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Abstract

With rapid increases in population and urbanization, uncontrolled municipal solid waste
(MSW) is a threat to public health and environmental safety. In this study, we explore its
generation, treatment, and characteristics of physical/chemical composition, and assess the
potential of MSW and refuse-derived fuel (RDF) as an alternative energy source in Lahore, the
second largest city in Pakistan. Based on the average generation rate of MSW (ie., 0.65
kg/capita/day), the daily production of MSW in this city would reach 7,150 tons/day. However, its
disposal in a safely engineered way has been restricted due to the lack of: (a) pre-planning, (b)
infrastructure, (c) political will, and (d) public awareness. Various samples of MSW considering
socio-economic structure were collected. The physical components of MSW in Lahore were found
to be in the descending order of biodegradable, nylon plastic bags, textile, diaper and paper. The
inductively coupled plasma optical emission spectroscopy (ICP-OES) technique was used to
determine the heavy metal content and leachability of the MSW components to check for the
environmental contamination risk. The proximate and ultimate analysis of this MSW was also
carried out along with its heating values. The average high heating value of MSW was measured
as 14,490 kJ kg!. Energy recovery potential of 48 MW was assessed further from 2000 tons of
MSW/day.

In addition to basic characterization, the thermal behavior of fossil fuel (coal) and solid
wastes such as municipal solid waste (MSW) and refuse derived fuel (RDF) were investigated by
thermogravimetric analysis (TGA) to compare their thermal decomposition behavior in
combustion and co-combustion processes. The experiments were performed in a TGA by using
non-isothermal conditions with temperature range of 105 °C to 1000 °C, at four heating rates (10,
20, 30 and 40 °C /min). The TGA profiles of samples indicate a low reactivity of coal, whereas
solid wastes present higher reaction rate reflecting their low ash and high volatile content. The
obtained thermal data of cobumstion process were used to calculate the kinetic parameters using
model-fitting methods (i.e., Arrhenius and Coats-Redfern) and model-free (isoconversional)
methods (i.e., Kissinger-Akahira-Sunose, Flylnn-Wall-Ozawa, and Friedman, and Vyazovkin). In
case of model-fitting methods, the percentage difference between activation energy values found
from Arrhenius and Coats-Redfern models was in range of 4.1-26.5%. However, the Coats-
Redfern model exhibited consistency in activation energy values, followed by high value of R? .
Whereas in case of solid wastes, it is possible to say that all isoconversional methods presenting
similar trend of activation energy for the conversion range of 0.1 - 0.6 and 0.7-0.9. In case of coal,

Friedman model exhibits lower and inconsistent values of activation energy than others selected
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isoconversional methods. According to these models the fuels could be arranged in order of
activation energy as MSW > RDF > Coal. The co-firing of these solid wastes (10%, 20%, 30%
and 40%) with coal show lower temperature region in most of the thermal properties.

Another existing challenge for incineration industries is the management of the solid
residues such as bottom ash and fly ash. This research work also aims to integrate information on
fly ash derived from the combustion of municipal solid waste (FA1) and biomass (FA2) in
fluidized bed incinerator facilities. Fly ash samples were comparatively analyzed by X-ray
diffraction (XRD), X-ray fluorescence spectroscopy (XRF), scanning electron microscopy (SEM),
and inductively coupled plasma optical emission spectroscopy (ICP-OES) to study the mineralogy,
morphology, total heavy metal content, and leaching behavior, respectively. The analysis revealed
that the fly ash differs in their characteristics and leaching behavior. The concentration of most of
the heavy metals in both is low compared to literature values, but higher than the regulatory limits
for use as a soil conditioner, whereas the high contents of Fe, Cu, and Al suggest good potential
for metal recovery. The leaching ability of most elements is within the inert waste category, except
for Hg, which is slightly above the non-hazardous waste limit.

This study recommends that the combustion and co-combustion of solid wastes (MSW and
RDF) with coal could be a promising alternative energy source resulting in better waste
management strategies, including a reduction in GHG emission. The results of this study should
be helpful for policy makers to establish a MSW management strategy for its use as potential

renewable energy alternative, resulting in high return with environmental benefits
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Chapter 1

1. Introduction
Power shortages are a real crisis of daily life in most part of the world. Around 1.2 billion

of the world population still have no access to energy, which is even lesser than the last estimated
value of 2013 [1]. According to international energy outlook 2017, World energy demand is
expected to increase by 28% between the period of 2015 and 2040, with more demand share from
Asia [2]. Even developed countries are subjected to power shortages; though, these are frequently
short-lived (days or weeks) activities. In developing countries, particularly in regions like Asia, it
can take numerous years for new generating capacity to be built or for the funding factors to be
fixed [3].

At present fossil fuels are the most reliable sources of energy, meeting ~ 84% of the global
energy demand [4] . Approximately one-fourth of world population count on traditional fossil fuels
(natural gas, keronsene, firewood, coal, animal dung, and biomass residue etc.) for domestic use
even with significant technological development [5]. The availability of these fuel reserves and the
arising concern that “when non-renewable energy will be diminished” is an important question
that needs to be answered. Currently, coal reservior depicts ~ 65% of the fossil fuel reserves in the
world. These recoverable reservoirs of coal are abundantly and broadly distributed in more than
70 countries, whereas the gas and oil reservoirs are concentrated in a few countries of the world.
As per this geological factor, it is possible to say that coal will be the dominant fossil fuel in future
as well [4]. The demand of coal consumption as a fuel has got biggest increase ~ 73% between
2005 and 2030. Due to its ease of availability and higher energy generation potential, coal have
been used in power generation sector of various countries. It is still a main source of electricity
generation in the United States and China with 46% and 68.7% of total power generation,
respectively [6].

Both environemntal economics and energy economics have been described as prominanat
aspect due to severe environmental issues [7]. With this current increase in population, economic
development and energy demand, the increase in carbon emission has become the leading factor
to the greenhouse effect and global climate change [8]. Global warming is one of the major
concenrn at this time ; it demonstrates the escalation in global temperature due to climate change
tempted by the ongoing human activities. These events have led to the massive greenhouse gases
(GHG) emissions (CO2 —76.7%, CH4 — 14.37%, N2O — 7.9%, other high global warming possible
(GWP) gases — 1.1%) initiating serious environmental degradation [9]. Considering the

1
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importance of climate change mitigation and its impacts, development of a low—carbon economy
is dire need ofcurrent society. These coal fired power plants are enlisted as least efficient stations
regarding level of carbon dioxide produced per unit of generated electricity [10]. In addition to
this, the pollutants including COx, SOx, NOx, particulate matter (PM) and heavy metals are
induced in air and water and lead to serious environmental and health issues as a result of melting,
leaching, oxidation volatilization, hydration, hydration, and other linked chemical reactions.
Furthermore, the mobolization of by pruducts such as bottam and fly ash in both wet and dry
forms also pose severe health issues [6]. Therefore, it is recognized fact that the combustion of
fossil fuels, including coal, will lead to major environmental issues such as acid rain, accelerated
soil acidification, airpollution global warming, and forest degradation [4, 8].

The demand for energy and subsequently the emissions from these productions have been
growing at prompt rates, which triggers need of more cleaner technologies for sustaiable
enviroment [11]. In this concern, the increasing awareness levels to climate changes,
environmental protection regulations are the major reasons to the growing interest on renewable
energy sources and carbon capture and storage (CCS) technologies [12]. In addition to this, fossil
fuel sources are being consumed at a very fast rate to meet the increasing energy demands thus,
there is a great need of alternataive future sustainable renewable energy options before all the
fossil fuel reserves are exhausted [5]. In this energy environment scenario, renewable and
alternative energy sources have successfully got the considerable attention of policy makers,
researchers as well as the customers, predominantly because of the exponential rise in energy
demand and apprehension to reduce the environmental pollutants from conventional fossil fuels.
For this reason, renewable energy sources such as solar, hydro, and biomass started to substitute
oil, coal and gas based power plans [13]. Although, at present renewable energy technologies are
not economical options but in future technological advancement may offer new options and cost
effective renewable energy technologies which, in the longer term will help to meet a greater share

of growing world energy requirement [14].

1.1. Waste to Energy (WTE), as a potential renewable energy source
The prevailing crisis of municipal solid waste management (MSWM) has become a

growing concern all over the world. The world popoulation was 7 billion in 2011 and is projected
to reach 8.1 billion by 2025 [15]. Growing population, rapid urbanizaiton,flourishing economy,
and rise in public living standards have significantly accelerated the municipal solid waste
generation in developing countries [16]. The world municipal solid waste production is ~ 1300
million tons per year and it is projected that in 2025, the production will rise to 2200 million tons
per year with ~ 46% organic contents [17, 18]. During many years, unsanitary landfilling was the
most common option for disposal of MSW, but both landfills and the resulting emission of

2
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greenhouse gasses cause serious health and environmental degradation. MSW is the 4th largest
source to global emissions of CO2 GHGs that add towards global warming and climate change
due to their emissions and contribute ~ 5.5-6.4% to global methane (550 Tg) emissions annually
[19]. Another major issue related to landfilling is the leaking of biogas and leachate in environment
as well in ground that further results ground and surface water pollution along with bad odors. In
this context, the best strategy to tackle waste management issues is; avoiding generation of waste,
reuse, recycle, recover, and treat and dispose of the remaining wastes in a control environment
[17].
To avoid, aforementioned issues linked with uncontrolled waste management system, a
system with following aims should be in place
e Material and energy recovery
e Sanitary disposal of residue from recovery system
e In addition to economic and energy aspect, environmental regulatory compliance
requirement must be considered as well.
In this concern various MSW management technologies are available, however three
most generally used technologies are given below
1. Biological Conversion (anaerobic digestion and composting)
2. Thermal conversion (incineration, gasification, pyrolysis)
3. Landfiling with gas recovery
Various practised MSW management techniques along with their products and byproducts
are shown in Fig.1. The pros and cons of different MSW management strategies are presented in
Table 1. According to International Renewable Energy Agency [20], the world has potential of
producting ~ 13 Giga Watt of energy from WTE program. Among all these options, incineration
(i.e., controlled combustion of wastes) is the most widely used WTE technique. The conversion
technique of pyrolysis and gasificaiton are still in phase of research and are not feasible for large
scale [21]. Nowadays, about 130 million tonnes of MSW and refuse-derived fuel (RDF) are being
incinerated yearly all over the world in over 600 waste to energy plants producing heat and
electricity [22]. Refuse-derived fuel is refered to the segregated high calorific combustible fraction
of pr°Cessed MSW [10]. The waste to energy incinerators have been impressively priortised and
modernised, to meet the environmental regulations requirements. Most of the developed countries
have realised the potential of waste to energy and considered it as the most suitable option for
MSW management system. The emission level from incinerators have been reduced to such a
degree that the United States Environmental Protectoin Agency (US EPA, 2003) declared MSW

incineration as cleaner source of renewable energy [23].
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It is the time for developing countries to realise the potential of waste to energy (WTE) as a

possibility for sustainable solid waste management and as one of the most important renewable

energy source, which is economically viable and environmentally sustainable [5, 24, 25].

Table 1. Pros and cons of waste management strategies

Pros

Cons

Reuse
Saves resources
Saves space in landfills

Preserves original item

é\?ecycle
@Revenue generation by selling the material
—gSSg/es primary resources, energy and landfills space

@@ductlon of usable item

c
5]

<
'q;JCs_t;]nposting

'_
ERgiuction of pathogens

Bib

TC .
tqt%st effectiveness

n

fPr%duction of natural fertilizer

ol 1s
able
¢
=]
-+
S
=
@)
¢}
(on
<
72}
-t
&
-
[¢)
)
=
o
=-
jo=]
o
c
a
=
<

%ati

ﬁesis is &/al

uction of load regarding landfills

ineration

iesgr Disse

al

%ste volume reduction up to 80-90 %
<7D8:rease in toxicity of waste
%)Ecrease in infectious agent

C u

£%5
-S’Prgductlon of energy

ckte O
vers

Gaification / Digestion

<]CJF’.I%’duction of energy

te

ESuutable for viruses and bacteria except prions

pprobi
pproved

'Eaa

dfilling

racterization of waste

-Di
g

lities are equipped with control system

thek,

luction of energy is possible

Cleanliness of item is required
Long exposure risk to public

Additional processing is required for safe reuse of items

Extra processing is required for safe reuse of material
Usability of product is subjected to public perception

Sampling required before recycling

Certain monitoring and maintenance required
Required good space for specific period
Required certain storage condition

Possible odors

Usability of product is subjected to public perception

Residues requires proper disposal
Environmental issues
Facility indemnification

Public response, transportation, costs and capacity limitation

Limitation regarding availability and capacity

Residue handling, transportation costs

Transportation concern and cost, space requirement is large
Facility indemnification, leachate

Great potential of spread of pathogens

(]
blio
nowledge

L]
|
rk


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

‘ Municipal Solid Waste J

l

, v v S B v
‘ Thermal conversion ‘ ‘ Biological conversion ‘ ‘ Landfilling ‘
l ‘ =
v -
\ Aerobic Composting ‘ ’ Anaerobic Digestion ‘
T
OmIpost Soil conditioner Biogas Landfill gas
\ Incineration ‘ Gasification ‘ Pyrolysis ‘
Inert Heat/ Syneas Tnerov/Electrio]
residue  Steam e Slow Fast L Enug,y/El(,c et J
Pyrolysis | Pyrolysis |
I | | |
Bio-fuel

Figure 1. Available technologies for municipal solid waste treatment [5]

1.2. MSW management and characterization status in Lahore, Pakistan

1.2.1. Generation, challenges, and potential utilization [26]
The population of Pakistan has been increasing annually by 2.4% since 1998 to a record 207.7

million as of 2017, which corresponds to the 6™ most populous country in the world. Lahore has
been the second largest city in Pakistan, which has grown through a population shift for better
sociocultural and economic reasons. Therefore, the MSW facilities have grown eventually in the
last few decades. In this study, the Lahore Waste Management Company was selected as a
representative MSW treating company, because this company is equipped with the best available
infrastructure, facilities, and collection efficiency of MSW in the local area. As all of the major
cities in the country concurrently experience the same seasons, the factors controlling the
generation of MSW (like geographic locations, industrial status, infrastructure, and socio-culture)
are less likely to make any noticeable differences between the cities [27, 28]. Therefore, the
characterization of MSW in Lahore can be used as a good reference to represent the situation for
the management of MSW in most major cities in Pakistan.

In developing countries, solid waste management systems suffer from many problems, such as
irregular collection service with low coverage, open dumping, improper burning to induce extreme
air pollution, loose sorting systems, unpleasant odors, and pest control issues. As such, poor

regulation or management of MSW can lead to serious health hazards in the surrounding
5
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environment [29]. Studies have reported that uncontrolled landfills are the world’s third biggest
source of methane emissions, causing serious environmental degradation. According to the
Pakistan Environment Protection Agency (Pak-EPA), Pakistan is ranked 135™ for global methane
emissions on a per-capita basis, contributing ~ 0.8% of the total global GHG budget [30].
Moreover, uncontrolled MSW can also increase the breeding of dengue mosquitoes [31]. Indeed,
more than 40,000 cases of dengue virus infections were reported in Pakistan in 2010; among them,
17,256 cases (with 279 deaths) were registered in Lahore (Khan and Abbas, 2014). According to
a recent report made by health officials in Pakistan (2019), dengue virus has infected more than
10,000 people to lead to 20 deaths. The number of cases is increasing rapidly in Lahore and
Rawalpindi (Farmer, 2019).

The handling of MSW is a steady and important challenge all across the world. In Pakistan, the
Lahore Waste Management Company collects an average of 6,500 tons of MSW every day with a
collection efficiency more than 90%. Many of the problems with MSW treatment (such as
improper segregation, poor collection, and transportation frequency) are primarily the result of
insufficient collection equipment in Lahore. Although some fractions of MSW are recycled and
reused, the proportion is not well defined due to poor recycling systems. Only 27% (on a weight
basis) of the total waste is recycled by unofficial means, due to the lack of any recycling regulation
in the country [32]. Many recyclables (e.g., paper, plastics, and metals) are manually collected and
sold by waste pickers (needy people) to unrecognized junk shop owners at various stages of MSW

(e.g., from generation to final disposal).

The Lahore Waste Management Company produces ~500 and ~700 tons/day of compost and
refuse-derived fuel (RDF), respectively, from collected MSW in Lahore. The RDF is mechanically
separated and processed combustible fraction of MSW [33]. The higher energy content and more
predictable properties of RDF (e.g., relative to MSW) make it superior fuel. .In developed
countries, the incineration of RDF has been in practice as a possible means to solve the waste and
energy issues simultaneously [34]. Most of the collected MSW is placed in a landfill at the first
scientific disposal facility in Pakistan, namely Lakhodair landfill, which occupies 43 hectares of
land. As this landfill facility does not have enough capacity and complete sanitary engineering, it
cannot deal with all of the MSW generated from Lahore. Therefore, semi-equipped landfills and
open dumping are mostly used. The MSW landfills are subjected to an array of biological,

chemical, and physical processes that lead to gaseous and liquid emissions [35].

In addition, the leachate released from landfills is seriously contaminating ground and surface
water, depending on the leachate composition and age of the waste landfills, because the semi-

landfill facility in Lahore does not have any leachate treatment system. Indeed, there have been
6
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many efforts to renovate conventional dumpsites for MSW into better ones with sanitary landfill
systems. However, it would be very difficult to acquire sufficient space and facilities. Except for
composting and RDF, energy revitalization is an emerging option through combustion,
gasification, and pyrolysis. The certain processes, including incineration, might be a salient
strategy and can also obtain volume reduction of MSW, have a lower space requirement, and more

efficient energy recovery than conventional landfill disposal [36, 37].

Energy availability is considered as the lifeline for the country’s economy in order to sustain
commercial, industrial, and domestic activities. Non-renewable sources have remained the priority
for energy production. According to an economic survey of the Government of Pakistan in 2015,
the energy mix in Pakistan primarily depends on extraction of energy from non-renewable sources,
as shown in Table 2. In 1980, the cheapest and environmentally friendly hydropower share of 70%
was the major contributor to fulfill the energy demands of Pakistan. However, due to political
instability and financial constraints, all of the elected governments preferred short-term electricity

projects, which reduced the hydropower share down to 30%.

To meet energy demand, the share of hydropower was replaced with oil operated thermal plants.
In 2008-2009, the Government of Pakistan paid 9 billion US dollars to import oil to overcome low
efficiency thermal plants. This caused a great burden on the country’s economy, followed by
environmental pollution [38]. Low water levels in dams, a shortage of natural gas, and reliance on
high cost fossil fuels for energy generation are the main reasons for the serious energy crisis in
Pakistan. Moreover, the energy gap between supply and demand expanded at an alarming rate.
The economies expected long run growth potential of 6.5% also decreased down to 2% due to an
energy crisis in the country. At present, Pakistan has adopted the coal fired power plant technique
to minimize the energy crisis under China-Pakistan Economic Corridor (CPEC) projects, adding
a greater share to the non-renewable energy mix. These massive coals fired power projects aim to
add electricity (~7000 MW) to the national grid station by using imported coal until 2021.
Recently, two plants have started operation to add 660xX2 MW of electricity with the goal of
contributing to the minimization of the energy gap. Unfortunately, a waste to energy program is
still not a part of the energy mix of Pakistan. In this crippling energy shortage scenario, co-firing
of MSW and RDF with coal in already installed coal fired power plants can really be a sustainable
alternative. Surveys have showed that co-firing of solid wastes with coal could benefits in
following ways;

e Reduction in emission of greenhouse gases (GHQG)

e Decrease in gases and leachate from landfills
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e High degree volume reduction (low space landfill requirement) of wastes followed by
effective energy recovery
e Less formation of corrosive deposit in boiler during co-combustion

e Decrease in SOz, CO2, and CO emissions with no change in NOx emission

Table 2. Energy portfolio of Pakistan in 2015

Source MW Percentage share
Gas 7,494 30.18

Oil 9,295 37.40

Coal 25.00 0.001

Hydro 7,116 28.67

Wind 106 0.430

Nuclear 787 3.170

Total 24,823 100

1.3. Fly ash

Fly ash are one of the wastes produced during incineration of solid wastes. Second part of project
deals with characterization of fly ash produced from different incinerators in Austria. In Europe,
the emphasis of research is on developing technologies for obtaining renewable energy from
biomass to meet the demands of the electricity, heating, cooling, and transportation sectors. These
research projects aim to increase the overall efficiency of conversion processes such as
combustion, co-firing, and gasification by keeping an eye on cost reduction, environmental impact,
and flexibility of technologies to operate under different regional conditions [39, 40]. Among these
processes, biomass and municipal solid waste combustion by fluidized bed incinerators and grate
furnace incinerators are proven technologies for heat and power generation [41]. Fluidized bed
incinerators provide good mixing, temperature distribution, high conversion efficiency, fuel
flexibility, and low pollutant emissions, but demand higher investment than the primarily used
grate furnace technology [40].

Both combustion technologies generate huge amounts of fly ash. The fly ash is problematic for
incinerator operation and can cause slagging and fouling in addition to environmental issues. Fly
ash contains heavy metals, a high content of easily soluble salts, and, in some cases,
polychlorinated dioxins and furans [42-44]. Waste management strategies currently recommend
disposal in underground deposits or non-hazardous landfill (after stabilization processes) for fly

ash. The increase in the cost of development of new landfill sites is of major concern for all energy-
8
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generation incinerators, and alternative management of fly ash is being investigated elsewhere [39,
40, 45].

The quantity, quality, and characteristics of fly ash derived from MSW and biomass depends on
many factors, such as the composition of feed, type of incinerator, operating parameters, and
pollution control techniques. In Europe, 90% of the incinerators are grate furnaces. The
characterization and possible utilization of the bottom and fly ash from grate furnaces have been
widely studied, whereas comparative studies of fly ash from fluidized bed incinerators with
different feeds are rare [45, 46].

This part of study aims to collect detailed information on the physical and chemical
characterization, particle size distribution, mineralogy, morphology, heavy metal content, and
leaching behavior of the fly ash generated by two different fluidized bed incinerators, originating
from the input feed of municipal solid waste and biomass. This research is part of a major project
in which fly ash from different type of incinerators (grate furnace, fluidized bed and rotary kiln) is
being investigated to identify possible utilization opportunities for the fly ash in order to achieve

less dependence on landfill [47]
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Chapter 2

2. Objectives

e To study/access the status, characterization, and potential utilization of municipal solid
waste of Lahore, Pakistan as renewable energy source in order to suggest potential waste
to energy (WTE) options to minimize the adverse environmental impacts from the landfill
of MSW

e To evaluate the combustion characteristics and kinetics modelling of coal municipal solid
waste, and refuse derived fuel using thermogravimetric analysis

e To access the potential utilization of municipal solid waste and refuse-derived fuel for
combustion blending with Pakistani coal.

e To access the potential utilization of fly ash generated from bio and municipal solid waste:
Fluidized bed incinerators

This thesis is compilation of 4 publications prepared during the PhD working as listed on page X.
In the first paper, the complete assessment of current status, characterization and potential
utilization of municipal solid waste as fuel is carried out. For a better understanding of the variation
in MSW composition with reference to incineration process, the defined combustible fractions of
MSW (including biodegradable, nylon, textile, PET, and paper) were selected and subjected to
individual proximate/ultimate analysis and heating value tests.

In 2nd and 3rd paper, the study of combustion characteristic and kinetic modelling of coal,
municipals solid waste and refuse-derived fuel using non-isothermal model-fitted and model-free
methods is conceded.

4™ paper belongs to 2™ part of project; Fly ash from fluidized incinerators were characterized to

evaluate and highlight their potential utilization, to reduce the landfill load.

10
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Chapter 3

3. Materials and Methods

This section has been mainly carried out from published manuscript [26, 48, 49] attached at
the end and divided into three main sub section. The process sketch for solid fuels is illustrated in
Figure 1. The solid fuels were arranged from Pakistan, whereas fly ash samples for this study were

obtained from two different incinerators located in Austria.

Physical | |Chemical

Characteristics Energy potential

Figure 2. Process siietch for characterization and TGA analysis of solid fuels [26]

3.1. Characterization of MSW and RDF

The social and economic structure was taken into consideration with the characterization study
of MSW in Lahore, Pakistan. Different economic levels (i.e., low USD (30-130), intermediate
USD (320- 640), and high income above USD 640) were also considered with commercial and
institute zones, as shown in Fig. 1 and Table 2. The “U.S. Standard ASTM D5231” and “European
Commission Methodology for the Analysis of Solid Waste” were used as the basis for this study.
According to spot sampling method, a total of 12 homogenized samples of MSW were collected
from 12 MSW carrying trucks (capacity ~ 6000 kg/truck) from the Lahore Waste Management
Company. It is assumed that one truck of MSW collection may represent wastes from 200 houses
in one town. The shovel technique was used instead of the quartering method due to the size of the
samples. Physical characterization of MSW was carried out with a sample of 0.5 m?® from
homogenized MSW from each truck by using a scale container. The combustibles and non-
combustibles components of wastes were classified into 14 categories, as shown in Table 3. The
defined combustibles fraction (e.g., biodegradable, nylon plastic bags, textile, diaper, and paper)

of MSW comprises almost 81% of the total MSW composition as presented in Table 3. The overall
11
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sampling procedure remedy is presented in Fig. 2. Segregation and weighing of components were
performed according to the classification guide for the physical composition of MSW (ASTM,
2003).

To track variations in physical composition of MSW around the years, the aforementioned
physical characterization procedure was repeated quarterly and their average results for different
socioeconomic levels are illustrated in Fig. 3. For a better understanding of the variation in MSW
composition with reference to incineration process, the defined combustible fractions of MSW
(including biodegradable, nylon, textile, PET, and paper) were selected and subjected to individual
proximate/ultimate analysis and heating value tests according to the respective ASTM standards
[50, 51]. All the individual fractions of MSW were ground to a size less than 0.2 mm for the
analysis. Moisture content of each fraction was determined by weighing samples into a pre-
weighted dish and drying at 105 °C in an oven to a constant weight. Then, the percentage loss in
weight before and after drying was used to assess the moisture content. The volatile content was
determined by heating the MSW fractions according to ASTM D 3175-11 under a control
condition and measuring its weight loss. Ash content was found in accordance with ASTM D
3174-12. Proximate analysis was expressed as the mean from triplicate. The test for energy content
and ultimate analysis were completed by using a bomb calorimeter (IKA C 2000, USA) and an
elemental analyzer (2400 CHN, Perkin Elmer, and USA).

To quantify the total content of heavy metals, the selected dried samples were treated using aqua
regia according to EN 13657 (2002). These samples were then analyzed by following the
procedures of EN 11885 (2009) with the aid of a PerkinElmer Optima 8300 ICP-OES (inductively
coupled plasma optical emission spectroscopy) spectrometer equipped with a SC-2 DX FAST
sample preparation system. The concentration data were expressed as the mean from triplicate. A
customized single element (Merck, Roth) standard was adopted for calibration. For preparation of
leachate from the individual components of MSW, a liquid to solid ratio of 10 L/kg was used
according to EN 12457-4 (2002). MSW components with a particle size below 10 mm were used
to prepare the leachates in deionized water with tumbler agitation action for 24 h. After 10 min of
agitation process, leaches were subjected to filtration process (0.45 um) and subsequently analyzed
by using the same ICP-OES as noted above. The purpose of these individual tests was to predict
the change in chemical composition of combustible components of MSW  that might occur due

to variation in the physical composition of MSW [26].

12
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3.2. TGA Analysis
TGA was performed in Mettler Toledo (TGA/DSC 1 STAR, USA) System with sample

size of 20 mg. Initially, samples were heated from 25 °C to 105 °C at a heating rate of 10 °C/min
with holding time of 10 min at 105 °C. Four heating rates (10, 20, 30 and 40 °C/min) were used
from 105 °C to 1000 °C with holding time of 30 min. at 1000 °C. Constant flow rate (80 ml/min)
of synthetic air was provided for all experimental runs. Prior to testing, all samples were oven
dried at 105 °C for 6 h. The coal and MSW fractions were ground to a size less than 200 um. For
size reduction of MSW fractions double milling action with nitrogen support was used. The
samples of MSW and RDF were prepared by mixing of true combustible fractions according to
component proportion in physical characterization data, as represented in Table 1. To ensure
uniform mixing of different fractions a rotary mixer rotated at a speed of 25 rpm for 2.5 h was
used. The aforementioned method was repeated for co-firing of coal with MSW and RDF (10%,
20%, 30% and 40%) to investigate the thermal characteristics of these blends. The co-firing of
low-quality coal with MSW and RDF with following blending ratios were carried out to reduce

the volume of waste dumped in landfill sites.

a) 90% coal and 10 % MSW, 80% coal and 20% MSW, 70% coal and 30 % MSW, 60%
coal and 40 % MSW

b) 90% coal and 10 % RDF, 80% coal and 20% RDF, 70% coal and 30 % RDF, 60% coal
and 40 % RDF

3.3. Characterization of fly ash
Determination of pH and electrical conductivity of the samples was conducted according to

European standard SFS-EN 13037 at a solid to liquid (ultrapure water) ratio of 1:5. Determination
of the dry matter content of fly ash samples was carried out according to European standard SFS-
EN 12880, and fly ash samples were dried overnight to a constant mass in an oven at 105 °C. To
determine the organic matter content, measurement of loss on ignition (LOI) was carried out
according to European standard SFS-EN 12879. For this, oven-dried (105 °C) samples were heated
overnight in a muffle furnace at 550 °C.

Determination of the chemical composition of the fly ash and its fractions was carried out by
X-ray fluorescence (XRF). The preparation of samples for XRF was done by using 6 g of lithium
tetra borate for each 0.5 g of ash, obtained at 1000 °C from the fly ash. The beads were prepared
in a platinum crucible under heating and stirring in a Philips Model Perl X3. Elemental analysis
was performed under standard conditions in a SIEMENS SRS 3000 spectrometer fitted with an
Rh target tube.

13
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Powder X-ray diffraction (XRD) measurements for mineralogical composition were carried
out on a Panalytical Xpert-Pro diffractometer (CuKa, 45kV, 40mA, continuous scan, Soller slits
0.04 rad, Bragg—Brentano HD mirror, X’Celerator detector, 20 range 5-70°, 200 s/step
measurement time). Representative samples were ground manually in an agate mortar for 5—10
min and mounted onto a zero-background sample holder with minute amounts of grease. The
evaluation and phase identification were carried out using the search and match routine of the
Panalytical HighScore Plus Program Suite [52] on the ICDD database (ICDD, 2017). This was
followed by Rietveld refinement with Topas [53] using CIF files from the ICSD database [54]. A
Malvern Master Sizer 2000 particle size analyzer was used to measure particle size distribution
(PSD), with compressed air as the dispersant. Scanning electron microscopy (SEM) analysis was
performed on FEI Quanta 200 FEG SEM (FEI, USA), which is equipped with a Schottky emitter
in the operating range of 200 V to 30, supported by an Everhart-Thornley detector for secondary
electron in action. In order to decrease the charging fact of the samples to get better results, samples
were gold-coated prior to conducting SEM analysis.

For the determination of minor elemental concentration in the fly ash, dried samples were
subjected to digestion in aqua regia according to the EN 13657 (2002) standard. Further analysis
was done according to the EN 11885 (2009) standard by a PerkinElmer Optima 8300 ICP-OES
(inductively coupled plasma optical emission spectroscopy), which was equipped with a SC-2 DX
FAST sample preparation system. The analytes were determined via axial view and with three
replicates, followed by an arithmetic average. For the calibration, a customized single element
(Merck, Roth) standard was adopted. Similarly, leachates were prepared by using a liquid-to-solid
ratio of 10 L/kg according to EN 12457-4 (2002). Fly ash with a particle size below 10 mm was
used to prepare the leachates in deionized water with continuous tumbler agitation for 24 h. After
10 min of agitation, leachates were subjected to a filtration process (0.45 um) and subsequent

analysis was carried out using the same ICP-OES.
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Figure 5. Average composition (weight percentage basis) of MSW from different Socio-levels of Lahore,

Pakistan.

Table 3. Sampling area classification for characterization of MSW in Lahore

Areas Location 1 Location 2 Location 3
Low-income USD (30-130) Salamatpura Bogiwal Shahdra
Middle-income usD (320-640)  Shakir Road Gulshan-e-Ravi  Ghari Shahu

High-income above USD 640)

Commercial/institute

Hussain Chowk

Shah Alam Market

Garden Town Garden Town

Moon Market Saad Metha Hospital
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Table 4. Component classification of Lahore MSW

Components Explanation

Biodegradable Food, fruits, vegetables, plants, etc.
Nylon Plastic shopping bags

Plastics All kind of plastics except PET

PET Shampoo, detergent, and beverage bottles
Textile All kinds of textile wastes

Paper-Cardboard
Tetrapack
Metals
Hazardous
Elec-Electronic
Diaper
Non-combustible
Glass

Combustibles

Newspapers, magazines, office paper, etc.
Milk and juice cardboard

All kinds of metals

Accumulator, battery, medical waste, etc.
Every type of electric and electronic wastes
Baby diapers and sanitary pads

Stone, demolition waste, bond, curbside
Every type of glass

Combustible waste that is undefined in other categories

17
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Chapter 4

4. Results and Discussion
The portion of complete characterization and heat recovery aspects from incineration of MSW &

RDF is taken from papers [[-1V].

4.1. Physical characteristics [26]

Different socioeconomic factors such as population density, life expectancy, income per capita
education, and human development play a significant role in defining the quantity and quality of
generated MSW. The heterogeneous nature of MSW and its physical composition were mostly
dependent on socioeconomic levels (Figs. 5 and 6). The dominant waste category for all of the
socioeconomic levels was biodegradable (56%), followed by nylon plastic bags (11%) and textile
(9%). The high number of biodegradables, especially food residue, would result in a high
moisture content in the MSW.

The MSW in Lahore showed remarkable difference compared to that of developed countries,
where systematic sorting of components (i.e., paper, textile, and plastic) leads to valuable MSW
composition ([5]. The results of low-income area (e.g., the lower percentage of biodegradable
and the higher percentage of textile, nylon, and diapers) were noticeable. This variation was
attributed to the high rate of population, consumption habits of the habitants, and to some extent
religious fest and activities (i.e., Eids, month of fasting). The highest percentage of nylon
shopping bags (13%) for the high-income area was observed as an indicator of higher wealth
levels. It should also be noted that the presence of high percentage of plastic bags and materials
in all socioeconomic levels is a great environmental threat and concern. Due to inadequate waste
collection system, its presence in undesirable places like sewers, storm drains, and roadsides can
cause many undesirable consequences. The non- biodegradable plastic bags are not suitable for
composting and combustion process as well. In commercial areas and facilities, the quantities of
the undesired hazardous waste were the highest. The hospitals in the vicinity were the main
sources of hazardous wastes as they were lacking incineration facilities to treat generated
hazardous waste.

In all the socioeconomic levels, the low percentage of the paper fraction was noteworthy. The
paper fraction of MSW has been collected by unofficial means and utilized by two paper-pulp
companies for the production of low-quality pulp. Note that the energy production from MSW
mainly depends upon high percentage of plastic and paper. The high level of paper fraction in
MSW contribute to high heating value with low ignition temperature and low ash content in the
energy recovery process. Therefore, low level of paper fraction in MSW may affect the efficiency of

the energy recovery process [55].

18


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfiigbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

_Diaper,5.06
_Electronics, 0.03
_Glass 0.69
Hazardous, 1.33

Combustibles, 6.05

Tetrapak, 1.02 _

Plastics, 0.63

PET,
Paper 0.09-
cardboard, _

2.18 Non Combustibles,
4
Metal, 0.06

Figure 6. Physical percentage composition of the MSW

4.2. Chemical characteristics
Proximate/ultimate analysis and heating values of MSW are of great importance for the

evaluation of the energy recovery feasibility of a MSW management system [38]. The individual
fractions of MSW on an air-dried basis are summarized in Table 5. To assess the overall chemical
characterization and heating values of MSW by different socioeconomic levels, each fraction
was summed based on a weight percentage of each component in the main stream of MSW, as
shown in Table 6. One of the important parameters that affect the yield of incineration is the
moisture content of MSW. Like other Asian countries, a high moisture content (40-50%
measured at locations on as received basis, as compared to 20-30% in developed countries [5]
in the MSW of Lahore was noticeable. The main reason for high and different moisture contents
in various social economic levels in Lahore may have been [56] due to differences in kitchen
waste content and the inadequate sorting/collecting system for MSW. The high moisture contents
of MSW leads to several concerns, including complexity associated with the recovery of
recyclable items, an increased amount of leachate, and reduction in the net calorific value of the
waste when incinerated [57].

One of the significant factors in the determination of energy content of MSW is the calorific
value. Generally, researchers have reported the calorific value in relation to low heating value
(LHV) and high heating value (HHV). LHV is the calorific value, which does not consider the
latent heat of vaporization during the complete combustion of waste stream. In contrast, HHV is
the theoretical calorific value in which latent heat of vaporization is considered and is usually
measured in bomb calorimeter (and sometimes calculated by equation). LHV has practical
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application in energy estimation and utilization in electricity generation from MSW incinerators
[58]. The variation in HHV among different socio-economic levels was noticeable. If MSW has
a high content of moisture and ash, then its high heating values will decrease. The operation of
the incinerator can then be affected by variation in the heating value [59]. The empirical models
available for predicting the energy content (LHV) of MSW were employed for comparison, as
shown in Table 7. The LHV 14408 (kJ kg!) of MSW is calculated on the basis of HHV (using
bomb calorimeter). This LHV shows a good agreement with the LHV values predicted from
different empirical models. The LHV variations within different empirical models should be
subject to different assumptions and limitations such as selected basis, units and particle size for
analysis. Prediction of a LHV from the empirical model was a linear function of fixed carbon
and volatile matter. However, the HHV was only dependent on volatile matter as the fixed carbon

did not play a significant role in the calorific value of MSW [56].

High values for volatile matter content in Lahore MSW will cause easier ignition and removal
of a significant fraction of MSW in an incinerator. In the ultimate analysis, the results showed
that carbon and oxygen were the most dominate components in the MSW samples. The high
oxygen content will lead to higher reactivity during the incineration process. The carbon content
in MSW was dependent on the proportion of biodegradables. The more biodegradables in MSW
indicated less carbon content in comparison to non-biodegradables, which contributed more to
the carbon content. In terms of environmental risk, the content of sulphur in MSW is quite low
compared to coal. This may facilitate the process of co-combustion of coal and municipal waste

to help reduce SO emission during combustion process.

These physical and chemical characteristics of Lahore waste were quite similar to those of
China and Malaysia [56, 60]. Inconsistency in the terms, units, and the basis used for the different
components of the proximate and ultimate analysis as well as the heating values caused problems
when comparing values with the literature values. It is evident that incineration of MSW with
these analysis values might face several problems, such as difficulty in ignition, unsteady flame,
and incomplete combustion of MSW, compared to the reported values from China and Malaysia.
To incinerate MSW with high moisture and low energy contents, supplementary fuel would also
be required with additional operating costs [61, 62]. Furthermore, MSW should be transported
to a waste pit for six to seven days before it is fed into the incinerator in order to improve

economic and combustion stability of the incinerator [63].

The conventional incineration plants used in developed countries might not be a good choice

for Asian countries based on the results of a high portion of biodegradables containing high
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moisture and low calorific values [5]. Therefore, the application of advanced incinerators like a

fluidized bed type would be a better option to overcome these issues. For instance, China has

utilized fluidized bed incinerators to counter the problems of high moisture and low energy

content: currently 28 of such plants are in operation to generate electricity by processing MSW

(800 tons /day) [64]. Inadequate sorting systems for various MSW fractions at the place of

generation is of high concern as well; improvements in sorting system can greatly enhance MSW

suitability for various incineration processes.

Table S. The results of proximate and ultimate analysis of MSW components

Analysis (%) Biodegradable Textile Nylon plastic bags  Paper PET bottles
Proximate analysis “

Total moisture 4 2.9 0.1 34 ND
Volatile matter 77.5 81.2 93.7 75.9 92.3
Fixed carbon 4 8.5 10.8 0.7 1.9 7.5
Ash 9.6 5.0 5.5 18.8 0.2
Ultimate analysis “

Carbon 62.5 58.4 78.7 50.5 62.0
Hydrogen 8.0 4.9 12.4 6.4 4.1
Nitrogen 0.4 0.6 0.12 0.22 0.05
Sulphur 0.1 0.16 0.02 0.55 0.01
Oxygen’ 28.8 35.7 8.7 42.3 34
HHV® (kJkg) 10,338 20,392 40,416 16,239 23,060

VM: volatile material, FC: fixed carbon, HHV: high heating value, ND: not detected,

d: calculated by difference, ad: air-dried basis; daf: dried ash-free basis;
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Table 6. Results of proximate * and ultimate analysis % of Lahore MSW

Analysis (%) Area classification

Low Middle High Commercial/Institute Average
Total moisture 3.1 3.5 3.2 34 33
Volatile matter ~ 80.3 79.3 80.1 79.2 79.7
Fixed carbon 7.4 7.70 7.1 6.9 7.2
Ash 8.3 9.2 9.1 9.7 9.1
HHV (kJkg!) 17,533 14,588 16,413 15,100 15,978
Carbon 63.5 63.2 63.8 63.3 63.6
Hydrogen 7.9 8.0 8.2 8.3 8.19
Nitrogen 0.4 0.42 0.3 0.3 0.4
Sulphur 0.1 0.1 0.11 0.1 0.1
Oxygen 27 27.8 27.0 27.1 27.0

Table 7. Empirical models used for prediction of the energy content of MSW

Order Model based on physical composition

Energy content (kJkg™")

1 Conventional
H,= 88.2R +40.5 (G +P)-6W

2 Model based on proximate analysis
traditional model
Hy=45VM-6W

3 Bento’s model

Hn=44.75VM-5.85W+21.2

4 Model based on ultimate analysis
Hn=81C+342.5(H-O/8) + 22.5S-6(W+9H)

13,647

13,417

13,752

14,713

Hn: net calorific value in kJkg™!, R: weight % of plastic, VM: % volatile matter, G: weight %
garbage, P: weight % paper, W: water percent (air-dried basis)
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4.3. Heavy metal content

The generated MSW is exposed to different weather conditions and natural processes during
storage, utilization, or disposal. Certain heavy metals (e.g., chromium, arsenic, lead, cobalt,
nickel, zinc, cadmium, barium, boron, and manganese) are frequently detected in MSW [65].
Among these metals, chromium, cadmium, and arsenic are potentially carcinogenic. In contrast,
other metals, such as nickel, lead, and mercury, contain a well spread range of toxic effects,
including teratogenicity ([66]. These heavy metals may result in contamination of different water
sources, especially ground and surface water due to the leaching process. Therefore, the

monitoring of heavy metals in MSW is necessary to evaluate the contamination potential.

The concentrations of the toxic metals detected in the selected combustibles fraction of MSW
are summarized in Table 8. Among them, zinc, chromium, manganese, and barium were present
in high concentrations amongst all of the metals examined. The components of MSW such as
textile, paper and nylon plastic bags are the major contributors to the high concentrations of
manganese, nickel, zinc, and chromium. Arsenic comes primarily from nylon plastic bags, textile
and PET bottles. However, it is worth noting that lead and cadmium mostly stem from paper
component of MSW. Their concentration levels were in most cases comparable to those
commonly reported in the literature [5]. However, the concentrations of lead and cadmium were
considerably lower and that might have been due to the absence of wastes like lead-cadmium

batteries, paint and pigments [67].

The results of the leaching test for the samples are presented in Table 9. These values have
been compared with the toxicity limits value for the solid waste set by the European legislation.
The result indicates that no serious leaching of heavy metals took place during leaching test of
selected components of MSW. It is worth noting that leaching content of metals like Cd, Cu,
Zn, Sb, Mo, Sn, Co, and in all samples is below the limit values for inert waste category (Table
8). Only content of certain metals like Hg, Ni and Pb is at verge of inert to non-hazardous
limits. The leaching capacity of heavy metals is very much pH-dependent. The standard test
EN 12457-4 used for leaching of samples does not contain acidic conditions, whereas the acidic
conditions of other leaching tests, such as HJ/T300, make the environment favorable for the

leaching process.
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Table 8. The results of heavy metal analyses (mg/kg: dry weight basis)

Element Biodegradable Textile Nylon bags Paper PET bottles MSW

As <041 24 +0.1 36 +04 0.48 +0.1 2.1 £0.2 <0.72

Ba 15.1 +0.08 20.1 +0.8 329 +7.0 324 +0.1 4.04+ 0.1 942 +0.1

Cd <0.2 0.71 +0.1 095 +04 0.87 +0.1 <0.38 1.1 +0.1

Co 1.5 +0.1 344 + 0.1 129 +0.3 223 +04 <1.93 <2.09

Cr 52 +0.0 40.6 + 0.2 28.1 +£0.3 28.2 +0.1 21.8+0.3 59.1+0.2

Hg 0.01 0.04 0.20 +0.01  0.06 0.04 +0.01 0.03

Mn 16.1 +0.0 535 + 09 31.7 £0.3 74.8 +04 159 +0.1 545+0.1

Ni 1.02 +0.1 123 + 0.3 16.8 +0.50 16.1 +0.1 99 +04 274 +0.5

Pb <0.58 <0911 <0.92 7.6 +04 <0.904 <0.9

Zn 19.2 +0.1 160 +1.0 85.3 +0.9 525 +0.1 14.8 +0.1 87.6 +0.4

Table 9. Leachability of heavy metals (mg/kg) from samples using EN 12457-4 (2002)
Element Biodegradable = Textile Nylon bags Paper PET bottles TL1 TL2 TL3
As 0.06 + 0.04 <0.03 <0.03 <0.03 <0.03 0 2 -
Ba 0.40 + 0.01 <0.03 0.1 0.13 <0.03 - - -
Cd 0.02+0.0 <0.01 <0.01 <0.01 <0.01 0.04 1 5
Co <0.09 <0.09 <0.09 <0.09 <0.09 - 5 -
Cr <0.06 <0.06 <0.06 <0.06 <0.06 0.5 1020) 70
Hg 0.01 +0.0 0.01 0.01 0.01 0.01 0.01 .1 2
Mn 0.77 + 0.01 0.1 <0.04 0.7 <0.04 - - -
Ni <0.03 <0.03 <0.03 <0.03 <0.03 0.4 10 40
Pb <0.36 <0.36 <0.36 <0.36 <0.36 0.5 10(30) 50
Zn 1.3+0.01 4.09 3.06 2.2 <0.03 4 50(100) 200
pH 4.3 7.73 7.72 7.6 6.9
Conductivity 3.6 0.48 0.2 1.5 0.1

(mS/cm)
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TLT; toxicity limits inert waste, TL2; toxicity limit non-hazardous waste, TL3; toxicity limit

4.4. Economic aspect of energy recovery
Thermal power plants in Pakistan generate electric power of 8,000 MW mainly using diesel

and furnace oil. The diesel and furnace oil have to be imported, which consumes foreign reserves.

On the other hand, based on the population of Lahore (about 11 million) and the average

generation rate of MSW (0.65 kg/capita/day), the amount of MSW generated on a daily basis is

simply calculated as 7,150 tons/day. As stated earlier, incineration of MSW leads to several

benefits, such as reduction in the mass (~70%) and volume (~90%), efficient energy recovery,

and complete disinfection of pathogenic waste [68, 69]. Installation of incineration facilities will

not only decrease the dependency on fossil fuels to meet energy demands, but can also be an

excellent alternative for MSW management.
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The estimated energy recovery potential of MSW and RDF incineration is shown in Table 10.
The energy potential was calculated for capacity of 2000 tons/day of MSW and RDF. 1t is
expected that there might be an increase in demand of RDF for use in cement and coal sector.
Note that the use of RDF in industrial application should offer more flexibility than incineration
process with better ecological advantages [70]. Therefore, keeping an eye on increase in demand
of RDF, the capacity of 2000 tons/day was selected for this facility which is easily available
amount of combustible fraction of wastes for incineration process. The average calorific values
of MSW (8,356 kJkg™!) and RDF (27,000kJkg!) were utilized to acquire overall spectrum about
energy potential. The energy potential of RDF has almost doubled the energy potential of MSW.

The estimated amount of methane emission from landfills in Pakistan is 14.18 Gg per year.
This release of methane to atmosphere traps the heat with a 22-fold greater greenhouse effect
than CO; [30]. Thus, it is of vital importance to adopt good strategy to address the issue of
methane emission from landfills. As stated earlier, landfills in Pakistan are not designed to trap
methane for its utilization as fuel. Therefore, the incineration of MSW will be a good alternative
technique for reduction in GHG emission compared to landfilling of MSW. This will reduce the
share of fossil fuel and greenhouse gases. The addition of incineration technology will thus be a
positive move towards the promotion of renewable energy sources in the country.

As in Europe, a major portion of the generated steam from the incineration of MSW is being
used for central district heating in addition to the production of electric power. In the case of
Lahore, the installation of an incineration facility near the industrial zone (i.e., Sunder state) will
be more effective and beneficial regarding MSW transportation and economical utilization of
steam. Moreover, the steam from an incineration facility will have economical value by selling
it to different industries in the Sunder state or it may be utilized in steam turbine chillers for
central cooling during the long summer season. The vitalization/utilization of MSW incineration
in Lahore would lead to mitigation of disposal and the environmental problems of MSW as well
as reduction of GHG emissions.

Table 10. Energy recovery potential from MSW (2,000 ton/day) by incineration

Sample Conversion LHV * Energy recoverable per Total energy recovered from
efficiency (kJkg™h ton of fuel (2,000 ton/day)
(%) (kWhrton™) (MW)
MSW 25 8,356 581 48
RDF 25 27,000 1,117 93

ar; as received basis
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4.5. TG and DTG profiles

This portion of combustion characteristics is taken from paper II & III.

The weight loss (TG) and rate of weight loss (DTG) curves for coal, MSW, and RDF were observed
individually, as function of time and temperature range of 105 °C to 1000 °C. Figure 7 and 8 show the
thermogravimetric (T'G) and derivative thermogravimetric (DTG) profiles of the considered fuels at four

heating rates (10, 20, 30 and 40 °C/min).

It is widely accepted that fuel decomposition process mainly contains three stages over complete range of
temperature, which are a) moisture drying, b) major loss of weight, due to release of volatile organic matter,
and c) consecutive slow combustion of fixed carbon. Last two steps, certainly are relevant with chemical
composition (homogeneous/ heterogeneous nature) of these samples since main constituent of these sample
have different degradation behavior, as shown in Figure 8. The proximate and ultimate analysis presented
in Table 5 showed that all the samples were containing low moisture and fixed carbon, resulting in less
prominent weight loss in first and third region. As expected, apart from the heating rate, the decomposition
process of MSW and RDF show a very high weight loss due to high reactivity; whereas coal TG behavior
is slower, which is characterized by a low volatile content and high ash content. The decomposition pattern
of solid wastes showed that a number of individual shoulders or peaks appeared at lower heating rate, which
disappear or overlap as the heating rate is increased. The thermal decomposition of coal results in one major
peak, due to release of carbon-containing volatile matter [71]; whereas existence of different peaks in case
of solid wastes is attributed to the heterogeneous nature of these solid wastes . The solid wastes display
high weight loss between 190 °C to 580 °C, whereas the coal weight loss is mainly between 400 °C to
770 °C, at heating rate of 40 °C /min.

The combustion characteristics parameters such as the initial temperature, burnout temperature, and
temperature at maximum weight loss obtained from TG and DTG curves for combustion of the studied
samples at different heating rates are summarized in Table 11. Thermal behavior and characterization
studies at various heating rates is an important parameter regarding kinetics. It is noticed that the heating
rate affects the TG and DTG curves [72]. At different heating rates, exposure of fuel particles varies, which
change the curve shape and combustion characteristics considerably, as indicated in Figure 7 and 8. It is
evident from analysis, with the increasing heating rates, TGA curves are shifted toward the right and DTG
curves are slightly shifted towards higher temperatures. Consequently, all the combustion characteristics
parameters were shifted to higher values, showing thermal lag at increasing heating rate [58, 70, 73] .
Among the selected fuel samples, coal has highest ignition and burnout temperature, while MSW and RDF
have considerably low and slight close range of these temperatures. The coal ignition temperature at four
heating rates (10, 20, 30 and 40 °C/min), varies from 443 °C to 460 °C. For MSW and RDF this thermal
lag varies from 219 °C to 230 °C and 238 °C to 255 °C, respectively. Similar shift of temperature zone/
thermal lag is observed for burnout temperature values. The higher burnout temperature of coal is attributed
to higher ash content, which is main factor for further characterization of burnout process [74]. It is

observed that the higher heating rates result in lower weight loss (conversion) and high reactivity. This may
26
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be explained on the basis of residence time during the combustion process. At low heating rate, more
residence time result in efficient and effective heat transfer, compared to higher heating rate. The effect of
increasing heating rate on reactivity was investigated at peak temperatures and was found in order of MSW

> RDF > coal.
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Table 11. The combustion characteristics parameters for Coal, MSW, and RDF from TG and DTG curves

Sample Heating rate (°C/min) Ti (°C) Tt (°C) T (°C) T, (°C)
Coal 10 443 713 562 -
20 444 727 578 -
30 451 743 599 -
40 460 778 610 -
MSW 10 219 560 301 455
20 223 573 313 461
30 225 586 325 470
40 230 598 329 479
RDF 10 238 556 316 465
20 242 559 334 473
30 245 563 342 481
40 255 570 367 495

Note: T;: the ignition temperature, Tr: burnout temperature , T, T»:temperature at maximum weight
loss rate of first peak and second peak,

4.6. Kinetic Modelling

The rate of reaction for solid fuel is written as:z—i( =f(T) X f(a)

E

Where f(T) =Ae RT — — — — — — — —

and a is known as fractional conversion, given as:

Where my, is initial mass, m; is instantaneous mass and m,, is the final mass of the sample and

f(a) 1s a function of fractional conversion (a). Its value depends on the conversion mechanism

listed in Table 3.
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Under constant temperature ramp conditions, equation (1) can be converted into following form

by using equation (2):

4.6.1. Arrhenius Model
It is a model-fitting method. In this model, the f(a) function is given as:

f=A-a)'———————~ (5)

Where n is the order of reaction. Equation (5) in combination with equation (4) yields following

expression:

da A _ n
ﬁ=E e E/RT(l—CZ) ———————— (6)

Generally, plotting method is applied for determination of the reaction order. Plot of In [da/dT
/ (1-a) "] versus 1/T yields lines for various values of n. Estimation of activation energy is done
from the slope of the line having highest R? value. This model has been applied by many
researchers for determination of kinetic parameters [75, 76]
4.6.2. Coats-Redfern Model

It is the most popular model-fitting method first proposed in 1964.1t is also known as
integral model-fitting method. It uses asymptotic series expansion for estimation of temperature

integral. If,
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g(a) is integral reaction model. Its value is dependent on the reaction mechanism followed by
the fuel. Various conversion mechanism expressions for g(a) are listed in Table 3.
Transformation of equation (4) using equation (8) yields following expression of Coats-Redfern

model for estimation of kinetic parameters:

1n<g(a)>= nA—R<1—2R—T>—£ ———————— ©)

For the determination of reaction order, plot of left-hand side of equation (9) versus 1/T for
each reaction mechanism listed in Table 3. yields approximately straight lines. Activation
energy is estimated from the slope of the line having best fit to the experimental data. This

model has widely been used for estimation of kinetics of solid fuel’s reactions [77-81].

4.6.3. Isoconversional methods
Many researchers have pointed that the prediction of reaction kinetics with model-fitting

methods had an in-built inaccuracy associated to the pre-assumption of reaction mechanism
[73, 82, 83]. Conversely, isoconversional methods do not require any pre-assumption of
reaction mechanism, thus avoiding possible errors to study the reaction kinetics of multiple
homogenous and heterogeneous combustion processes. These methods make it possible to
predict the activation energies throughout the range of experimental temperatures and
conversions. The isoconversional methods applied in this study are Kissinger-Akahira-Sunose

(KAS), Flynn-Wall-Ozawa (FWO), Friedman, and Vyazovkin.

4.6.4. Friedman Differential Model
By taking natural logarithm on the two sides of equation (4), the resultant equation can be

rewritten as:

Eq
RT,;

d
In [ﬁi (d—i)] = In[Ag X f(@)] = == == == = = - (10)

Equation (10) is known as Friedman Model which is a differential isoconversional model. This
model has been employed by many investigators for approximation of kinetics of reactions
taking place in solid state [84-96].

31


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

E. (apparent activation energy) is estimated for each conversion level (a) from the slope of the

straight lines resulting from the plot of left hand side of equation (10) versus 1/Tq;.

4.6.5. Vyazovkin Integral Model
It is a non-linear integral isoconversional model. It uses a revised expression for temperature

integral resulting from equation (6).

T
g(a) = %L e_% dT ———— — — — — (11)
g(a) = 5 I(EouTai ________ (12)

For isoconversional models, g(a) is independent of heating rate so,

A A
= I(Eq,Ta1) = 5 1(Eq,Toz) = = == [(Eq,Tan) — ——— — — (13)
b1 I

It follows from above expression that:

ZZ<I(E“’T“‘) I(E“’T‘“)> =nn-1)-—--———-—- (14)
Bj

i=a j#i

For practical situations:

(1) ZZ (1(Ea,Ta1) I(Ea'B,.Ta])> R 15)
]

i=a j#i

The value of integral I(Eq, Tq;i) can be calculated by solving a lengthy numerical integration,
alternatively, its value of can be estimated from Senum-Yang fourth degree polynomial

approximation [97] , given as:

x3 4+ 18x% + 86x + 96

—x
= — )X T Teorn 3 i 9n o9 Lo T T T —— 16
p(x) exp( x ) x*+ 20 x3 + 120x? + 240x + 120 (16)

X is equivalent to o in above equation. Activation energy (Eq) is estimated by substituting

experimental values of Ty and B in equation (16) and varying E, to reach a minimum value.
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Minimization is performed for each value of fractional conversion (a) to get a dependence of E

on a.
This method has been used and found reliable by many researchers [84, 88, 93, 98-102].

4.6.6. Flynn Wall Ozawa Method
Ozawa and Flynn and Wall independently observed that the approximation of the temperature

integral proposed by Doyle leads to the equation (17) that is known as OFW isoconversional

model.

In(B,) =1 Aaka 5.331 — 1.0516 2 17
nﬁi - n[Rg(a)] . . RTai ( )

Plot of left-hand side of equation (17) versus vs 1/Tq yields straight lines for different
conversion levels. The activation energy is determined from the slopes of lines. This model has

been used by other researchers [87, 89, 90, 99, 103].

4.6.7. Kissinger-Akahira-Sunnose Method
] Bi A(x R E(x

n— =1In [ —

Plot of left-hand side of equation (18) vs 1/Tq yields straight line with slope equal to -E«/R.
This model has been used and found satisfactory by other researchers [94, 104-107]

4.7. Kinetic Analysis using Model-fitting methods
Model-fitting methods portion is taken from paper II.

As mentioned above, the thermal decomposition of coal and solid wastes mainly took
place in the second stage of overall process, so for kinetic analysis peaks with maximum weight
lost in second stage are mainly taken into concern. Two model-fitting models, Arrhenius and
Coats-Redfern were used to compare the applicability of models for solid fuels combustion
process. Two key stages of applying model-fitted methods are: (a) selection of the model that
best fits the data and (b) determination of the kinetic parameters such as the activation energy
and R? [108]. In Arrhenius model, plot of In [do/dT / (1-a)"] versus 1/T resulted lines for
different values of n. In case of Coats-Redfern model, plot of left-hand side of equation (9)

versus 1/T lead to approximately straight lines for each reaction mechanism listed in Table 12.
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For estimation of activation energy from these models, slope of the line having best fit to

experimental data was considered.

The estimated results of activation energy from both model at different heating rates and
reaction mechanism are listed in Table 13 (a) and 13 (b). Arrhenius model assessed that the
solid wastes conversion took place by third order reaction mechanism (D3); while coal
conversion took place by Power law (P2) reaction mechanism. The Coats-Redfern model
estimated that coal conversion followed mainly second order diffusion conversion reaction
mechanism (D2), whereas MSW and RDF conversion followed different reaction mechanism
as shown in table 13(b). The activation energies of the combustion process from Arrhenius
model are distributed in between 91-124, 53-68, 40-107 kJ/mol for coal, MSW and RDF
respectively. Whilst, the Coats-Redfern model display activation energies of combustion
process in between 106-162, 35-85, 36-116 kJ/mol for coal and MSW and RDF respectively.
According to kinetic analysis results of these models, the selected fuels may be arranged in

order of activation energy as Coal > RDF > MSW.

In case of coal, the comparison of obtained activation energies showed that both models provided
closer results; followed by display of high value of R In case of solid wastes, the values of
obtained activation energies for MSW and RDF display larger range of percentage difference (4.1
- 26.5). This may be due to heterogeneous nature of solid wastes. The results are sensitive to solid
wastes characteristic, experimental condition and kinetic method used. Therefore, one should
compare the values of activation energy when using the same kinetic method [109]. Comparison
of obtained activation energies and values of R? showed that the Coats-Redfern model has display
better results at different heating rates. There is ongoing debate about accuracy and reliability of
model-fitted methods. Model-fitted methods had pre-assumption of reaction mechanism which
inculcate inherent inaccuracy and lead to wrong understanding of combustion process. Some
researchers have pointed that even model-fitting methods can predict satisfactory reaction kinetic
results for solid fuels. However, application of model may not able to describe involved

simultaneous complex reaction during decomposition process [110].
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Table 12. Expressions for f(a) and g(a) based on various reaction mechanisms [84]

Mechanism f(0) g (a) Abbreviation
Power Law 2a'/? al/? P2
Power Law 3a?/3 atl/3 P3
Power Law 4o3/% all* P4
Avarami-Eroféve 2(1 — a)[-In(1 — &)]*/? [-In(1 — a)]/? A2
Avarami-Eroféve 3(1 — a)[~In(1 — a)]?/3 [—In(1 — a)]*/3 A3
Avarami-Eroféve 4(1 — a)[-In(1 — a)]?/* [—In(1 — a)]*/* A4
Contracting Sphere 2(1 — a)'/? [1-(1-a)?] R2
Contracting Cylinder 3(1 — a)?/? [1-(1-a)3] R3
One Dimensional
1/2a a? DI
Diffusion
Two-Dimensional [(1—a)xIn(1-a)]
[-In(1—a)]™? D2
Diffusion +x
2
Three-Dimensional 3(1-a)s3 2
e 1 [1-(1 - )] D3
Diffusion-Jander [2 (1 -(1- a)§>]
Three-Dimensional 1 2a 2/3 D4
— )3 — l1-———0—-«a
Diffusion-GB 3/2(1-a) 5 =1) 3 -4
First Order 1-a) —In(1 - a) Fl1
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Table 13 (a). Calculated E (kJ/mol) and R? values, obtained from Arrhenius Model

Coal MSW- 1st peak MSW- 2nd peak RDF- Ist peak RDF-2nd peak

B (°C/min) 10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40
Mechanism n=1.5 n=1.5 n=1.5 n=1.5 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3 n=3
E(kJ/mol) 124 114 979 913 67.1 62.2 59.7 56.6 60.3 57.2 55.8 53.1 106.1 984 943 91.3 453 432 419 39.7
R? 096 098 094 094 095 095 0.94 0.84 0.83 093 092 055 0.89 095 096 0.96 0.88 0.95 0.98 0.83

Table 13 (b). Calculated E (kJ/mol) and R? values, obtained from Coats-Redfern Model

Coal MSW- Ist peak MSW- 2nd peak RDF- 1st peak RDF-2nd peak

B (°C/min) 10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40 10 20 30 40

Mechanism D3 D2 D2 D2 D1 n=3 n=3 n=2 D4 2-D D3 n=2 D4 D4 D4 D4 n=0.5 n=0.5 n=0.5 n=0.5

E(kJ/mol) 162 125 115.1 105.1 84.1 80.6 78.3 78.5 53.8 51.9 438 342 116.7 1162 115.6 1155 472 414 40.2 36.2

R? 0.98 0.97 0.97 0.98 0.93 0.98 0.98 0.98 0.94 096 097 098 099 099 099 099 094 095 097 0.98

% Difference 26.5 9.2 16.2 13.9 224 257 27 32 114 9.7 24.1 20,5 9.6 165 203 234 41 42 41 92
" 9% Difference = (VI-V2) x 200 / (Vi+V>)

36


https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

L]
|
rk

4.8. Kinetic Analysis using Model-free methods.
This portion is taken from paper III.

The iso-conversional plots of KAS, FWO, and Friedman for conversion («) range of 0.1 — 0.9
are shown in Figure 9. In literature, the parallelism of these lines is attributed to the similar
kinetic behavior and same reaction mechanism [111]. For considered range of conversion (&),
the activation energy (E, ) values were obtained from individual slopes based upon linear model
equations. The obtained E,, and correlation coefficient (R?) values together with the values from
nonlinear Vyazovkin procedure are summarized in Tables 14-16. The correlation coefficient of
obtained E, are close to unity, which indicate that these models had capability for better fit of
experimental data for estimation of kinetics. Many researchers have presented such findings
about iso-conversional models [70, 76, 82, 84, 102]. Activation energy means the minimum
energy requirement that must be overcome to start a reaction. This means the reaction with high
activation energy need a high temperature or a long reaction time. Figures 10-12 show
dependence of activation energy on the extent of selected fuels conversion. Comparison of
obtained E, showed that Vyazovkin, FWO, and KAS methods provided closer results than
Friedman. The coal E, at a 0.1 was found as 151.3, 155.8, 124, and 151 kJ/mol for each model
as per given order in Table 14. For interval of a 0.2 - 0.9 the activation energies were close to
each other with decreasing trend, which means that in case of coal the energy requirement for
the main mass combustion was less after initialization of reaction. It is noticeable that the coal
activation energy values obtained from Friedman differential method are slightly lower than
integral methods. For solid wastes fuel, the changing trend of E, value obtained by these iso-
conversional methods are very consistent. The E, values of solid wastes reported in literature
show great variation, due to non-uniform composition of such kind of fuels. In case of solid
wastes, with the conversion rates increased from 0.1 to 0.9, two obvious peaks were observed
at a 0.1 and 0.6 respectively. As mentioned earlier, the first peak is attributed to combustion of
volatile matter and second peak correspond to combustion of different organic compounds
which offer greater energy barrier. It might be due to components of solid wastes with lower
activity and decomposition phase of PVC, which need more energy under high temperature
[112, 113]. For solid wastes at conversion range (a = 0.1 - 0.5) smaller fluctuations in E, values
with increasing trend were observed, whereas at conversion range (a = 0.6 - 0.9) higher
fluctuations with decreasing trend were observed throughout the process. This fluctuation in
the E, value is generally attributed to heterogeneous nature of solid wastes, which leads to

complex reaction system including parallel, competitive and complex reaction scheme [114].
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It is possible to say that the average activation energy of solid wastes obtained from all
considered isoconversional methods is very close; compared to average activation energy of
coal, as shown in Figure 7. It is important to note that the MSW E, by the all isoconversional
methods were 205.6, 205.8, 201.4, and 186.5 kJ/mol with the given order, which were 26.7,
25.3, 18.2 and 4.0 kJ/mol higher than that of RDF. This means, on average, more energy is
required in the combustion process of MSW. It might be the result of less volatile content in
MSW than RDF [115]. According to kinetic analysis by all four isoconversional models, the
selected solid fuels could be arranged in subsequent order of activation energy MSW > RDF >

coal.
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ure 9 Plots for kinetic models, Friedman, FWO and KAS
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Table 14 Dependency of activation energy (E,, kJ/mol) of Coal on conversion degree

Coal
KAS FWO FM VK
@ R? E, R’ E, R E, E,
0.1 0.999 151.3 0.999 155.8 0.997 124 151
0.2 0.999 121.3 0.999 127.9 0.994 90.7 121
0.3 0.997 102.6 0.997 110.6 0.988 74.1 103
0.4 0.995 90.6 0.997 99.5 0.984 57.7 91
0.5 0.994 81.1 0.996 90.7 0.978 46.4 82
0.6 0.991 72.9 0.994 83.2 0.976 39.4 73
0.7 0.988 65.7 0.993 76.6 0.919 63.9 66
0.8 0.984 59.9 0.991 71.5 0.975 59.8 61
0.9 0.980 56.8 0.989 68.9 0.954 56.7 58
Average 89.2 98.3 68.1 89.5
Table 15. Dependency of activation energy (E, kJ/mol) of MSW on conversion degree
MSW
KAS FWO FM VK
a R’ E, R’ E, R’ E, E,
0.1 0.954 239.9 0.957 236.5 0.968 232.1 240
0.2 0.980 210.3 0.981 208.8 0.992 186.1 210
0.3 0.997 186.5 0.997 186.5 0.996 184.1 186
0.4 0.991 172.9 0.992 173.9 0.969 168.2 173
0.5 0.952 179.1 0.957 180.2 0.941 175.1 179
0.6 0.873 376.2 0.879 368.5 0.822 379.9 205
0.7 0.973 243.2 0.976 242.8 0.980 245.2 243
0.8 0.998 1344 0.999 139.8 0.986 134.1 134
0.9 0.993 108.4 0.995 115.6 0.933 108.5 109
Average 205.6 205.8 201.4 186.5
Table 16 Dependency of activation energy (E,, kJ/mol) of RDF on conversion degree
RDF
KAS FWO FM VK
a R’ E, R? E, R’ E, E,
0.1 0.973 115.5 0.977 118.7 0.977 123.7 115
0.2 0.977 138.4 0.979 141.1 0.984 156.7 138
0.3 0.981 154.8 0.983 156.9 0.986 163.4 155
0.4 0.982 156.5 0.984 158.7 0.976 152.1 156
0.5 0.996 166.1 0.997 167.9 0.937 160.2 150
0.6 0.877 289.3 0.885 285.8 0.950 291.5 339
0.7 0.999 194.6 0.999 196.5 0.714 203.2 195
0.8 0.923 127.1 0.935 132.3 0.817 129.6 127
0.9 0.995 268.1 0.995 266.8 0.982 268.6 268
Average 178.9 180.5 183.2 182.5
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Figure 10. Activation energy based on coal conversion
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Figure 12. Activation energy based on RDF conversion

4.9. Co-combustion of coal and solid wastes
The co-firing of low-quality coal with MSW and RDF with following blending ratio was

carried out to reduce the volume of waste dumped in landfill sites.

e 90% coal and 10 % MSW, 80% coal and 20% MSW, 70% coal and 30 % MSW, 60% coal
and 40 % MSW

e 90% coal and 10 % RDF, 80% coal and 20% RDF, 70% coal and 30 % RDF, 60% coal
and 40 % RDF

The thermographs for co-combustion of coal with MSW and RDF can be seen in Figures 13. (a,
b) and 14 (a, b) respectively. The DTG curves show two prominent peaks for solid wastes and
single peak for pure coal sample. The co-combustion parameters of coal with solid wastes at 10
°C /min heating is presented in Table 17. With the increase of solid waste content in coal blends,
the TGA curves shift gradually from coal to solid wastes. This trend was observed in study of co-
combustion of coal with MSW and RDF with coal [12, 76, 116]. It is noticeable that the ignition
temperature of coal decreases as the ratios of the MSW and RDF increases in the blends. This may
be attributed to early release (i.e., at lower temperature) of the volatile content in solid waste
compared to low rank coal. The decreasing trend of ignition temperatures in coal blends is
proportional to amount of volatile content and high reactivity of solid wastes. This early volatile
release phenomena, is of great importance regarding initiation of low rank coal combustion, as it

provides sufficient ignition energy at surface of coal. The blending ratios of 60% coal, 40 % MSW
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and 60% coal, 40 % RDF show lowest ignition temperatures and were found as 302 °C and 298
°C respectively. For coal, the initiation of volatile matter temperature also condensed to lower
temperature region with the addition of MSW and RDF. These results are in agreement with the
findings of Ioranidis et al. and Wang et al [117, 118]. The peak temperature for coal happened at
a much higher temperature zone linked to solid wastes samples and their blends. These blending
trends show that the addition of MSW and RDF in coal activates the early release of volatile matter
and provides sufficient energy for ignition of low rank coal. The high content of oxygen in solid
wastes compared to coal improves the oxidation of coal at faster rate. This oxidation process is
favorable to release of energy to support coal combustion. It is worth noting that the ignition
temperature mainly depends upon how quickly the heat is released by thermal devolatization
process and not solely on early release of volatile content. This shows that ignition of fuel cannot
be estimated only from its volatile release capacity but the total energy content of fuel is also as
important in deciding the ignition temperature. This investigation shows that early volatile release
and high reactivity of solid wastes result in reduction of ignition temperature of low rank coal,
which may help in replacing some portion of coal with solid wastes to address Solid wastes

management issues.

The increasing blending ratio of coal with solid wastes shows significantly less mass
residue. This shows co-combustion of coal with these solid wastes will not only help in reducing
SOz, CO2, and CO emissions with no change in NOx emission but will cause reduction in ash as
well. The burnout temperature of blends surprisingly increased and is highest for blending ration
of 10%. This may be attributed to presence of high amount of volatile content in PVC, associated

with heavy HCL emission and lower calorific value compared to other plastics.
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Table 17. The co-combustion characteristics parameters for all blends at heating rate 10 °C/min

Sample T; Ty M; T, T DTGI DTG2
(&Y (%) (O (O (%/s) (%)
Coal and MSW blends
100% Coal 460 620 329 561 - 0.10 -
90%coal + 10% MSW 427 640 31.2 311 553 0.01 0.07
80%coal + 20% MSW 397 632 28.5 341 548 0.01 0.07
70%coal + 30% MSW 354 623 27.1 317 541 0.02 0.06
600%coal + 40% MSW 302 621 24.7 318 539 0.02 0.06
100% MSW 260 510 10.9 307 460 0.07 0.13
Coal and RDF blends
90%Coal + 10% RDF 423 631 313 340 567 0.01 0.08
80%Coal + 20% RDF 390 626 28.7 347 559 0.02 0.07
70%Coal + 30% RDF 340 619 27.1 350 547 0.04 0.06
60%Coal + 40% RDF 298 610 24.8 351 536 0.06 0.05
100% RDF 280 474 13 341 465 0.14 0.12

Note: T;: the ignition temperature, Tr: burnout temperature , My : the combustion residue mass Ty,
T»>:temperature at maximum weight loss rate of first peak and second peak, DTGI; the mass loss rate
for first peak, DTG2; the mass loss rate for second peak

4.10. Fly ash characterization results
This part of result and discussion is from paper 4

The physical properties of fly ash are given in Table 18. Low values of LOI of fly ash, even
for a shorter residence time as compared to bottom ash, indicate efficient combustion of organic
matter in both fluidized bed incinerators. This is due to the temperature range of 820 to 850 °C in
the incinerator bed and 1100 to 1200 °C in the upper free zone of the incinerator. The electric
conductivity of sample FA 1 is quite low compared to FA 2, showing higher ionic concentration
in sample FA 2. This means contribution of soluble salts from fly ash samples to conductivity may
be taken into consideration for evaluating pozzolanic properties of fly ash samples [119]. The pH
of an ash may vary from slightly acidic to highly alkaline, depending on the sulfur content [120].
The pH results show strong alkaline behavior in both samples. An alkaline pH indicates the

presence of metal in the ash such as basic metal salts, carbonates, oxides, or hydroxides [121],
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which is supported by the XRD results. The mineralogical analyses help us understand the
coalescent status of the elements in the ash. The toxicity of incinerators solid residues is not only
dependent on the concentration of polluting elements, but also on the nature of the host phases

[122]

The X-ray diffraction analysis of crystalline mineral material in fly ash samples is shown in Fig.
15 and linked in Table 19. Quartz and calcite are the predominant phases in both samples. Most of
the SiO in sample FA1 is present as quartz, compared to lower amounts in sample FA2. This is
explained by the carryover of bed particles of the fluidized incinerator [123] and partially by sand
and soil particles in the case of forest residues during harvesting, transport, and handling [124].
Furthermore, there is incineration of plant-tissue-derived Si-based minerals during decomposition,
e.g., phytolith (Si02 X nH20), is mostly made up of plant tissue, deposited within and between the
plant cells [40]. SiO> is also present in the form of glassy material and other silicate compounds.
Another of the major components of forest biomass is Ca [125]. In sample FA2, the calcium
concentration is the highest and mainly occurs in the form of calcite and free lime, while in FAI,
calcite, anhydrite, and gehlenite are the predominant Ca phases. While most of the sulfate is
present as Ca—sulfate in FA1, the high alkali content of FA2 is confirmed by a high content of
alkali chlorides (KCl, NaCl), but sulfate is also present, mainly in the form of alkali sulfates
(arkanite, thenardite, and aphthitalite). Mg is present as periclase (MgO) in both samples and the
results agree with the XRF results. This complex mineralogy is the outcome of many unit
operations like melting, vaporization, condensation, crystallization, vitrification, and precipitation,

which occur during incineration operation and flue gas treatment [126].

The particle size distribution of fly ash plays a vital role in assessing and evaluating the
potential utilization and environmental impact, as it directly influences the fly ash characteristics
[127]. A particle size analysis of fly ash is shown in Fig. 16. Sample FA1 is coarser than FA2.
According to particle size distribution studies of fly ash, the size may range between 2 and 1000
um [128]. The D90 of FA1 and FA2 is below 500 um and 350 pum, respectively, and D50 is below
100 um and 30 um, respectively, so the PSDs are quite different. In fluidized bed incinerators,
high fluidizing velocity is usually maintained to allow the separation of particles in the cyclone
segment. Larger particles from cyclone separator are recycled to the main incinerator and fine
particles are transported to bag filters. These large recycled particles have a longer residence time
in the incinerator, resulting in heavy metal enrichment on the surface of the particles at proper

thermal conditions compared to fly ash with fine particles and a short residence time [129, 130].

The leaching behavior of fly ash depends on the particle properties. For example, the

presence of a dense particle interior and porous or non-porous outer surface may affect the rate of
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leaching of heavy metals [130]. This makes morphology studies of fly ash important. Fig. 17 gives
SEM photographs of the two samples. The photograph of fly ash FA1 shows large, irregular, and
agglomerated particles, which are high-temperature sintering products [126]. Fly ash FA2
photograph shows a fine, homogenous, and partially vesicular structure, which is the result of the

volatilization process [131]. It is evident that the surface structure is very different.

According to studies comparing the chemical composition of fly ash, the levels of SiO»,
CaO, ALxO3, Fe;03, and MgO in fly ash from fluidized incinerators are higher than those from
grate furnace and rotary kiln incinerators. So, the chemical composition of fly ash is greatly
influenced by the type of incinerator, input waste, and injection of additives into air pollution
control devices (APCD) [128, 132]. The major chemical composition of fly ash expressed in
the form of oxides, obtained by XRF, is presented in Table 20 and fits well with others’ research
results on fluidized bed incinerators using municipal solid waste and biomass as feed [40, 128].
SiO2 and CaO are the predominant oxides in fly ash [133], making up more than 55% of the
total oxide content in both samples. The other main oxides are Al>03, MgO, K;0, and SOs.
Si02 and CaO mainly occur as quartz, calcite, and free lime. The CaCOs3 concentration is a
secondary product, as CaCO3 will decompose into CaO at the firing temperature. Its presence
in a fresh sample could be used to control the firing temperature. Fe>O3 is present as the mineral
hematite in low amounts. The concentration of CaO in biomass fly ash is usually higher
compared to bottom ash. This might be due to calcite, which is easily grindable, resulting in a
higher CaO content in filter ashes [134]. Moreover, biomass fuel contains calcareous minerals,
which also contribute to the CaO content in ash. CaO may also be produced due to thermal
decomposition and the subsequent transformation of CaCO3 into secondary calcite [135]. This
high content of CaO is one of the major reasons for alkaline ash and self-desulfurization in these
incinerators [129]. Both the fly ash contained pozzolanic material such as Fe>Os3; SiO», and
ADOs3 . For their use in cement industry, the observed low quantity of these materials and
presence of chlorides and sulphates in samples can reduce durability of cementitious materials
[39].

The enrichment of heavy metals is not only dependent on the concentration of the heavy
metals in the fuel. Many other factors, like the presence of heavy metals in bed material and the
bed’s age, combustion temperature, ash characteristics, fuel density, and chlorine and sulfur
content may contribute as well [136, 137]. For example, at 700 °C, bed sand captures the
maximum amount of lead (~72%) [138]. It is worth noting that, during the incineration process,
physical and chemical properties such as saturated vapor pressure and boiling point are of great

importance regarding the volatilization process of heavy metals. The concentration of heavy
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metals is greatly influenced by the operating temperature of the incinerators. The fluidized bed
incinerators’ temperature of 800—1200 °C is high enough to vaporize elements, but the retention
time of elements in the fly ash due to other processes like condensation, physical adsorption,
and chemical absorption determines the final aspect of volatilization regarding specific
elements [139]. Most of these elements condense on the surface of fine particles during flue gas
treatment, resulting in the enrichment of some heavy metal elements in the fly ash. Because of
this process, the bottom ash mostly consists of non-volatile components with sintered and
melted particles.

One notable element is cadmium with a boiling point of 767 °C, which is prone to partial
evaporation and condensation on fly ash particles, followed by partial carryover in the gaseous
phase to the atmosphere during the incineration process [140, 141]. The use of solid residue
from incinerators as a soil conditioner in forestry is ecologically beneficial, as it will improve
the level of primary resources. This practice will result in the sustainable utilization of ash from
incinerators. However, the sensitivity of physical and chemical characteristic of fly ash with
respect to different factors like plant species, growing rate, size and age of trees, collection,
storage, incineration technology, operating temperature, and flue gas treatment make it different
every time for use as a soil conditioner [142]. Therefore, caution should be employed
concerning the use of fly ash in the natural environment and the exact process conditions of the
fly ash must be known [143]. The heavy metal contents of the samples are given in Table 21.
This shows that both types of fly ash can be deposited in normal landfills. Both samples contain
a high level of Cd with respect to their use as a soil conditioner, as mentioned in the Landfill
Ordinance [144], but the level is still low compared to the literature data on different fluidized
incinerators [145, 146]. The phenomena of chemical absorption should be taken into account
for the formation of in-volatile Cd compounds on the particle surface [147]. It is worth noting
that, in addition to Cd, the concentration of metals like Mo, Cr, Sn, and Sb is notably low,
whereas the concentration of Ni, Al, Cu, Zn, and Fe is high with respect to the reported literature
data. This shows the good potential for metal recovery for the fly ash. Similarly, the
concentration of other metals like Pb, Ba, and Hg, which are essential to monitor before their
use as a soil conditioner, is higher compared to the maximum allowable regulatory limits. At
present, various methods such as pyrometallurgical, hydrometallurgical, and bio-
hydrometallurgical are in use for the recovery of heavy metals. The pyrometallurgical recovery
consists of thermal treatment such as roasting, calcining, or smelting, whereas
hydrometallurgical recovery mainly consists of a leaching process. Furthermore, the extension
of the leaching process (acidic) of fly ash is known as the FLUREC process, which allows for

the extraction of Zn, Cd, Cu, and Pb. However, at current Zn prices, this process is only
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economically viable with fly ash containing Zn content above 50,000 mg/Mg [148]. Metals like
Zn, Pb, Cu, and Cd can also be easily recovered during the thermal treatment of fly ash [149].
The use of a microbiological leaching process for metal recovery is a promising bio-
hydrometallurgical concept, and could play a major role in the metal recovery system. After
recovery, these metals can be utilized as a secondary raw material in the metal industry [150-
152].

The MSW and solid residue (ash) from incinerators are exposed to different weather
conditions and natural processes during storage, utilization, or disposal. This may result in the
contamination of different water sources, especially ground and surface water, due to leaching
processes. To evaluate the contamination potential of the solid residues given the surrounding
environment, different leaching tests are available. These tests have different liquid to solid
ratios and methods of pH control. The liquid to solid ratio directly influences the concentration
of heavy metals, whereas the leaching character of heavy metals is strongly pH-dependent.
Generally, a low pH favors the leaching process of heavy metals. The results of leaching tests
based on different pH values or liquid to solid ratios therefore cannot be directly compared, and
different standards have been developed for simulating different leaching environments. These
tests measure the mobility of heavy metals and provide good insight about the possibilities of
their use and treatment before disposal according to the regulatory limits [129, 153-155].

Table 22 gives the results of leaching tests for both samples with respect to Landfill
Ordinance. The limit values are the lower and (in brackets) highest limits for non-hazardous
waste landfill as set by the Landfill Ordinance value for solid waste [144]. The results indicate
no serious leaching of heavy metals during leaching tests. It is worth noting that the leaching
contents of metals like Pb, Cd, Ni, Cu, Zn, Sb, Mo, Sn, Co, and As in both types of fly ash are
well under the non-hazardous waste category limit. The leaching level of metals like Cr and Ba
in the biomass sample is quite high in comparison to the municipal solid waste sample, but still
below the non-hazardous waste limit value. The leaching level of Hg in MSW is slightly higher
than the limit for non-hazardous waste, whereas for the biomass sample it is well within the

inert waste limits.
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Table 18. General characteristics of fly ash.

Parameter FA1l FA2
Fuel type MSW Biomass
Ash type ESP, Cyclone Bag filters
Dry matter content (105 °C) 98.44 98.66
pH 11.75 13.25
LOI (550 °C) 3.1 1.8
Electrical Conductivity (mS/cm) 5.92 25.78
Table 19. Mineralogical analysis (XRD) of fly ash samples.
Mineral Phases FA1 FA2
Quartz Si0; ++ + ++
Anhydrite CaSOq ++ +
Calcite CaCOs3 ++ ++
Lime CaO - +
Periclase MgO ++
Sylvite KCl ++
Halite NaCl - -
Gehlenite CayAlLSi107) ++ +
Merwinite CasMg (SiO4), + -
Feldspar (Ca, Na, K) (Al, Si)4 Og + + +
Whitlockite  Cas (POu)2 + -

+ + + High intensity, + + Medium Intensity, + Low intensity, - Not detected
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Table 20. Comparison of inorganic fraction of fly ash.

Element FA1 (wt %) FA2 (wt %)
Na,O 2.6 2.1
MgO 2.1 6.1
AlLO3 20.7 8.2
Si0O, 38.3 334
P,0s 4.2 2.7
SO; 22 6.0
Cl 1.5 29
K>O 1.2 7.9
CaO 18.5 234
TiO» 1.2 1.3
Fe;03 44 29

Table 21. Total heavy metal concentration in fly ash samples (mg/kg, dry weight basis).

Metal FA1l (mean) SD FA2 (mean) SD Landfill Limit Value
[144]

Al 65583 1040 26778 434 -

Fe 31124 389 15939 776 -

Zn 5363 53 10001 145 -

Pb 1529 17 1528 59 -

Cu 1941 38 603 42 -

Ba 865 10 2172 116 -

Cr 159 1 91 1.6 -

Sn 92 11 83 9 -

Ni 88 1.4 86 0.8 -

Hg 67 3.2 1.12 0.08 20

Sb 67 7.5 122 9.8 -

Co 30 0.2 30 0.63 -

Cd 9.5 0.18 16 1.5 5000

Mo 7.8 0.8 7.2 0.68 -

As 6.3 0.38 16 2.5 5000

SD: standard deviation.
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Metal FA1 (mean) SD FA2 (mean) SD Non-hazardous waste
Pb <0.036 0.381 0.04 10 (30)
Cd 0.005 0.01 <0.0018 1

Ni 0.004 0.01 0.018 10

Cr 0.965 0.02 243 0.02 10 (20)
Cu <0.003 0.11 0.01 50

Zn <0.003 0.86 0.02 50 (100)
Sb 0.062 0.03 0.073 0.02

Mo 0.167 0.01 0.287

Hg 0.36 0.04 0.001 0.1

Sn 0.126 0.06 <0.0153 20

Fe <0.0051 0.031 0.04 -

Co <0.009 <0.009 5

Ba 0.401 0.01 2.31 0.21 100 (300)
As 0.019 0.01 0.016 0.01 2

Al <0.0051 4.25 1.01 -

SD: standard deviation.
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Chapter 5

5. Conclusions

municipals solid waste (MSW), and refuse-derived fuel (RDF); followed by evaluation of kinetic

parameters in combustion and co-combustion processes, using thermogravimetry (TGA) data. This

This work studied the detailed characterization (physical, chemical, and thermal) of coal,

part of the thesis led to the following conclusions.

Understanding the physical and chemical composition of MSW is of great importance
regarding future planning and management of MSW. The establishment of the “Waste to
Energy” program would be beneficial to Lahore based on the results of proximate/ultimate
analysis and the heating values of MSW. Indeed, the incineration of 2,000 tons MSW/day
has an energy recovery potential of 48 MW as well as a high return with environmental
benefits, including a reduction in GHG emissions. However, high moisture content,

inadequate collecting systems, and low collection efficiency of municipal departments are

still challenging.

According to TG and DTG curves of selected fuels samples, it was observed that MSW
and RDF involved two stage combustion, which mainly consist of decomposition of
cellulose and plastic structure compared to single stage coal combustion. The rate of
decomposition, ignition and burnout temperature of all solid fuels increased with
increase in heating rate.

The reactivity of samples during the combustion process were in the order of RDF >
MSW > Coal. It means higher reactivity of solid wastes can positively support the
combustion of low-quality Pakistani coal, due to their ability to lower the ignition
temperature. The interaction of coal with solid wastes in co-combustion process may
reduce the residual mass of blends. Further, it can facilitate the reduction of SO;
emission during combustion of coal due to low sulphur content of solid wastes.

In model-fitting methods, The Coats-Redfern model showed consistency in obtained
activation energy values and high value of R? at different heating rates, with percentage
difference range of 4.1 to 26.5 % compared to Arrhenius model.

The dependency of the apparent activation energy (E,) on conversion (@) was
determined by means of isoconversional approach based on three integral (Vyazovkin,
KAS, FWO) and one differential (Friedman) model-free methods. The average
activation energies were found as 89.2, 98.3, 68.1, and 89.5 kJ/mol for coal, 205.6,
205.8,201.4, and 186.5 kJ/mol for MSW, and 178.9, 180.5, 183.2, and 182.5 kJ/mol for

RDF using KAS, FWO, Friedman, and Vyazovkin models respectively. In case of coal,
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it is worth noting that Friedman differential method exhibited lower values of activation
energy for the whole range of conversion. Overall, model-free methods have produced
more accurate and reliable values regarding kinetic parameters.

e According to kinetic analysis, the selected solid fuels could be arranged in subsequent

order of activation energy MSW > RDF > coal.

In the light of this detailed research, it is possible to say that problem of MSW disposal in city
of Lahore, Pakistan, while recovering the energy from the waste materials (combustion and co-
combustion) can effectively be solved by waste to energy program; including the significant

benefits of environmental quality and reduction of GHG emissions.

Second part of this work linked with characterization of fly ash from fluidized bed

incinerators of municipal solid waste (FA1) and biomass (FA2) and led following conclusions.

e Flyash FAI (100-500 pm) at D90 and D50 is coarser than FA2 (30-350 um) and SEM
analysis clearly found that the two types of fly ash have different surface structures.
This means both fly ash samples will execute different filling, surface, and water affinity
or lubrication role for their potential applications.

e XRD analysis demonstrates a complex mineralogy in which quartz and calcite are the
major components. The high amounts of alkalis are present in the form of chlorides
(sylvite) and sulfates (arkanite, thenardite, and aphthitalite) in FA2, while the sulfate is
concentrated as anhydrite in FA1. Mg is mostly present as periclase and merwinite. The
amorphous phase content seems to be low (< 20%); therefore, the pozzolanic activity is
estimated to be low.

e XRF analysis shows higher amounts of SiO», Al,0O3, and FeoO3 in FA1, while the levels
of CaO, K;0, and MgO are higher in FA2.

e Inductive couple plasma (ICP) analysis clearly showed that the heavy metal
concentration for most of the metals is within the literature values. The heavy metal
concentration for both types of fly ash is higher than the regulatory limits for their use
as a soil conditioner. However, the high levels of Fe, Cu, Al, and Ni indicate their
potential for the metal recovery process.

e The leaching test showed no serious leaching for both types of fly ash. Leaching levels
for most of the metals are good within the inert waste category, except for Hg in FAI,
which is slightly above the non-hazardous waste category. The leaching levels of Cr and

Ba in FA2 are higher than FA1 but below the non-hazardous waste category.
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