. However, different results are
reported by different groups. Some authors reported a decreasing trend in radon
exhalation in the mixture of concrete and fly ash additives (Stranden 1983;
Maraziotis 1985). On the contrary, others have reported opposite trend when fly ash
was used as an additive in cement (Siotis and Wrixon 1984). Some case studies
reported no significant change in radon exhalation in cement and soil samples after
mixing of fly ash in it (Ulbak et al. 1984; Karmadoost et al. 1988).

Fig. 3 Radioactivity
enhancement from coal to ash
in Kolaghat, Durgapur, and
Bandel thermal power plants
(after Mondal et al. 2006)
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To obtain a statistically reliable correlation on the application of fly ash as an
additive, the ‘t-test’ was used on the measurements obtained. The results for a
homogeneous mixture of (i) cement and fly ash and (ii) soil and fly ash, in varying
amounts, are summarized in Table 5. The samples with fly ash as additive in
cement samples have shown a gradual increase, whereas a decrease is seen in soil
samples, subsequent to the addition of fly ash. The experimental values for mixtures
of ash and cement are higher than the values expected from the computations based
on relative proportions of ash and cement, respectively. An opposite trend was
observed for mixtures of ash and soil. This indicates that the values for the
admixture increase, if the additive has higher exhalation rate than the base material
and decrease if the value for additives is less (Kumar et al. 2005). This has been
attributed to the emanating powers of different materials and also due to the dif-
ference in the grain size. The results obtained are significant, in terms of appropriate
suppression of radon.

Fly Ash Remediation and Utilization

Both India and China have the highest fly ash production per year. However, the
amount utilized is about 38–45 % only. This is compared to about 65 % fly ash
utilization in U.S.A. (Basu et al. 2009; other references cited there-in).

The use of fly ash as agricultural amendment, fly ash bricks, cement, and con-
crete and in pavements and highways is of considerable significance. In addition,

Table 5 Radon exhalation rate in cement and soil with different proportions of fly ash (expressed
in weight percent) added in the samples of equal total weight (Kumar et al. 2005)

Sample Fly ash
additive
(%)

Track
density
(cm−2 d−1)

Radon
activity
(Bq m−3)

Radon
exhalation rate
(mBq m−2 h−1)

Expected values
from an
arithmetic mean

1. Cement

AC0 0 26.8 ± 1.5 482 ± 26 173 ± 9 –

AC1 10 49.9 ± 2.0 891 ± 36 320 ± 13 207

AC2 20 65.9 ± 2.3 1176 ± 41 422 ± 15 241

AC3 30 67.5 ± 2.3 1206 ± 42 433 ± 15 275

AC4 40 69.2 ± 2.4 1235 ± 42 443 ± 16 310

AC5 50 79.1 ± 2.5 1412 ± 45 507 ± 17 344

2. Soil

AS0 0 100.9 ± 2.8 1803 ± 51 648 ± 18 –

AS1 10 91.3 ± 2.7 1630 ± 49 586 ± 18 634

AS2 20 75.5 ± 2.5 1348 ± 44 484 ± 16 621

AS3 30 72.24 ± 2.4 1290 ± 43 463 ± 15 608

AS4 40 65.16 ± 2.3 1163 ± 41 418 ± 15 595

AS5 50 60.3 ± 2.2 1076 ± 39 387 ± 14 582
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they are being used in production of glasses and glass-ceramics (Barbieri et al.
1999), as well as utilized to construct fills and embankments, grouts for pavements,
structural fills, and retaining walls (Lamb 1974). More recently coal ashes have also
been suggested as potential sources for rare earth extraction including yttrium
(Kashiwakura et al. 2013; Seredin and Dai 2012).

The Organization for Economic Cooperation and Development (OECD) has
classified the coal ash byproducts as Green List waste. Under Basel Convention it is
not considered as a waste. The coal ash byproducts have not been utilized in many
countries; however, they have been neglected like a waste material. Lack in the
availability of appropriate cost-effective technologies prevents the optimum uti-
lization of fly ash in India (Bhattacharjee and Kandpal 2002).

Geologically, various toxic elements and natural radionuclides are present in
coal. Therefore, after burning the coal, the residues either gaseous emission or solid
wastes (fly and bottom ash) or liquid discharge (leachates from ash ponds) are
having these elements. According to Gabbard (1993), burning of the coal reduces
the coal volume by 85 %, which mean that the radionuclides and trace elements are
more concentrated in the residues (Technologically Enhanced Naturally Occurring
Radioactive Material, TENORM). The partitioning behavior and fate are decided by
combustion environment and the association of these elements with different
phases/matrixes in coal (Papastefanou 2010; Karangelos et al. 2004). Due to the
presence of 232Th in inorganic matrix and 238U in organic matrix, 238U and 232Th
partition differently during combustion (Menon et al. 2011). 238U shows a prefer-
ence for fine to ultrafine ash particles and are mostly released in the ambient
environment through the stack (Papastefanou 2010; Coles et al. 1979). However,
232Th shows no preferential partitioning (Papastefanou 2010). The overall impact
due to the radioactivity of the ash thus is mainly dependent on the type and amount
of coal burnt for the energy generation. Therefore, the type and amount of coal
burnt in the power production will be the deciding factor for radiation impact due to
the radioactivity of the end products.

Conclusions

The radioactivity analysis presented in this chapter shows considerable amount of
contamination of the surface soil in the vicinity of the ash ponds. It has also been
observed that the surface soil contamination is more prominent in the predominant
wind direction. The background radioactivity, calculated from the emitted dose, of
the ambient environments of Kolaghat, Durgapur, and Bandel thermal power plants
is approximately three times higher than the world average of 43 nGyh−1. The ashes
from these power plants have 2–3 times more concentration of natural radionuclides
than feed coal. Consequently, the populations living in the nearby areas are at
higher health risk. The radium equivalent activity (Raeq) and external hazards index
(Hex) values are close to 370 Bq kg−1 and unity, respectively. Therefore, the
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amount of ash used as additives in building materials should be examined cau-
tiously in order to keep a check on the concentration of natural radionuclides.

Among the leading available technologies for the remediation of heavy metal
contaminated soils are immobilization, soil washing, and phytoremediation but
have been frequently practiced in developed countries. These technologies are
suggested for field applicability and commercialization in the developing countries,
where environmental degradation is the rancorous legacy of the urbanization,
industrialization, and agricultural activities.
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Forecasting Solid Waste Generation Rates

Sudha Goel, Ved Prakash Ranjan, Biswadwip Bardhan
and Tumpa Hazra

Abstract Design of efficient solid waste management (SWM) systems requires
accurate estimates of waste generation rates. Waste generation rates can be mea-
sured by direct sampling and several methods like database mining and sample
surveys have been used in different locations. Another approach is to use different
types of models to predict or forecast waste generation rates based on knowledge of
impacting factors. These models include statistical models like multiple linear
regression, econometric models, system dynamics methods, time-series analysis,
factor analysis and Geographical Information Systems (GIS)-based methods. More
non-conventional methods like artificial neural networks (ANN), fuzzy logic
(FL) and support vector machine (SVM) methods are becoming popular. A brief
literature review of these methods used by researchers for forecasting solid waste
generation rates is provided in this chapter.

Keywords Statistical � Econometric � Regression � Sampling � Soft computing �
Solid waste generation models � Economic solid waste management

Introduction

The objective of Solid Waste Management (SWM) is to control the functions of
generation, collection, separation, transfer and transport, treatment and disposal of
SW so that there are no adverse effects on either public health or the environment.
Thus, efficient management of municipal solid waste (MSW) has become a major
concern for urban local bodies (ULBs) throughout the world, especially the
developing world. Several factors need to be accounted for in MSW management
such as economic, technical, environmental, legislative, and political. Successful
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design of treatment facilities and implementation of SWM policies depends on
reliable statistics regarding solid waste generation rates, composition, and charac-
teristics. In general, data regarding MSW generation or collection are collected on a
regular basis in middle- and high-income countries while data are extremely dif-
ficult to obtain in developing countries like India since routine monitoring and data
collection are rarely done. In such cases, SW collection data are used to estimate
generation rates. Since knowledge of SW generation rates is the basis of all SWM
strategies, there has been growing interest and research activity in this area in the
last few decades. A brief literature review about factors affecting solid waste
(SW) generation rates, and models developed and used for forecasting SW gen-
eration rates is presented in this chapter.

Factors Affecting Solid Waste Generation Rates

SW generation rates have been increasing all over the world mainly due to increase
in population accompanied by an increase in resource consumption, making
accurate predictions for the future a real challenge. There are two major parameters
that are used in the literature for SW generation rates: total SW generated in a given
location (weight/unit time, i.e., tons/day or tons/year) and per capita SW generated
in a given location (weight/person-unit time, i.e., kg/person-day). Total SW gen-
erated is directly proportionate to the population of an area (McBean and Fortin
1993; USEPA 1997) since total SW generation rate (kg/d) = total population
(persons) * per capita SW generation rate (kg/person-d).

An example illustrating a simple method for forecasting solid waste generation
rates for a country like India is shown in the following problem.

Problem According to the 1901 Census of India, total population of India in
1901 was 2.38 x108 persons, and the urban population was 2.57 × 107

persons. The latest Census (2011) data show a total population of 1.21 × 109

persons, and an urban population of 3.77 × 108 persons.1 Assume expo-
nential growth applies in all cases, i.e., N = N0 exp(kt), where N = population
at time t, persons, N0 = population at time t = 0, persons; k = annual expo-
nential growth rate (1/year), t = time, years.

a. Calculate growth rates for the total population and the urban population in
India over this period.

b. Assuming the current growth rates will continue, predict the total and
urban populations in India in 2030.

c. If per capita resource consumption rates in urban India are growing by
7 %, and assuming that per capita urban solid waste generation rates will

1http://www.censusindia.gov.in/2011census/population_enumeration.html

36 S. Goel et al.

http://www.censusindia.gov.in/2011census/population_enumeration.html


follow the same trend, what are the total urban solid waste generation rates
(tons/year) in 2011, assuming the per capita generation rate is
0.5 kg/cap-d. Also predict urban SW generation rates in 2030.

Solution

a. Based on the equation for exponential growth,
Annual exponential growth rate for total population = k = ln(N/N0)/t =
0.0148 1/year or 1.48 %.
Similarly, annual exponential growth rate for the urban population = ku =
ln(N/N0)/t = 0.0244 1/year or 2.44 %.

b. Based on the growth rates calculated in part a,
Total population in India in 2030 = 1.6 × 109

Urban population in India in 2030 = 6.0 × 108

c. Total urban solid waste generated in 2011 = 0.5 kg/cap-d *
3.77 × 108 = 6.88 × 107 tons/y
For calculating total urban solid waste generated in 2030, we know that
both terms in the previous equation are growing exponentially, i.e., per
capita resource consumption rate and population.
Therefore, total urban solid waste generation rate in 2030 = 0.5 kg/cap-d
*exp(0.07 1/year*19 years) *3.77 × 108 *exp(0.0244*19)
=1.89 * 6.0 × 108 kg/d
=4.134 × 108 tons/y

Several social, economic, and demographic factors are known to influence SW
generation rates and have been reviewed by many researchers (Beigl et al. 2008;
Yousuf and Rahman 2007; Keser et al. 2012; Cherian and Jacob 2012; Mohee et al.
2015; Owusu-Sekyere et al. 2015; Hoornweg and Bhada-Tata 2012; Kansal 2002).
Results of our literature survey are summarized here:

i. Population: Total SW generation rates are directly proportionate to the
population of the area while per capita SW generation rates are affected by
the size of the area and other factors described below (Hockett et al. 1995;
Vesilind et al. 2002, Goel 2008).

ii. Income: Financial resources at the individual and higher scales, i.e., city,
regional, or national scales were found to be the most important factors
affecting per capita SW generation rates, and therefore total SW generation
rates (IBRD-World Bank 1999; Viswanathan 2006; Matsunaga and Themelis
2002). Parameters like individual or household income, gross domestic
product (GDP), or gross national product (GNP) were found to correlate
directly with per capita SW generation rates (Khan and Burney 1989;
Hockett et al. 1995; Wang and Nie 2001; Chung 2010; Buenrostro et al.
2001; Phuntso et al. 2009). Further, income and GDP also determine the
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composition of SW. The most important factors in determining SW gener-
ation in California were employment and taxable transactions (USEPA
1997). Since income is directly related to the ability to spend and consume
resources, factors affecting consumption patterns will also affect SW gen-
eration rates (Purcell and Magette 2009; Daskapoulos et al. 1998).
A major factor associated with GDP or GNP is the degree of economic
development resulting in significant differences in total and per capita SW
generation rates in low, middle, and higher income areas or countries. The
percentage of commercial waste can be predicted based on employment by
sector (Bach et al. 2004; Hockett et al. 1995; Gay et al. 1993), while building
area, construction area, population, and costs associated with various con-
struction activities are commonly used to predict generation of construction
and demolition waste (Yost and Halstead 1996; Shi and Xu 2006; Bergsdal
et al. 2007; Chung 2010)

iii. Recycling rates, legislation and policy measures: In a study in Seattle, USA
during the period of 2000–2010, population and recycling rates were found
to have a significant impact on total SW generation rates. The commercial
sector generated the greatest amount of SW (48 %) followed by
single-family homes (30 %), self-hauling (12 %) and multiple family homes
(10 %).2 Policy and economic incentives were found to be driving waste
reduction in villages in Prespa Park, a transboundary region of the Balkans
with territory in Albania, Greece, and Macedonia (Grazhdani 2016).
Recycling rates in this study increased where people were charged in pro-
portion to the waste generated, where curbside recycling services were
provided and where the number of drop-off recycling centers/1000 people
was greater. Campaigns to sensitize people about the importance of waste
reduction were found to be effective in improving recycling rates.

iv. Education: People with higher education levels generated less waste
(Grazhdani 2016).

v. Household or family size: In a survey of 336 households in Kathmandu,
Nepal, during 2007, total SW generation rate increased with increase in
family size while per capita SW generation rates decreased with increase in
family size (Dangi et al. 2011). Similar results were found in a sample survey
of 1036 households in Dublin, Ireland in 1992 (Dennison et al. 1996). In a
survey of 55 households in Chittagong City, Bangladesh, total MSW gen-
eration was directly proportionate to family size with an r value of 0.8483
(Salam et al. 2012).

vi. Seasonal, geographic, or climatic factors: Data from 20 urban areas of Iran
showed clear changes in SW generation rates with season and geography
(altitude of city) (Azadi and Karimi-Jashni 2016). Mean per capita SW
generation rates were calculated and found to be correlated to population to

2http://www.seattle.gov/util/cs/groups/public/@spu/@garbage/documents/webcontent/02_015204.
pdf
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the greatest extent (correlation coefficient of 0.61) followed by maximum
temperature, and therefore seasons (correlation coefficient of 0.48). Altitude
and collection frequency did not have a major impact on MSW generation in
this study. Similar seasonal changes in SW generation rates are mainly due to
increase in tourist populations during the period from April to October were
reported for the Island of Crete (Gidarakos et al. 2006). Seasonal effects were
noted in a household survey in Chihuahua, Mexico, where total SW gen-
eration rates were highest in April, followed by August and January (Gómez
et al. 2009). The increase in waste generation was attributed to greater
consumption of packaged food and beverages, greater wastage of uncon-
sumed food, and greater use/waste of vegetable fibers used in air conditioners
(water coolers). A review of MSW generation in Dhaka city reports that there
was a significant difference in the amount of waste arriving at the disposal
site in the dry season (970 tons/d) versus the wet season (1420 tons/d)
(Yousuf and Rahman 2007). Seasonal effects were clear for the Helsinki
region, Finland in the database analyzed by Korhonen and Kaila (2015). Data
analysis of MSW collections in the city of Sapporo, Hokkaido, Japan also
show clear seasonal trends in the amounts of SW generated, and therefore
collected (Matsuto and Tanaka 1993).

vii. Collection frequency: Collection frequency has a direct positive (R = 0.42)
impact on the total amount of SW collected and no impact on per capita SW
generation rates (Azadi and Karimi-Jashni 2016).

viii. Others: The amount of concrete debris generated was estimated based on
cement production and building area (Shi and Xu 2006).

Methods for estimating MSW generation rates are generally based on the
amount of waste collected by the municipal or administrative authorities and
are based on either load-count analysis or weighing balance measurements of waste
collected (King and Murphy 1996; Gidarakos et al. 2006). There are some reports
in the literature which include generation data from individual sources, but these are
short-term surveys and are reviewed in the section on sample surveys.

Bibliometric Analysis of Models Used for Forecasting Solid
Waste Generation Rates

A bibliometric survey using SCOPUS was done to understand the level of interest
and research activity in the area of solid waste management and models used for
predicting solid waste generation rates. Using the keywords “solid waste man-
agement model” and restricting the search to English language publications, 4712
publications were found. Within these publications, only articles and reviews
accounted for 3714 publications. In a recent review by Pires et al. (2011) about
SWM systems in European countries, it was found that Life Cycle Assessment or
Inventory was the most popular topic with 72 out of 218 articles published in the
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European Union (EU), followed by sustainability assessment (31) and management
information systems (26) amongst the system assessment tools. Of the systems
engineering models, there was far less interest in EU (only 38 out of 218 articles) of
which cost–benefit analysis accounted for 12, followed by forecasting models (the
topic of this review) which had only 10 publications.

Another search was done with the keywords “solid waste generation model” in
SCOPUS. Restricting the search to English language publications resulted in a list
of 1111 publications which include articles, reviews, conference papers, reports,
books, etc.3 Further analysis of the data from SCOPUS and information regarding
the top 10 in the categories of country of publication, institution, subject, and source
title are summarized in Tables 1 and 2. Publication activity in this area is shown in
Fig. 1 for the period 1972–2016. In similar analyses for shorter time periods: 1991–
2010 (Ma et al. 2011) and 1997–2011 (Yang et al. 2013), exponential growth in
research publications in this subject area was noted in both studies.

Models/Methods Used for Forecasting Solid Waste
Generation Rates

Various models have been developed for forecasting SW generation rates precisely.
Salhofer (2001) has classified generation forecasting models in two major groups
(Beigl et al. 2008):

• Factor models that use factors like consumption or utilization to describe the
waste generation process.

Table 1 Top 10 countries and institutions based on number of publications

Rank Country Number
of publications

Institution Number
of publications

1 United States 267 Danmarks Tekniske Universitet 18

2 China 121 University of Regina 17

3 Canada 74 North Carolina State University 14

4 Italy 58 Universiti Kebangsaan Malaysia 12

5 United Kingdom 58 Imperial College London 12

6 India 56 University of Tehran 12

7 Japan 49 Tsinghua University 12

8 Spain 45 Tongji University 12

9 Brazil 35 National Cheng Kung University 11

10 Malaysia 31 Chinese Academy of Sciences 11

Keywords Solid waste generation models

3Note: Not all publications listed in SCOPUS are pertinent to the topic. These numbers are
indicative but not accurate.
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• Input–output models based on an accounting of the flow of materials into or out
of a waste generation system.

Most of the models are based on deterministic methods or trend analysis without
considering the dynamic properties of municipal SW generation. Factors may be

Table 2 Top 10 subject areas and sources based on number of publications

Rank Subject Number of
publications

Source or Journals Number of
publications

1 Environmental
Science

629 Waste management 103

2 Engineering 285 Waste Management And
Research

63

3 Energy 209 Resources Conservation And
Recycling

34

4 Earth and Planetary
Sciences

124 Environmental Science And
Technology

20

5 Chemical
Engineering

99 Water Science And Technology 18

6 Medicine 79 Journal Of Environmental
Management

15

7 Chemistry 65 Advanced Materials Research 14

8 Agricultural and
Biological Sciences

43 Applied Energy 12

9 Materials Science 42 Journal Of Solid Waste
Technology And Management

12

10 Social Sciences 42 Journal Of Environmental
Engineering

11

Keywords Solid waste generation models
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Fig. 1 Number of publications pertaining to “solid waste generation model”. Source of data
SCOPUS, downloaded on 10 Aug 2016
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Table 3 Methods and models used for forecasting SW generation rates

Model/method used Number of publications

Conventional methods/models

Database mining/collection 7

Sample survey method 12

Linear regression 13

Econometric models 4

System dynamics 15

Time series analysis 5

Factor analysis 9

Geographic Information Systems (GIS) 5

Non-conventional methods/models

Artificial neural networks (ANN) 16

“Fuzzy” methods 8

Adaptive Network-based Fuzzy Inference System (ANFIS) 4

“Gray” methods 5

Support Vector Machine (SVM) 3

Total publications 106

constant or fixed over time, i.e., they may be static models or they may be dynamic
models where the factors change with time. Forecasting with traditional statistical
forecasting methods requires collection of socio-economic, demographic, and
environmental data (Dyson and Chang 2005). In many cases, municipalities do not
have sufficient finances and human resources to create a complete database of SW
quantity and composition on a long-term basis. Short-term forecasting of future SW
generation rates is necessary for better design of storage, collection, and transfer
systems (Matsuto and Tanaka 1993) while long-term forecasting is needed for
selecting appropriate waste treatment technologies or selecting landfill sites or
understanding the impacts of new policies and initiatives. However, if attitudes of
waste generators change or new/revised regulations regarding waste management
are implemented during the forecast period, long-term forecasting can go awry.

Forecasting methods have been categorized as conventional or non-conventional
methods/models for this review. A list of the methods and models reviewed in this
chapter and the number of publications accessed is shown in Table 3.

Conventional Methods/Models Used for Solid Waste
Generation Forecasting

Several conventional methods have been used for forecasting SW generation rates
and were listed in Table 3 along with the number of publications that were available
for each of the methods. Reviews of these methods are also available and brief
descriptions are included in this section (Beigl et al. 2008; Cherian and Jacob 2012;
Chung 2010; Pires et al. 2011).
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Data Collection and Database Mining

In many high- and middle-income countries, monitoring and collection of solid
waste generation data is done on a regular basis and is termed ‘data collection’ here.
If this practice has been followed in several locations and over a long period of
time, it has resulted in large amounts of data and in some cases, these databases are
available to researchers. Many researchers have been able to access these databases
and use pertinent data for forecasting future trends and determining factors that
affect SW generation rates. Database mining is the development of algorithms for
extracting pertinent data from large databases for further analysis. Two studies
noted in Table 4 are based on database mining (Korhonen and Kaila 2015;
Lebersorgher and Beigl 2011). The remaining studies in this Table are based on
data collection from the literature or administrative database/documents (secondary
sources).

Sample Survey Method (SSM)

This is the simplest and most common method used for estimating SW generation
rates. SW generation studies based on sample surveys are summarized in Table 5.
The first step in this method is to determine a representative sample size and the
number of strata to be sampled (King and Murphy 1996). Then primary data are
collected by personal interviews or surveys or secondary data like Census or
municipal data are used directly. In general, sample-based surveys are stratified
based on criteria like income, season, sources of waste, and several other factors.
A summary of sample-based studies accessed for this review is provided in Table 5.

Most of the studies (9 out of 12) reviewed here were based on house-to-house
sampling for a short period of time ranging from 1 day to 2 weeks. Interview or
questionnaire-based surveys for collecting socioeconomic and demographic data
were accompanied by waste collection surveys to determine waste generation rates.
In general, one bag for total waste collected in one day or two bags for kitchen or
wet waste and dry waste; toilet waste and other waste were provided to each
household identified for the survey. In some studies, one bag was provided per
household and collected after 24 h (Phuntsho et al. 2009; Salam et al. 2012). The
waste contents were then sorted to determine individual waste components. In other
studies, sampling was carried out for a period of 8 days (Gómez et al. 2009),
10 days (Grazhdani 2016) to 2 weeks (Thanh et al. 2011; Dangi et al. 2011), and
the waste bags collected every 24 h for the duration of the survey. Grazhdani
(2016) and her survey team collected 20 samples/village for 10 days/season for 4
seasons. Daily production of waste and recyclables was monitored and 1 m3 of
waste in every village was collected, segregated, analyzed, and individual com-
ponents weighed.

Dennison et al. (1996) conducted a household survey in Dublin, Ireland, and
found that more affluent households generated more waste and total waste produced
was directly proportionate to the number of people in the household. These findings
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have been confirmed in many other studies. Phuntsho et al. (2009) used the sample
survey method to calculate SW generation rates for Bhutan. In the largest survey
conducted in Bhutan for 10 cities, the average SW generation rate was found to be
0.53 kg/cap-d with residential sources contributing the maximum amount of waste
(47 %). No correlation between household income and per capita SW generation
rate was found. A household survey was conducted in the dry (100 households) and
rainy seasons (60 households) in the city of Can Tho, Vietnam, and its surrounding
region to quantify and characterize residential solid waste (Thanh et al. 2010). No
significant differences in waste generation were found for the total waste
generated/household in the wet and dry seasons. The authors attributed this to the
lack of difference in meteorological characteristics for the city. Waste composition
was affected by income while kitchen waste (a subcategory of total waste) was the
only category which showed no impact of income. Generation of plastic, food, and
total SW was well correlated to household size while paper and textile waste
generation were correlated well with levels of urbanization. Buenrostro et al.

Table 4 Publications based on data collection or data mining for forecasting SW generation rates

References Area Period
of
study

Number of data
points or sets

Parameter(s) measured

1 Korhonen
and Kaila
(2015)

Helsinki
region,
Finland

2013 27,865 Household waste in 6 m3

container

2 Bridgwater
(1986)

UK 1930–
1982

53 Annual waste generation and
composition data

3 Purcell and
Magette
(2009)

Dublin,
Ireland

2006 322 electoral
districts, 2261
commercial
establishments

Census, electoral and other
administrative databases

4 Lebersorgher
and Beigl
(2011)

Styria,
Austria

1991–
2008

116 socioeconomic and demographic parameters
for 42 municipalities

5 Khan and
Burney
(1989)

Global
data

– 28 cities Wages, temperature,
population and population
density, waste composition,
and household size

6 Niessen and
Alsobrook
(1972)

New
Jersey and
New York
states

2000 41 datasets Waste composition

7 Hibiki and
Shimane
(2006)

Kanto,
Japan

1995–
2002

441 municipalities Population, area, income,
number of establishments,
weight of refuse and
recyclables, collection
frequency, price of trash bag
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(2001), Benítez et al. (2008) conducted random household sampling surveys
stratified on the basis of household income in Morelia, Mexico.

King and Murphy (1996) designed a sample survey to estimate the amount of
solid waste to be collected on an annual basis using curbside collection in the
unincorporated residential part of Broward County, Florida, USA. Their estimates
of waste generation were based on number of truckloads picked by each truck on
one route. They also included effects of collection day and frequency (2
times/week) and data were collected and analyzed on a quarterly basis. An inter-
esting effect noted was that waste generated after weekends was greater than in the
latter part of the week. In another study for estimating SW generation rates in Crete,
Gidarakos et al. (2006) made several assumptions: for populations < 10,000, per
capita SW generation rate of 0.8 kg/cap-d, for populations > 10,000, per capita SW
generation rate of 1.0 kg/cap-d and for large municipalities, per capita SW gener-
ation rate of 1.2 kg/cap-d. For estimating waste generation by tourists, they
determined total number of tourist beds, beds in use and a per capita SW generation
rate of 1.2 kg/cap-d. As part of the sampling survey which was conducted for
28 weeks (5 days/week), vehicle loads were counted and the total SW collected
was estimated.

Multiple Linear Regression (MLR) Method

Linear regression analysis of data has been used for more than 200 years old with
the earliest publication of the method in 1805 by LeGendre (Abdi 2007). SW
generation rates can be forecast based on either one variable (single regression) or
several variables (multiple linear regression). Since SW generation forecasting is
dependent on several factors, multiple linear regression method is commonly used.
A list of publications accessed for this review is provided in Table 6.

Table 6 Multiple linear regression models used for predicting SW generation rates in different
locations

Location of application References

1 Fars, Iran Azadi and Karimi-Jashni (2016)

2 New Delhi, India Vivekananda and Nema (2014)

3 Beijing, China Wei et al. (2013)

4 Cities - global data Khan and Burney (1984)

5 Mexicali, Baja California, Mexico Benítez et al. (2008)

6 Can Tho city, Mekong Delta, Vietnam Thanh et al. (2010)

7 Morelia, Mexico Buenrostro et al. (2001)

8 Beijing Satellite Towns, China Ying et al. (2011)

9 Beijing, China Wang and Nie (2001)

10 Waterloo, Ontario, Canada McBean and Fortin (1993)

11 Ankara, Turkey Keser et al. (2012)

12 Washington DC, USA Joutz (1996)

13 Vienna, Austria Bach et al. (2004)
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Khan and Burney (1989) used multiple linear regressions to quantify the impact
of an individual’s income, population, population density, number of residents per
house, and GDP on the composition of the solid waste. Grossman et al. (1974) used
population, income level, and the dwelling unit size for predicting SW generation
by linear regression analysis. Hockett et al. (1995) developed a linear regression
model to determine the effects of demographic, economic, and structural factors
on per capita SW generation rates. They also evaluated the specific contribution of
retail sales to the generation of waste in the southeastern region of the U.S.A. They
concluded that retail sales and waste disposal fees are important factors that
determine waste generation rates while manufacturing, construction, personal
income, and degree of urbanization were not important. Benítez et al. (2008) in their
linear regression model used composition, consumption, education, household
income, and number of residents per house to determine SW generation rates. Data
in this study was collected through household sampling surveys. They developed
several multiple linear regression equations and found that the equation with 3
independent variables gave the best-fit with an R2 of 0.51. Per capita SW generation
was positively correlated to income and negatively correlated to education and
number of persons in the household. Similarly, data generated by Buenrostro et al.
(2001) in sample surveys was analyzed using multiple linear regression to predict
future solid waste generation rates while accounting for various socioeconomic
variables. For residential sources of waste, household income and size were sig-
nificant factors while numbers of working hours were significant factors for non-
residential sources of SW.

Thanh et al. (2010) developed a multiple linear regression model for Can Tho
city, the capital city of the Mekong Delta region in southern Vietnam to evaluate the
correlation between household size and household income with SW waste gener-
ation rates. In a survey of 542 municipalities, per capita SW generation rates in
Styria, Austria were found to be negatively correlated to household size, illegal use
of waste as fuel, and per capita municipal tax which is an indirect indicator of the
per capita income of the municipality (Lebersorger et al. 2011). Multiple linear
regression analysis of data for China showed that total MSW generation rates were
directly proportionate to the urban population and GDP with an r2 value of 0.9858
(Wang and Nie 2001).

Econometric Forecasting Methods (EFM)

“An econometric model is one of the tools economists use to forecast future
developments in the economy. In the simplest terms, econometricians measure past
relationships among such variables as consumer spending, household income, tax
and interest rates, employment, and the like, and then try to forecast how changes in
some variables will affect the future course of others” Hymans (2008). In SWM,
economic factors are of major significance and forecasting generation rates must
account for these factors and uncertainties associated with them. When the eco-
nomic impact of recycling is phenomenal as is the case in developing countries like
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India, socioeconomic and demographic factors acquire even greater importance and
must be included in SW generation rate forecasts. Applications of econometric
models to generate disaggregated predictions of residential solid waste loads were
presented by Grossman et al. (1974). Other methods of forecasting SW generation
rates based on economic indicators have been presented or reviewed in
IBRD-World Bank (1999), Daskalopoulos et al. (1998a), Matsunaga and Themelis
(2002), Chung and Poon (1998), Jena and Goel (2014), Goel (2008), Cherian and
Jacob (2012), and Viswanathan (2006). Some publications reviewed here are listed
in Table 7.

Since direct measurements of SW generation rates are difficult in terms of
financial and human resource inputs, several researchers have developed indirect
methods of estimating SW generation rates and economic variables are considered
one of the best ways of doing so. Gay et al. (1993) used economic sales data for
King County, Washington state, USA to develop conversion factors for estimating
SW generation rates. They validated their results using data from adjacent counties.
Based on the concept that total MSW generation is correlated to GDP and popu-
lation for a country, Daskalopoulos et al. (1998) developed a
methodology/algorithm for estimating MSW generation for any country based on
data for EU and USA. Inputs required were GDP, and population from which total
consumer expenditure and related consumer expenditure were calculated. Based on
previous data and these calculations, the total amount of MSW and MSW com-
ponents can be predicted or estimated. Chunsheng (2009) conducted a similar study
for Jinan in China. Bruvoll and Kaila (1997) developed an econometric model for
Norway’s industrial solid waste generation based on production rates or inputs of
raw materials.

A bibliometric survey of the literature (English language only) on this topic
showed 2958 results with the keywords: “economic solid waste management in
SCOPUS” (as of 6 August 2016). Of these results, 1145 publications pertained to
“models” and 92 publications were reviews. These preliminary bibliometric results
are indicative of the relatively recent but growing interest in this topic as shown in

Table 7 Summary of econometric models used for predicting SW generation rates

References Location of application Parameter used for prediction
of SW generation rates

1 Gay et al. (1993) King and adjacent counties,
Washington State, USA

Economic sales data

2 Daskalopoulos
et al. (1998)

EU (1980–93), USA (1960–1993) Total consumer expenditure
and GDP

3 Chunsheng (2009) Jinan, China, 1999–2008 Household consumer
expenditure

4 Bruvoll and
Ibenholt (1997)

Norway, industrial waste Input of raw materials,
production of goods and other
important economic variables
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Fig. 2 by the number of publications listed in SCOPUS from 1972 to 2016. Top 10
results (number of publications) associated with other bibliometric parameters such
as country of publication, institution, subject and source are summarized in
Tables 8 and 9.

System Dynamics Method (SDM)

System dynamics method enables researchers to examine interactions among
demographic, social, economic, environmental, and decision-making factors.
“System dynamics is a well-established methodology for studying and managing
complex feedback systems” (Dyson and Chang 2005). It requires constructing
unique “causal loop diagrams” or “stock and flow diagrams” like those in the
software STELLA. The advantage of system dynamic models is that they can use
past data to simulate results for the future, if consistent data are available. Several
applications of SDM have been published and some are summarized in Table 10.

Chen et al. (2012) used System Dynamics (SD) model for MSW management to
explore whether the present waste disposal capacity can meet the increasing amount
of waste generation for Singapore. The parameters which they considered were the
initial MSW generation, disposal and composition of the MSW, population,
household size, GDP, socioeconomic factors and control target (SGP 2012), landfill
capacity, incineration capacity, recycle composition and collection rate from
National Environmental Agency (NEA). Pai et al. (2014) used System Dynamics
methodology to study the impact of total population, population growth and
decline, amount of domestic waste generated and collected and collection volume
of hospital waste on the amount of solid waste generation. However, the results of
this model were not validated with real data.
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Fig. 2 Publications in the area of econometric models applied to solid waste management. Source
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Time Series Analysis (TSA)

Time series forecasting (TSA) is considered to be the most accurate method for
predicting short-term variations like assessment of seasonal effects. “There are two
main goals of time series analysis: (a) identifying the nature of the phenomenon
represented by the sequence of observations, and (b) forecasting, i.e., predicting
future values of the time series variable”.4 A list of publications pertaining to time
series analysis for predicting SW generation rates is provided in Table 11.

Estimation techniques like S-, cubic, quadratic, linear curve, etc., exponential
smoothing, Box and Jenkins method, and AutoRegressive Integrated Moving
Average (ARIMA) models have been used for forecasting SWM generation rates
(Chung 2010). Since predictions or forecasts are to be made on the basis of “time”,
the models can be run for annual, monthly or even daily intervals. According to
Chung (2010), seasonal ARIMA and nonlinear techniques produced good results in
terms of forecasting accuracy and mean relative error when daily and monthly
SWM data were collected and analyzed for seasonal and other impacts
(Navarro-Esbrí et al. 2002; Matsuto and Tanaka 1993; Katsamaki et al. 1998).
Bridgwater (1986) used the S-curve technique for predicting waste generation rates
and composition for up to 50 years.

Table 8 Top 10 countries and institutions based on number of publications

Rank Country Number of
publications

Institution Number of
publications

1 United States 228 University of Regina 49

2 China 128 North China Electric Power University 42

3 Canada 98 National Cheng Kung University 22

4 Italy 76 Danmarks Tekniske Universitet 14

5 United
Kingdom

54 Universidade Federal do Rio de
Janeiro

12

6 India 50 Universiti Kebangsaan Malaysia 12

7 Brazil 46 The Royal Institute of Technology
KTH

12

8 Sweden 46 Imperial College London 12

9 Spain 45 Universiti Teknologi Malaysia 11

10 Malaysia 38 Peking University 9

Keywords Economic solid waste management

4http://documents.software.dell.com/Statistics/Textbook/Time-Series-Analysis
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Table 9 Top 10 subjects and sources based on number of publications

Rank Subject Number of
publications

Source Number of
publications

1 Environmental
Science

811 Waste Management 145

2 Engineering 185 Resources Conservation And
Recycling

94

3 Energy 159 Waste Management And
Research

75

4 Earth and Planetary
Sciences

122 Journal Of Environmental
Management

32

5 Medicine 113 Journal Of Cleaner Production 20

6 Economics,
Econometrics and
Finance

97 Water Science And Technology 19

7 Social Sciences 85 Journal Of The Air And Waste
Management Association

16

8 Agricultural and
Biological Sciences

67 Bioresource Technology 15

9 Chemical
Engineering

60 Wit Transactions On Ecology
And The Environment

15

10 Computer Science 43 Environmental Monitoring And
Assessment

11

Keywords Economic solid waste management

Table 10 System dynamics models used for predicting SW generation rates in different locations

Location of application References

1 New York State Mashayekhi (1993)

2 Chennai Sudhir et al. (1997)

3 Berlin Karavezyris et al. (2002)

4 San Antonio, Texas, USA Dyson and Chang (2005)

5 Dhaka Sufian and Bala (2007)

6 Newark, USA Kollikkathara et al. (2010)

7 Singapore Chen et al. (2012)

8 UK Al-Khatib et al. (2015)

9 New Delhi Vivekananda and Nema (2014)

10 Palestine (Israel) Eleyan et al. (2013)

11 Hong Kong (China) Wang et al. (2013)

12 Karnatka, India Pai et al. (2014)

13 Kolkata, India Dasgupta et al. (2016)

14 Jakarta, Indonesia Chaerul et al. (2008)

15 Delhi, India Ahmad (2012)

52 S. Goel et al.



Time series analysis has several advantages (Chung 2010):

i. It is flexible, i.e., waste data measured at any meaningful interval can be used;
ii. Very few parameters are needed. In many cases, data for two variables only are

needed: time and the key variable to be predicted.

However, TSA has some serious limitations as well since it does not include
other important variables and their interactions. Predictions made with time series
analysis may also lack general application and theoretical value, i.e., they do not
always contribute to a fundamental understanding of the phenomenon.

“With time series, we can allow the dependent variable to be influenced by not
only the current values of the independent variables, but past values as well. We can
even include past values of the dependent variable. If the present can be modeled
using only the past values of the independent variables, we can start to make very
appropriate forecasting predictions.”5 Further, time series models require large
amounts of data. For example, 50–100 equally spaced observations are required for
ARIMA (Granger 1989). An ARIMA model is a combination of Autoregressive
(AR) model which shows relationships between past and present values, a random
value and a Moving Average (MA) model which shows that present values are
related to past residuals. Accuracy of ARIMA methods depends on the amount of
data available for formulating the waste trend and for validating a predicted trend.
Thus, if only annual waste data are available, then insufficient data can limit
application of TSA.

Factor Models (FM)

Factor models are based on identification of causal factors, their inter-relationships
and describing these relationships in mathematical terms so as to predict future
outcomes. For forecasting SW generation rates, this means identification of various
social, economic, and demographic factors and other explanatory variables. Thus,
factor models are more theoretically sound compared to the time series approach
(Chung 2010). The stocks and flows model used by Bergsdal et al. (2007) are a
specific form of factor models and have been used for forecasting construction
waste generation rates. With suitable modifications, it can be used to forecast

Table 11 List of locations
and references where TSA
was applied

Location of application References

1 Caruaru, Brazil Neto et al. (2016)

2 Castellón, Spain Navarro-Esbrí et al. (2002)

3 Chania, Greece Katsamaki et al. (1998)

4 Tainan, Taiwan Chang and Lin (1997)

5 Arusha City, Tanzania Mwenda et al. (2014)

5https://rpubs.com/ryankelly/tsa3
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commercial and industrial waste generation rates. Identification of valid explanatory
variables is the most challenging work for Factor models. “This is often due to
difficulties in including theoretically valid but hard-to-measure variables, such as
the level of environmental awareness of the population, waste management literacy
of the population and forms of waste policies deployed” (Chung 2010). A list of
published studies based on Factor models is provided in Table 12.

Geographical Information System (GIS) Based Method

Total SW generation rate is not sufficient information for preparing a SWM plan.
Along with the quantity of waste generated, its spatial distribution must also be
known. With this information, it is possible to develop waste management strategies
for locations where collection is most needed. Some publications based on GIS
applications for estimating solid waste generation rates are listed in Table 13.
Karadimas and Loumos (2008) used a geospatial database regarding population
densities, commercial activities, road characteristics, etc., integrated in GIS envi-
ronment to forecast MSW generation for the Municipality of Athens. Alsamawi et al.
(2009) usedGIS to forecastMSWgeneration rate for Baghdad considering population
density and GDP. Purcell andMagette (2009) used GISmethod to forecast household
and commercial biodegradable waste generation considering socioeconomic condi-
tions, household size, and existing waste generation rate for the Dublin region.

Non-conventional Models Used for Generation Forecasting

Data-driven models rely on input–output data without the need for complete per-
ception of the complex processes that they are modeling. Three data-driven models
are Artificial Neural Network (ANN), Fuzzy Logic-based model and Adaptive
Neuro-Fuzzy Inference System (ANFIS) models. Soft computing techniques that
have been successfully employed to solve the problems related to SW generation
predictions are:

Table 12 List of locations
and references where Factor
models were applied

Location of application References

1 Xiamen Island, China Xu et al. (2016)

2 Harbin, China Chu et al. (2016)

3 Xiamen, China Zhang et al. (2015)

4 Ankara, Turkey Keser et al. (2012)

5 Tehran, Iran Abdoli et al. (2011)

6 Nablus, Palestine Arafat and Arafat (2011)

7 Dublin, Ireland Purcell and Magette (2009)

8 Wisconsin, United States Rhyner and Green (1988)

9 Jeddah, Saudi Arabia Khan and Burney (1984)
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• Artificial Neural Network (ANN) method
• Fuzzy Logic (FL) Method

– Gray Dynamic Modeling (GDM) approach
– Adaptive Neuro-Fuzzy Inference Systems (ANFIS)

• Support Vector Machine (SVM) method

Artificial Neural Networks (ANN)

Complex, nonlinear events can be modeled with ANN which can make it useful for
modeling Municipal Solid Waste Management (MSWM) Systems (Liu et al. 2002;
Chi et al. 2005; Shu et al. 2006). References to some of these studies are provided
in Table 14. Jalili and Noori (2008) used feedforward neural network to predict the
weekly SW generation in Mashhad, Iran. Sudhir Kumar et al. (2011) used ANN

Table 13 List of locations and references where GIS was applied

Location of application References

1 Tennodai, Tsukuba-shi, Ibaraki, Japan Akther et al. (2016)

2 Athens, Greece Karadimas and Loumos (2008)

3 Nagpur, India Gautam and Kumar (2005)

4 Baghdad, Iraq Alsamawi et al. (2009)

5 Dublin, Ireland Purcell and Magette (2009)

Table 14 List of locations and references where ANN models were applied

Location of application References

1 Fars, Iran Azadi and Karimi-Jashni (2016)

2 Langkawi Island, Malaysia Shamshiry et al. (2014)

3 Belgrade, Serbia Antanasijević et al. (2013)

4 Tehran, Iran Ali Abdoli et al. (2012)

5 Saqqez city, Kurdistan Province Shahabi et al. (2012)

6 Malaysia Shamshiry et al. (2011)

7 Mashhad, Iran Jalili and Noori (2008)

8 Pune, India Srivastava and Nema (2005)

9 Vijayawada, India Kumar et al. (2005)

10 Wien, Austria Wieland et al. (2002)

11 Eluru, A.P, India Sudhir et al. (2011)

12 Taiwan, China Shu et al. (2006)

13 Gujarat, India Patel and Meka (2013)

14 Tehran, Iran Noori et al. (2010)

15 Anhui, China Liu et al. (2002)

16 Tokyo, Japan Antanasijevic et al. (2013)

Forecasting Solid Waste Generation Rates 55



model to predict SW generation in the Eluru city, Andhra Pradesh, India from 2010
to 2026. Tiwari et al. (2012) predicted industrial SW generation using ANN model
and then compared the value with results obtained from ANFIS model. Azadi and
Karimi-Jashni (2016) used ANN and MLR to predict SW generation rates in Fars
region of Iran.

Though ANN-based models have been successfully used in SW prediction,
Wieland et al. (2002) opined that a major shortcoming of ANN is that causal
relationships between major system components cannot be determined, and there-
fore there is no improvement in the user’s understanding of the process. Another
problem is that outputs in ANN-based models are based on the inputs. In cases
where the opposite is needed, i.e., deriving inputs leading to a given output, neural
networks cannot be used (Tiwari et al. (2012). However, algorithms for deriving
qualitative rules from these models can be developed (Wieland et al. 2002).

Fuzzy Logic (FL)

Methods like ANN using input–output data require a complete database. In many
cases, administrative authorities do not have a complete database of parameters
affecting SW generation, SW quantity, and characteristics due to insufficient
financial and human resources. Under these conditions, SW generation rate fore-
casting is dependent on subjective criteria and the weights of these factors are
normally expressed in linguistic terms. Hence for such situations fuzzy logic is most
suitable. Previous studies have indicated that the fuzzy set theory is more conve-
nient and practical in accounting for uncertainties due to vagueness or fuzziness
rather than randomness alone (Xi et al. 2008). Studies predicting solid waste
generation rates based on fuzzy logic or fuzzy methods are listed in Table 15.

Adaptive Network-based Fuzzy Inference System (ANFIS)
Jang (1993) proposed a method called the Adaptive Network-based Fuzzy

Inference System (ANFIS) by combining ANN and fuzzy systems. ANFIS models
(Noori et al. 2009a) have become popular because:

Table 15 List of references and locations where Fuzzy Logic methods were applied

Location of application References

1 Athens, Greece Karadimas and Orsoni (2006)

2 Tainan, Taiwan Chen and Chang (2000)

3 Palermo, Italy Raimondi et al. (1997)

4 Columbia, USA Zeng and Trauth (2005)

5 Berlin, Germany Karavezyris et al. (2002)

6 Berkeley, California Jang (1993)

7 Baranagar, W. Bengal, India Bardhan (2015)

8 Northern India Khan and Farooqui (2012)
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i. they can be used for calibrating nonlinear relationships,
ii. they claim to be more efficient and accurate than conventional modeling

techniques, and
iii. they can capture large amounts of nonlinear and noisy data, even when no

physical or causal relationships are apparent (Beigl et al. 2008).
iv. Other associated benefits include improvement of model performance, and

improvement in ability to predict outcomes through comprehensive boot-
strapping operations (Openshaw and Openshaw 1997). Also, it can be used for
short-, medium-, and long-term forecasting (Mordjaoui and Boudjema 2011).

For these reasons, ANFIS models have become popular for simulating envi-
ronmental processes and several applications have been reported (Noori et al.
2009a; Tiwari et al. 2012) and are listed in Table 16.

Gray Dynamic Modeling (GDM)
Gray Dynamic Modeling is another method for forecasting issues in an uncertain

environment. Applications of GDM to SW generation prediction are provided in
Table 17. The Gray Fuzzy Integer Programming (GFIP) approach was developed
by Huang et al. (2005) to deal with a solid waste management problem in Canada.
Chen and Chang (2000) used gray fuzzy dynamic modeling for predicting SW
generation rates in urban areas. Gray fuzzy dynamic modeling helps in minimizing
differences between predicted values and observed values. Karadimas and Orsoni
(2006) used fuzzy logic based modelin combination with GIS to forecast MSW
generation rate in a small part of Athens. Oumarou et al. (2012) used fuzzy logic
based modeling approach to predict MSW generation rates of Nigeria and recovery
and recycling potential of SW.

Support Vector Machine (SVM) Method

“Models which have too many predictors and are of higher order polynomials begin
to model the random noise in the data leading to a condition known as ‘overfitting
the model.’”6 Overfitting during training, assignment of correct membership
function, difficulty in determining network architecture, poor performance are some
of the disadvantages of ANN, Fuzzy logic-based and ANFIS models. Support

Table 16 List of references
and locations where
fuzzy-based methods like
ANFIS were applied

Location of application References

1 Selangor, Malaysia Younes et al. (2015)

2 Tamil Nadu, India Arumugam et al. (2014)

3 Tehran, Iran Noori et al. (2009a)

4 Durg-Bhilai Twin City, India Tiwari et al. (2012)

6Wikipedia, 2016. Retrieved from https://en.wikipedia.org/wiki/Overfitting [9 August 2016].
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Vector Machine (SVM) method is proposed for regression and classification pur-
poses (Noori et al. 2009b). SVM is widely applicable and is less prone to overfitting
unlike many other models. Further, SVM simultaneously minimizes error estimates
and model dimensions unlike principal component analysis which only reduces the
dimensionality of the model (Li et al. 2010). Therefore, several researchers now use
SVM method to predict SW generation (Noori et al. 2009b; Abbasi et al. 2013).
Table 18 summarizes some of the models that have been used so far for SW
generation forecasting.

Evaluation of Model Performance

The performance of all models needs to be evaluated by comparing their outputs
with real data. Many different parameters have been used to evaluate model per-
formance. The most common parameters are the correlation coefficient (R), the
coefficient of determination (R2), root-mean-square error (RMSE), and mean
absolute error (MAE). Definitions and equations for these are available in standard
statistics textbooks.

Summary

Various factors affecting SW generation rates, models, and methods for predicting
or forecasting SW generation rates have been reviewed in this chapter. Some of the
models are static while others are dynamic. Some models are deterministic while
others are probabilistic or stochastic. Models and methods have been categorized as
conventional, i.e., those based on traditional methods and non-conventional for
models based on soft computing methods and are described in this chapter.

Table 17 List of references
and locations where gray
dynamic models were applied

Location of application References

1 Thailand Intharathirat et al. (2015)

2 Beijing, China Ying et al. (2011)

3 Xiamen city, China Xu et al. (2013)

4 Shangai city, China Liu and Yu (2007)

5 Hypothetical scenario Huang et al. (2005)

Table 18 List of references
and locations where SVM
methods were applied

Location of application References

1 Tehran, Iran Abbasi et al. (2013)

2 Tehran, Iran Abbasi et al. (2013)

3 Mashhad, Iran Noori et al. (2009b)
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Shale Gas: Hydrofracking, its Effects
and Possible Remediation

Waheed Gbenga Akande

Abstract Unconventional petroleum and natural gases such as shale oils and shale
gases have been considered in recent times as the alternative energy sources to
augment global conventional petroleum reserve to keep pace with global energy
demand considering enormous reserves of these resources all over the world. The
United States of America is the pioneer in unconventional petroleum exploration,
development, and production, and the lessons learnt in the US are now being
transferred to other parts of the world to develop their unconventional petroleum
resources. Horizontal drilling and hydraulic fracturing (hydrofracking or hydrofrac)
are the emerging technologies to exploit gas shale resources. Hydraulic fracturing
operations for shale gas production have certain effects such as surface water and
groundwater contaminations, undue pressure on public water supply, greenhouse
gas emissions, and seismic events on the local environments, man, ecosystems, and
groundwater systems; and the severity of these impacts depends on chemical
composition of shales/shale gases, wellbore integrity, chemicals used in fracking
fluids and management of various stages of shale gas development and production.
It is suggested as a remediation measure that the environmental impact assessment
(EIA) should be carried out by interested companies in shale gas business and their
reports submitted at an early exploration stage to the host government or relevant
agencies. Environmental-related legislation and regulation as well as safety
guidelines for drilling and production of shale gas such as disclosure of chemicals
in fracking fluids should be enforced. Intensive and collaborative researches should
be supported by various energy stakeholders such as governments, academia, shale
gas prospectors, and non-governmental organizations (NGOs) to understand the
chemical constituents of shale deposits and shale gases, monitor the impacts of
shale gas extraction on the groundwater system, and determine possible connection
between hydrofracking and seismic events. It is concluded that with this intensified
research into shale gas exploration, development and production in mind, better
technologies which are more environmentally friendly to exploit gas shale assets
will soon emerge.
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Introduction

The current trend in decline in global petroleum reserve and inability of the con-
ventional petroleum and natural gases to keep pace with global energy demands has
necessitated looking for other alternative energy sources. Recently, this has made oil
and gas industries, academia, researchers, and governments across the globe to
intensify their efforts in real-time investments in unconventional petroleum sources
such as shale oils and shale gases. These efforts are justified considering the proved
enormous reserves of unconventional petroleum in many parts of the world such as in
the United States of America, European countries, and even now in developing
nations. The United States of America has been in forefront in the business of
unconventional petroleum with the giant strides to develop the resource beginning as
far back as the late 1970s (Wang andKrupnick 2013). Shale gas production accounted
for only 1.4 % (approx. 7.6 billion cubic meters, 7.6 bcm) of total US natural gas
production in 1990 (EIA 2010), 1.6 % in 2000 (Wang and Krupnick 2013), 4.1 % by
2005 (Wang and Krupnick 2013), 14.3 % (93 bcm) in 2009 (EIA 2010b), and
skyrocketed to an astonishing 23.1 % by 2010 (Wang and Krupnick 2013). This
remarkable growth of shale gas development and production in the United States
remains an impetus for increasing interest in exploring shale resources in other parts
of the globe. A number of countries, including China, Mexico, Argentina (Gonzalez
2012; Orihuela 2012), Poland, India, and Australia (IEA 2012) are currently
considering or are in the process of developing their own shale gas resources (Wang
and Krupnick 2013).

Shale gas has been defined as a natural gas that is trapped within fractures and
pore spaces within fine-grained sedimentary shale rocks (Llewellyn 2009). As
opposed to conventional petroleum where we have independent petroleum sources
(source rocks) and reservoirs, and the petroleum expulsion and migration take place
from the former into the latter; hydrocarbons mainly natural gas of predominantly
methane composition are only stored in the matrix of unconventional petroleum
sources (shales).

Shale gas is one of the unconventional petroleum sources (others being coal bed
methane, CBM, shale oil, tar sands, gas hydrates, tight gas, etc.) that currently
attract attention to increase global petroleum reserve base. Shale gas extraction and
its operational requirements are to some extent slightly different from those of other
unconventional petroleum sources. The advances in technologies have revolu-
tionized the way shale gas extraction is now being carried out worldwide. Hydraulic
fracturing, hydrofracking or hydrofrac, has become an emerging technology that is
now being employed for shale gas extraction. This chapter looks into the aspect of
shale gas extraction using hydrofracking, its effects on man, local environments,
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and the ecosystem in the shale gas fields arising from both natural and mechanical
defects during methane gas extraction, possible environmental implications and
remediations.

Principle of Hydrofracking and Shale Gas Extraction

The principle of hydrofracking is based on creation of macrofractures in shale
source rocks to connect pores, fissures, and microfractures thereby making
migration and flow of shale gas to the wellbore possible. Two complementary
drilling techniques have been identified and are now in use for shale gas extraction,
and these are horizontal drilling and hydraulic fracturing (Fig. 1). These techniques
are in addition to traditional vertical well drilling which the operation normally
starts with. Figure 2 shows different components of a modern shale gas well.

According to the Tyndall Centre (2011), these drilling techniques are used in
combination with one another to extract shale gas and they are briefly explained
below:

Fig. 1 Diagram of horizontal fracking (Source EPA)
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Horizontal drilling is used to provide greater access to the gas trapped deep in the producing
formation. At the desired depth, the drill bit is turned to bore a well that stretches through
the reservoir horizontally, exposing the well to more of the producing shale;

Hydraulic fracturing is where fluid (water, sand, and other substances) are pumped into the
well at pressure to create and increase fractures in the rock. These fractures start at the
injection well and can extend a few hundred metres into the reservoir rock. A material such
as sand holds the fractures open, allowing hydrocarbons to flow into the reservoir rock.
Between 15 and 80 % of the injected fluids are recovered at the surface. Fluid that returns
to the surface is captured, treated and disposed of and gas that flows to the surface is
captured and used for electricity generation or is put into the mains supply. It is also
possible to ‘frack’ a well several times in its lifetime to increase yield.

In shale gas extraction, the injected fracturing fluid which is usually water-based
with small amounts of silica (sand) or similar particulate matter are normally
introduced into the source bed (target formation) so as to prop open the fractures.
The fractures may be in order of a few micrometers in width and usually limited in
length to a few tens of meters. Upon creation of an artificial fracture, individual
molecules of shale gas that are far away from the well can find their way to the
fractures, and once there, can migrate quickly through the fractures to the wellbore

Fig. 2 Typical modern design of shale gas well (based on Cuadrilla design 2012)
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(Fig. 3). Further details of hydraulic fracturing operations can be found in API
Guidance Document HF1 (2009).

Effects of Hydrofracking Process

The resulting effects of the operations involved in shale gas extraction on man and
ecosystems as well as groundwater systems depend on certain factors. The most
important of these is the chemical composition of the source rocks (shales). Source
composition is also dependent on the depositional environments ranging from
continental through lacustrine to marine environments. For instance, marine shales
are likely to be richer in sulfur than lacustrine shales; and this will have a significant
effect on the fracturing environment and ecosystems. Thus, the compositions of
shales and resulting shale gas could vary widely. Hydraulic fracturing fluid com-
positions and the manner in which the resulting wastewater is managed and dis-
posed are other key factors. The overall management of all the phases involved in
shale gas extraction, development, and production is also critical. These factors may
cause hydrofracking operations to pose serious problems to man, ecosystems, and
groundwater systems.

Fig. 3 Illustration of a fractured and a nonfractured well. The top portion of the figure shows
“traditional” nonfractured well, where the red arrows represent the flow of fluid to the circle which
represents the well. The bottom part depicts that by creating an artificial fracture, individual
molecules that are a long distance from the well can find their way to the fracture, and ultimately
travel quickly through the fracture to the well (API Guidance Document HF1, 2009)
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Although hydraulic fracturing has been described as an established technology
(The Royal Society and the Royal Academy of Engineering 2012), concerns have
been expressed that the extraction of unconventional gas through this process may
be detrimental to both the environment and local communities (Tyndall Centre
2011). A number of possible environmental impacts have been identified and these
are discussed below.

Environmental Impacts Related to Water Used in Shale Gas
Operations

It has been reported that shale gas development requires large volumes of water (e.g.,
Tyndall Centre 2011). It follows that in the regions where the water resource is not
readily adequate shale gas exploration may put the resource under pressure. As the
technology for shale gas development is being exported to the developing countries
where in most cases water supply is grossly inadequate, the activity may further
reduce the volumes of water available to people for their various daily needs. Access
to water sources is likely to become more of a constraint for operators in arid regions
in particular facing growing depletion of water resources, and in areas where water
flows and availability follow seasonal variations (Stark et al. 2012).

Environmental impacts associated with water and drilling operations include
cross-contamination of underground aquifers due to poor borehole construction
when the integrity of wellbore casing is compromised; pollution from an unexpected
release of gas or fracturing fluids (especially surfactants, biocides, and mineral acid
for acidizing process) into other parts of the water environment can adversely affect
animals and ecosystems due to their toxic nature; and surface contamination from the
uncontrolled disposal of liquid (wastewater) or solid waste containing potentially
harmful substances; and abstraction of uncontrolled volumes of water which could
lead to an unacceptable impact on the water environment and its ecosystems.

According to Stamford and Azapagic (2014), although the impacts of fracking
fluids on groundwater system is still a matter of debate in the literature, the impacts
from fracking fluid are centered on the potential contamination of groundwater
owing to accidents and/or malpractice. This could involve contamination with
fracking fluid components or naturally occurring substances that have been mobi-
lized by the extraction process, such as heavy metals (Stamford and Azapagic 2014).

Environmental Impacts Related to Induced Seismic Events

The fracturing operations for shale gas exploration have also been suspected to be
related to the occurrences of low magnitude seismic events such as earthquakes.
A good example in this regard was a recent report produced for the Department of
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Energy and Climate Change (DECC) in 2012 which concluded that the seismic
events recorded at Preese Hall in Lancashire were directly connected to the frac-
turing operations. Stamford and Azapagic (2014) also reported that in the UK,
low-intensity earthquakes (measuring 2.3 and 1.5 on the Richter scale) were
observed in April 2011 due to fracking in North West England which led the
government to suspend shale gas extraction nationally from May 2011 to December
2012, because there was an impression that the seismic event was attributable to
hydraulic fracturing. Though real data evidences are to yet be provided by the
researchers or seismologists in this field, presupposed induced seismic events could
cause damage to facilities and even death depending on the severity of the events.

Environmental Impacts Related to Greenhouse Gas
Emissions

Shale gas exploitation and production activities have a potential for increased
greenhouse gas emissions from fugitive releases. The role of methane gas in
greenhouse and global warming phenomena is often underrated compared to carbon
dioxide. However, methane could be a more potent greenhouse gas than carbon
dioxide. It has been reported that fugitive releases of methane during shale gas
operations is higher than those of conventional gas but less than from coal, and this
observation awaits empirical data to substantiate it (EU Report for European
Commission 2012). Related to this is the impact of the shale gas compositions. Shale
gases containing appreciable amounts of sulfur or hydrogen sulfide and nitrogen can
be oxidized into respective acids thereby causing havocs to facilities especially if
they are designed by not taking this factor into consideration. In addition, if these
gases are dissolved in or exsolved into the groundwater, they are capable of con-
taminating the water or increasing the acidity of the aquifer systems. Finally, if they
find their way into the Earth’s atmosphere they play a role of greenhouse gases in the
form of oxides of sulfur (e.g., SO2) and nitrogen (e.g., NO2).

Remediations

In order to nip the environmental impacts of shale gas exploitation, development,
and production in the bud, the environmental impact assessment (EIA) of the shale
gas development on sites is critical. It is the role of the host government and its
agencies, and other relevant stakeholders in environmental-related matters to
request for the EIA Reports from the companies licensed with shale gas plays at an
early exploration stage before actual development and production commence.
These government agencies should mandate the shale gas operators to disclose the
chemicals of the fracturing fluids. This is already a common practice in the United
States of America and some European countries (e.g., Poland now makes fracking
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fluid chemicals disclosure mandatory). Although currently not obligated, operators
in South Africa are committed to voluntarily disclose the chemicals used in
hydrofracking and it is expected that in the near future, many other countries
especially China and Argentina shall embrace some level of disclosure (Stark et al.
2012).

An adequate knowledge of the chemical composition of the shale deposits is
very paramount to prediction of the compositionally related impacts of shale gas
exploitation on man, ecosystems, and groundwater systems and this has to be
established. The shale gas fields should be put into the regional geology context in
order to understand the depositional environment of the shale source beds. This
should also be approached through chemical analysis of the shale formations. The
analytical results from the chemical analysis also have certain implications for shale
gas development such as shale gas well design and completion.

With respect to the disposal of excess fracturing fluid and residual fluids pro-
duced during shale gas production, wastewater ponds should be discouraged while
closed metal tanks should be made available for temporary storage of wastewater
before it is treated for disposal or reuse. This is because the wastewater ponds and
open pits can lead to local environmental damage should the pits overflow in the
event of heavy rainfall (POSTNOTE 374 April 2011). Closed metal tanks are now
made compulsory for temporary storage of wastewater in the UK (The Royal
Society and the Royal Academy of Engineering 2012). It is currently agreed that
shale gas extraction process requires huge quantities of water. In order to lessen this
burden on public water supply, researchers should continue to advance the tech-
nology (hydraulic fracturing) for shale gas exploitation to reduce its water
requirement. Appropriate legislation and regulation should be put in place to deter
fugitive emissions which are potential greenhouse gases during drilling and pro-
duction of shale gases. Finally, the governments, academia, shale gas prospectors,
energy operators, and non-governmental organizations (NGOs) should support and
fund researches on the possible linkage between shale gas exploitation activities
and seismic events.

Conclusions

This chapter appraised hydraulic fracturing as an emerging technique for shale gas
exploitation and development and the effects of the overall processes on the local
inhabitants, man, ecosystems as well as surface and groundwater systems. The
identified effects of hydrofracking include pressure on public water supply and
surface water, groundwater pollution or contaminations from wastewater and
residual fracking fluids, release of fugitive gases which are potential sources of
greenhouse gases into the Earth’s atmosphere, and seismic events.

It is suggested as a remediation measure that the environmental impact assess-
ment (EIA) should be carried out by the companies licensed to develop gas shale
deposits and their reports submitted at an early exploration stage to the host
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government or relevant agencies, and this has to be concluded before actual
development and production of shale gas begins. Legislation and regulation and
safety guidelines for drilling and production of shale gas such as chemical in
fracking fluids disclosure should be enforced. Researches should be supported by
various stakeholders such as governments, academia, shale gas prospectors, energy
operators, and non-governmental organizations (NGOs) to understand the chemical
constituents of shale deposits and shale gases, monitor the influence of shale gas
exploitation on the groundwater system, and determine possible connection
between hydrofracturing and seismic events. It is believed that with dogged
researches to review and advance the current hydraulic fracturing technique, better
technologies which are more environmentally friendly to exploit gas shale assets
will soon emerge.
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Characterization and Monitoring of Solid
Waste Disposal Sites Using Geophysical
Methods: Current Applications and Novel
Trends

Pantelis Soupios and Dimitrios Ntarlagiannis

Abstract Landfilling remains the most attractive waste management method for
solid waste. Although not the most efficient and environmental-friendly option,
landfills offer a cost-efficient solution compared to other alternatives. For any
landfill to be successful site selection, construction, operation, and post-closure
monitoring is critical. Synergistic use of geophysical methods and traditional point
sampling (e.g., borehole sampling) allows for high resolution characterization and
monitoring of landfills during all stages of operation; from guided site selection, to
construction integrity and waste characterization, to leachate recirculation and leak
monitoring. Geophysical methods offer advantages, such as high temporal and
spatial resolution, non (or minimally) invasive and cost-efficient operation, ren-
dering them a very powerful tool for characterization, and long-term monitoring of
waste disposal sites. Since geophysical methods involve the indirect imaging of the
subsurface cautious implementation, including direct sampling, is needed for suc-
cessful application. Multiple geophysical methods have been shown to be suitable
for landfill characterization and monitoring. Electrical (resistivity, induced polar-
ization, and self potential) and electromagnetic (transient electromagnetic methods,
ground penetrating) are the common geophysical methods employed in waste
management operations due to the increased conductivity of waste and leachate.
Seismic methodologies can also be used to describe subsurface geology and pos-
sible waste horizons. In certain cases, magnetic measurements can also be used for
the monitoring and characterization of landfills. Typically, geophysical methods are
used to:

• spatially delineate landfills and define landfill geometry,
• monitor and characterize the spatial distribution of moisture, gas content, and

leachate inside landfills,
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• identify classes of buried waste based on material composition,
• monitor the integrity of the liner, and
• identify and monitor leachate leaks, and the associated contamination plumes.

With this chapter we aim to introduce common geophysical methods and provide
examples for application in landfills. For the geophysical methods of interest the
basics principles, along with up to date references are provided, and the advantages
and limitations for waste management operations are discussed.

Introduction

Integrated waste management (IWM) can be defined as the selection and applica-
tion of suitable techniques, technologies, and management programs to achieve
specific waste management objectives and goals (Tchobanoglou and Kreith 2002).
Although the specific objectives and approaches of IWM might differ, the primary
target is to reduce the amount of solid waste end in landfills through waste
reduction, reuse, recycling, and waste to energy programs. Solid waste management
is a complicated process that starts with the proper site selection, and ends with
post-closure monitoring that extents long after (decades) the closure of the landfill.
Geophysical methods can be used in all stages of landfill operation to provide high
resolution characterization and or monitoring. In most cases geophysical methods
are used to provide information on the geometrical characteristics of the repository,
and indirect information on the physiochemical properties of the infill (solid and
leachate) (Tsourlos et al. 2014).

Site Selection and Landfill Construction

Geophysical surveys have been proven to be successful in the landfill site selec-
tion stage (Benson 1988). Geophysical characterization can identify areas that are
not suitable for landfill construction due to geology (e.g., faults, fracture zones),
former mining operations, karst, and high permeable formations. During site con-
struction geophysical methods can be used to confirm the integrity of the con-
tainment basin and impermeable liners.

Leachate Monitoring

The most commonly used solid waste classification system separates the waste in
three categories (Table 1) with the majority of the landfills designed for municipal
solid waste (MSW). MSW is defined as the waste that comes from residential,
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commercial, institutional, and some industrial sources, but exclude hazardous
materials. Although MSW appears to be free of dangerous materials, in reality very
often contains toxic, and other unsafe, substances. In some instances, the discarded
objects might be safe in the original form, but after the deposition in landfills they
can become toxic, or release toxic byproducts, due to decomposition or degradation
processes. The toxic chemicals can then be mixed with the available water and form
the landfill leachate. Landfill leachate can pose a significant environmental and
ecological risk, and in some cases even threaten human health. The most common
leachate contamination incidents are the result of [a] poorly constructed and/or
managed landfill, (Benson et al. 1988; Robinson and Gronow 1995; Hix 1998;
Statom et al. 2004), [b] illegal landfills and dumping sites, [c] lack of regulation and
enforcement policies (Piratoba Morales and Fenzi 2000; Ntarlagiannis et al. 2016).

To minimize the contamination risk in landfills the implementation of a com-
prehensive monitoring system is of paramount importance. A properly operated
monitoring system can capture any leaks early in time, and prevent extensive
damage. In older, typically unlined, landfills the use of a monitoring system is even
more important. We should emphasize the landfill monitoring system should stay in
place for decades after landfill closure, until the degradation and decomposition
processes cease.

Landfill Dynamic Monitoring

During landfill operation geophysical methods offer the spatial and temporal res-
olution needed to provide information on the main elements of landfills. For
example information on boundaries and nature of waste, the depth/thickness and
dip of the layers of refuse and sealing materials, the integrity and shape of the
capping zones or separating walls and basal floor slopes can be retrieved; fur-
thermore continuous information on leachate, moisture and gas content can be
collected, allowing the more efficient operation of bioreactor landfills (Carpenter
et al. 1991; Aristodemou and Thomas-Betts 2000; Meju 2000a, b).

Illegal and Abandoned Landfills

Waste disposal sites, especially older ones, are not always properly constructed and
monitored; in many cases there are illegal landfills in unknown locations and with

Table 1 Classification of
landfills based on waste (from
Tchobanoglou and Kreith
2002)

Class Type of waste

I Hazardous waste

II Designated waste

III Municipal solid waste (MSW)
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unknown characteristics. Geophysical methods can be utilized in such cases to
identify and characterize such waste disposal sites. In case of old, abandoned
landfills historical information regarding the waste and construction might be
missing; geophysical methods can be used to map the waste, and identify leachate
pooling and leaks; in some cases, the waste class might be identified. In case of
illegal landfills, geophysical methods can first identify the location, and then try to
provide information on subsurface characteristics. We should always keep in mind
that geophysical methods provide indirect information, so direct sampling could
significantly enhance interpretation.

The complexity of the phenomena linked to waste disposal sites necessitates the
synergistic use of a variety of characterization and monitoring methods, with
geophysical tools playing an important role. Established direct sampling (e.g.,
borehole sampling) are required for providing detailed and accurate information on
waste status and processes. Such information is typically sparse (in space and time);
geophysical methods can be then utilized to provide a complete subsurface image of
landfill status by constraining the spatially and temporally extensive—even con-
tinuous—geophysical data with the detailed direct sampling ones.

Geophysical Methods

Electrical and electromagnetic methods are the most popular geophysical methods
used in waste management operations due to their sensitivity in conductivity con-
trasts; such contrasts are very common in waste deposition sites due to mixed waste,
and leachate formation (Meju 2000b; Tsourlos et al. 2014). Common electrical
methods (geoelectrical) employed in landfill studies are the direct current
(DC) resistivity, induced polarization, (IP) and self potential (SP) (e.g., Naudet 2003a;
Rubin and Hubbard 2005; Arora et al. 2007; Soupios et al. 2007a, b, 2008; Grellier
et al. 2008; Reynolds 2011; Gazoty et al. 2012; Kemna et al. 2012; Revil et al. 2012b;
Belghazal et al. 2013; Tsourlos et al. 2014;Genelle et al. 2014;Vargemezis et al. 2015;
Wang et al. 2015; Çınar et al. 2016; Konstantaki 2016). Common EM methods
include transient electromagnetic (TEM), radio- or audio-frequency magnetotelluric
(RMT/AMT) (Mack andMaus 1986; Tezkan et al. 1996;Meju 2000b; Belghazal et al.
2013; Belmonte-jiménez et al. 2014). Furthermore ground penetrating radar
(GPR) and seismic methods can be used to characterize subsurface boundaries and
other structural features, including geological ones (Pellerin 2002; Porsani et al. 2004;
Rubin and Hubbard 2005; Shemang et al. 2011; Wang et al. 2015). Finally, magnetic
surveys can be utilized in cases where ferromagnetic objects are buried (e.g., drums)
(Meju 2000b; Prezzi et al. 2005;Huliselan et al. 2010;Belghazal et al. 2013;Almadani
et al. 2015) while gravimetric ones can be used when density contrasts are present
(Whiteley and Jewell 1992).

In the next sections we will briefly describe the principles of common geo-
physical methods, provide references for in depth study, and discuss case studies of
applications in environmental waste management.
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Surface Applications

Electrical Resistivity Imaging (ERI)

Electrical resistivity imaging (ERI) aims at determining the spatial distribution of
resistivity ρ in the subsurface, typically with the use of four electrode measurements
(Rubin and Hubbard 2005). One pair of electrodes is used for current injection and
a pair of electrodes is used to measure the potential difference (Reynolds 2011).
Multichannel ERI systems allow for the simultaneous measurement of multiple
pairs of potential electrodes; most modern instruments allow the automated
acquisition of a sequence of measurements, permitting the creation of 2D, and even
3D, images of the subsurface apparent resistivity (Rubin and Hubbard 2005; Çınar
et al. 2016; Konstantaki 2016; Ntarlagiannis et al. 2016). Inverse methods can be
used to determine the true subsurface resistivity image (Rubin and Hubbard 2005).

A variety of standard electrode configurations have been developed over the
years that offer different survey characteristics and can be suited for different
applications; in addition, custom made sequences can be utilized that address the
specific objectives of the project (Rubin and Hubbard 2005; Reynolds 2011;
Tsourlos et al. 2014). ERI measurements are acquired at various electrode spacing
and positions to provide information at various lateral and vertical locations of the
study area. Typical applications of the ERI methods involve characterization and
monitoring for saltwater and contaminant plumes (Mack and Maus 1986; Slater
et al. 2000; Slater 2007; Heenan et al. 2015; Ntarlagiannis et al. 2016), mapping and
characterization of buried waste, characterization of engineered structures (e.g.,
landfill boundaries) (Tsourlos et al. 2014), geological characterization (Robinson
et al. 2015a, b), and leak detection and monitoring (Johnson and Wellman 2015).

Time Domain-Induced Polarization (IP)

The induced polarization (IP) method is a natural extension of the resistivity
methods whereas not only the resistive, but also the capacitive properties of the
earth are measured (Rubin and Hubbard 2005; Reynolds 2011). In certain cases, IP
surveys offer additional information about the subsurface, while in general it is
more time consuming than ERI; it should be highlighted that during IP surveys ERI
data are inherently collected.

Field application of the IP method is similar to the ERI method, where four
electrodes are used (two for current injection, and two for potential measurement);
additional care should be taken to utilize electrode configurations that provide high
S/N ratio, and maintain good contact with the ground (e.g., Mwakanyamale et al.
2012). In addition to the voltage difference measured during ERI surveys, in an IP
survey the voltage decay with time, after current injection is stopped, is measured.
The recorded gradual voltage decrease is a complex function of charge polarization
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at the interfaces (e.g., fluid-grain) and charge conduction within the fluid and along
the grain (Rubin and Hubbard 2005). The IP method has its origins from ore
prospecting, specifically for disseminated metallic minerals (Reynolds 2011;
Kemna et al. 2012). Advances in instrumentation, along with better understanding
of the underlying processes, led to the resurrection of the IP method in the past
couple of decades; IP is now more routinely used in environmental, and other near
surface geophysical applications, due to the unique sensitivity in interfacial pro-
cesses (Rubin and Hubbard 2005; Kemna et al. 2012; Revil et al. 2012b;
Abdulrahman et al. 2016; Günther and Martin 2016; Ntarlagiannis et al. 2016).

Self Potential (SP)

Self potential (SP), also known as spontaneous potential, is a passive geophysical
method that measures naturally occurring electrical field in earth. SP involves only
the use of two, or more, nonpolarizable electrodes (Petiau 2000; Linde et al. 2011);
no active signal source is used, as implied by the term ‘passive’. SP signals can be
caused by multiple processes such as electrokinetic mechanisms (Revil et al. 2003,
2012b), temperature gradients (Reynolds 2011; Revil et al. 2012a), and electro-
chemical mechanisms (Naudet 2003a; Revil 2003; Reynolds 2011); there is still
some uncertainty on the exact physical processes associated with SP signal gen-
eration (Reynolds 2011).

Common applications of the SP method involve groundwater movement mon-
itoring, cave detection, sinkhole mapping, contaminant delineation, and
leak/seepage detection (e.g., dams) (Rozycki et al. 2006; Suski et al. 2006; Arora
et al. 2007). Recently the use of the SP method has been suggested for monitoring
microbial processes in the subsurface (Naudet 2003a; Arora et al. 2007; Revil et al.
2010); the proposed model is analogous to the classic geobattery model (Sato and
Mooney 1960), but the signal generating processes are biotically driven.
Limitations of the SP method are sensitivity to cultural geophysical noise, multiple
signal sources, use of specialized electrodes, and difficulties with data processing
and interpretation (Reynolds 2011).

Refraction Seismic (RrS)

Seismic refraction is a geophysical method that allows subsurface reconstruction
based on the travel properties of P- or S-waves (ASTM 2006; Reynolds 2011).
Seismic P- and S-waves generated typically on the surface, then propagate through
the soil and rock; a seismograph then is used, along with specific sensors (termed
geophones) at known distances from the source, to record the P and S waves.
Depths to different layers, and P and S velocities can then be calculated based on
recorded arrival times. In general, the refraction method assumes that velocity of the
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layers increases with depth, thickness of the layers is adequate (depends on survey
parameters), and the velocity contrast between layers is sufficient. Common
applications of the method include depth to bedrock, geological strata thickness,
and subsurface structure characterization. Additionally, several geotechnical
parameters and in situ elastic moduli (i.e., bulk and shear modulus, poisson ratio,
etc.) can be estimated from RrS (Doll et al. 1996; Soupios et al. 2007a; Almadani
et al. 2015; Wijesekara et al. 2015; Benson and Yuhr 2016; Valois et al. 2016).

RrS measurements are sensitive to acoustic noise and vibrations. In cases of low
velocity layers which violate the basic assumption of conventional refraction
seismic, the refraction tomography method should be applied. For higher resolution,
the seismic reflection method can be applied. The primary application of seismic
reflection method is the accurate determination of depth and thickness of geologic
strata in complex structural environment.

Multichannel Analysis of Surface Waves (MASW)
and Spectral Analysis of Surface Waves (SASW)

The MASW and SASW are relatively new in situ seismic methods for determining
shear wave velocity profiles. The basis of the methods are the dispersive charac-
teristic of Rayleigh waves when traveling through a layered medium. The Rayleigh
wave velocity is determined by the material properties (primarily shear wave
velocity, but also compression wave velocity and material density) of the subsur-
face to a depth of approximately 1–2 wavelengths. Longer wavelengths penetrate
deeper and their velocity is affected by the material properties at greater depth. The
MASW/SASW methods have significant advantages. The near surface (top 10 m)
resolution is typically greater than with other methods. Testing is performed at the
ground surface, allowing for a less costly measurement than those carried out with
the conventional seismic methods (refraction and reflection). The MASW/SASW
testing can be used to obtain Vs profiles for earthquake site response of waste
disposal sites and determine soil and rock elastic properties (Greenwood et al. 2015;
Yin et al. 2015; Anbazhagan et al. 2016; Gouveia et al. 2016; Ramaiah et al. 2016).

Horizontal to Vertical Spectral Ratio (HVSR)

The usefulness of microtremor (HVSR) measurements as a geophysical tool has
been presented by Delgado (Delgado et al. 2000b). The method relies on the
relationship between [a] the main resonance frequency (f) of a given soil as
obtained from the HVSR of microtremors, [b] its thickness (z) as estimated from
other geophysical methods (e.g., ERI, RrS) and [c] the average shear velocity
(Vs) according to the following equation:
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f ¼ Vs=4z ð1Þ

HSVR is primarily used for seismic hazard mitigation through seismic response
analysis of the waste deposition site that could allow prediction of seismic dis-
placements of cover sliding (Zekkos 2005). Applications of the HSVR method,
including studies for waste management sites, have been implemented by multiple
scientists (Malte Ibs-von and Wohlenberg 1999; Delgado et al. 2000a, b; Parolai
et al. 2001; Parolai 2002; Soupios et al. 2007a; Karagoz et al. 2015).

Time Domain (TEM or TDEM) and Frequency Domain
(FDEM) Electromagnetic Method

The TDEM method measures the electrical conductivity of soils and rocks by
inducing pulsating currents in the ground with a transmitter coil and monitoring the
decay of the induced current over time with a separate receiver coil (ASTM 2001);
in the frequency domain variant (FDEM) the magnitude and phase of an induced
electromagnetic current is measured (ASTM 2001; Reynolds 2011). TDEM and
FDEM measurements are ideal to map lateral changes in subsurface conductivity,
determine depth and thickness of natural geologic and hydrologic layers, detect and
map landfill leachate plumes, monitor seepage from brine pits and saltwater
intrusion and determine fracture orientation (Chongo et al. 2015; Soupios et al.
2015; Kourgialas et al. 2016). The advantages of TDEM and FDEM methods are
the good lateral and vertical resolution and the extended depth range (from a few
meters to 1 km). FDEM methods can provide more accurate subsurface conduc-
tivity images when constrained by ERI surveys (Minsley et al. 2012; Briggs et al.
2016). Both methods though have the following limitations, (a) deep measurements
require a large transmitter coil for which space may not be readily available,
(b) susceptibility to interference from nearby metal pipes, cables, fences, vehicles,
and induced noise from power lines, and (c) the effectiveness of electromagnetic
measurements decreases at very low conductivities.

Ground Penetration Radar (GPR)

Ground penetrating radar (GPR) uses high-frequency electromagnetic waves to
acquire subsurface information (ASTM 2005). Energy is radiated downward into
the ground from a transmitter and the reflected/refracted energy is sensed by a
receiving antenna. The reflected signals can produce continuous cross-sectional
profiles of the shallow subsurface. Reflections of the radar wave occur where there
is a change in the dielectric constant or electrical conductivity between two
materials. Changes in conductivity and in dielectric properties can be the result of
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changes in hydrogeology, geology, moisture content, and presence of void spaces;
large changes in dielectric properties often exist between geologic materials and
man-made structures such as buried utilities or underground tanks. As a result, GPR
can be used to provide detailed images of subsurface structures, to map buried
waste, and contaminant or saline plumes (Chira Oliva et al. 2015; Iwalewa and
Makkawi 2015; Wang et al. 2015; Wijewardana et al. 2015). Measurements are
relatively easy to make, allowing for fast spatial coverage, and provide relatively
high resolution (depending on the antennae used and ground properties). One
important limitation of the method is that the penetration depth in conductive
materials (>20 mS/m) such as silts and clays is very limited.

Radio/Audio-Magnetotelluric Methods (RMT/AMT)

The RMT method is an extension of the well-known very-low frequency
(VLF) technique to higher frequencies (Reynolds 2011). RMT uses radio trans-
mitters in the frequency range between 10 and 300 kHz, sometimes extended to
1 MHz. The RMT method has been used for waste disposal site characterization
(Tezkan et al. 1996, 2000; Zacher et al. 1996; Newman et al. 2003). RMT surveys
have been successfully used for waste site characterization, e.g., (Tezkan 1999;
Tezkan et al. 2000; Newman et al. 2003). RMT data can be inverted to provide 2D
and 3D subsurface reconstruction, with variety of approaches (e.g., the L2 and
Laplacian norm of model parameters); generally, a priory information used during
the inversion process can help produce more accurate results, especially with depth
(Newman et al. 2003).

Magnetic Susceptibility (MS)

Magnetic susceptibility (MS) describes the magnetization of materials under an
externally applied field, per unit of the applied field (Huliselan et al. 2010;
Bijaksana et al. 2013; Kim et al. 2015). Strictly speaking, MS is the ratio of the
material magnetization to the strength of the applied magnetic field; MS typically
refers to the volume affected by the external field, and it depends on the magnetic
properties of the components. Based on their MS properties materials can be cat-
egorized in paramagnetic, ferromagnetic, or diamagnetic. In most sediments ele-
vated magnetic susceptibility values indicate the presence of iron-rich materials.
The use of both total magnetic field and magnetic susceptibility measurements
allow the detection of ferromagnetic minerals such as pyrite (FeS2). The mea-
surement of the three orthogonal magnetic field components (magnetic zones),
represent the local value of the normal ambient field of the Earth as modified by the
remnant magnetization of adjacent sediments (Prezzi et al. 2005; Almadani et al.
2015). The identification of such magnetic zones indicates layers that may have
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higher permeability and therefore may be potential flow paths for groundwater.
Recently MS has been suggested as a proxy for characterizing and monitoring
hydrocarbon degradation processes (Atekwana et al. 2014; Jobin et al. 2016).

Borehole Applications

Geophysical methods can be applied on the surface, but also in boreholes (Rubin
and Hubbard 2005; Reynolds 2011). Borehole geophysical methods provide con-
tinuous profiles, point measurements at discrete depths in a borehole, and
cross-borehole tomographic images. Borehole methods provide detailed informa-
tion with depth without resolution loss as with surface application. Borehole geo-
physical methods can be performed in single boreholes, in cross hole, and even in
multi-borehole configuration.

Crosshole/Downhole Seismic (CS/DS)

For successful remediation of contaminated site an accurate characterization of
subsurface geology is required. Currently, the established method for acquiring
such information is well log data. Well logs provide very accurate and detailed
information on a site’s subsurface but are spatially limited, and highly invasive (in
contaminated sites well pose the risk of extending contamination problems). Cross
hole seismic imaging provides a means to extend geological characterization
beyond the borehole, typically in the plane(s) between boreholes (Binley et al.
2002b; Delgado et al. 2002; Rubin and Hubbard 2005; Baker et al. 2015; Sahadewa
et al. 2015; Anbazhagan et al. 2016; Dantas and Medeiros 2016). Crosshole and
downhole seismic imaging involves the deployment of seismic source and receivers
in two—or more—boreholes and/or on the surface, surrounding the area to be
imaged. Commonly the seismic wave travel times are measured and then are
processed (inverted) using tomographic approaches. Borehole seismic method can
be used for characterization, or in time lapse mode for monitoring the progress of
remediation projects.

Electrical Resistivity Tomography (ERT)

Surface electrical surveys can be extended by placing electrodes in a single, or
multiple, boreholes (Rubin and Hubbard 2005). The electrodes can either be placed
permanently, or downloaded for each use, provided the borehole is uncased or PVC
lined with sufficient slotted/open intervals. When two or more boreholes are used
the suggested term is electrical resistivity tomography (ERT).
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ERT offers certain advantages over ERI such as high resolution with depth, and
not requirement for surface access (e.g., below buildings). The disadvantages are
that boreholes are required, survey area is constrained by the boreholes, and data
acquisition and processing might be more complicated and challenging. Very often
surface electrodes are combined with borehole electrodes to provide more accurate
image of the subsurface.

Cross-borehole ERT has been successfully used for a wide array of applications
in different environments. One of the earliest examples of hydrological applications
of ERT is Daily et al. (1992) in a study of vadose zone moisture migration due to
application of a tracer. Other examples of unsaturated zone studies using ERT
demonstrated how three- and two-dimensional ERT can be used successfully to
monitor changes in moisture content in unsaturated sandstone (Kemna et al. 2000,
2004; Binley et al. 2002a; French et al. 2002).

Borehole Electromagnetic (BEM)

The electrical properties of the subsurface can also be investigated through EM
induction in borehole configurations (BEM). As with ERT applications, BEM can
be applied to single borehole configuration as well as in tomographic mode between
two and more boreholes. Single borehole logging, the most common approach, can
provide information on the vertical distribution of conductivity with high resolution
(Williams et al. 1993).

Typical application of BEM include detection of [a] screened intervals in
groundwater monitoring wells, [b] conductivity changes outside of cased wells, and
[c] plume monitoring in the vadose zone (Dawson 2002). Although the BEM
method does not offer the resolution of ERI/ERT, it does not rely on direct contact
with the formation, is not limited to fluid filled boreholes and can provide rapid
results.

Application in Landfills

Electrical Methods

Geoelectrical imaging techniques can be utilized for a variety of characterization
and monitoring purposes in landfills and waste management processes (Klefstad
et al. 1977; Aristodemou and Thomas-Betts 2000; Cassiani et al. 2006; Chambers
et al. 2006; Grellier et al. 2008; Carlo et al. 2013; Vargemezis et al. 2015; Yin et al.
2015; Abdulrahman et al. 2016; Ntarlagiannis et al. 2016). Regulated waste man-
agement, and unregulated waste dumping, will result in significant changes to
subsurface electrical properties that can be measured with geoelectrical techniques.
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As it pertains to landfills, geoelectrical methods can provide subsurface images of
conductivity distribution that can be linked (interpreted) to parameters of interest
such as contaminant concentration gradients (e.g., leaks), structural integrity (e.g.,
fractures, clay caps), geological description of the surrounding area (e.g., faults,
lithology), and extent of buried waste (Dawson 2002; Soupios et al. 2007a; Kemna
et al. 2012; Revil et al. 2012b; Genelle et al. 2014; Tsourlos et al. 2014; Vargemezis
et al. 2015). Furthermore, geoelectrical methods can be used as a cost-efficient
method for long-term monitoring (Heenan et al. 2015), either for leachate leaks or
for biogas production (Soupios et al. 2007a).

Leachate Monitoring

Geoelectrical methods have been routinely used to monitor for leachate leaks in
landfills. Leachate monitoring involves [a] liner leak detection, and [b] contaminant
plume monitoring methods. Liquid waste in landfills is generally associated with
high ion concentrations, resulting in high conductivities. The conductive leachate
can then be used to identify holes in the bottom liners and any movement of the
plume past the landfill boundaries (Slater et al. 1997; Cassiani et al. 2006; Clément
et al. 2010; Tsourlos et al. 2014).

Bottom liners in landfills are used to keep the waste from interacting with the
surrounding environment, effectively electrically isolating the landfill. The basic
principle of leak detection in landfills relies on this property: electrical isolation of
the landfill as long as there are no holes in the liner. The integrity of the liner can be
simply investigated by testing if current can move past the liner (Binley et al. 1997;
Carlo et al. 2013; Tsourlos et al. 2014). There are two common methods used to test
for leaks in landfills: [a] the roving (moving) electrode method (Fig. 1), and [b]
permanent monitoring installation (Reynolds 2011). In the former case a pair of
electrodes is used to inject current placed outside the liner, and a pair is used to
detect any signal generated inside the landfill (Tsourlos et al. 2014) (Fig. 1).
Response is expected only if there is a hole in the liner, allowing the current to
penetrate; by moving the measuring pair of electrodes the location of the hole can
be located (Fig. 1). Variations of the method include the use of one roving mea-
surement electrode, with the second being placed outside the landfill (Reynolds
2011). In many newer landfills a monitoring network is established by permanently
installing electrodes below the bottom liner; in this case the potential is being
measured between different electrodes (no need for roving electrodes) and the
monitoring can be continuous, and is usually automated (Reynolds 2011). ERI leak
monitoring is not only limited to bottom liners, but can be successfully used to map
landfill caps, and identify any damage (Genelle et al. 2014).

Landfill leachate (municipal, and mine waste piles) is generally very conductive
due to elevated total dissolved solids (TDS) and high ion concentration. As a result,
leachate plumes are prime targets for geoelectrical methods. Indeed, ERI has been
routinely used for monitoring of leaks in active, closed, and abandoned landfills
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(Greenhouse and Harris 1983; Greenhouse and Monier-Williams 1985; Bevc and
Morrison 1991; Blum 1998; Chambers et al. 2006; Soupios et al. 2007a, b; Tsourlos
et al. 2014; Ntarlagiannis et al. 2016). Tsourlos et al. (2014) used ERI over a closed
landfill and was able to identify leaks through fractured rock; they were successful
in reconstructing the leaking fracture zones based on intensive ERI characterization
(Fig. 2). Ntarlagiannis et al. (2016) recently showed that ERI and IP can be suc-
cessfully utilized for temporal leachate monitoring; they monitored an olive oil mill
waste deposition pit for 15 months showing that conductive leachate is leaking from
the pit at times of high waste load. Furthermore, ERI can be used to monitor water
fluxes in landfills including leachate recirculation in bioreactor landfills (Guérin
et al. 2004; Grellier et al. 2008); in the latter case ERI appears to be a very valuable
tool for optimizing leachate recirculation, hence improving bioreactor landfill
performance (Rosqvist and Destouni 2000; Barlaz and Reinhart 2004; Guérin et al.
2004; Rosqvist et al. 2005; Grellier et al. 2008; Valois et al. 2016).

ERI and IP are also used to reconstruct the subsurface structure of landfills. ERI has
been successfully used to map the spatial distribution of parameters of interest, such as
TDS and chloride content (Meju 2000b; Gazoty et al. 2012). Furthermore, the inner
structure of the landfill waste can be described with electrical methods (Soupios et al.
2007a, b; Tsourlos et al. 2014; Çınar et al. 2016) (Fig. 3). Additionally, information on
the structural integrity and the surrounding geology can be acquired. Such information
canbeusedduring the landfill design, and construction, but also formonitoring purposes
during operation and post closure (Gazoty et al. 2012). It should be noted that although
commonly only the ERI method is used since it is easier to apply (Ntarlagiannis et al.
2016), IP canprovide awealth of additional information, sometimes critical (Weller et al.
2000; Placencia-Gómezet al. 2010, 2014;Villain et al. 2011;Gazoty et al. 2012;Günther
and Martin 2016; Ntarlagiannis et al. 2016).

Fig. 1 Schematic showing the basic principle for liner hole detection in landfills (from Tsourlos
et al. 2014)
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The SP method’s sensitivity to groundwater movement—including contaminant
plumes, direct link to redox gradients typically found at plume boundaries, and easy
and cost-efficient application make it an attractive option for landfill monitoring and
characterization (Fig. 4). Many researchers identified SP as a potential contaminant
plume monitoring tool (Weigel 1989; Hämmann et al. 1997; Buselli and Lu 2001;
Nimmer 2002; Nyquist and Corry 2002; Naudet 2003a; Revil et al. 2003; Maineult
et al. 2006; Arora et al. 2007). If properly applied SP data can provide information
on groundwater movement, identifying the flow direction of possible contaminant

Fig. 2 2D and 3D resistivity images from and ERI survey over a landfill. ERI was successful to
identify fractures (black arrows) that allow the landfill leachate to pollute nearby streams. White
lines show the location of the ERI surface survey (red dotted lines show the location of the 2D
panel). Modified from Tsourlos et al. 2014
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plumes. Moreover, residual SP signals have been linked to redox processes in con-
taminated areas, including landfills (Nyquist and Corry 2002; Naudet 2003a); this
observed link is an area of active research where quantitative interpretation is the
objective. One very promising model is the biogeobattery model, introduced over a
decade ago that provides a direct link between microbial degradation processes, and
observed SP signals (Naudet 2003a; Arora et al. 2007; Revil et al. 2010).

Summarizing, geoelectrical methods can be used to convincingly demonstrate
how a proposed landfill will be sited, designed, constructed, operated, closed, and
post-closure cared in order to protect the groundwater resources, public health, and
the environment (Soupios et al. 2007a, b).

Fig. 3 Inverted ERI image showing resistivity changes that allow subsurface waste character-
ization. SOW (saturated organic waste), OW (organic waste), and NOW (non-organic waste)
highlight areas interpreted to have saturated organic, unsaturated organic, and inorganic waste
respectively. From Soupios et al. (2007a)

Fig. 4 SP map around the Entressen landfill; SP represents residual values after the electrokinetic
contribution has been removed. SP, in agreement with redox measurements, shows a sharp
anomaly at the contaminated plume front (from Naudet 2003a)
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Electromagnetic (EM) Methods

As discussed earlier degradation of domestic putrescible solid waste, and the
accumulation of liquid wastes into landfills can generate conductive leachate that
fills the pore spaces; this conductive leachate can be imaged with EM methods such
as FDEM and TDEM (Hutchinson 1995). In general, EM surveys are used for the
rapid characterization of landfill’s boundaries (Hutchinson and Barta 2000; Pellerin
2002; Monteiro Santos et al. 2006; Belmonte-jiménez et al. 2014; Wang et al. 2015;
Ammar and Kruse 2016; Jodeiri Shokri et al. 2016), mapping different waste (or-
ganic, inorganic, etc.) (Mack and Maus 1986; Stenson 1988; McQuown et al. 1991;
Bisdorf and Lucius 1999; Stanton and Schrader 2001; Soupios et al. 2005, 2007a,
b) and detection of leachate contaminant plumes (Mack and Maus 1986; Walther
et al. 1986; Hall and Pasicznyk 1987; Fawcett 1989; Russell 1990; Olhoeft and
King 1991). Joint processing of geophysical data can lead to improved subsurface
characterization; recently it was shown that subsurface reconstruction from FDEM
can be enhanced when constrained by ERI data collected in a very small part of the
surveyed area (Minsley et al. 2012; Briggs et al. 2016). Based on Hutchinson and
Barta (2000), there is a linear relationship between measured terrain conductivity
and waste thickness; this relationship can be used to estimate the bulk waste volume
in a landfill.

Fig. 5 The conductive anomaly (leachate) below the Argos landfill as identified by TEM survey
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The depth of buried waste tends to increase with landfill operation. This process
leads to increasing compaction of buried waste, which in turn changes the sub-
surface characteristics of the landfill (e.g. pore space and saturation). GPR is sen-
sitive to such changes, and consequently can be used for waste age classification
(Splajt et al. 2003). As other EM methods, GPR can be used for contaminant plume
identification and monitoring (Davis and Annan 1989; Scaife and Annan 1991;
Annan 1992; Nobes 1996; Sauck et al. 1998; Green et al. 1999; Atekwana et al.
2000; Sauck 2000; Orlando and Marchesi 2001; Porsani et al. 2004). Pujari et al.
(2007) jointly used EM and GPR to map the subsurface of a landfill; they were
successful in mapping clay depressions, and conductive pathways in the underlying
limestone.

The TEM method has been used in environmental and hydrogeologic studies
over the last couple of decades. In 2013, the TEM method was used to study the
hydrogeological properties of the Argolis basin in Peloponnesus (Greece).
One TEM profile was performed over the main waste disposal site of the city of
Argos; this profile revealed a subsurface conductive feature at 25 m depth,
extending over 3 km (Fig. 5). This conductive anomaly was interpreted as con-
taminated leachate, that was later confirmed by direct sampling and geochemical
analysis.

Fig. 6 Comparison of the refraction seismic (upper) with the ERI image (lower). The results are
in good agreement (Soupios et al. 2007a)
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Seismic Methods

The application of seismic methods can provide valuable information for the
subsurface structure of a landfill. Seismic data interpretation should be performed
with extra caution due to the heterogeneity that usually characterizes landfills.
Common applications include characterization of the structural integrity and local
geology, and mapping of the lateral continuity of buried waste (Rodriguez 1987;
Slaine et al. 1990; Boyce et al. 1995; Doll et al. 1996; Cardarelli and Bernabini
1997; Doll 1998; Granda and Cambero 1998; Lanz et al. 1998; Green et al. 1999;
Murray et al. 1999; De Iaco et al. 2003; Soupios et al. 2007a, b). Soupios et al.
(2007a, b) applied an integrated suite of geophysical methods to characterize a
landfill. The collected seismic and electrical data are in very good agreement as
evidence in Fig. 6. The subsurface structure is characterized by an upper layer

Fig. 7 HVSR measurements show a characteristic frequency peak clearly associated with waste
thickness. From Soupios et al. (2007a)
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(*5 m thickness) with high resistivity/low velocity characteristics; below the top
layer, and up to 20 m depth, we can observe a low resistivity/high velocity layer
consistent with saturated conductive waste.

Possible faults and fracture zones may act as pathways for groundwater and
contaminant transport to deeper horizons and the aquifer. In most cases landfills are
characterized by much lower velocities (P wave velocity may range from 180 to
over 700 m/s) than the surrounding sediments (Knight et al. 1978; Calkin 1989;
Sharma et al. 1990), thus the seismic contrast is high and seismic refraction
methods are a good choice for outlining their borders. There are only few successful
applications of seismic reflection surveys across landfills (Pasasa et al. 1998). The
main reasons that seismic reflection techniques may fail to be applied in landfill
characterization are: (a) high levels of scattering and anelastic attenuation cause
unconsolidated wastes to be generally poor transmitters of seismic waves,
(b) source-generated noise (i.e., direct, refracted, guided, and surface waves) may
mask shallow reflections (Robertsson et al. 1996; Roth et al. 1998), and (c) strong
lateral velocity variations (inhomogeneous environment) may inhibit the recording
of hyperbolic-shaped events, making identification of reflections difficult. Recently,
Konstantaki et al. (2015), Konstantaki (2016) managed to apply successfully
S-wave reflection seismic to map in high-resolution heterogeneities in a landfill and
to estimate the density changes from S-wave velocity analysis using specific
acquisition parameters and special processing steps during the velocity analysis
(Konstantaki 2016).

Joint acquisition of multiple geophysical data, along with direct sampling and
geotechnical data can enhance landfill characterization. Soupios et al. (2005, 2007a,
2008) highlights the synergistic use of multiple geophysical methods by inter-
preting shear velocity data, using Eq. 1, estimating the needed parameters with ERI
(basement depth (z)) and HSVR (main resonance frequency). Shear velocities when
then used to develop the stiffness model of the landfill, needed for calculating the
response of the landfill in earthquakes. Figure 7 clearly shows that the estimated
amplitude is proportional to the waste composition and thickness. The first (M6010)
and the last (M6170) measurements have almost flat response (located at the out-
crop of the bedrock), while all the other measurements (M6040-M6160) have
resonance frequency that appears as a single pick in the spectrum. The amplitude
(amplification) of M6040-M6160 sites depends on the thickness and composition of
the underlying waste.

Information such as Vs model and/or amplification of a site can be safely used
by the engineers for a detailed estimation of seismic site response analysis and the
prediction and protection of seismic displacements of a landfill (Kavazanjian and
Matasovic 1995; Kavazanjian et al. 1996; Augello et al. 1998; Matasovic and
Kavazanjian 1998; Zekkos 2005) or other correlated environmental problems
(landfill failure and uncontrolled release of the contaminants). A successful example
is described in Soupios et al. (2007b) where the synergistic use of ERI and HVSR
identified a subsurface karstic void in a location where the leachate collecting tanks
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(large static load) where to be placed; the engineers updated the landfill geotech-
nical design based on the geophysical information. The application of ambient
noise (HVSR) measurements in similar cases is very promising since this method is
cost-effective, nondestructive, and easy to apply (Soupios et al. 2007a, b).

Concluding Statement

Currently used methods for landfill characterization and monitoring typically rely
on a network of geotechnical and/or monitoring wells; this approach is expensive,
invasive, and spatially and temporally limited. The complementary use of nonin-
vasive geophysical methods offers unique advantages that could significantly
improve waste management practices. We should highlight that geophysical
methods are not intended to replace well monitoring/characterization, but to
enhance and optimize existing protocols (including cost reduction).

All geophysical methods discussed can be used during the design, construction,
operation, and post-closure monitoring of a landfill site. Synergistic use of the
methods can provide information on almost every aspect of a waste management
site, from the geological setting and the structural integrity, to leachate monitoring
and recirculation, to leak detection, and liner and cap integrity monitoring. Care
should be taken on geophysical data interpretation, and joint processing of
geotechnical, geochemical, and geophysical is recommended.
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Uranium Resource Development
and Sustainability—Indian Case Study

A.K. Sarangi

Abstract Uranium, a highly concentrated source of energy is the basic fuel for
nuclear power. Its mining, production, and use in generation of nuclear power,
especially in a populous country like India helps in protecting the Earth from
irreversible environmental damage—a giant step towards a sustainable develop-
ment process. India’s nuclear programme is based on unique sequential three
stages—called “closed fuel cycle,” aiming for optimal utilization of the indigenous
atomic mineral resource (modest uranium and abundant thorium). The closed fuel
cycle where the spent fuel of one stage is reprocessed to produce fuel for the next
stage multiplies the energy potential of the fuel and therefore acknowledged as
sustainable development compliant. Low grade narrow vein uranium deposits of
India do not lend themselves for development on plain commercial considerations.
The integrated economic model of nuclear power production programme of the
country facilitates the uranium mining sector to adopt higher level of safety stan-
dards and environmental measures through application of technology implementing
sustainable global practices. The technologies for uranium ore mining in India are
appropriately chosen with an aim to achieve minimum disturbance to the topog-
raphy of the area, minimize the generation of waste rock, use of the waste rock in
underground, reuse and recycle of the liquid waste, continuous restoration of the
voids created by underground mining, use of electro-hydraulic underground
equipment in place of diesel powered ones, etc. These help in maintaining the
operations within the absorptive capacity of local sinks for wastes. They contribute
significantly towards achieving the goal of sustainable development. The uranium
ore processing technologies in India are constantly upgraded with utmost consid-
eration on maximizing the recovery, minimizing the discharge of effluents, and
maximizing the recovery of by-products. Adopting a shorter processing route,
measures to maximize the reuse of water, producing environmentally benign pro-
duct, etc., are some of the distinctive features exemplifying values of sustainability.
Management of uranium mill tailings is a matter of concern all over the world. In
India, the technology for management of tailings has been constantly upgraded in
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line with the international practices. Tailing ponds have been designed with
improved floor lining to prevent downward movement of effluent and monitoring
mechanism to maintain the permissible discharge quality of water. Eco-restoration
of the filled tailings pond is carried out with appropriate thick layer of soil which
arrests radon emanation. Specified varieties of nonedible grass are grown which
control soil erosion and do not cause radioactive incursion into the food chain
through grazing animals. Mining industry, in general provides scope for growth of
secondary industries in the neighborhood. Uranium industry in India has always
been in the forefront in implementation of new technology in underground mining.
Sustainability of these new technologies has been made possible by local entre-
preneurs who progressively develop the competency to support need of critical
components enhancing the skill base of the community. A skilled and trained
society is thus created around the uranium mining centers of the country. Support
for skill development and education to students in the area around uranium projects
is considered very vital for integrated development programme of Indian uranium
sector. Such programmes are initiated before the start of mining which helps in
avoiding large-scale influx of trained manpower from other parts of the country.
Displacement and disruption of settlements around mining sites is generally seen as
a major cause of resentment in the communities. Balancing the sustainability of the
community around uranium production facilities of India through appropriate mix
of technology, environmental measures, social harmony, finance and governance is
the hallmark of the growth of the sector.

Keywords Uranium � Energy source � Closed fuel cycle � Low grade uranium
deposits � Mining � Uranium tailings management � Skill development �
Sustainability

Introduction

Mankind has been pursuing the concept of sustainable development for a long time.
Thomas Robert Malthus during 1700s thought about the dangers of population and
coined the well-known statement “The power of population is indefinitely greater
than the power in the Earth to produce subsistence for man” (Mark 2003). He had
advocated for the preference of longer term strength of the economy to short-term
convenience and emphasized on moral constraints as the best means of easing
poverty—a thought similar to the theory of sustainability as is implicit today. Many
ideas and thoughts have emerged since then striking various facets of mankind
towards continued endurance. Gradually, these concepts took shape while debate
raged on man’s preoccupation with economic development at the cost of envi-
ronmental concern and long-term maintenance of well being. Slowly, social aspects
also found a place of eminence in the consideration widening and complicating the
scope of debate. However, a consensus emerged in 1987 when Brundtland
Commission articulated Sustainable Development as “Economic and social
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development that meets the needs of the current generation without undermining
the ability of future generations to meet their own needs” (Our Common future
1987). In reality, sustainability refers to three broad themes; economic, social, and
environmental that must all be harmonized and addressed to establish long-term
viability of our community and the planet.

There have been significant changes in the world over the past two decades and
the paradigm shift in technology and sciences itself has become one of the main
drivers of economic and social development. Technological innovation is consid-
ered as the most important component of long-term economic growth and is a
support structure for all strategies and policies aimed at ensuring sustainable eco-
nomic development. Advancement in energy system driven by new discoveries and
innovations has made a massive impact since the eighteenth century. Carbon
dioxide emissions affecting climate and contributing to global warming is one of the
major outcomes of the global energy consumption. As global energy demand
continues to rise, reducing the energy sector’s climate and environmental impacts
remains imperative. Advancements in the energy sector are closely related to
Research and development (R&D), which will be the foundation for a sustainable
energy system.

The relationship between exploitation of various sources of energy and the
development of civilization, particularly during the industrial revolution of the
nineteenth century, validate the relationship between energy and modern economic
development. With the rapid development in modern economy and process of
industrialization, there exists a mass-scale use of fossil energies and dating back to
the nineteenth century, the trend in annual global emissions of CO2 shows a sig-
nificant rise as shown in Fig. 1.

Energy plays a vital role in the growth and functioning of the world’s economy.
Dependence on energy will continue to rise as world population increases and
standards of living progress. Historically it has been seen that increased energy use
and mechanization to support ever-growing industrialization brings with it its own
burdens such as environmental issues, health, safety, lifestyle, etc. Ideally, a
matured society should find ways to keep a balance between what is socially
desirable, economically viable, and ecologically sustainable through an adaptive
process of integration.

Sustainable energy supply is an essential factor for sustainable development.
However, the challenge lies in finding ways to reconcile this necessity and demand
for energy resource with acceptable impact on the environment and the global
natural resource base.

Energy resource is a prerequisite towards a sustainable life which in turn hinges
on sustainable development. The energy sectors globally are defined by definite
sources of energy available to them, viz., nonrenewable and renewable sources. The
dependence on nonrenewable sources to meet the demand however is finite.
Gradual replacement of fossil fuels requires consideration of many energy tech-
nologies and their deployment in specific applications. Currently, nuclear fission
technology is the only developed energy source that is capable of delivering the
demand of energy that will be needed to run modern industrial civilization safely,
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efficiently, consistently, and sustainably keeping in consideration the environmental
issues and available resource base. As a result, nuclear fission has to play a major
role in the revolution of the twenty-first century energy-supply system (Rynjah
2015). The process of nuclear fission of uranium produces heat. This heat is used in
a nuclear reactor to generate steam, which drives a generator to produce electricity.
Today, nuclear power plants provide 11 % of the world’s electricity with US and
France accounting for more than 50 % of the generated capacity. Presently, 31
countries host over 442 commercial nuclear power reactors with a total installed
capacity of over 383.536 GWe and 66 reactors of 65.028 GWe are under con-
struction (www.iaea.org/). Nuclear power has gained wide acceptance globally for
its contribution to world energy requirements at low cost with lowest greenhouse
gas emissions compared to any other electricity generation method. However, it
requires meticulous research and robust technology for its production and strict
control measures to prevent unwanted mishap.

Nuclear fission is an extremely potent source of energy and uranium is the basic
raw material in this mission. Natural uranium occurs in most of the rocks in con-
centrations of 2–4 parts per million. Uranium is produced by mining and processing
of uranium ore in much the same manner as other minerals like copper, gold, etc.
The relative potential of uranium atom to generate electricity is much higher
because of its high energy density shown in Table 1. Plutonium (239Pu) produced

Fig. 1 Global carbon dioxide emissions over the years (Source www.climatechangeconnection.
org/)
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by the transmutation of 238U (a significant part of natural uranium) and 233U pro-
duced by transmutation of 232Th are also sources of fission to generate high energy
with potential to generate electricity.

The present study shows that total identified world uranium resources have
increased by 12.5 % since 2008 and they are sufficient for over 100 years of
electricity generation based on the current requirements (World Energy Resources
2013 Survey). About 85 % of world uranium requirement for nuclear power plants
is met by production from 19 countries and the balance requirement is met from
secondary sources supply, notably inventories held by utilities, ex-military material,
reprocessing, etc. (www.world-nuclear.org/). As the supply from ex-military
material has dwindled during last 3 years with expiry of global agreements
(Megaton to Megawatt programme, 1993 and US-Russian plutonium management
and disposition agreement 2000), production of uranium from the primary sources
is on rise. Kazakhstan, Canada, and Australia are the major producers of uranium
and United States, France, and Japan are the major consumers.

Indian Energy Scenario and Sustainability

India, with a population of more than one billion, is the second most populous
country in the world. The country has been attempting for an impressive growth of
Gross Domestic Product (GDP) with improved quality life for the population and
energy is an essential input for this development. India’s energy policy till the end
of the 1980s was mainly based on the availability of indigenous resources, coal
being the largest source of energy. However, the energy policy of the country has
been changing over time with an aim that a secure and robust energy supply is
maintained at a reasonable cost and is generated from a variety of sources through
diversified technologies. This is known as the ‘energy mix’ which calls for selecting
an optimal mix keeping in view the use of all resources and technologies. However,
meeting the challenge of quantitative demand of clean, secure, and affordable
electricity is the thrust area for India’s endeavor towards sustainable development
process and energy independence.

Table 1 Energy density by
various sources of energy
(Source http://oilprice.com/
Alternative-Energy/Nuclear-
Power/The-Inevitability-of-
the-Nuclear-Age.html)

Material Energy density (MJ/kg)

Wood 10

Ethanol 26.8

Coal 32.5

Crude oil 41.9

Diesel 48.8

Natural gas 55.6

Natural uranium 5,70,000

Reactor-grade uranium 37,00,000
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With this increasing need of energy, it has been felt that a balance mix of hydel,
coal, and nuclear power is necessary for meeting the long-term requirement. Of all
energy resources available, the known coal reserve of the country is estimated to
last till the end of this century as a large amount of coal is required to be burnt for
generation of heat in a thermal power plant. Coal-based power stations also pose
serious environmental problems like generation of ash and emission of greenhouse
gases and acid gases. Moreover, the reserve of thermal power grade coal is limited
to only the eastern part of our country and transportation of large amount of coal to
different corners shall demand a dedicated transportation network. A substantial
part of coal resource of the country is amenable to underground mining and some
part falls under environmentally sensitive areas. Factoring the commercial viability
of underground coal mining in India, uncertainty over mining the part of the
resource in environmentally sensitive area and standard mining losses, the esti-
mated coal reserve is substantially less than the assumed resource.

The natural oil reserve of our country is inadequate and therefore has very
limited scope to meet the long-term energy requirement. About 70 % of the
domestic oil requirement is met by import. Uncertainty in supply of oil and its large
price swing in the global market due to unpredictable geopolitical events have the
potential to affect the domestic economy. Wherever possible, natural oil use needs
to be conserved for special purposes, such as transport and the petrochemical
industry. Similarly, the natural gas reserve is also very limited and therefore too
valuable for uses in large-scale electricity generation.

Tapping the potential of hydro-power is limited to geographically suitable sites
and entirely depends on good rainfall year after year. This also poses serious effect
on ecology and social problems related to the displacement of vast population.
Wind power and solar power sources have very limited scope to make any
noticeable contribution to the energy security of any country (Sarangi 2015).

Nuclear power is the cleanest form of mass energy generation, producing no
greenhouse gases like carbon dioxide (CO2), sulfur dioxide (SO2), and ash.
Therefore, the growth of nuclear energy in developing and populous countries like
India is a matter of great benefit for mankind in view of its potential to meet the
energy demand as well as protect the Earth from irreversible environmental dam-
age. Uranium being a highly concentrated source of energy is easily and cheaply
transportable. In addition, the fuel cost contribution to the overall cost of electricity
produced is relatively small. Therefore, persistent generation of abundant, afford-
able, and clean energy, i.e., nuclear power is a giant step towards a sustainable
development process.

On the resource base towards nuclear power generation and geopolitical ratio-
nale, India is in a unique situation with moderate uranium resource and abundant
thorium resource. Being a non-signatory to Non-proliferation Treaty (NPT), ura-
nium and other nuclear material trading with India is subjected to strict international
policy framework and compliance. Under such circumstances, India’s nuclear
power programme is oriented towards harnessing the near-infinite potential of
thorium towards sustainable energy independence of the country. The relative
abundance of different sources of energy in India is shown in Fig. 2.
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Most part of India’s limited uranium resources are confined to five geological
basins—Cuddapah basin (Andhra Pradesh and Telengana), Singhbhum Shear Zone
(Jharkhand), Mahadek basin (Meghalaya), Delhi Supergroup of rocks (Rajasthan),
and Bhima basin (Karnataka), whereas vast thorium resources are found along the
large coastal belt of Odisha, Andhra Pradesh, Tamil Nadu, and Kerala. Some of the
prominent thorium rich areas of the country are Chhatrapur-Gopalpur in Odisha,
Bhavanapadu-Kalingapatnam-Bhimunipatnam inAndhra Pradesh,Manavalakurichi,
besides Teri inland placers, in Tamil Nadu, Chavara in Kerala and Ratnagiri in
Maharashtra, shown in Fig. 3.

As thorium is not a fissionable (but fertile) material, its industrial use is strate-
gically planned in unique three-Stage nuclear power programme being pursued
since the beginning of atomic energy programme in the country. Extensive
indigenous capabilities have been developed in all aspects of nuclear power and
associated fuel cycles. The large R&D base, skilled human resource, and facilities
for continual advancement of human resource, industrial potential as well as robust
regulatory framework, together forms an establishment of allegiance towards the
objectives of sustainable development.

Fig. 2 Current India energy resources (Source Kakodkar 2008)
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India’s Three-Stage Nuclear Programme and Sustainability

India’s nuclear power programme made a steady beginning with the formation of
Atomic energy Commission in 1948 under the dynamic leadership of Dr.
Homi J. Bhabha. The establishment of the Department of Atomic Energy in 1954
marked India’s commitment towards research and development and peaceful uses
of atomic energy. India, over the years has been able to acquire expertise on the
every aspects of the power programme—the complete fuel cycle from uranium

Fig. 3 India’s uranium and thorium deposits
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exploration, mining, fuel fabrication and electricity generation, reprocessing and
waste management—a rare accomplishment in the world. India’s nuclear pro-
gramme is based on unique sequential three stages—called “Closed fuel cycle”
designed by Dr. Bhabha who saw the potential of harnessing nuclear power in
improving the quality of life of the millions of people by aiming to make optimal
utilization of the domestic atomic mineral resource (modest uranium and abundant
thorium). The closed fuel cycle where the spent fuel of one stage is reprocessed to
produce fuel for the next stage, multiplies the energy potential of the fuel and
therefore acknowledged as sustainable development compliant. It builds a base for
harnessing the energy of all three fissionable materials 235U, 239Pu, and 233U (Jain
2010).

STAGE 1-Pressurized Heavy Water Reactor (PHWR)
The reactors of this stage are fuelled by natural uranium which contains 0.7 % of
235U (the only naturally occurring fissionable material) and remaining 238U. 235U
undergoes fission to produce heat energy and 238U undergoes transmutation to
produce plutonium which is a fissionable material. Use of heavy water in the
reactors (PHWR) increases the availability of neutron to convert 238U to 239Pu. The
spent fuel from these reactors contains plutonium and depleted uranium which are
recovered through reprocessing and used as fuel for second stage of reactors—a
step towards sustainable energy supply.

India achieved complete self-reliance in this technology and PHWR programme
is in the industrial domain. It is the mainstay of the three-stage nuclear power
programme.

STAGE 2-Fast Breeder Reactor (FBR)
India’s second stage of nuclear power generation envisages the use of 239Pu
obtained from the first stage reactor operation. It serves as the main fissile material.
The plant is fuelled by mixed oxide of 238U and 239Pu. In FBRs, 239Pu undergoes
fission generating energy and 238U undergoes transmutation to produce more plu-
tonium. Since these reactors consume fuel to produce energy and also produce fuel
for more energy, they are called breeder reactors. In the advance stage of this
programme, thorium (232Th) will be used in the core of the FBRs as blanket which
will undergo transmutation to produce 233U—a fissile material and fuel for the third
stage reactors.

FBRs, technically produce more fuel that they consume and can thus take the
electricity generating capacity at a very high level—a significant step towards
energy sustainability. In India, a Fast Breeder Test Reactor (FBTR) is already in
operation since 1997 and one FBR of 500 MWe is in advanced stage of completion.
It is now proposed to use thorium-based fuel, along with a small feed of
plutonium-based fuel in Advanced Heavy Water Reactors (AHWRs) which is
expected to shorten the period of reaching the stage of large-scale thorium
utilization.
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STAGE 3-Breeder Reactor
The third stage of India’s Nuclear Power Generation programme shall use 233U as
fuel. 233U is obtained from the nuclear transmutation of 232Th used as a blanket in
the 239Pu fuelled FBR (second stage). Besides being fuelled by 233U, these reactors
will have a 232Th blanket around the 233U reactor core which will generate more
233U as the reactor goes operational thus resulting in the production of more and
more 233U fuel from the 232Th blanket. Thus these reactors are called breeder
reactors and India’s vast thorium deposits permit design and operation of 233U
fuelled breeder reactors. As more of the 233U in the fuel core is consumed, more and
more 233U will be produced helping to sustain the long-term power generation fuel
requirement. These 233U/232Th based breeder reactors are under development and
would serve as the mainstay of the final thorium utilization stage of the Indian
nuclear programme. The currently known Indian thorium reserves amount to
3,58,000 GWe-yr of electrical energy and can easily meet the energy requirements
during the next century and beyond (www.barc.gov.in).

India’s Atomic Energy Programme is a mission-oriented comprehensive pro-
gramme with a long-term strategy. The objective of the Indian Nuclear Power
Programme is self-reliance through utilization of both fertile and fissile components
of domestic atomic mineral resources (uranium and thorium). It focuses on building
up nuclear power capability and sustainability in light of the nuclear material trade
restrictions. It is generally acknowledged that nuclear power offers advantages of
scale, reliability, and environmental benefits compared to fossil or other renewable
energy sources (Bhardwaj 2013).

Nuclear Power Programme Towards Social Sector

With the use of natural uranium as fuel in India’s nuclear power programme, many
spin-off technologies arising out of those activities have contributed immensely
towards quality of life of the people. Production of radio isotopes from nuclear
power plants and research reactors has various applications including agriculture,
health care, food preservation, industry, and research. A variety of radio isotopes
are being produced in the research reactors at Trombay, meeting a major part of the
demand in the country. Radiation Medicine Centre (RMC), in Mumbai, has become
the hub for the growth of nuclear medicine in the country. Food preservation by
irradiation reduces the percentage of food losses and provides means for improving
food hygiene and facilitates export. Applications of radiation technology to agri-
culture have resulted in the improved varieties of seeds, which are contributing
directly to food security in the society. Radiation technology applications in
industries comprises of a wide range of activities, including radiography, water
hydrology, gamma scanning of process equipment, use of tracers to study sediment
transport at ports and harbors, flow measurements, pigging of buried pipelines and
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water hydrology, etc. These peaceful applications of radio isotopes are a promising
step contributing towards sustainability in living standard of the society (www.dae.
nic.in/).

Uranium Mining in India and Sustainability

The Indian nuclear power programme is distinctly a sequential three-stage scheme
comprising of many advanced technologies. The nuclear power programme is
geared towards maximizing the utilization of small indigenous uranium resources
and fuelling the natural uranium to the PHWR programme (first stage) paving way
for ultimate utilization of vast thorium resources. The design is an excellent
example of sustainable energy availability as it provides power today for an energy
starved country like India while supporting development of an abundant alternate
source, thorium for future generations. However, uranium mining is a vital step
playing a crucial role in determining the volume and direction of this development
process.

Uranium Resources of India and Model for Sustainable
Assessment Philosophy

Uranium deposits on Earth belong to more than one age and are of different types
being restricted to distinct epochs, exhibiting the time-bound phenomena. The
resources of the world are also very unevenly distributed, both in space and time.

Only a small part of the land mass in the Indian subcontinent is assumed to be
geologically favorable for hosting uranium deposits. Uranium exploration in India,
spanning over 50 years has brought out the presence of uranium deposits of five
major types (vein type, sandstone type, strata-bound type, fracture controlled type,
and unconformity proximal type) in different geological settings. Of the total ura-
nium resource identified in India, Cuddapah basin in Andhra Pradesh and
Telangana accounts for 52 %, Singhbhum Shear Zone in Jharkhand 29 %,
Mahadek basin in Meghalaya 10 % and remaining in other states (shown in Fig. 4).
However, uranium deposits of India are generally small in tonnage and of low
grade. It is expected that future investigations adapting novel exploration strategies
along with improvements of techniques focused towards deep-seated uranium
mineralization shall enhance the uranium resource base of the country.

Resources are estimated mainly on the basis of geological information, which, as
a rule is not available for commercial mining operations. Several techno-economic
factors like mining, processing, environmental, legal and social aspects, etc. (in-
ternationally known as “modifying factors”) are taken into consideration for esti-
mating a modified subset of resources—called reserves. The resources established
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in some areas are sometimes not accessible for mining due to environmental con-
siderations, adverse public perception on uranium mining, and sensitive
administrative/political issues. As the above factors are of dynamic nature, the
identified resources are reassessed with every change in above scenarios to estimate
the reserves. Extensive pre-feasibility and feasibility studies prior to undertaking the
mine development helps in understanding all techno-commercial parameters for
sustainable operations.

Operating and Planned Uranium Production Centres in India

Uranium production in India to cater the indigenous need was launched with the
formation of Uranium Corporation of India Ltd. (UCIL) in 1967 under Department
of Atomic Energy. The operation started with the commissioning of an under-
ground mine and ore processing plant at Jaduguda (1968) in Jharkhand (the then
Bihar). Presently, activities (under operation and construction) of the country are
confined to four different regions/zones (www.ucil.gov.in).

Singhbhum Shear Zone in the State of Jharkhand

The Singhbhum shear zone (SSZ) in eastern part of India hosts all the operating
units (six underground mines, one opencast mine, and two ore processing plants) of
the country. The underground mines at Jaduguda, Bhatin, Narwapahar, and Bagjata
feed ore to the plant at Jaduguda. The plant at Turamdih is fed ore from Turamdih
underground mine, Banduhurang open-pit mine, and Mohuldih underground mine.

Fig. 4 Uranium resources
distribution in India (Source
Sarangi, Op. cit)
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Cuddapah Basin in the State of Andhra Pradesh

In the southwestern part of Cuddapah basin, low grade uranium mineralisation in
siliceous-dolomitic-phosphatic-limestone hosted rock is extending over a length of
160 km. A large underground mine at Tummalapalle in this sector has been con-
structed and the ore is processed in the plant adjacent to the mine. The processing
technology adopted for this plant is under stabilization. Plan for expansion of this
mine and plant and construction of new mines and plants are being envisaged
around Tummalapalle.

Uranium mineralisation in northern part of Cuddapah basin lies in the uncon-
formity contact between arenaceous formation and basement granite. One opencast
mine and three underground mines in this region at Lambapur-Peddagattu have
been planned and the ore from these mines shall be treated in a mother plant at
Seripally, 48 km from the mine site.

Bhima Basin in the State of Karnataka

High-grade mineralisation in limestone and granite hosted rock in this area is under
exploratory mining at Gogi. An underground mine and plant has been planned at
site.

Mahadek Sandstone Basin in the State of Meghalaya

The sedimentary basin, with a large areal extend hosts a large number of small to
medium size uranium deposits in sandstone host rock in Meghalaya, N–E part of
the country. Kylleng–Pyndengsohiong (former name Domiasiat) is one such large
deposit where active mining and processing of uranium ore has been planned
(Sarangi and Yadav 2011).

Uranium Mining and Milling Technologies and Sustainable
Development Framework

Kazakhstan, Canada, and Australia contribute to more than 65 % of world’s total
uranium production. About 51 % of world uranium production comes from in situ
leaching (ISL) method which has become increasingly important over last two
decades because of its low cost advantage over conventional techniques of open-pit
or underground mining and processing (www.neimagazine.com/). Other methods
of uranium extraction are co-product or by-product recovery from copper, gold and
phosphate operations, heap leaching, etc. Small amounts of uranium are also
recovered from mine water treatment and environmental restoration activities.
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Sustainable Evolution of Uranium Mining and Milling Technologies
in India

Uranium mining in India during last five decades has evolved with adoption of
appropriate technology in line with global developments without undermining the
need for deploying of local skills, wherever required. The industry has undergone
numerous phases of technological upgradation maintaining a balance among con-
temporary technological developments, incorporating scientific mining and pro-
cessing with flexibility for upgradation, waste management (taking into
consideration the carrying capacity of environment), understanding and coping with
the socioeconomic needs and engagement with stakeholders along with involve-
ment of local communities in decision-making. Mining processes have the potential
to impact a diverse group of environmental and social entities. With improved
planning, implementation of cleaner technologies and sound environmental man-
agement tools, performance in both the environmental and socioeconomic arenas
will improve drastically and thus contribute enormously to sustainable development
at the mine level. Transparency in communication, appropriately rehabilitating the
project affected people, etc., is gloriously exemplified in the growth track of ura-
nium industry of the country. This has assured sustainability at different stages of
mining cycle—from exploration to mine closure.

Mining and Ore Extraction

India’s first uranium mine at Jaduguda has undergone a transition in method of
mining over the years from shrinkage stoping, open stoping to cut and fill method.
Shrinkage stoping is applicable for steep dipping deposits with stable hangwall and
footwall. Shrinkage and open stoping methods adopted in initial years were limited
to shallow depth with low strata pressure. Although both the methods offered low
manpower cost, significant loss of ore in pillars and broken rock within stopes
(shrinkage stoping) and low productivity due to minimal mechanization called for
adopting newer methods. In order to recover valuable uranium from the broken ore
locked up in shrinkage stopes, Jaduguda mine had the distinction of recovering
uranium by spraying and re-circulating the barren acidic ion-exchange solution into
the stope and recovering the uranium from pregnant solution by precipitation—a
novel method known as “in-stope leaching” (Gupta et al. 2003).

Currently, ore extraction at six underground uranium mines in Jharkhand is
carried out by cut and fill method of stoping (Fig. 5). This method of mining
permits the use of de-slimed mill tailings as backfill which contributes to sustain-
able waste management practices.

Cut and fill mining method permits retention of surface profile during the life of
the mine and is thus restoration and reclamation friendly. This has also improved
ore recovery and minimized dilution. Cut and fill mining method in Indian uranium
industry has undergone rapid advancement facilitating use of alimak raise climber
for raising, jumbo drill, pneumatic load-haul-dump (LHD), etc. Use of decline
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method of mine entry in newer mines like Narwapahar, Turamdih, Bagjata, and
Mohuldih has enabled use of trackless diesel LHDs which move directly into the
stope to lift the broken rock (Fig. 6).

Cut and fill mining method has been practiced in most underground uranium
mines in India in spite of its high cost. However, it helps in selective mining,
amenability for mechanization, continuous restoration of voids through waste rock
management, reuse and recycle of the liquid waste, etc. This method of mining
allows extraction of ore from stopes with minimum disturbance to the surface and
underground. It maximizes recovery through less dilution and utilizes the mined out
space for waste rock disposal thus achieving the goal of sustainable development.

Fig. 5 Schematic layout of cut and fill stoping with ramp entry followed by UCIL

Fig. 6 Decline entry and mechanization in UCIL mines
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Ore Processing

Uranium ore is processed through hydro-metallurgical route in one of the two ways
—acid leaching or alkali leaching depending on the ore characteristics. Both
Jaduguda and Turamdih process plants in Singhbhum Shear Zone are based on acid
leaching. The mined out ore undergoes crushing and grinding followed by thick-
ening and re-pulping. The re-pulped material undergoes leaching in sulphuric acid
medium under controlled conditions. The leached out slurry is then filtered and the
liquor undergoes further purification through fixed bed ion-exchange in resin. The
purified liquor is subjected to iron precipitation followed by uranium precipitation
at different pH. Of all the possible precipitation schemes available for uranium,
Uranium Peroxide is the most preferred product as it is purer and an environ-
mentally superior product. The plant at Jaduguda produces Uranium Peroxide
(yellow cake) which is further washed, filtered, dried, packed, and sent for further
purification and fuel rod fabrication. Many advanced systems like Particle Size
Monitoring (PSM) equipment in the grinding circuit, high rate thickener for
thickening, belt filter in dewatering and filtration, and mechanically agitated
leaching tanks, etc., have been successfully installed in Turamdih plant in
Singhbhum (Fig. 7).

At Tummalapalle, ore processing is based on alkali leaching under high tem-
perature and pressure. This technology is indigenously developed and being tried
for the first time in the country (Suri 2010). A novel scheme of regeneration of
reagents in the process plant is under implementation to operate the plant in a
sustainable manner as the alkali leaching process is a complex and high cost
technology.

Recovery of by-products ensures optimum utilization and sustainable extraction
of resources. Valuable materials as by-products are also extracted at the process
plants depending on the concentrations of these minerals in the feed. Jaduguda plant
had undertaken recovery of copper, nickel, molybdenum, and magnetite from

Fig. 7 Mechanically agitated tanks and horizontal belt filter at Turamdih Plant
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uranium ore. Magnetite recovery is being continued which not only adds value to
the operation but also helps in conservation of valuable minerals. The plant at
Tummalapalle shall produce appreciable quantity of sodium sulfate as by-product
whose market potential is being explored. The copper ores of Singhbhum being
mined in the vicinity of Jaduguda contain traces of uranium and Jaduguda plant has
the unique distinction of recovering uranium from the tailings of copper
concentrate.

Continuous monitoring of parameters and sampling at different stages of the
processing activity ensures optimal utilization of raw materials with maximum
efficiency. The process is designed in such a way to achieve high recovery and
minimize loss of uranium in tailings. Recycling and reprocessing is done at different
stages for sustainable consumption of raw materials and resources. This is vital on
both recovery and environmental impact of waste discharge. Uranium recovery
from tailings of nearby copper mines and recovery of by-products further con-
tributes to the sustainable use of natural resources by uranium sector of the country.

Waste Management and Disposal of Tailings

Uranium resources in India are of low grade necessitating higher volume of
extraction and processing of large quantity of ore resulting in generation of large
volume waste in the form of waste rock from mines and mill tailings from pro-
cessing plant. Waste management becomes a vital activity and waste management
standards need to be constantly upgraded in line with the international practices and
adopting new techniques, wherever applicable. Cut and fill mining method has the
advantage of accommodating waste in the mined out stopes thereby reducing the
amount of waste to be managed on the surface. The waste rock generated during ore
production is sent back to the mined out stopes for backfilling. The remaining waste
rock are spread in the dump yard in such a way to blend in with the natural terrain
of the surroundings followed by plantation and revegetation process to maintain the
aesthetics of the area (Fig. 8).

The coarse particles (sand fraction) generated from tailings of process plants are
used as back fill in underground mines whereas the finer fraction of the neutralized
tailings containing radio-nuclides and chemical toxins (which do not possess the
qualities of backfilling material) are disposed in well-engineered impoundment
facilities called tailings pond. Hills as natural barriers, improved floor lining,
well-laid rain water drainage system, monitoring ponds in the downstream side,
etc., are some of the critical considerations for a tailings impoundment facility in
India (Acharya 2014). The decantation wells and channel ways are strategically
placed at the inner periphery of the tailings pond allowing only the excess water to
flow out through a well-laid drainage system to the effluent treatment plant.
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Maintenance of the storage or impoundment facility is also a significant step
since tailings pond is an exposed facility and is sensitive to the surrounding
environment. Reclamation of the tailings pond post maximum-limit-utilization is
studied carefully to provide long-term stability of the tailings restricting the
movement of contaminants. The reclamation scheme involves suitable soil capping,
planting of specific grass, and long-term monitoring of all environmental matrices.
Figure 9 shows a reclaimed tailings pond at Jaduguda.

Fig. 8 Reclaimed waste dump at Narwapahar

Fig. 9 Reclaimed tailings pond at Jaduguda
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Uranium Mining and Fiscal Model for Sustainable
Development

Uranium which is considered as a strategic resource by most countries is subjected
to a different kind of market force compared to other energy resources. It is asso-
ciated with financial risks and future liabilities arising from nuclear activities.
Indigenous nuclear power programme of India to a large extend has remained
insulated from external market dynamics. Nuclear power plants are capital intensive
but have low and stable marginal production costs with cost of uranium as fuel
constituting only a few percent of the total cost of electricity.

Uranium mines under operation in India are of very low grade and small to
medium size. Geological characteristics of the host rock and intricate ore geometry
add to the complexities of the extraction process. Development of these deposits in
merely commercial considerations is apparently unsuitable with any scope to
undertake high level of safety, environmental measures, and application of
advanced technology. However, in the Indian context the economics of operation in
uranium mining sector and its upstream and downstream activities are integrated
with the operation of nuclear power plants and generation of power. This model
provides fiscal latitude to the uranium mining operations facilitating adoption of
higher level of safety standards and environmental measures through application of
technology, thereby implementing sustainable global practices.

The economics of power production and supply to the national grid at com-
petitive price is the hallmark of nuclear sector in India unlike other countries where
the uranium producers, fuel fabricators and nuclear plant operators look for
favorable economics at every stage of operations. The concept of “ore-to-core” has
provided the opportunity to implement the best practices at different stages in spite
of adverse geological parameters.

Avoiding the transfer of large financial burden through time to future generations
is a part of sustainable development goals. Future financial liabilities and costs
associated with closure of uranium mines, decommissioning of process plants, and
reclamation of tailings impoundment facilities are adequately set aside to ensure
funds availability when needed in the future. This, in turn is largely included in the
generation costs and passed on to current electricity customers.

Neighborhood Development Towards Sustainable Living

The human capital dimension of sustainable development consists of knowledge,
education and employment opportunities, human welfare, equity and participation,
and social capital in the form of effective institutions and voluntary associations, the
rule of law and social cohesion. In this regard, nuclear energy is characterized by a
net contribution to human and social capital. However, uranium mining industry
which is in the front-end of nuclear fuel cycle is subjected to many challenges in
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terms of public acceptability and widely varying perceptions of the risks and
benefits.

Uranium mining industry of India acknowledges that for securing a long-term
and sustainable prospect, the activities must incorporate technical, business, and
reputation assets to proceed in a cost-effective, environmentally acceptable, and
socially supportive way. It is important to engage communities, governments, and
investors for sustainable survival of the operations. While outlining the sustainable
growth path, a greater emphasis on economic sustainability and community
capacity building should be contemplated as a priority.

Uranium Corporation of India has taken a giant stride in this regard. The ini-
tiatives to transform the lives of the communities around the operations as part of its
corporate rationale in the growth and development of the nation have been hailed
by all stake holders. The Company engages experts for professional feedback
through Need Assessment and Impact Study in the neighborhood. Based upon the
detailed site study and findings, Primary Health, Primary Education, Vocational
Training/Skill Up-gradation, Soft Skill Development, Self Employment Generation,
Cultural and Sports initiatives and Environment and Mines Remediation schemes
have been identified as the focus areas. These activities are implemented through
national agenda for all corporate—Corporate Social Responsibility
(CSR) initiatives. The key to the success of this process lies in the capability of the
CSR teams to ensure open and honest two-way communication based on mutual
trust, establish clear goals, effectively communicate the Company’s role and place
the community at the centre of the response.

One of its major sustainable development initiatives is anchored recently on
“empowering women.” In the very first year of its implementation, women of the
local community of the nearby villages were reached out with an objective to
nurture entrepreneurs whose earnings would contribute to family incomes through
skills development programmes on Jari Saree Making, Stitching, Cutting &
Tailoring, Leaf Bowl Making, Phenyl Making, Forklift Operator Training, etc. The
Company has set up an Industrial Training Centre to impart basic skill training in
areas like Fitter, Welder, Electrical, etc., to youths from the surrounding villages in
order to make them self-reliant and job ready.

One of UCIL’s key, CSR initiatives is an irrigation project in the nearby area
taken up with a sheer motivation to transform the lives of 56 odd farmers and their
families by facilitating them to be able to earn their livelihood and ascend to a better
quality of life. These farmers were provided with irrigation pumps, free seeds,
fertilizers, and manures along with periodical training and assured marketing of the
products.

Upgrading the standard of living of nearby villages has played an important role
in crystallizing community objectives. An enduring relationship with the neigh-
boring villagers residing in the vicinity of the operating units through mutual
respect, active partnership, and long-term commitments has been built over years,
with an objective to inculcate amongst the local population the proud acceptance
that they are the main stake holders and active participants in development
endeavors of their society.
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Conclusion

Uranium mining industry, all over the world is a victim of negative public per-
ception because of legacy issues arising out of unscientific mining and processing
activities causing contamination and environmental pollution during early years.
With concerns over climate change, urgent need for power generation to meet the
future needs, debate over potential of nuclear power to help mitigate against future
greenhouse emissions and thrust for production of uranium in an environmentally
and socially sustainable manner has gained momentum in many countries. With its
high energy density, mining and transportation of substantially low volume of
uranium counts high on sustainable development process.

India, in its unique nuclear power programme has accorded high priority to the
use of all three fissionable isotopes—235U, 239Pu, and 233U to meet the challenge of
reaching energy independence through well-calibrated utilization of domestic ura-
nium and thorium resources (Suri et al. 2014). The direction of this programme is
influenced by indigenous atomic mineral resource base. It aims at ultimate goal of
thorium utilization which is possible with optimal utilization uranium resource.
Therefore, development of uranium deposits of the country is inevitable for the
sustained supply of fuel to the indigenous nuclear power programme. Accordingly,
the growth of uranium industry has shown an extraordinary up-trend during last one
decade within a transparent regulatory framework. The industry is expected to
expand further matching with the phenomenal growth of nuclear power generation
in the coming years. UCIL has been pursuing this endeavor achieving technological
and scientific excellence and aspiring to progressively achieve the capability of
meeting the planned fuel requirement. A capability based on self-reliance has been
acquired to take up newer challenges, as and when they arise, to meet current needs
and to keep the growth rate intact.

Mining of low grade uranium reserve of the country with high productivity and
with the approach to utilize low grade resources is a significant step towards sus-
tainable development goals. Minimizing the process loss of uranium, maximizing
the extraction of valuable by-products, reuse of process water towards progressive
implantation of zero-discharge model, appropriate level of automation for moni-
toring process parameters, minimum discharge of tailings in environmentally
acceptable form, etc., demonstrate sustainable production process in Indian uranium
industry. All these have been made possible through the unique economic model of
uranium extraction—integration with power generation.

Apart from supplying the raw material for nuclear fuel, the uranium mining
industry of India has been contributing towards development of infrastructure,
mining technology, and employment opportunity in the neighborhood. However,
the key to gigantic growth in terms of volume and technological innovations in
mining and ore processing sector lies in balancing four principal components of a
sustainable society—producing companies, local communities, government agen-
cies, and concerned environmental protection groups. The act of balancing as an
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endeavor should incorporate ample flexibility to maneuvre the direction of the
journey towards meeting the needs of the present without depriving the future
generations.
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Geohazard Modeling Using Remote
Sensing and GIS

Sandeep Narayan Kundu

Geohazards

Geohazards are environmental conditions leading to widespread damage or risk to
human life and property triggered by earth processes. These include a broad
ensemble of natural and anthropogenic hazards that could cause disasters at the
global scale, some examples of which are earthquakes, landslides, volcanic erup-
tions and floods. These catastrophic events disrupt the accessibility to and the
availability of life sustaining commodities on which modern life rests on (Bostrum
2002; Smil 2008). Today, an improved understanding of the interactions between
the hydrosphere, the atmosphere, the biosphere and the geosphere has led to the
emergence and acceptance of climate change driven extreme events as geohazards.
Rapid urbanization, deforestation, industrialization has impacted the biodiversity
and the climate, feedbacks of which are resulting in an increased frequency and
larger scales of geohazards. Present day events are dwarfed by the scale and
magnitude of the ones which occurred in Holocene and should such a mega-hazard
was to occur today, the consequences would be unparalleled.

Decadal statistics for the last century (Fig. 1) reveal that instances of drought,
earthquakes, extreme temperatures, floods, landslides, wildfire and volcanic erup-
tions are on the rise. Economic losses from these events are also increasing
exponentially with geographically large nations like the United States, China and
India being the most vulnerable. Being sporadic, predictions of Geohazards are
often challenging and therefore we tend to underestimate their frequency and
intensity (Hempsell 2004; Wong 2014). Geohazards research is heavily reliant on
indirect and incomplete historical evidences which make characterization and
identification of the involved processes very difficult. Spatial statistics of past
events and its direct impacts are therefore of paramount importance. It is however
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extremely difficult to collect and include information on the indirect impacts, which
spiral out of immediate and direct ones on our environment and modern society, as
they are difficult to assess and quantified with certainty. Recent events e.g. hurri-
canes Katrina (2005) and Sandy (2012), typhoon Haiyan (2013), the Indian Ocean
tsunami (2004) and the 2011 Tohoku tsunami, have all illustrated that the risks
associated with such events are difficult to estimate (Stein and Stein 2014) and that
the procedures for reducing the disaster risk and mitigating the resulting losses are
inadequate. Geohazards pose a big challenge for present day society as its impact
cuts across geographical boundaries in today’s increasingly complex built envi-
ronment and global dependencies. A geohazard can therefore trigger global
catastrophes that can disrupt the socioeconomic fabric of a region impacting its
economy, food security and political stability. Floods and droughts are major
threats that potentially could escalate to the whole planet through its spiraling
impacts. With megacities and crucial industries situated in vulnerable areas,
Geohazards like earthquakes, tsunamis, and volcanic eruptions might cause disas-
ters that could exceed the capacity of the global economy to cope.

In the context of countries like India, where the geography and physical features
are spread across varying topography, tectonic and climatic zones, the exposure to
different Geohazards is high and is demonstrated through many events in the recent

Fig. 1 Decadal statistics of geohazards. a Occurrences of geohazards. b Resulting human
mortality. c Economic loss. d Top 10 countries by occurrence (1915–2014) (generated from data
downloaded from www.emdat.de)
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past. Floods in major rivers like the Brahmaputra, Ganga and Yamuna and tropical
cyclones are becoming more prevalent than before. Intra-cratonic mega faults,
along which major river flow and along which hydroelectric projects which fuel the
emerging energy needs of the nation, pose seismic risks due to loading of water and
sediments. In the Himalayan region, landslides and avalanches are easily triggered
by seismicity or intense precipitation, have resulted regular loss of life and property.
Like other parts of the world, geohazards are a serious threat to the socio-economic
growth of India and with the government spending billions on rehabilitation of the
victims; it becomes all the more important to include risk assessment for sustainable
planning and development in these regions.

Earth observations through remote sensing from space, coupled with information
from a ground-based network of sensors, play an essential role in increasing our
resilience against natural hazards. They also provide policy makers with crucial
information which help reduce the underlying disaster risk factors, making the
society more adaptable. Insightful analysis using Geographical Information
Systems (GIS) and timely dissemination of geospatial information on the risks and
vulnerability helps the administration effectively mitigate the hazard. A systematic
and structured approach using Remote Sensing and GIS applications can model the
disaster and its hazard potential and identify vulnerable sections of the society
beforehand which is helpful in mitigating the disaster and minimizing the losses.

Earth Observation and Remote Sensing

In the 50s, the launch of Sputnik and Explorer 1 by the Soviet and the US
respectively, kicked off a space revolution that opened up a new way of observing
the planet. Advances in space technology and computer processing led to the
evolution of satellite observation systems spearheaded by several countries which
led to scientific collaboration on earth observation at a global scale. The use of
remote sensing for modelling geophysical phenomena over time led to better
understanding of natural hazards. The knowledge gained from earth observation can
now be seamlessly integrated with demographic and socio-economic data forming
the foundation of risk mitigation planning and disaster response frameworks. As
earth science oved towards studying the interactions between the hydrosphere,
atmosphere, biosphere and geosphere as a complex system, a synoptic perspective
as various scales and resolution was provided by remote sensing, making it an
indispensable tool for modelling geohazards. Earth orbiting satellites complement
observations from airborne or ground-based sensor networks for seismology, vol-
canology, geomorphology and hydrology. The spectral, spatial and temporal ranges
provided by remote sensing platforms provide multiple perspectives of a region
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leading to estimation of several parameters which correlate well with ground based
observations. Understanding the earth’s dynamics and system complexity is now
possible through integration of observations from multiple platforms improving our
understanding on the earth’s processes and feedbacks.

In the present day, satellite remote sensing provides a robust framework for
continuous earth observation (Fig. 2), advancing scientific knowledge of our earth
as a complex system of interactive processes, extremes of which are geohazards.
Continuous observation provides temporal information that helps us identify trends
which serve a precursor to geohazards and this leads to better preparation to face the
hazards and even mitigate it. In the event of a geohazard, remote sensing helps us
evaluate its impact through multi-temporal image analysis. Geospatial information
products derived from earth observation and remote sensing feed the decision
support systems we use today, which are being used at various scales of jurisdic-
tions, forming the basis for comprehensive risk assessment and better-informed
mitigation planning, disaster assessment and response prioritization.

Geohazards often occur in regions with restricted political and physical access.
In such cases, remote sensing becomes the sole means for hazard assessment. Its
robust data is amenable for analysis in geospatial systems that support image
classification, digital terrain modelling, change analysis and integrated multivariate
analysis incorporating ground based sensors. Global Positioning Systems (GPS),
for example, provides space based geodetic measurements that are combines with

Fig. 2 The WMO Global Satellite Observing System, 2009 (from Mohr 2010)
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ground seismic observations for modelling lithospheric movements leading to
hazard and risk zonation maps for earthquakes. High resolution digital elevation
models derived from Aster, Modis and Hyperion are contributing significantly to
assessing and modelling hazards like landslides, avalanches and floods. Modern
satellite based gravity field data (e.g. GRACE) are addressing short term total water
variations on land and oceans, trends of which are used to predict drought.
Coastline monitoring from space (IRS P4 Oceansat) provide measures for identi-
fying risks of coastal flooding, erosion and their mitigation planning.

GIS Analysis

Geographical Information Systems (GIS) comprise tools for capturing, storing,
analyzing, and presenting spatial data sets. GIS has evolved to handle large data sets
from disparate sources and in evaluating complex spatial relationships between
various measurements from ground and space borne sensors, which makes it an
important tool for geohazard studies. GIS has been used for identifying precursors
to, modelling the impact of and identifying causative factors leading to a geohazard.
For example, the previous locations of events (earthquakes or landslides) can be
used to study the spatial relationship between geological structures, moisture dis-
tribution, thermal conditions, and geomorphic features to identify the vulnerability
of another region leading to the hazard. High-frequency Earth observation data can
be analyzed to generate trends that not only can forecast events like blizzards or
tropical cyclones but also can serve as an early warning to vulnerable community
preparing them well in advance to face it.

GIS aids spatial analysis of pre and post event scenarios lead to quantification of
the impact and its severity which is useful for authorities for their restoration work.
Development of spatial risk model that facilitates visualization of what-if scenarios
in the event of a geohazard occurring is now possible to model using modern GIS
tools. Today, the role of GIS extends beyond spatio-statistical analyses into
web-based applications and communication systems which now form the backbone
of decision support systems in many countries.

Predictive Analysis

Geohazards do not occur regularly and are constrained by spatially spread envi-
ronmental factors. Geospatial predictive analyses utilizes spatial correlation among
these environmental constraints and by using and comparing historical data, the risk
of that hazard can be modelled in an area. Geospatial predictive modeling is a
process for analyzing events using a geographic filter in order to make statements of
likelihood of occurrence of the hazard. This is achieved through deductive or
inductive methods. The former involves subjective information for describing the
relationship between the factors and the occurrences of the geohazard. The accuracy
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of the deductive model is limited by the depth of qualitative data inputs to the
model. Inductive methods, on the other hand, rely on the empirical relationship
between factors that is quantitatively defined. This makes the methods amenable for
implementation in computing systems using automated and iterative algorithms,
results of which lead to identification of precursors to geohazards and their inte-
gration into early warning systems.

Predictive analysis can be extended into what-if analysis where hypothetical
scenarios can bemodelled to inductively or deductively assess the extremes of the risk
or vulnerability of the geohazard to a region. A dam, for example, not only increases
the risk of reservoir induced seismicity and trigger earthquakeswhich has the potential
to flood the downstream region, in case of the failure of the dam. These spiraling
hazards can be modelled using GIS at the planning stage of the hydro-electric project
and its environmental risk evaluated, based on which authorities can decide on
advancing or scrapping of the project. Such analyses are finding importance in the
policy making framework of progressive governments. What-if analyses are the basis
for environmental impact assessment and are a means to assess the hazard to the
environment for activities like large-scale construction, mining or oil exploration, or
transportation of hazardous materials on land and on sea.

Change Analysis

Change analysis is essentially an image processing technique which detects the
differences in a region before and after an event. It involves a pair of congruent
remote sensing images, one acquired before the event and another after. Such
analysis is important for assessment of the impact of a geohazard.

The approaches to detecting changes depend on the nature of the hazard and also
on the characteristics of the satellite image. Methods are categorized into two main
groups, depending on whether image classification is required before or after the
changes are detected. The first group of change detection methods (Fig. 3), involves
classification into categories followed by their comparison to detect changes. This is
comparable to the deductive approach in predictive analysis and requires extensive
human expertise in classifying the images. The second group involves image dif-
ferencing or derivation of the change vector, result of which is then sliced into
categories which bring forth the factors which determine the impacts of the event.
This method is computationally easier to implement and the human subjectivity is
only introduced when thresholds for isolation of the categories is concerned.

Applications

We shall now look into some examples of the application of GIS and remote sensing
on modelling different geohazards. The occurrence of a disaster depends on two
primary factors; the probability of occurrence of a geohazard and the degree of loss
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resulting from it. The former is the likelihood of the hazard itself, whereas the latter
is the vulnerability. GIS utilizes remote sensing data to understand these factors
through hazard and vulnerability analysis resulting in an actionable risk map.

Earthquake Hazards

An earthquake is the seismic shaking of the Earth’s surface, resulting from the
sudden release of energy from a stressed location in the earth’s crust. Earthquakes
have the potential to push back a city to ground zero with devastating impacts on
life and the build environment (Fig. 4).

Satellite remote sensing systems not only offer spatially continuous information
about the tectonic landscape, but also contribute to the understanding of specific
fault systems. Combined with ground network data, remote sensing enables a better
understanding of displacements, and validation of slip models that are cast in a
regional setting of tectonic strain (Cakir et al. 2003) and help constrain source
characterization. GIS is used to assess earthquake risk and hazard locations in
relation to populations, property, and natural resources. The integration of spatial
information on past occurrences, proximity to crustal plate boundaries, other
structural geological elements and associated risks like landslides and floods are
key for such geospatial analysis. Risk maps are deliberated at local, regional and
national levels based on which land use and development activities are planned. For
example, constructions in a high damage risk zone needs to incorporate an earth-
quake resilient design that can withstand the likelihood of a quake of expected
intensity.

Fig. 3 GIS analysis framework for remote sensing data applicable for geohazard modeling (Siu
and Lan 2008)
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Volcanic Hazards

Volcanoes erupt without warning leading to events like lava flows, lahars, ash falls,
debris avalanches, and pyroclastic density currents. These have killed people and
damaged several homes this century and pose a threat for the future. Modeling volcanic
hazards require space and field-based observational data like the three-dimensional
seismicity in the area; geodetic and gravimetric measurements of the deformation at the
volcanic edifice that characterize the faults, fractures, landslides and flank instabilities,
rift systems, and calderas; characterization of gas and ash emissions by composition and
flux; and characterizing and monitoring of heat flux in the vicinity (Fig. 5).

Remote sensing defines a new paradigm for volcanological observations (Pieri and
Abrams 2004) through spectroscopy in optical and thermal spectrums permitting the
identification, isolation, and estimation of surface deposits and its composition, surface
temperature, topography, and surface deformation aided by the Shuttle Radar
Topography Mission (SRTM) provide invaluable topographic data in a temporal fre-
quency (Steven et al. 2003). These datasets can be incorporated in GIS-based open

Fig. 4 Earthquake hazard map of Northern India showing risk zones calculated using past
occurrences and regional geological structures (Source www.bmtpc.org)
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source tools, e.g.,VORIS (Felpeto et al. 2007) for volcanic hazard assessment,modeling,
and generating risk maps.

Floods and Landslides

Floods are among the most frequent natural hazards in the world, claiming the
largest amount of lives and property damage. Remotely sensing data analysis
supports reconstruction of past erosion, deformation, and quantification of tectonic,
climatic, biological, and anthropogenic inputs to the evolving landscape that
underpins the risk and impact assessment of such hazards.

Observational geospatial datasets acquired over time characterize the changing
surface, subsurface and hydrology of an area that can be quantified and modeled to
predict flood hazards. High-precision sub-meter digital elevation models (DEMs)
characterize morphology of catchments that can incorporate meteorological data,
simulate runoff, quantifying threshold limits exceeding which floods or landslides
are bound to occur. Floods and landslides have several commonalities in their
occurrences and pose an increased threat to open cast mining (Fig. 6). Modelling
their triggers is critical to the safety of people and equipment dwelling in the region.

Damage from instances of floods and landslides can be assessed using change
analysis of a variety of satellite data sets from SPOT, Landsat to the recent
high-resolution WorldView. An example of such assessment is for the South

Fig. 5 Multi-hazard risk map in Kanlaon, Philippines (Neri et al. 2013)
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Carolina floods in 2015 (Fig. 7), where more than a dozen dams were breached,
entire neighborhoods were swamped, hundreds of roads were made impassable and
more than a dozen of people were killed.

Coastal Hazards

Eleven of the 15 largest cities in the world are situated near coasts. Coasts are
vulnerable to geohazards like cyclones, tsunamis, and in the wake of rapid climate

Fig. 6 A devastating landslide at the Bingham Canyon Mine outside of Salt Lake City, Utah
(Source Daily Mail UK, 1 June 2013)

Fig. 7 True Color Composite of Landsat 8 OLI before (left) and after (right) the South Carolina
floods. Source NASA Earth Observatory
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change, sea level rise. The effects of coastal geohazards are spatially non-uniform
due to local variables which involve interactions between lithology, geomorphol-
ogy, climate, wave and currents (Gornitz 1991) and past storm frequencies.

Integrated SAR and Landsat TM imagery have been used to monitor changes in
coastal geomorphology and land cover, flood and erosional damage, and to facil-
itate planning and maintenance of mitigations (Singhroy 1995) based on which
GIS-based coastal flooding hazard zonation maps can be prepared, published, and
disseminated to stakeholders.

The impact of coastal geohazards like cyclones can be studies using indices
derived from earth observation satellites. Kundu et al. 2001 effectively demon-
strated the use of IRS-P4 OCM to derive indices characterizing vegetation and
coastal waters before and after the Orissa super cyclone of October 1999 using
Image processing and GIS tools to access the coastal damage (Fig. 8). With the
current day advances in satellite observation and geo-computing capability space
measurements of ocean vector winds from SeaWinds on QuickSCAT and Meteosat
can be combined with associated precipitation measurements to model the strength
and damaging potential of coastal storms.

Natural Resource Exploration and Exploitation

Anthropogenic activity is increasingly playing an important role in triggering
several geohazards. The seismic threat arising out from impounding of rivers for

Fig. 8 NDVI difference image showing regions affected by the 1999 Orissa super cyclone, India
(Kundu et al. 2001)
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hydroelectricity generation, increases the chance for an earthquake which has the
potential to spiral other geohazards like floods and landslides. Open cast mining
methods for coal and copper influence changes in the topography, land cover and
ground water levels, which can potentially cause landslides, erosion and air-water
pollution, spiraling effects of which can be seen through generations. Drilling wells
for oil and gas can encounter overpressured formations leading to blowouts, oil
spills and mud volcanism. The Macondo disaster and the infamous Sdioarjo mud
eruption in Indonesia (Fig. 9), both of which resulted from blowouts during drilling
for oil and gas, are examples of such geohazards. Transportation of mined material
also poses risks to the environment, so does excessive use of carbon-based energy
resources that’s driving global warming and climate change.

Opportunities and Challenges

The increasing availability of high-resolution (temporal, spatial, and spectral)
satellite remote sensing platforms is supporting continuous earth observation and
the evolution of efficient methods for rapid monitoring of land cover/land use and
their changes. This improves chances of predicting a geohazard allowing timely
decisions to be taken to assess risk assessment during extreme events (e.g., hurri-
canes, forest fires, earthquakes, floods, and epidemics) through spatial-statistical
analyses and detection of trends. Currently there is a huge opportunity to improve
understanding of each geohazard, not only in identifying the driving environmental
factors, but also in establishing the empirical relationships that shall reduce sub-
jectivity and improving confidence in the geohazard models and their subsequent
integration in disaster management and decision support systems.

Fig. 9 NASA’s Aster false color composite before (left) and after (right) the eruption of the mud
volcano Lusi at Sdiaorjo, Indonesia, the biggest mud volcano of the world. The vent is suspected
to have resulted from drilling-induced fracturing at the site (Source Wikipedia)
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Despite the availability of the huge literature on land cover classification and
change detection, we are still far from being able to automate these tasks via remote
sensing and GIS. The high variability of ground conditions and integrated analysis
of disparate geospatial datasets from various sensors operating at varying spatial
and temporal precisions add another level of complexity to GIS-based predictive
modeling and impact analysis. The quest for useful approaches and methods for
rapid land cover identification and change detection remain a very challenging task
and offer an opportunity for further research in geohazard modeling.
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Modeling Trends in Solid and Hazardous
Waste Management

The Change from Aerobic to Anaerobic Land
Filling and the Increase of Correspondent
Emissions and Expenses

Andre Luiz Bufoni

Abstract In this chapter, we discuss the main policy to waste management des-
tination, considering the immediate sanitation concern in developing countries.
From the analysis of literature and many waste management projects presented for
United Nation registration as clean development mechanism (CDM), we draw some
deductions. Because of the regulatory shortcomings and pitfalls; landfill sites
configuration from aerobic unmanaged to anaerobic managed; poor administrative
activity; and the increase of costs and the capital shortage, the change can lead to a
greater overall GHG emission. Thus, the recent studies and the world reports about
this issue indicate the regulatory environment as the first bottleneck to be aware of
to alleviate the initiatives barriers.

Keywords Landfilling � GHG � CDM � Barriers

Contextualization

Since our consuming patterns are still unsustainable, the product life cycle is
becoming increasingly shorter (especially electronic devices), recycling have limits,
and prevention and reuse policies rates are very modest, the management of waste
will also be for a long time a relevant and continuing global issue (Bartl 2011,
2014).

However, nowadays, while developed countries strategies focus on the resources
conservation and landfilling diversion (Fig. 1), the developing ones strive to protect
the health and wellbeing of people that still suffers due to inadequate waste man-
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agement practice. For developing countries (DC) the protection of human health is
still the number one objective (Brunner and Fellner 2007; Ciplak and Barton 2012;
Bufoni et al. 2014). Certainly, and despite the fact that the waste management
requirements are continually increasing for the entire world, for sure these countries
face different cultural, technological, regulatory, and skilled labor barriers, but the
financial constraints are common to all DC and pervades all others (Carvalho et al.
2011; Bufoni et al. 2015).

Per example, an investigation of large waste management projects of Clean
Development Mechanisms (CDM) under Kyoto Protocol Instruments shows that
the reality of the Municipal Solid Waste Management System in DC is that more
than 70 % of the registered projects—in order to receive the respective tradable
certified emission reductions (CER)—focus landfill gas treatment through flare or to
generate electricity, usually using clean biogas (LFG) reciprocating engines
(GENSET). However, the electricity generation usually is a second project stage
and may not be implemented due to the LFG production uncertainties, and the high
cost of the engines. The equipment pays it costs, what is not attractive to a regular
financial investor (Bufoni et al. 2015).

Figure 1 shows the waste final destination of the European Union and the United
States of America. The DC landfilling reality is more like the right part of the graph.
However, this also means that the landfill profile is changing from an unmanaged
swallow aerobic open dumps to intensive managed anaerobic site in most DC
countries, what according to IPCC Guidelines for National Greenhouse Gas
Inventories has its consequences, increasing costs and methane potential emissions.
Nevertheless, the literature indicates that composting and anaerobic digestion
(AD) are the two preferred municipal solid waste organic fraction (OFMSW)
treatment option for achieving effective carbon reductions in developing countries
(Barton et al. 2008; Rogger et al. 2011), while the (developed) world most
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significant waste directives also recommends the use of a new generation of
Rankine cycle incinerators (HIRN) to recover the energy and to the landfilling
volume reduction (European Comission 2008; EPA 2011).

In this chapter, developing countries environmental or distal context, like cul-
tural and structural factors, are considered highly relevant to shape the final
behavior from the intention of those tasked with the implementation of a good
waste management system, where the municipality officials also have the man-
agement responsibility. However, it is not uncommon that these officials are
political and regulatory dependents, and they lack the decision-making power
(Godfrey et al. 2013). In conclusion, many developing countries are reestablishing
strategies, reordering priorities, increasing standards, and extending regulations for
the management of their waste prevailing practices and policies.

Consequently, the aim of this part is to present the circumstances supporting the
developing countries “landfilling revolution”, and critically discuss the adopted
long-term strategy (if any) to manage the municipal solid waste. This work
underpins this discussion of the changes in progress in four different dimensions:
(1) the aim and the strategy of the national waste management policy (2) the profile
of landfills sites, (3) the theoretical financial analysis on costs; and (4) the projected
change in the emission of greenhouse gases on the model in IPCCC.

Contradictorily, waste management literature indicates that “waste management
requires a more systems-oriented approach that addresses the root causes of the
problems” (Singh et al. 2014), but a recent review points out that the aim of the
studies rarely are strategic, or the barriers of the projects (Allesch and Brunner
2014), perhaps ‘en passant’ in some case studies to environmental and technical
aspects, the usual objectives (e.g., Wagner and Raymond 2015). Furthermore, just a
few parts brings the economics.

The Waste Management Policy Strategy

The term ‘policy strategy’ refers to the national planning stage development, with
drivers, objectives and goals definitions, key-variables selection, standardized
proxies and performance indicators assemble (existent), or its setup (new ones). The
waste management plan shall include a complete information system to support the
decisions (DSS) of the national regulatory agency, steering committees or the
government. The European Commission is the only organism that issued aspecific
manual on national WM planning for country members (Ljunggren 2000; Andersen
et al. 2007; European Commission 2012).

The words like material flows and efficiency, environmentally sound waste,
integrated system management, and holistic decision model reveal the intention of
developed countries to reduce the relative waste production, and to the landfilling
diversion. Meanwhile, a universal collection service and the adequate final disposal
of waste is still a concern at DC Agenda (Carvalho et al. 2012; Bufoni et al. 2014;
UNEP 2015).
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This asymmetry is more evident in official reports published (European
Environment Agency 2013; Corselli-Nordblad 2014; OECD 2015), and at the
manuals, guidelines and recommendations issued by the countries commissions,
regulatory agencies and international organizations (OECD 2007; European
Comission 2008; USEPA 2014a; European Commission 2015). As result, the
statistics show that, although “the effective technologies required to ‘solve’ the
waste issues are largely already available, and have been much written about”,
while DC waste is changing in composition and increasing in production per capita
resembling the developed ones, those cities rarely can adequate manage it,
impacting health, the environment and the economy (Hoornweg and Bhada-Tata
2012; Wilson and Velis 2015).

In fact, waste management system in DC is still driven by sanitation and public
health concerns (Bleck and Wettberg 2012; Bufoni et al. 2014), the first of five
phases, historically associated with 1970s developed country waste management
system (Marshall and Farahbakhsh 2013). Marshall and Farahbakhsh (2013)
organize five historical drives associated with developed countries, from 1960s to
nowadays: (1) Public Health; (2) Environment; (3) Resource Scarcity; (4) Climate
Change; (5) Public concern and awareness. In their conclusions, however, the
authors indicate that the current DC conditions are starkly different, because of the

Rapid urbanization, soaring inequality, and the struggle for economic growth; varying
economic, cultural, socioeconomic, and political landscapes; governance, institutional, and
responsibility issues; and international influences have created locally specific, technical
and non-technical challenges of immense complexity—(Marshall and Farahbakhsh 2013,
p. 992)

Though, others studies suggest this list is far larger. The Guerrero et al. (2013)
review on WM of 37 cities in 22 countries of 4 continents, per example, presents a
29 factors that influence the elements of WM systems and concludes for 5 critical
aspects that would be addressed: (1) the role of each system stakeholder; (2) deci-
sions complexity not only based on technologies; (3) financial support; (4) reliable
data from a proper information channels; (5) university and research centers
development.

Godfrey et al. (2013) concentrates efforts on political obstacles associated with
other interests and the lack of knowledge of the political authorities to deliver and to
support an efficient management system. The problem is that political environment
determines the policy making and, in consequence, the regulatory framework.
Bufoni et al. (2015) from a 2004–2014 sample of 432 large waste management
projects deduce that a poor regulatory framework impact negatively the attrac-
tiveness of waste and waste-to-energy sectors, also commending a financial data-
base building and standardization.

The DC regulatory shortcomings are well documented, and its implications are
manifold. Examining South Korea’s renewable energy deployment, Yoon and Sim
(2015) list some causes for a policy failure that may hinder the success in four
evaluation areas: (1) policy environment; (2) policy design; (3) policy implemen-
tation; (4) policy monitoring.
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1. Policy environment

1:1. Lopsided [others] political and industrial interests
1:2. Lack of willingness to provide institutional support for deployment
1:3. Physically and technologically good, but financially bad potentials for

developments.

2. Policy design

2:1. Problematic conceptualization and classification
2:2. Disordered legal system and unsystematic national plans deployment
2:3. Insufficient consideration before making the policy shift from feed-in-tariff

to portfolio standards.

3. Policy implementation

3:1. Insufficient financial support, and weak public relations, and marketing
3:2. Inadequate coordination and lack of cooperation between government

agencies.

4. Policy monitoring, assessment, and feedback

4:1. Lack of systematic monitoring, regular evaluation, and performance
auditing

4:2. Lack of adequate feedback arrangements.

It is clear that these problems are not a renewable energy sector (including
waste-to-energy) or a South Korea’s privilege. Furthermore, besides not consider-
ing if this regulatory environment was well-designed, it does not have any con-
ceptual problem, or lack of an adequate information system to assess its
performance, the entire process in DC is deemed extremely dawdling (Massarutto
2007; Simões and Marques 2012). When the law or another instrument is deployed,
if no other problem occurs, it can be already obsolete, and the process restarts. In
some cases, a national policy on waste management can take decades. This issue
was, per example, the case of Brazil (Brasil 2010).

A recent global report by United Nations Environment Programme (UNEP
2015) on waste management shows the importance of a coherent definition of the
system aim according to the ‘particular drivers’. In fact, the report and the WM
literature considers that overall aims of a WM system change in time, depending on
these drivers, but they are also country development dependent. Therefore, the
UNEP report attests that

It [the report] aims to provide assistance in identifying and implementing the appropriate
policies and actions for the next steps in developing their own specific waste and resource
management systems.

It is, however, essential to highlight from the beginning that every situation is different.
Thus there are no inherently ‘right’ or ‘wrong’ solutions, nor is it possible to provide a
simple ‘user manual’ that will solve every problem (UNEP 2015).
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This Global Waste Management Outlook (GWMO) report declares the fact that a
sustainable WM is a challenge in developing countries (DC), mainly because of
regulatory and financial constraints. The report recommends as analytical and
conceptual frameworks: environmentally sound (ESWM) (COP 10 2011), the
integrated sustainable (ISWM) (Guerrero et al. 2013), Life-Cycle Assessment
(LCA) (Karmperis et al. 2013), and WM Hierarchy. However and again, according
to the document, the lack of standards, measurement methodologies, and reporting
systems still preclude the performance indicators and monitoring activities at those
countries.

This chapter infers from this state of affairs that the waste management system in
developed and developing countries are comparatively different, consequently,
should also be the decision models. However, the review of the waste management
literature indicates that both are prescriptive, managerial, based on performance and
the classic model plan-do-check-review-revise (Gentil et al. 2010; Eriksson and
Bisaillon 2011; Karmperis et al. 2013; Rashidi 2014; Laurent et al. 2014).
Furthermore, a more recent study on the declared barriers of waste management
projects implementation, suggests that a ‘restrictions model’ would be relevant and
helpful to accelerate efficiency and efficacy of the WM system (Bufoni et al. 2016).
The aid tool would permit the systematic and persistent search for systems per-
formance constraints, in a considerably shorter time.

The summary of this part is that the waste management national plan is a
complex system that depends on a multivariable set of conditions to work properly,
from the environment to monitoring tools. These conditions are more easily found
in developed countries. Their decision models are based on performance, life-cycle
assessment and sophisticated information systems. The WM literature and the
practitioners declare that such conditions in DC are rarely found. Hence, regulatory,
financial and technological (transfer or development) barriers need attention.

In the interim, the developing countries will continue to choose the minimum
capital expenses, the simplest and the more reliable and experimented feasible
technology available to comply with a usually outdated, recent, precarious, and
weak regulatory environment. In practical terms, this means public health drives,
adequate final destination, low reduce-reuse-recycling rates and society awareness.

The choice trends for the coming years seem obvious and inevitable: landfill
projects. This project type predominates, and on many occasions is the only
mandatory ‘treatment’, equivocally declared adequate and sometimes even the
‘recommended’ one (Barton et al. 2008; Rogger et al. 2011). But not without
consequences.

The Landfill Sites

Although the predominance of landfill projects worldwide, information about the
waste management in DC, as we already told, is not easy to find. The projects
design is usually associated with direct administration or bidding for a public
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concession to operate the landfill sites. Thus the information broadcast is transitory
within the treaty process and/or simply not disclosure due to the government
opacity.

Usually, the international reports about landfilling are statistical. It means data
suffer some collection, analysis, interpretation or explanation to summarize the
picture in a ‘landscape,’ ‘outlook’ or ‘at a glance.’ In the process much valuable
information is lost or, depending on the report objective, diminished (Inanc et al.
2004). Even on OECD, US Protection or European Environment Agencies, it is not
common to find details (OECD 2007; European Environment Agency 2013;
USEPA 2014b).

One of the most consulted nonacademic sources for developing country waste
management publications is the World Bank. The World Bank produces global
(World Bank 2008; Hoornweg and Bhada-Tata 2012), blocks and continentals
(Hoornweg and Giannelli 2007; World Bank 2011; Roos et al. 2012; Echart et al.
2012) and country (Hanrahan et al. 2006; World Bank 2010a, b) references. It
includes not only many different approaches, from consumer patterns to technology
costs but also several waste management industries like incineration, However,
projects details are rare.

Therefore, the UNFCCC source of projects design documents, as part of Clean
Development Mechanism (CDM) registration, increase in importance (UNFCCC
2015). With more than one thousand waste management projects, which 70 % are
landfill projects, this mandatory process is reputed as one of the richest and most
important information sources for research by waste management designers and
practitioners in developing countries (Plochl et al. 2008; Bufoni et al. 2015).
Therefore, the following conclusions are supported by 433 large projects analyses.

The findings show that the regulatory baseline of most countries is venting the
landfill gas (LFG), although, the same regulatory theoretically recommended
practice recognizes that send to a final destination only the residues not ‘economic
viable, or technological feasible’ is the ideal. From more than 300 hundred landfill
projects, only three of them have in site recycling or biodigesters facilities, possibly
to the economic technical and regulatory barriers (Tayyeba et al. 2011). The rest
usually declare itself planned to, in the first phase, collect the LFG and flare it, with
some leachate treatment (Yue et al. 2007).

The second project phase selected would be purifying and reduce moisture of the
biogas (half methane and half CO2) to fuel engines to produce energy thru gen-
erators, or the upgrade purifying to a >99 % CH4 gas content, usually to fuel a
NGV engine, including for waste truck fueling purposes (DIESEL-NGV Otto cycle
engine), or simply send it to the grid. In this phase, the project is exposed to many
LFG production uncertainties and pitfalls (Han et al. 2009; El-Fadel et al. 2012).

However, the most common solution to electricity production is the use of
biogas reciprocating engines. The mode is to use from 500 up to 1,500 kW engines
brands as Stamford, MAN, MTU, Guascor, Marelli, ShangdongShengdong,
Luoyang Zhongzhong, Caterpillar, and GE Jenbacher. These engines were designed
specifically for biogas applications (50 % CH4) and are characterized by a ‘par-
ticularly high efficiency, low emissions, high durability and high reliability’.
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Nevertheless, the engines are expensive and require some gas standards to work
properly, which demands more costly equipment what, conversely, may be pro-
hibitive for some projects. Therefore, many projects postpone sine die the inclusion
of engines (phase 2). The business as usual (BAU) scenario is to use multiple
smaller engines (3–32) due to increased flexibility in meeting a project’s gas life-
time production curve (Bufoni et al. 2015).

However, let’s draw some attention to LFG gas production uncertainties prob-
lem. The uncertainties, in this case, are threefold: (1) the inadequacy of gas
emissions/production theoretical models; (2) efficiency of collection systems;
(3) the unexpected and unpredictable site condition. All are interlinked and together
created a relevant social opposition based on a symbolic, cultural, and ideological
factors, and environmental awareness (NIMB—not in my backyard). The public
perception is presumed to be a key element of the willing to accept new tech-
nologies (Massarutto 2007; Kardooni et al. 2016). Some investors complained
about a ‘counter-culture’ on those projects and to suffer some technology prejudice.

Furthermore, the literature states that the adequate landfilling is always a better
destination solution than controlled and open dumps, but still unsustainable. The
problem is the incompatibility of its components lifetime (20–30 years) and the
leachate and heavy metals lifecycles (110–250 years) (DoBerl et al. 2002; Malkow
2004). The difficulty is greater in countries in which the sites are numerous and
older (developed ones), a situation that does not need to be replicated by DC, but it
is the trend.

Supposing the adequate destination at developing countries are still a problem, it
has many uncontrolled dumps, which the underground condition is a mystery,
especially to the insufficient site prospection to determine the organic fraction and
the moisture of the waste (Chung and Lo 2008; Siddiqui et al. 2013). Even the
controlled ones conditions are difficult to predict since the machinery maintenance
is humble and the aftercare efficiency is suspicion (Al-Yaqout and Hamoda 2002;
El-Fadel et al. 2012; Bufoni et al. 2014).

As a result, the existent predictive models like UK GasSim, US landGEM, TNO,
Mexico or UN FOD fail to hit the observed landfill gas production (Donovan et al.
2011; Aydi et al. 2015). Models are simplified reality representations, a reduc-
tionism of phenomena by philosophical systems. In other words, the models’
technical parameters, called coefficients, are unable to capture the entire specificity
of the site conditions.

Per example, due to the constant criticism about the too conservative predictive
value of LandGEM model used by United States Environment Protection Agency
(Wang et al. 2013), and the need for a better environment control, the agency
established a pilot program from 2006 to 2026 building 51 bioreactors landfills in
substitution to the traditional ‘dry tomb’. A bioreactors landfill is defined as “any
landfill cell where liquid, or air is injected in a controlled fashion into the waste mass
to accelerate or enhance bio stabilization of the waste” (USEPA 2015). Even a more
used model as the first order decay (FOD) of the United Nations has some statistically
significant differences and can result in substantial planning errors about the pro-
duction potential by the regulatory agencies (Amini et al. 2013; Loureiro et al. 2013).
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The LFG collection system efficiency is also another issue. It is not because of
soil cover fugitive emissions. Studies on the recovery efficiency of gas collection
and retrieval system reported at most 85 %, but its effectiveness can fall up to 41 %.
The default expected average is 70 % (Mønster et al. 2015; Aydi et al. 2015). These
numbers are far from the alternative organic fraction treatment and gas recovery
efficiency like anaerobic digesters (>99 %), maybe the reason why these is one of
the commended landfilling diversion options.

In summary, the unplanned and unmanaged landfills predominate at developing
countries. Thus, the site conditions, from the soil cover till the bottom liners are
uncertain and also unpredictable. The operational risk associated with unexpected,
and experienced underperformance, results in a partial or total projects withdrawal.
Low compliance and enforcement baselines, skilled labor, and inadequate equip-
ment maintenance complete the description of the current and possibly the future
situations because the impacts will be felt in the post-closure monitoring period.
A part of these upcoming issues are technological and depend on solutions research
and development already in course, but yet not available. Nevertheless, another part
is structurally sociopolitical and regulatory dependent.

The Increasing Costs

However, it is possible to notice that another part of the reported problems could be
solved with a proper financial configuration and investment budget. In this section,
we propose to discuss this issue. First, we should divide it into three approaches:
(1) internal (financial), (2) external (economics) and (3) comparative risk-return
analyses (benchmarking).

According to the World Bank, the waste management costs in most DC cities are
the main yearly budget service expense of the municipalities. Also, the 2012 report
points out the inequity of these distribution costs, where the operational expenses
are concentrated at waste collection and transfer, usually to an inadequate final
disposal. However, the bank also finds a tendency to increase and relocation of
these resources to an investment in intermediate stations, more sophisticated waste
treatment facilities and landfills improvement (Hoornweg and Bhada-Tata 2012).

The UNEP Global Waste Management Outlook highlights not only the financing
importance and challenge but also the cost of inaction. The report concludes that the
benefits greatly exceed the costs. However, out of the 500 largest cities of DC, only
20 % are deemed creditworthy because of poor banking service coverage or the
high level of cities indebtedness (UNEP 2015). The document recommends as good
practices “using performance-based contracting, capping fees, building up funds for
maintenance and replacement and tightening policy obligations”, but it emphasizes
the intimate relationship with country income and the need for a huge investment
finance in the low-income DC waste sector.

The UNFCCC financial barrier analyses of the CDM registration process models
the sources regarding two components: the investment finance (CAPEX) and
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revenue/expenses (OPEX). The studies reveal that lasting, adequate and stable
source of income is the most important factor that impacts the waste management
projects feasibility (Bufoni et al. 2015; UNEP 2015; Polzin et al. 2015), and it is
increasingly more challenging if activities are policy-driven (such as environmen-
tally sound treatment and disposal), then where the service is needed (i.e., primary
waste collection). Here grows the importance of the environmental economics
knowledge.

The external approach is more regulation-oriented mainly because of the new
preference for economic instruments design and deploys, although the strong
criticism. The method fundamentals are the social profit, polluter pays principle,
market failure, and others environmental economics concepts (Oliveira and Rosa
2003; Carvalho et al. 2012; Dubois 2013; Maier and Oliveira 2014; MacKenzie and
Ohndorf 2016). The main instruments—standards, Pigouvian taxes, subsidies and
tradable permits, are deemed complex and hard to fine tune (Baumol and Oats
1988; Pearce and Turner 1989). Thus, only recently the developing world is
increasing these solutions design and use.

However, there is a consensus on the significant influence that the regulatory
environment has on how financial conditions are set and the level of investment to
support a WM system because the tariffs are usually determined by the local
government and unable to easy fluctuate. Indeed, the majority of the cities has an
“all inclusive” waste management service within urban property value tax,
approach that do not foster the production reduction and the system management
efficiency, like the modern charge models like the ‘pay as you throw’ (PAYT)
(Ogawa 2000; Puig-Ventosa 2008; Manaf et al. 2009).

The landfills can be administered directly or granted, and there is no evidence
support for a better arrangement recommendation for every situation. However, the
revenue concession is usually in monthly and fixed value basis. The tentative to
change to a more performance-based system resulted in public resistance, low
adherence rates, and inadequate fees (Lohri et al. 2014). Furthermore, the citizen
rarely agrees that it is a fair system, because of the procedure design failures, or
substantives, as the perception of treatment inequity (Batllevell and Hanf 2008).

The last less obvious approach is the benchmarking. Straight to the point,
according to the tests, the landfill projects in average has the second worst rate of
return of the entire waste industry, with the higher standard deviation. Furthermore,
the operational expenses do not differ per example from an incinerator or manure
solution, though correlation to energy production is far harder to predict (R2). All
these conditions suggest the landfill projects are less financially attractive and
economic efficient, although essential. Nevertheless, compared to other renewable
energy sources, the waste management is in a clear competitive disadvantage,
because of the dual management characteristics (energy production and manage the
waste) (Bufoni et al. 2015).

In summary, the budget provision for management of waste is increasing, but
still unsatisfactory. Indeed, the costs are proportionally increasing with the effi-
ciency improvement. In this matter, landfill industry needs especial attention.
Regulatory instruments that could reduce the systemic risk and guarantee a more
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favor financial condition and stability are wanted. However, the solution would be
suited for waste industry, not for a generic renewable energy one.

The Change of Potential Emissions

The previous parts of this chapter led us to draw some conclusions about the
developing countries landfilling changes, regarding how improvements of landfill
machinery, chosen strategy models, gas recovery, and projects operation and
maintenance shall impact the natural environment. For this purpose, we adopt the
2006 IPCC Guidelines for National Greenhouse Gas Inventories method for esti-
mating emissions of methane from SWDS—solid waste disposal sites (IPCC 2006).

The method is used worldwide to estimate GHG emissions and it is the unique
and official method in most developing countries (Amini et al. 2013). It uses the
First Order Decay (FOD) model (Eq. 1), where CH4 is generated by an exponential
factor that describes the fraction of degradable material which each year is degraded
into CH4 and CO2.

Equation 1—Decomposable Degradable Organic Carbon (DDOCm)

DDOCm ¼ W � DOC � DOCf �MCF

where

DDOCm mass of decomposable DOC deposited, Gg
W mass of waste deposited, Gg
DOC degradable organic carbon in the year of deposition, fraction, Gg C/Gg

waste
DOCf fraction of DOC that can decompose (fraction)
MCF CH4 correction factor for aerobic decomposition in the year of

deposition (fraction).

It means that the methane generation is a function of the waste deposition
(volume) and composition (type) because of the amount of decomposable
degradable organic carbon (DDOCm) contained. It also depends on the waste
control, placement and management practices at the disposal sites. The part of the
waste that will decompose under aerobic conditions (before the conditions
becoming anaerobic) in the SWDS is interpreted with the methane correction factor
(MCF). The IPCC SWDS classification and correction factor according to site
conditions is

1. Anaerobic-managed solid waste disposal sites (MCF = 1.0) These must have
controlled placement of waste (i.e., waste directed to specific deposition areas, a
degree of control of scavenging and a degree of control of fires) and will include
at least one of the following: (i) cover material; (ii) mechanical compacting; or
(iii) leveling of the waste.
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2. Semi-aerobic managed solid waste disposal sites (MCF = 0.5) These must
have controlled placement of waste and will include all of the following
structures for introducing air to waste layer: (i) permeable cover material;
(ii) leachate drainage system; (iii) regulating pondage; and (iv) gas ventilation
system.

3. Unmanaged solid waste disposal sites (MCF = 0.8) Deep and/or with high
water table: All SWDS not meeting the criteria of managed SWDS and which
have depths of greater than or equal to 5 m and/or high water table at near
ground level. Latter situation corresponds to filling inland water, such as a pond,
river or wetland, by waste.

4. Unmanaged shallow solid waste disposal sites (MCF = 0.4) All SWDS not
meeting the criteria of managed SWDS and which have depths of less than five
meters.

5. Uncategorized solid waste disposal sites (MCF = 0.6) Only if countries
cannot categorize their SWDS into above four categories of managed and
unmanaged SWDS, the MCF for this category can be used.

Thus, the change consequences are evident. Since the SWDS are changing into
anaerobic-managed solid disposal sites (MCF = 1.0), independent which type it are
changing from, the methane production potential will invariably increase.

Some studies have already pointed to the potential increased emissions, trying to
forecast the impacts depending on the policy and sites conditions. Loureiro et al.
(2013) analyzed the possible results of climate change policies, plans, and the
government programs in MSW emissions, establishing three different scenarios to
estimate the emissions from 2005 until 2030 of Rio de Janeiro State in Brazil. The
emissions and reduction potential in future scenarios (Table 1) were

• Scenario A—with no intervention to minimize GHG emissions;
• Scenario B—that includes already planned actions and policies. That was,

100 % collection 80 % methane recovery and controlled burn in flairs; and
• Scenario C—is where all preliminary planned and the government goals were

archived with emission reduction by 65 % compared to 2005, eradicate the use
of open dumps by 2014 and their remediation by 2016.

The study concludes that “there are many different procedures and technologies
to treat solid waste, but in Brazil, landfilling seems to be a good solution for waste

Table 1 Emissions in future
scenarios for solid waste in
the state of Rio de Janeiro
(GgCO2eq)

Emissions Scenarios

Year A B C

2010 5152 4032 3771

2015 5890 3797 2248

2020 6620 3432 1501

2025 7415 2729 1695

2030 8314 1774 1874

Source Loureiro et al. (2013)
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treatment in the coming years, to the extent that more economical and environ-
mentally adequate solutions are not possible to implement.” Note that the emissions
reductions depend on 100 % collection and 80 % of the methane recovery or flare.

However, Bufoni et al. (2014) do not agree, arguing that economic and tech-
nological viable to be concepts that depend on the correct mix of incentives made
available by an adequate and coherent waste management policy. Furthermore, as
earlier already seen, the sound management, 100 % collection, and 80 % recovery
scenario are very unlikely to occur. A simple visit to a sample of 7 alleged
“landfills” at Rio de Janeiro State, and Marques (2013) did not find a single flare in
order, broken and old equipment, poor management, and other operational
problems.

Conclusions

At the first part of the chapter we briefly show the subject relevance and the main
differences between the developed and developing countries waste destination and
landfilling diversion, and how the waste literature itself recognizes, that system
research would be more comprehensive, and it also would address the root of the
problems.

The second part discusses the incongruence, incompatibility and, perhaps, the
insufficiency of the simple reckoned global accepted performance models to, alone;
solve the developing countries path obstacles to an “environmental sound waste
management.” The (many) problems constantly threats and many times prevent the
plan’s feasibility, which decisions process are sometimes biased and unbalanced.
A side effect is the entire political and regulatory dynamics slowdown. We conclude
for the trend of a new approach concentrating efforts in the systematical alleviation
of constraints. The movement seems to have already been initiated, but not yet
modeled or theoretically supported by United Nations.

Meanwhile, the third part presents an unpleasant figure of the current situation of
the chosen strategy, planning and operation of national waste management systems.
The public health care objective, associated with the financial and investment
resources scarcity led to the apparently cheaper and backward alternatives.
However, the flaw disappears if we consider the social cost of no action,
post-closure expenses and in some specific cases the land value (hedonic). The
technological uncertainties related to open dumps and unmanaged SWDS condi-
tions and components lifespan are tough.

The financial consequences to the waste management sector are reflexive. The
fourth part translates this uncertainties impact in currency effects. First regarding
low attractiveness comparatively to others sectors rate of return and with the same
risk. Second studies show while the operational expenses do not differ from other
conversion technologies, there is a reasonable doubt about adequate, long-standing,
and performance-based revenue accentuating the regulation inadequacy to remu-
nerate the industry appropriately. The good news is that developing countries begin
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to develop suited waste management economic instruments and regulation. The
same can be observed in quality and other parameters of waste-to-energy products
like biodiesel, natural gas, and biocoal.

The landfill gas production potential increases with the most anaerobic-managed
characteristics of the new modern disposal sites. However, the costs are strong and
directly related to the location emissions. The fifth part conclusion is that to realize
the expected emissions reduction the landfill operation request better attention, or
the current practices will backfire.
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Microbial Fuel Cells in Solid Waste
Valorization: Trends and Applications

R.A. Nastro, G. Falcucci, M. Minutillo and E. Jannelli

Abstract In recent years, biomass valorization (and, in general, waste treatment)
and FC technology met in the so-called bioelectrochemical systems (BESs). BESs
take advantage of biological capacities (microbes, enzymes, plants) for the catalysis
of electrochemical reactions. They mainly include micro-electrolysis Cell (MECs)
andmicrobial fuel cells (MFCs).WhileMECs can produce valuable compounds (like
H2, CH4, etc.), providing a suitable potential at the electrodes, MFCs do not need any
energetic input to convert chemical energy (stored in organic compounds) into
electric power. In this “biologically-based-fuel–cells,” the fuel is made by different
sources of organic compounds. Landfill leachate, municipal and agro-industrial
wastewaters, sediments, solid organic wastes can be source of electric power and
commodity chemicals. The use of MFC technology to waste treatment and val-
orization is, maybe, the most promising application of this newborn technology.
Even thoughmany researchers proved the reliable utilization of liquid waste as fuel in
scaled MFCs, few attempts to apply MFCs to solid waste valorization have been
done. In this paper, recent studies about the application of MFCs to solid substrates
treatment and valorization and the contribution that BESs and MFC in particular
could give to the development of a more sustainable waste management.
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Introduction

It has been estimated that waste management contributes for about 3–5 % to green
house gases (GHGs) emission being responsible for GHGs emission, mainly due to
CH4, CO2, and N2O escapes from open dumps. Additional CO2 emissions are from
upstream processes like waste collection and transportation (UNEP 2010).
Nevertheless, an adequate waste management can save or reduce GHGs emissions
in different ways: by primary materials avoidance through material recovery from
waste, by energy production, by carbon storing in landfills and through the appli-
cation of compost to soils. If we consider the recommendations by internationally
recognized institutions, the future waste management should be essentially focused
on the 3R concept (Reduce, Reuse, and Recycle), cleaner productions, circular
economy establishment, waste prevention and, finally, the transformation of waste
into a source of energy and materials (UNEP 2010). Besides of ecosystems alter-
ation, air, water, and soil pollution, an inadequate waste management can represent
a real threaten to human health. If toxic waste can have undiscussed effects on
human health, the influence of Municipal Solid Waste (MSW) dumping and
incineration on the population living near waste treatment facilities has not been
fully clarified. Some studies gave evidence of a correlation between the proximity
of local population at OFMSW facilities and few types of cancers, congenital
anomalies, and low weight at birth (Rushton 2003). Nevertheless, the effects seem
to vary according to the studied population, so a different approach could be used in
the epidemiologic surveys in order to clarify if even the MSW treatment can be
correlated without any doubt with human diseases (Giusti 2009; Porta et al. 2009).
The problem related to an inadequate waste treatment is of a particular importance
in developing Countries, where limited resources are destined to waste manage-
ment. For this reason, in that Countries, dumping represents the most commonly
used disposal method (often with no proper control) and consequent air, soil, and
water pollution. It is clear that waste management represents one of the main issues
mankind has to face nowadays. Nevertheless, waste can be a resource.

Waste: A Resource

Waste is a resource not only because of materials recovery (glass, metals, fibers,
and plastics) and energy, but also because of oil saving. If we consider just the
organic waste from agriculture (crop residues), the global energy that could be
produced is estimated to be about of 50 billion tons of oil equivalent (UNEP
2010). The major issue is: how can we exploit this resource minimizing the envi-
ronmental impacts and costs? UNEP indicates as a necessary prerequisite for an
effective energy generation an adequate separation between organic and non
organic waste: the organic residues are, in fact, responsible for the compromission
of thermal technology effectiveness in terms of energy produced, besides of the
GHGs emissions.
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Organic Waste Treatment and Valorization

If we consider just the Organic Fraction of Municipal Solid Waste (OFMSW), the
most commonly used technologies for its treatment and valorization are the
Anaerobic Digestion (AD) and composting (UNEP 2010). These two waste treat-
ments differ essentially for the microbial metabolism they are based on. Anaerobic
Digestion (AD) is based on anaerobic microorganisms metabolism, with particular
regards to methanogenic bacteria which can produce CH4 from CO2 to H2

(hydrogenotrophs) or from CH3COOH (acetoclastics). AD requires an appropriate
temperature to occur: generally a temperature of 35 °C or 50–55 °C is realized in
the reactor, even if a psicotrophic process is also possible (10–20 °C). As a result of
the anaerobic digestion, a biogas rich in CH4 is produced while the resulting
digestate is very often aerobically stabilized.

If AD needs energetic inputs (mainly to keep a constant temperature and leachate
recirculation) a successful composting procedure needs oxygen insufflation suffi-
cient to sustain the aerobic microorganisms and, at that same time, inhibiting
anaerobic bacteria. If small amounts of residues can be easily composted,
large-scale composting requires mechanical aeration, i.e., energetic imputs, varing
according to the technology used (approximately 40–70 kW/t of waste) (Faaij et al.
1998). This energy is normally provided to the system, but facilities combining AD
and a following digestate aerobic stabilization can provide the energy needed for
the composting process from self-supplied methane. It has been estimated that if
25 % or more of the waste is anaerobically digested, whole treatment system can be
self-sufficient (UNEP 2010). The main “product” of composting is the stabilized
organic matter used, if free from contaminants, as a soil conditioner.

Compost in field application is assumed to reduce the utilization of synthetic
fertilizer (about 20 % according to IPCC (2014). On the whole, in-field soil con-
ditioner application has positive impact on GHGs emission from primary produc-
tion (fertilazers production), but also on N2O emissions from soil and reduced
irrigation, pesticides and tillage (Favoino and Hoggs 2008; Faaji 2006). Small,
low-technology facilities handling only yard waste are inexpensive and generally
problem-free. For developing Countries, the low cost and simplicity of composting
make small-scale composting a promising solution (Faaji 2006). BESs (and, among
them, MFCs) could represent a potentially low cost and effective technology for
waste and wastewater technology and an important tool for waste management in
poor Countries.

Bioelectrochemical Systems (BESs)

The ability of microorganisms to use inorganic molecules as electronic acceptor is
widely spread in the environment: Ferribacterium limneticum and Geobacter spp,
for example, are able to use Fe3+ as electronic acceptor, producing Fe2+.
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This process is normally associated with energy production in microbial cells
(Coates et al. 2001; Cummings et al. 1999). BESs represent the attempt to
manipulate this natural process to obtain electric power directly from the microbial
metabolism, without any combustion. As based on microbial metabolism, BESs can
be virtually fed with any organic compound, wastewater, urine, food waste and,
even recalcitrant compounds like heavy metals, pesticides, hydrocarbons, dyes
(ElMekawy et al. 2015; Nastro 2014; Pant et al. 2010; Shaoan and Chen
2011; Morris et al. 2009) and used with different purposes. BESs include microbial
fuel cells (MFCs) and microbial electrolysis cells (MECs). microbial fuel cells
(MFCs) are generally thought to provide electric power for small devices in deep
see beds or remote areas using sediments and even urine or insects as feedstock
(Jungh et al. 2014; Ieropoulos et al. 2005; Logan and Regan 2006). Recently, the
reliable utilization of MFCs to charge the battery of a mobile has been demonstrated
by Ieropoulos et al. (2013). Unlike MFCs, MECs require the set of an external
potential at the electrodes in order to drive the electrochemical reactions to the
synthesis of commodity compounds like caustic soda, hydrogen, methane. In the
course of time, many different systems have been developed and tested all over the
world. In general, different configurations are possible according to the geometry of
the reactor, the materials used at the electrodes and for the chamber setup, the
presence/absence of a cationic exchanging membrane, the application of an external
potential, the nature of cathodic reactions, etc. A large overview of BESs has been
given by Rabaey and Rozendal (2010) (Fig. 1).

As biomass-based systems, BESs are considered carbon neutral (Oh et al.
2010) and the biotransformation of organic matter into chemicals by microbial
metabolism allows CO2 emissions avoidance from primary production. Moreover,
considering that MFCs do not involve CH4 production and combustion, the envi-
ronmental advantages linked to a future development of this technology could
compensate even a higher cost of production (Pant et al. 2011). In order to drive BESs
technology to a full in-field application, the setup of electrodes materials and cell
layouts are of primary importance to obtain adequate performances in terms of power
density, organic load removal and chemicals production yield (Wei et al. 2011;
Nastro 2014; Sleutels et al. 2012; Pant et al. 2012). As the setup of a new technology
cannot exempt from the evaluation of the environmental impacts related to the whole
life cycle and MFCs scientists are working also in that direction: recently, a stack of
MFCs was designed and set up with all biodegradable products, opening the pos-
sibility to setup energy devices that could degrade harmlessly into the surroundings
to leave no trace when their mission is complete (Winfield et al. 2015).

Application of BESs to Waste Management and Bioenergy

BESs have the potential to play a major role in developing sustainable waste
recycling systems, with reduced use of energy and, at the same time, generating
useful chemicals. For this reason, the number of liquid and solid waste from
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agro-industrial processes used as feedstock in BESs is increasing and increasing: a
short list of agricultural substrates used in MFCs, with relative cells performances,
is reported in Table 1. Among the other chemicals, hydrogen is maybe the best
candidate as fuel for future technologies even because it can be the result of
different processes catalyzed by bacteria like dark fermentation and bioelectrolysis
(Chandrasekhar 2015). An intense research is actually being carried out to test
biohydrogen production by micro-electrogenesis from different complex substrates
like glycerol, milk, and starch in sight of a possible wide utilization of MECs to
agro-industrial wastewaters, with biohydrogen or other chemicals production
(Montpart 2015; Sleutels et al. 2012; Pant et al. 2012). Even if based on microbial
metabolism, MFCs and MECs differ in many aspects, layouts and materials first of

Fig. 1 A high-level overview of the concepts associated with bioelectrochemical systems
(Rabaey and Rozendal 2010)
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all. Cusick et al. (2010) carried out an interesting monetary evaluation of both MFC
and MEC technologies applied to winery wastewater treatment concluding that
energy recovery and organic removal from wastewater are more effective with
MFCs than MECs, but hydrogen production from wastewater fed MECs can be cost
effective. Besides of biohydrogen, the possibility to produce methane by MECs has
being widely explored, with some encouraging results (Chandrasekhar et al. 2015;
Villano et al. 2011). Even in this case, authors report a limitation of the

Table 1 Some examples of food industry-based wastewater used as anolytes in MFCs and their
respective performances (from Makawi et al. 2015 mod.)

Wastewater MFC
configuration

Concentration
(in terms of
COD mg/l)

Anode
volume
(ml)

Power
density
(PD)

CE (%) ζCOD

Slaughter house
wastewater

Dual chambered
MFC

4850 125 578
mW/m2

64 ± 2 % 93 ± 1 %

Animal carcass
wastewater

Tubular
air-cathode
MFC

11,18 750 2.19 W/m3 00.25.00 51.06.00

Swine
wastewater

Dual chambered
MFC

8320 250 45 mW/m2 a Not given

Swine
wastewater

Single
chambered
cuboid MFC

8270 a 228
mW/m2

a 84

Beer brewery
wastewater

Single
chambered
membrane-free
MFC

2239 a 483
mW/m2

38 87

Beer brewery
wastewater

Dual chambered
MFC

a 200 16.29
mW/m2

a a

Brewery
Wastewater

Single
chambered
MFC

1501 100 669
mW/m2

10 20.7

Brewery
wastewater

Tubular
air-cathode
MFC

2125 170 96 mW/m2 28 93

Brewery
wastewater

Three chamber
reactor

2850 1200 a a 54.2

Barley
processing
wastewater

Single
chambered
MFC

1200 100 a 1.65 95.11

Brewery diluted
with domestic
wastewater

Single
chambered
MFC

784 100 30 mW/m2 a 90.4

Dairy wastewater Single
chambered
MFC

3700 480 1.1 W/m3

(*36
mW/m2)

7.5 95.49

Dairy wastewater Annular single
chamber MFC

1000 90 20.2 W/m3 26.87 91

Dairy wastewater Dual chambered
MFC

1600 300 161
mW/m2

a 90

aIndicates the data not available from the cited reference
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performances linked to internal losses (high internal resistance, electrodes losses,
etc.) that need to be overcome (Van Eerten-Jansen et al. 2012). MECs seems to be
ready for a practical application to wastewater valorization (Sleutels et al. 2012)
and, in fact, in recent years scaled prototypes for both municipal and industrial
wastewaters valorization were set up in different countries allowing hydrogen
peroxide, biohydrogen, methane, and caustic soda production using the chemical
energy stored in municipal and industrial wastewaters. Nevertheless, the organic
load removal from wastewater is still to be improved, being, for instance, up to
62 % in terms of COD removal in winery wastewaters, less than achieved with an
activated sludge treatment plant (EU Commission 2013).

MFCs and Solid Waste Valorization

If a wide number of papers deal with the set up and the study of MFCs fed with
wastewaters, few attempts to apply this newborn technology to solid organic waste
treatment have been carried out. Mohan and Chandrasekhar published in 2011 a
first paper dealing with the study of operational factors affecting the performances
of MFCs fed with canteen food waste, focusing on electrodes distance and feed-
stock pH. Since then, other researchers started working on the application of MFCs
to the Organic Fraction of Municipal Solid Waste (OFMSW) using different
approaches: presence/absence of an inoculum, electrodes geometry, pH, tempera-
ture, oxygen availability, electrodes distance (Nastro et al. 2013; El-Chakhtoura
2014; Karluvali et al. 2015). Even if with different outcomes (Table 1), all
researches confirm the effectiveness of MFC technology as tool for energy recovery
and organic load removal from OFMSW, with particular regards to a
low-temperature process (about 25 °C). Recently, Solid phase MFC (SMFCs) have
been tested also in combination with a composting process of soybean, rice husk,
leaf mold, and coffee residues used to prepare mixture with different C/N ratios
(Wang et al. 2015). According to the authors, it is possible to combine the com-
posting process with energy recovery by MFCs as the highest power density
(Table 2) was achieved when the solid mixture C/N ratio was 30/1, able to sustain
also a composting process. But SMFC are being tested also with agro-industrial
substrates like Dried Distilled Grains with Solubles (DDGS), deriving from whisky
production. Even in this case, laboratory scale tests confirmed the possibility to use
MFC for waste valorization (Table 2). Further studies by Mohan gave evidence of
the possible combination of MFC and biohydrogen production in a two-stage
process (Chandrasekhar and Mohan 2014). Previously, Higgins et al. (2013) pub-
lished an interesting research about the combination of MFCs and AD for solid
organic waste treatment and valorization. If MFCs are fed with not pretreated
OFMSW, they can represent a preliminary stage before a dark fermentation for

Microbial Fuel Cells in Solid Waste Valorization … 165



T
ab

le
2

So
m
e
ex
am

pl
es

of
so
lid

su
bs
tr
at
es

in
M
FC

s,
w
ith

ce
lls

pe
rf
or
m
an
ce
s

So
lid

w
as
te

M
FC

co
nfi

gu
ra
tio

n
A
no

de
vo

lu
m
e

(m
l)

Po
w
er

de
ns
ity

Δ
C
O
D
so
l

C
E
(%

)
R
ef
er
en
ce
s

O
FM

SW
Si
ng

le
ch
am

be
r

10
00

U
p
to

13
m
W
/m

2
kg

U
p
to

80
.4

%
U
p
to

5
%

N
as
tr
o
et

al
.
(2
01

5a
)

O
FM

SW
Si
ng

le
ch
am

be
r

28
U
p
to

12
3
±

41
m
W
/m

2
>8

6
%

U
p
to

24
±

5
%

E
l-
C
ha
kh

to
ur
a
et

al
.

(2
01

4)

O
FM

SW
Si
ng

le
ch
am

be
r

25
0

U
p
to

47
.6

m
W
/m

2
U
p
to

52
.8

%
U
p
to

4.
9
%

K
ar
lu
va
li
et

al
.(2

01
5)

C
om

po
st

Si
ng

le
ch
am

be
r

20
0

U
p
to

4.
6
m
W
/m

2
–

–
W
an
g
et

al
.(2

01
5)

D
D
G
S

Si
ng

le
ch
am

be
r

50
0

14
6
±

11
m
W
/k
g

–
–

N
as
tr
o
et

al
.
(2
01

5b
)

C
om

po
si
te

fo
od

w
as
te

Si
ng

le
ch
am

be
r

50
0

8.
8
m
W
/m

2 k
g

U
p
to
76

%
n.
r.

C
ha
nd

ra
se
kh

ar
et

al
.

(2
01

1)

166 R.A. Nastro et al.



biohydrogen production or a methanogenesis. MFCs can also be used as treatment
for the anaerobic digestion leachate, still rich in organic matter: in this case, MFC
treatment is placed downstream. So, it is more likely that the future of MFCs and
MECs in solid waste management will be essentially linked to the optimization of
biohydrogen and biomethane production, besides of energy recovery from biomass
and leachate (Premier et al. 2012). With the overcome of issues related to the
scaling-up in terms of electrodes materials and geometry as well as operational
parameters (temperature, retention time, pH, etc.) a full in-field application will be
possible and, then, all the potentialities of MFCs will be completely and definitely
explored.

Towards Scaling-up: Modeling MFCs Performances

Like other BESs, MFCs performances are heavily affected by several operational
parameters such as reactor configurations and scales, electrode materials, electrode
surface areas and the nature of electron donors, if present. If a wide range of data
about specific parameters are actually available in lab-scale experiment, few studies
are available about the dynamics of the wide range of biotic and abiotic parameters
affecting MFCs power production in waste treatment. Nevertheless, the main bot-
tlenecks actually limiting the performances of scaled MFCs seem to reside in the
interactions among the above-cited factors. According to some authors, mathe-
matical modeling can represent a powerful platform, helping researchers in inves-
tigating the synergistic effects of multiple parameters, (including biofilm
composition and structure, redox mediator transferring, substrate utilization rate,
etc.) on MFCs performances in waste management (Recio-Garrido et al. 2016). In
general, mathematical modeling is performed in two approaches: engineering
modeling, based on Differential Equations (DEs) implementing engineering/
physical/biochemical/electrochemical laws governing the system processes, and a
statistical modeling, based on the analysis of experimental measurements (Luo et al.
2016). In this context, the development and utilization of appropriate softwares are
an important prerequisite. An example of MFCs modeling framework is reported in
Fig. 2. In it, the authors implements electrochemical, biological, and structural
MFCs parameters using both data from the literature (to elaborate an expected
scenario) and from experimental activities (real scenario) by the use of Excel®,
Mathlab®, and COMSOL® Multiphysics softwares (Oyetunde et al. 2013).
Moreover, complex dynamic models are being developed in order to optimize and
control MFCs and, in general, BESs processes (Recio-Garrido et al. 2015).
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Conclusions

The extraction of useful commodity chemicals, together with the production of
energy, from any kind of organic waste and leftovers, is becoming more and more
popular: it is a sustainable way to mitigate global warming, diversify energy sources
and obtain chemicals, pharmaceuticals and food additives of high added value.
BESs can represent a sustainable tool in waste management and bioenergy sector
and recent researches confirm the high potentiality of such systems in terms of
substrates to be treated and by-product that can be recovered, turning the “waste”
into “resource.” Among BESs, MFCs represent a possible alternative/integration to
the AD and recent studies confirm the possibility to realize multistep waste treat-
ment systems working at a temperature ranging from 20 to 25 °C, with energy
saving and biohydrogen/methane/electric power recovery. A strong research is
being carried out in different disciplines to take BESs to an in-field application and
the utilization of these systems in waste valorization and treatment is not so far.
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