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Abstract

Municipal solid waste (MSW) is a potential feed$tdor producing transportation fuels
because it is readily available using an existioliection/transportation infrastructure and fees
are provided by the suppliers or government agsrtoi¢reat MSW. North Carolina with a
population of 9.4 millions generates 3.629 millmetric tons of MSW each year, which
contains about 113,396,356 TJs of energy. The geareisture content of MSW samples is
44.3% on a wet basis. About 77% of the dry MSW nmsembustible components including
paper, organics, textile and plastics. The avehagéing values of MSW were 9.7, 17.5, and
22.7 MJ/kg on a wet basis, dry basis and dry comifidadasis, respectively. The MSW
generated in North Carolina can produce 7.619 onilbarrels of crude bio-oil or around 4% of
total petroleum consumption in North Carolina. M$#h be thermally pyrolyzed into bio-oil in
the absence of oxygen or air at a temperature @%0r above. As bio-oil can be easily stored
and transported, compared to bulky MSW, landfi gad electricity, pyrolysis offers significant
logistical and economic advantages over landfilling other thermal conversion processes such
as combustion and gasification. Crude bio-oils poadl from the pyrolysis of MSW can be
further refined to transportation fuels in existpegtroleum refinery facilities.

The objective of this research is to analyze ¢ahnical and economic feasibility of
pyrolyzing MSW into liquid transportation fuels.@®mbined thermogravimetric analyzer
(TGA) and differential scanning calorimeter (DS@3trument, which can serve as a micro-scale
pyrolysis reactor, was used to simultaneously dater the degradation characteristics of MSW
during pyrolysis. An ASPEN Plus-based mathematiwadlel was further developed to analyze
the technical and economic feasibility of pyrolysof MSW into liquid transportation fuels in

fixed bed reactors at varying operating conditions.



CHAPTER 1
Introduction
Municipal solid waste (MSW) is commonly called ‘&g or “garbage” which includes

waste such as tires, furniture, newspapers, ptasticod waste, textile residues, grass clippings,
food and yard waste. This category of waste is igdiyaeferred to as common household,
office and retail waste and sometimes includes ceroial waste. In general, MSW does not
include hazardous and industrial waste. Accordinthé U.S Environmental Protection Agency,
the annual MSW generation in the U.S has increbgdib% since 1980 to the current level of
about 250 million tons per year. There was an eseof more than 20% of per capita

generation since 1980.

LL.5. Annual MSW Generation'
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Figure 1.MSW generation in the US

As shown in Figure 1, MSW is considered as a veeful energy resource. MSW-to-energy
technology can be a competitive solution not oalproduce energy with negligible costs but
also to decrease the volume for the storage irfilamthich has associated environmental
problems of gas emissions and leachate produclioe 1991 National energy strategy

encourages the conversion of MSW to energy andresudt extensive research has been done



on viable mechanisms of generating energy from M&We of these mechanisms that were
studied in this research for converting MSW to ggas pyrolysis.

Pyrolysis is an ancient thermochemical processdowerting biomass to energy. Itis a
thermochemical process in which biomass feedstwbleated at temperatures around®@om
500°C in the absence of oxygen to produce char (bio)ychases (synthesis gas) and vapors or
aerosols to be rapidly condensed to form bio-oilciwhs a mixture of organic chemicals with
water. Basically, there are three products obtafrad the conversion process and the relative
yield and properties of each product stated abeypeidds on the operating conditions of the
pyrolysis process. Numerous studies have been ctedito investigate a pyrolysis process for
the conversion of different biomass feedstocksdeo that can be further upgraded and
improved into marketable products [1]. In theset gagdies, several different types of equipment
such as semi-batch reactor [2, 3] and fixed bectoe§d] were employed for the pyrolysis. This
research is to investigate the dynamic chemicalpdnydical changes in MSW pyrolysis to
produce bio-oil and bio-char in a fixed bed reacitdre study aims at characterizing the bio-oll
and bio-char generated at different pyrolysis terajpees. The pyrolysis process is conducted in
a tubular reactor and a rapid cooling of the raactcold water is provided to ensure the biochar
is analyzed at the specified pyrolysis temperatréhe study, MSW combustibles used as
feedstock is placed in the tubular reactor of 10@@tume and heated in an electric tube furnace
with a purging gas (nitrogen) connected to thetmao provide inert conditions in the reactor
and push pyrolysis product into condenser unibforoil recovery. In this study, Aspen plus
simulation was performed on pyrolysis of MSW tolgikquid (fuel oil), non-condensable gas

(NCG) and residue char (and ash). The liquid fuetan be used as a substitute or blending



agent for transport fuels. The char and the NCGwproducts which can be burnt on-site to
provide the energy required for the process andiblysfor auxiliary electric power generation.
1.1 Scope and Objectives

During pyrolysis, temperature plays a criticakrol the physical and chemical
characteristics of the three pyrolysis productsssiih supplies the heat to breakdown the bonds
in the biomass resource. It is expected that thiepnaperties such as heating value, thermal
conductivity and specific heat of the pyrolysisguots will vary with pyrolysis temperatures.
Therefore, it is critical to determine the propestof the products during pyrolysis. A major
setback in this type of experimental set up isstbes cooling of the reactor to ambient
temperature after reaching a pyrolysis temperdtudcetermine the properties of the biochar. In
this experimental set up, the tubular reactor afftexached the set pyrolysis temperature was
rapidly cooled in a cooling water bath instantarsipulhe biochar remaining in the reactor was
then collected and its properties were determiiibd. main goal of this research was to
determine the effect of temperature, type of MSWiponents and other process operating
parameters on the physical and chemical propestiegochar and bio-oil generated.

The specific objectives for the research are bews:

1. Analyze the yields, and physical and chemical priigeeof bio-oil and biochar affected
by the pyrolysis temperature and the type of orgdfsW components including paper,

woody biomass, plastics and textile during fasbjygis

2 Analyze the thermal degradation charasties, kinetics, reaction heat and evolved gas
profiles during the pyrolysis of MSW componentsliditerent conditions using a
combination of thermogravimetric (TGA), differeritscanning calorimetry (DSC) and

mass spectrometry (MS) (TGA-DSC-MS).



3 Develop an ASPEN Plus model to analyze the teehand economic feasibility of the

pyrolysis of MSW.



CHAPTER 2
Literature Review
2.1 Introduction

Municipal solid waste (MSW) basically refers toteraals discarded in urban areas,
including predominantly household waste with somes the addition of commercial wastes,
collected and disposed by the municipalities [$leJe wastes are generated and accumulated as
a result of human activities [6]. MSW is heterogaugein composition and is made up of
materials with widely variation in sizes and shapgsMSW contains a significant fraction of
paper, food waste, wood and yard trimmings, cotmal, leather, and is a source of biomass [5].
Zheng et al. (2009) described the major combustibleponents of MSW which includes six
renewable materials: paper, wood, food residusestiplarubber and fabrics [8Materials derived
from fossil fuels, such as plastics, rubber, atuli¢s, are also found in MSW [5].

2.1.1 Wood. consists of three major components: cellulose B0#%6), the skeletal
polysaccharide; hemicelluloses (27-39 wt%) whiamfohe matrix; and lignin (21-30 wt%), the
encrusting substance that binds the cells tog¢#her

2.1.2 Paper/card board. It is produced from the paper pulp which is praostlic
mechanically or chemically from wood. During th@guction process, certain chemicals such as
sulfite, chlorine and soda are used to reduce ¢hadelluloses and lignin content. Paper or
cardboard may also contain inorganic additivesi{sagpigment), binder and chemical additives
(such as lubricant, foam reducer of coating melticl is as a result of the coating process [9].

2.1.3 Textiles. Textile is one of the main components in MSW whigHdiverted from
landfill for material and energy recovery [10]. Tiextile waste is a mixture of natural and

synthetic fibers such as cotton, wool, silk, nylolefin and polyester. Cotton and polyester are



the most commonly used [10]. Textile residues foumdSW that exhibit particular combustion
behavior are mostly of cotton origin [11]. It isprtant to note that some of these textile
materials are treated with flame retardant. Flagt@dants can be inorganic, halogen-containing
or phosphorus-containing that are physically migedhemically bonded to the polymer in order
to meet fire safety regulations for certain tetilecluding toys, nightwear and upholstery. In the
final analysis, flame retardants effectively redtioe heat transfer to the polymer once ignition
starts [10]

2.1.4 Plagtics. It forms a major component in MSW are mainly P8ygtyrene), PP
(polypropylene), LDPE(low-density polyethylene), AE (high-density polyethylene), PVC
(poly(vinylchloride)) [9]. Polyethylene (PE) in geral, is cheap and easy to process, and its
applications include heavy duty sacks, refuse saksier bags, toys, electric cable insulation
and general packaging. The polymeric structureotth hDPE and HDPE is essentially a long
chain of aliphatic hydrocarbons [9]. PP has a mejhyup in the repeating unit. PP is often used
as textile and ‘fast turnover food’ packaging sashmargarine tubs. PS is made from the styrene
monomer and the repeating unit contains a benazegd@Hsg) and it is often used in products
such as storage containers, toys and electricghegumt. PVC, has the methyl group of PP
substituted with chlorine (Cl) and has wide apglaafrom rigid piping and window frames to
soft flexible foams [9]. PVC has high content ofazine and generates corrosive gases when
being burned [12]. Renewable sources of energyhaise that can be replenished by nature,
examples are hydropower, wind power, solar powet,aomass.

On the average, these four components of paestipltextile and wood account for,
31%, 13%, 4.6%, and 7.0% of all the discarded (afteovery) wastes in the MSW stream in the

United States, respectively, and constitute 94%lldhe combustibles in MSW [12].



Large tonnages of MSW are generated throughouwtinkel each year. For example,
about 246 million tons of MSW was generated inW8A in 2006 according to US
Environmental Protection Agency (EPA) [13]. Thé&SUEPA considers MSW as a renewable
energy resource because the waste would otherwiserti to landfills (U.S. Environmental
Protection Agency, 2006) [5]. The U.S. Departmdrimergy includes MSW in renewable
energy only to the extent that the energy contétie@MSW source stream is biogenic. The
non-renewable portion of MSW has to be either sepdror accepted as part of the fuel, and
practically all the wastes in MSW after materialaeery and recycling are treated as renewable
[5]. Paolo Baggio et al. (2008) describes MSW usednergy recovery typically contains 60
wt% cellulosic fraction (paper, cardboard, wood) w&a% plastics (high-den-sity polyethylene
(HDPE), low density polyethylene (LDPE), polypropye (PP), polystyrene (PS), polyvinil-
chloride (PVC)) and 20 wt% moisture [14].

MSW has played a significant role as a sourceffiergy by means of waste-to-energy
technologies (pyrolysis, gasification and combust@nd residual derived fuels at very high
conversion efficiencies in many countries [6]. Tevelopment of innovative technologies for
energy recovery from MSW could contribute to théusion of both environmental pollution
and dependence on fossil fuels[14]

From an energy perspective, MSW can be groupedhnée fractions:
¢ mixed high calorific waste materials suitable fé&tFS(solid residual fuel) production,
e organic waste materials suitable for biologicaatmeent, and

¢ mixed waste materials not fitting into the formeotfractions.[15]

MSW used ‘as received’ as input to waste-to-en@rggesses, can lead to variable (and even

unstable) operating conditions, resulting in gydliictuations in the end product(s). In addition,
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the more advanced thermochemical treatment techiesloequire an input feed with a
sufficiently high calorific value in order to obtahigh process efficiencies [7]
2.2 Residual Derived Fuelsused as Combustibles of MSW

The quality of municipal solid waste is more regiliyydependent and can vary over a
wider range. Nearly 45-50% by mass of householdenasombustible, and certain sources can
reach as high as 85-90% [3]. Residual derived(lRRBIF) represents a fraction of MSW stream
where the recyclable components, such as glasmatals have been removed [13]. It is also
explained by Cozzani et al. (1995), as the materiadluced converting the combustible fraction
of MSW into a fuel [16]. A RDF involves a procesherve the main end product is the
production of a fuel in the form of the combustibigction of MSW[13]. Processing of MSW to
remove low calorific materials such as putrescilalled very fine material increase the calorific
value of the residual product which consists ofgraplastics, textiles and other combustible
material [13]. It is obtained following mechanicairting and processing to improve the physical
and combustion characteristics of the startingsefmaterial. Currently, the most common
densification process to manufacture d-RDF comraltyas pelletizing [12]. Pelletized or
densified RDFs undergo further processing to ensaoiferm size and weight, and increased
energy density so that they are suitable to be asedfeedstock for conventional boilers and
processes of pyrolysis and gasification to recagegnergy [16]. RDF has an advantage of
relatively constant composition, prolonged life sp@ase with transportation and storage as
compared to original MSW. However, it is importéminote that pelletizing usually requires
heating of the waste materials and accurate cootnmloisture, making the process energy-

intensive, costly and complicated [12].
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The major steps involved in producing RDF pellets@aeliminary liberation where bags
of waste are mechanically opened and size screemiagnetic separation and coarse shredding,
a refining separation stage and finally a serigsrotesses to control the physical characteristics
of the fuel for ease of combustion [13].

2.3 Wasteto Energy Technologies

Waste-to-Energy is the process of recovering enangye form of electricity and/or
heat, from waste[7]. Waste incineration has inghst been a technology to reduce the volume
and destroy harmful substances in order to preteeats to human health [7]. Nowadays, waste
incineration is always combined with energy recgv&he importance of the energy recovery
part has increased over time [7]. Waste-to-ene¥gVE) processes recover the energy from the
waste through either direct thermochemical conweerge.g., incineration, pyrolysis, and
gasification) or production of combustible fuelgie forms of methane, hydrogen, and other
synthetic fuels (e.g., anaerobic digestion, medadiiological treatment, and refuse-derived
fuel).

Compared to the option of landfilling, WTE can ctinle contribution of MSW on GHG
emissions through avoiding the release of methame fandfills and offsetting emissions from
fossil fuel power plants. Comparative studies of B\&GNd landfilling have shown that WTE can
reduce up to 1.4 tons of carbon equivalent peofdlSW through avoiding the release of
methane from landfills and offsetting emissionsifriossil fuel power plants [5]

Psomopoulos, et al [17] concluded based on sewal@pendent studies that WTE
reduces greenhouse gas emissions by an estim&adicarbon dioxide per ton of trash
combusted rather than landfilled. Therefore, initmial to the energy benefits, the combustion of

MSW in WTE facilities reduces US greenhouse gassioms by about 28.6 million tons of
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carbon dioxide [17]. Waste-to-energy power plamnésia operation in 25 US states. They are
fuelled by 28.9 million tons of MSW and have a gatiag capacity of 2700 MW of electricity
[17]. When selecting between these technologies stnategic level for implementation or
further development of waste-to-energy technolg@esolid basis for comparing the
environmental benefits and drawbacks of the teagies is required. An optimal choice for a
waste processing technology is a subject not angcbnomic requirements but it is especially
limited by environmental regulation compliance reguonents [18]. Life cycle assessment (LCA)
has been proven to be a suitable decision todhfoselection of waste-to-energy technologies.

Past research work on MSW has been focused on wdstimology should be preferred
for energy production, now and in the future. Biesiand MSW can be converted into liquid by
thermal, biological and physical methods. Therneaversion methods include combustion,
gasification, liquefaction, pyrolysis and carboti@a [19]. Direct combustion generates heat for
power, gasification breakdowns biomass into gasdsarolysis produces gas, char and liquid
[20].
24 MSW Pretreatment Methods

MSW differs in physical, chemical and morphologicharacteristics and due to the
heterogenous nature of MSW, a pretreatment prasessential to improve process efficiency
prior to the main thermal conversion process. Taateon and densification (also known as
pelletizing) are pretreatment methods that areiegpb MSW to increase the energy density on
mass basis and improve water resistivity of biorn2dgs

24.1 Torrefaction. It is a thermal technology performed at an atrhesig pressure in
the absence of oxygen and relatively low tempeeatbetween 200 and 3, which produces

a solid uniform product with very low moisture cent and a high calorific value compared to
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fresh biomass [22, 23]. The process decomposdsetiéellulose fraction thereby increasing
the energy density of the biomass, enhancing thdedpobicity and friability which is preferred
in further thermal processing [24]. An importanttta during torrefaction is the composition of
the biomass resource since the content of cellutemaicellulose and lignin changes and
therefore influences the product distribution. Phesical and chemical properties of biomass
before and after torrefaction are analyzed fordyie#nergy content, elemental composition,
change in major components, hydrophobicity, ange @k comminution [23]. In the case of
energy density, a typical example is explainedherhass and energy balance of woody biomass
where 70% of the mass is retained as a solid ptpdactaining 90% of the initial energy
content. The torrefaction gas from the processrepsrted to contain the remaining 30% of the
initial mass which contains only 10% of the initeadergy content [24]. It is important to note
that torrefaction is considered as a biomass resqunetreatment process.

2.4.2 Péelletizing. It is a process of producing fuel pellets by plgogmound biomass
under high pressure and forcing it through a roopehing “die”. It is an extrusion process. The
biomass comes out as pellets when exposed togiiecaondition during the process. Depending
on the type of biomass, some will require someibgdgents to enhance the pellets formation.
The entire process of pelletization involves feedstgrinding, moisture control, extrusion,
cooling and packagingVood and plant materials have in general low dessdue to their
porous structure with densities ranging from 4256 kg/nf for grass type biomass and 320—
720 kg/nd for most types of dried hard- and softwoods. Tgpimit densities of pelletized
biomass can be as high as 1000-1400 &ginad bulk densities are about 700 k{2f]. Biomass
pellets are generally a superior fuel when comptoredeir raw feedstock. A high-quality pellet

is dry, hard, and durable, with low amounts of @shaining after combustion. It is interesting to
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note that the pellets are not only more energy&ldns also easier to handle and use in
automated feed systems. These advantages, whennaahwiath the sustainable and
ecologically sound properties of the fuel, makepbbets very attractive for use.
2.5 Thermochemical Conversion
Thermochemical conversion as applied to MSW isdadlsi a process of altering the chemical
and physical structure of the MSW resource by apglieat with the aim of obtaining
maximum fuel and chemical yields from the MSW ra@seuThese processes are mainly
pyrolysis, gasification, liquefaction and supeicat fluid extraction. They encompass a wide
range of operating conditions [26]

2.5.1 Pyrolysis. It is the basis of almost all available thermochmahprocesses [8Buah
et al, (2007) describes pyrolysis as a processarfrtal degradation of organic materials in the
absence of oxygen to produce recyclable produatbarf, oil/ wax and combustible gases [13].
In this thermal process, three different productspaoduced: a solid fraction (charcoal), a liquid
fraction (bio-oils or tars) and non-condensableegd27]. Depending on the pyrolysis
(temperature and residence time) conditions thizishaial fractions of three products can be
maximized [28]. Lower process temperatures anddorgpor residence times favor the
production of charcoal (673 K). High temperatured bonger residence times increase biomass
conversion to gas (1023-1173 K), and moderate teatyres (773 K) and short vapor residence
times are the optimum conditions to produce ligiims-oil) [27]. The liquid product obtained
from a pyrolysis process is considered as a velyabde biofuel which can be easily transported,
directly burnt in power stations and gas turbined apgraded to obtain transport fuel although it
is highly oxygenated, viscous, corrosive, thermatgtable and chemically very complex [29].

The bio-oil has a high energy density and is eastdre and transport [20]. The char may be
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used as solid fuels for barbeque or activated carbbe gas product may be used for the energy
requirement of the pyrolysis plant since it hasgh ltalorific value [28] Currently, pyrolysis of
biomass is getting more attention because it cadyme liquid yield up to 75% wt on a dry-feed
[19]. There are a number of factors that affectgadormance of pyrolysis. The factors include
temperature, particle sizes, sweeping gas flowaatereactor types [29]

2.5.2 Gagification. In a gasification process, waste is subjected #onital treatments
through partial oxidation by an oxidant such asaan steam to produce a synthesis gas, called
“syngas” which is principally composed of hydrogerd carbon monoxide [30]. It is worth
noting that a gasifier can use air, oxygen, stezarhon dioxide or a mixture of these as
gasification agents [7]. The syngas is requirebe@ooled and cleaned since it contains
contaminants such as higher hydrocarbon such ase#md propane, inert gases originating
from gasification agents [7]. Syngas can be usafasl in different kind of power plant such as
gas turbine cycle, steam cycle, combined cyclernal and external combustion engine and
Solid Oxide Fuel Cell (SOFC) [30]. One of the magsues in biomass gasification of MSW is
to deal with the tar formation during the procexk|[ Catalytic cracking is recognized as the
most efficient method to diminish the tar formatiarthe gas mixture [32]. In gasification, the
heavy compounds are further broken down into gagesermal and catalytic cracking. Char is
also converted into gases such as CO,;,CRy and B by reactions with gasifying agents [33]. It
is worth noting that syngas may have poor heatalgeswhen the content ok, dnd CQis high
[14].

2.5.3 Incineration or combustion. It is a destructive process in which the hydrocarbon
content of MSW is converted into flue gases atgh hémperature [14]. It can be applied to

different types of wastes and it takes place wheretis a surplus of oxygen (complete
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oxidation) [34]. The main stages of the incinenafgwocess are: drying and degassing, pyrolysis
and gasification, oxidation [7]. These individutdges generally overlap, meaning that spatial
and temporal separation of these stages duringewasheration may only be possible to a
limited extent [7]. Waste incineration can be amiemmentally friendly method if it is

combined with energy recovery, control of emissiand an appropriate disposal method for the
ultimate waste [7]. In spite of the advantageswaetifrom the incineration of MSW, such as heat
recovery, reduction of volume by 90% [34], there aumerous disadvantages of incineration
including production of large flue gas volumes, drabus waste streams associated with the fly
ash and a poor public image [13]. The figure bestmws the three main thermochemical

conversion processes and their product utilizg®&ih
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Figure 2. Thermochemical conversion processes and their ptsfdb]

Both pyrolysis and gasification differ from comhostin that they may be used for recovering
the chemical value of the waste, rather than iesgtic value [7]. In recent years, pyrolysis and
gasification technologies have emerged to addhesetissues and improve the energy output

[31]. MSW pyrolysis and gasification technologyais attractive way to treat MSW with less
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pollution emissions than other methods of treatni@hit The two processes offer a potential for
higher energy efficiency[31].

It is estimated that about 130 million tons of M$Wé combusted annually in over 600
WTE facilities worldwide, producing electricity aisteam for district heating after recovering
metals from the MSW [5]. In very recent times, ogvin the number of research in that area,
pyrolysis technique of biomass has become a pyisttitce it can produce liquid yield up to 75%
wt on a dry feed. Conversion of biomass to liquioMdes comparative benefit of transport,
storage, combustion, and flexibility in producti@amd marketing [19]. Discarded MSW is a
viable energy source for electricity generatiom icarbon-constrained world, thus a MSW
management technology with the benefits of recogeenergy from the waste is a promising
alternative in solving the MSW disposal problem [5]
2.6 Pyrolysis Principles

Pyrolysis is the thermal decomposition of maternialthe absence of oxygen or when
significantly less oxygen is present than requfogccomplete combustion. Pyrolysis processes
are mainly classified into carbonization (very s)paonventional (slow), fast and flash
depending on the operating conditions that are [8@]d The vapor residence times are days, 5—
30 min, 0.5-5 s, and <1 s in carbonization, congeat, fast and flash, respectively [36].
Pyrolysis process conditions can be optimized talpce either a solid char, gas or liquid/oil
product [13]. Pyrolysis must well be differentiatiedm gasification. Gasification decomposes
biomass to syngas by carefully controlling the antai oxygen present, but pyrolysis on the
other hand is not explicitly defined. Gas, liqurttachar are the three major products of a

pyrolysis process. Pyrolysis, based on variouspgaddent research is seen as an
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environmentally attractive alternative for the reexy of hydrocarbon materials from a wide

range of polymeric waste streams such as plastten8, 37]

The general changes that occur during pyrolysi€atenerated below as explained by

Bridgewater (2012):

Heat transfer from a heat source to increase thpdeature inside the fuel;

The initiation of primary pyrolysis reactions aethigh temperature to release volatiles
and form char;

The flow of hot volatiles toward colder solids @use heat transfer between hot volatiles
and colder unpyrolyzed fuel;

Condensation of some of the volatiles in the cofets of the fuel, followed by
secondary reactions to produce tar or bio-oil.

Autocatalytic secondary pyrolysis reactions proceade primarypyrolytic reactions
(item 2, above) simultaneously occur in competitiamd

Further thermal decomposition, reforming, water gfaft reactions, radicals
recombination, and dehydrations can also occurghvare a function of the process’s

residence time/temperature/pressure profile [11]

Low process temperatures and long vapor residemes favor the production of charcoal.

High temperatures and long residence times increiaseass conversion to gas, and moderate

temperatures and short vapor residence time amapt for producing liquids [28]. Aho et al

(2008) summarized that during biomass pyrolysigh liquid yields require high heating rates,

short vapor residence times, and rapid coolindgnefayrolysis gases. Pyrolysis occurring in this

range of process parameters is termed “fast pyssli38].
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2.6.1 Products of pyrolysis of Municipal Solid Waste. As most of combustible materials in
MSW are lignocellulosic, they have similar pyrolygiroperties to biomass [33]. According to
most published research, there are three main ptedf pyrolysis which are the char (Bio-
char), the condensable vapors (Bio-oil) and thecmrmdensable gases (syngas).

2.6.1.1 Biochar. Any organic material, such as wood, straw or ma@nd generally
solid waste that is heated in an oxygen limitedesp oxygen environment yields a solid product
(Biochar) among other products as non condensasiesgsyngas) and liquid (bio-oil) [39].
Biochar is normally intended for use as soil ameenimBiochar has high content of stable
carbon, typically 50-85% of which resists decay gerdains in soils for long periods of time,
and is thus removed from the atmospheric carbole ¢$8, 40]. Bio-char is also regarded as a
suitable feedstock for direct gasification. Theaoted gas from direct gasification of raw
biomass was usually rich in tar, because of thk taagdatile matter content. In the case of char
gasification, gas products with lower content ofdan be obtained, since the volatile matter
content was eliminated during the pyrolysis [41].

2.6.1.2 Bio-ail or tar. Bio-oil is a liquid mixture of oxygenated compaisncontaining
carbonyl, carboxyl and phenolic functional groupd & consists of 20-25% water, 25-30%
water insoluble pyrolytic lignin, 5-12% organidds, 5-10% non-polar hydrocarbons, 5-10%
anhydrosugars, and 10-25% other oxygenated compdd@fl The kinematic viscosity of bio-
oil varies from as low as 11 nifs to as high as 115 nifa at 313 K depending on nature of the
feedstock, temperature of pyrolysis process, thedegradation degree and catalytic cracking,
the water content of the bio-oil, the amount ohtignds that have collected, and the pyrolysis
process used. The bio-oil has a density betweef-1380 kg/mi and a pH in the range of 2.5-

3.0 [42]. Pyrolysis of waste produces a liquh in oxygenated¢hydrocarbon which is of major
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interest for biofuel application. Maximum liquideyd is achieved by fast (or flash) pyrolysis at
around 508C, atmospheric pressure, high heating rates anydshanrt residence times [42, 43].
The liquid obtained after condensation and filtgriohar removal) is called bio-oil, which is a
dark brown viscous liquid with high density and recate heating value. Baggio et al. (2008)
defines bio-oil as a complex liquid mixture contagiresins, acids, alcohols, intermediate
carbohydrates, phenols, aromatics, and aldehydeth\whas a heating value comparable with
those of oxygenated fuels (@BIH, GHsOH) [14]. The complex composition of bio-oil causes
difficulties in its further processing or upgradifeyg., coking, abrasion and slag deposition).
Bio-oil is upgraded by hydrotreating and hydrociagk These are seen as the most promising
approaches for processing bio-oil into transpastafuels as they are at their engineering
development stage or have been demonstrated labatary scale [43]

2.6.1.3 Non condensable gas ( NCG). Gas obtained from pyrolysis of solid waste
remains the most interesting of the three prodinota the energetic point of view [40]. Syngas
is mainly composed of HHCO, CQ, and CH. Syngas may be sufficient to be used to meet the
energy requirement of a biomass waste pyrolysist@ad might also be employed in internal
combustion engines, gas turbines and other opgrdéwices [40]
2.7 Typesof Pyrolysis

2.7.1 Conventional or slow pyrolysis. Conventional pyrolysis is defined as the
pyrolysis, which occurs under a slow heating rdf.[Slow pyrolysis is characterized by a 2 h
process and a slow heating rate ¢Z4nin up to 556C [2]. It is an ancient process with
continuous removal of vapors and the process islgnfor charcoal production [35]. Owing to
the long residence time, gas phase products hdfreiexat chance of continuously reacting with

each other to form charcoal [44].
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2.7.2 Fast pyrolysis. of biomass is gaining recognition as a viable treainemical
process to convert lignocellulosic biomass resaunc® a renewable fuel, energy and other
bioproducts. Biomass fast pyrolysis has a morentdustory of development (1980s) than
gasification [45].

Fast pyrolysis is currently a widely accepted teghe for biomass liquefaction in which
decomposition of biomass occurs at a high temperdtu a short residence time-purposely to
avoid any re-polymerization of decomposed produtssfast pyrolysis occurs in a few seconds
or less, heat and mass transfer processes andtpdiasiton phenomena, as well as chemical
reaction kinetics, play important roles [28]. Th#ical issue is to bring the reacting biomass
particles to the optimum process temperature amihmee their exposure to the lower
temperatures that favor formation of charcoal [28].

Fast pyrolysis usually requires dried feedstd€l4 moisture contents), crushed biomass
particles usually in size range of ~2-3mm to exppasécles for necessary heat transfer, rapid
heating of biomass and quenching of hot pyrolyajsov (Bridgewater, et al. 2012). Fast
pyrolysis requires drying the feed to typicallydéban 10% water in order to minimize the water
in the product liquid oil, grinding the feed to gisufficiently small particles to ensure rapid
reaction, fast pyrolysis, rapid and efficient sepian of solids (char), and rapid quenching and
collection of the liquid product (often referredas bio-oil). According to literature, the yield of
pyrolysis oils ranges from 40% to 75% of dried bas®, which is dependent on operating
parameters. In fast pyrolysis, product yields @rmsgive to pyrolysis temperature, biomass
types, heat transfer mechanism, size of feed jpestiand residence times [46]. One of the main
advantages of fast pyrolysis lies in the fact thest an effective method for densification of

voluminous biomass for decentralised densificatientralised conversion platform models [45].
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As previously noted, fast pyrolysis is a rapid maprocess in the absence of oxygen to
decompose biomass into a liquid fuel, with solid gaseous by-products. It is generally
accepted that there are four main process chaistateifor fast pyrolysis [46].

*Very high heating rates and very high heat transiees at the biomass particle reaction
interface usually require a finely ground biomassdf of typically less than 3 mm as biomass
generally has a low thermal conductivity [28, 46]

« Controlled reaction temperature around D@ maximize the liquid yield for most biomass
[28]

» Short vapor residence times, typically less tBamo minimize secondary reactions [28, 46]
» Rapid separation and cooling of reaction prod{#G$

The yields of each product during pyrolysis depepdn operating parameters, properties of
biomass and type of pyrolysis process.

2.8 Reactor Typesand Configuration used in Slow or Conventional Pyrolysis

Slow pyrolysis of MSW is favored when there is tekaly low process temperature and
longer vapor residence time which results in bioghd]. The formation of products and its
composition is affected by operating parametershvhiill be discussed in subsequent sections
and also largely depend on the type and configunaidf the pyrolysis reactor.

2.8.1 Fixed Bed. The configuration of fixed bed reactor comes iffedient forms [48].
The supply of heat to a fixed bed reactor can beedxy external or internal heating. In the case
of internal heating, the reactor chamber is heatieanally by fire-tubes containing insulated
electric coil [49] and in the case of external imegtthe reactor chamber is externally heated by

electric tube furnace [50].
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Figure 3.Schematic representation of a continuous down fixed bed reactor[51]
2.9 Reactor Typesand Configuration used in Fast Pyrolysis

During fast pyrolysis, organic and other solid veaate rapidly heated to 400-6Q0in
absence of oxygen to produce vapors, aerosols,goem gases and char. The vapors and
aerosols are condensed to a liquid called pyrolyi$i$2]. Pyrolysis oil obtained from the
process contains a mixture of water and hundredsxyfyenated) organic compounds [53]. The
composition of the pyrolysis oil depends on variopsrating factors discussed in different
articles [28, 52, 54]. Most research and develogrhaa been focused on developing and testing
different reactor configurations on a variety addstocks, although increasing attention is now
being paid to control and improvement of liquid liyeand improvement of liquid collection
systems [28]. These reactors differ with respetigating rate, vapor residence time and
temperature [52]. There has been a lot of resezifolt in the last few years in exploring
innovations in the types of reactor.

A reactor forms a very vital part of the entire @ysis process and in most cases termed

as the heart of the fast pyrolysis process. Rekehas been focused largely on designing and
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development of different reactor types and configjons which take into account of the type
and nature of feedstock, the quality of bio-oilguwoed and the suitable collection system for
pyrolysis products. Bridgwater et al (2012) revievdifferent fast pyrolysis reactor
configurations, historical background, heating isgaents and source and the general
operation.

2.9.1 Bubbling Fluidized Bed. Bubbling fluidized beds are the most widely usgzetof
reactor for fast pyrolysis and a well understoadht®logy. They are simple in construction and
operation, good temperature control and very effitheat transfer to biomass particles arising
from the high solids density and the bubbling =tself-cleaning” in principle, which means
that char as a byproduct is carried out of thetogarith the product gases and vapors [28, 55,
56]. Fluidized bed is a well-developed technologlgich can provide a heating rate of more than
103 K/s [57]. In its operation and referring to figure below, a feeding system is used to
mechanically convey biomass into the vertical vieiged with hot sand bed. The fluidizing gas
is injected at the base of the reactor throughreoded steel distributor plate to provide a well
mixed volume with good heat transfer. In this garar schematic representation, adapted from
the pyrolysis of MBM (meat bone meal), the to&ator volume is 2.71 x T0m?, which
results in a vapor residence time of 2 s for gtlee#nents [58]. A hot-gas filter is placed at the
gas exit of the reactor to prevent the entrainneésblids (both sand and char). The reaction is
carried out at temperatures ranging from°5® 600C with nitrogen gas used as a fluidizing

and feeding system gas [58].
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2.9.2 Circulating fluidized bed. Circulating fluidized bed (CFB) and transported be
reactor systems have many of the features of bndpbkeds described above, except that the
residence time of the char is almost the sameas®tbf vapors and gas, and the char is more
attrited due to the higher gas velocities and mae@rf the sand and biomass particles at the
elbows and bends where there is more forcefulactean between the particle and sand [28, 45,
56]. An added advantage is that CFBs are poteysailtable for larger throughputs even though
the hydrodynamics is more complex as this technoiegvidely used at very high throughputs
in the petroleum and petrochemical industry [28]e Dperation of CFB is similar to the
Bubbling Fluidized bed except that the heat supplysually from recirculation of heated sand
from a secondary char combustor, which can beregthreibbling or circulating fluid bed [28].
The incompletely pyrolyzed larger particles willdemp in the char combustor where they will

simply be burned [56].
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Figure 5.A schematic representation of Circulating fluidizest reactor

2.9.3 Ablative pyrolyzer. Ablative pyrolysis is one of fast or flash pyroly$echnologies
for the production of liquids in high yields whidfffers the potential for high reactor specific
throughputs with reduced equipment size, costsrapdoved controllability59]. Ablation
depicts the phenomena occurring when a solid nahtsrbjected to a high external heat flux
density undergoes superficial melting and/or suéition reactions, with rapid elimination of the
products [60]. Ablation is observed if the ratgbiysical and chemical transformations of the
solid and of the external heat transfer is muctefatian heat conduction through the solid [60].
A consequence is that the reactions occur insglearficial layer close to the surface and inside
which very steep temperature gradients exist [60¢ biomass feedstock is pressed by a piston
on the hot moving surface of a heated rotating.digat transfer and the pyrolysis reaction take
place in the contact zone between biomass andath&uhface, where biomass is converted into a
liquid that evaporates immediately [43]. The pysiyrate increases with the applied pressure
and the relative velocity between the hot surfawkthe biomass (the reaction is possible with a

fixed surface, but the rate of ablation is small&@). Ablative pyrolysis process reduces the cost
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of feedstock size reduction since larger sizesarhbss can be used. Jacques (2003) concludes
that there were two main techniques of ablativelygis namely contact ablative pyrolysis and
radiant ablative pyrolysis. In the contact ablafwyeolysis, the influence of pressure and relative
velocity of the hot surface and biomass sourceltesuthe flow and rapid elimination of
intermediate liquids at the sides of the interfadee result is the existence of a very thin liquid
layer through which high heat fluxes may be tramsté(heat transfer coefficients may be higher
than 104 Wrif K™) [60]. In the case of radiant ablative pyrolysigecifically designed mirrors
are used to concentrate radiation from the sungbr fower lamps to very high flux density
(above 16Wm™) onto the surface of a piece of biomass to prodhteemediate liquid

compounds.
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Figure 6.A schematic diagram of ablative pyrolysis reactp@Ashton university[28]

2.9.4 Screw auger pyrolyzer. According to Butler, (2011), screw auger reactoesev
dated back to at least 1927 when Laucks (1927 iescthe decomposition of coal to produce a
smokeless fuel in a screw auger reactor. Consitleedperience has been gained over the past
50 years in auger conversion technology [45]. Ledwal, (2012) summarized that screw type
reactors are robust, do not require large voluniesiier gases and the reactor can use a wide

range of biomass particles and appear to be progier processing capacities between 50 and
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100 tons/day [61]. In screw auger reactor, the samk is mechanically moved through the
reactor by an auger or augers compared to thaZkddsystem where the movement is by fluid.
Heating can be done internally (with a recycled et carrier such as hot sand, steel or ceramic
balls [28]) or externally (by electrical heatingiain is split into three individual heating zones
where the temperature is adjusted separately [ZAP.twin-screw concept utilizes hot and

recirculated sand as a heat carrier, accountinthonickname ““sand cracker” [46]

Figure 7.Schematic representation of a continuous screwrguygelyzer[1]

2.9.5 Rotating cone pyrolyzer. It is a type of fast pyrolysis reactor in which the
feedstock particles are transported together withat carrier in a mechanical way, thus by-
passing the need for carrier gas. The rotating deven from underneath by a shaft
connected to the closed bottom with holes neabdittom acting as the sand inlet [62]. By partly
submerging the rotating cone into a fluid bed afdsparticles, a flow of sand through the reactor
is induced, entering through the apertures neabdttem and leaving the reactor over the top

edge [62]. During operation of the Rotating Conader (RCR), the biomass particles are
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heated very rapidly and have a very short residanee (usually within several seconds) [63].
The thermal degradation process starts immediafety the biomass particle enters the reactor.
The RCR has an advantage of compactness, opegttadmospheric conditions and has high

biomass capacity [62]

particle
trajecto

Figure 8.Principle of rotating cone [62]
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2.10 Relative Merits of Fast Pyrolysis Reactors
Table 1

Comparison of different types of fast pyrolysiscteses

Property Status Bio-oil | Complexity | Feed size | Inert | Specific | Scaleup
(Throughput) wt% gas size
need
Fluid bed Demo 75 Medium Medium Easy
CFB Pilot 75
Entrained None 65
Rotating Pilot 65
Cone
Ablative Lab 75 Small
Auger Lab Medium
Vacuum Demo

Lab: 1-20 kg H  Pilot: 20-200 kgfh Demo: 200-2000 kgh

The darker the cell the less desirable the process

Source: PYNE IEA Bioenergyttp://www.pyne.co.uk

2.11 Biomass Pyrolysis using Screw Auger Reactor by Past Research Works

Most of the work in the area of biomass pyrolyssg a screw auger pyrolyzer has
concentrated on homogenous biomass source asdekdstd an external heat supply. However,
it is important to note that some research has deae on heterogeneous feedstock in biomass
pyrolysis and in terms of the heat carrier; easerk was done using sand as an internal heat

carrier in fossil fuel processing by pyrolysis. elelgeneous feedstock pyrolysis was carried out
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by Day et al. (1999) [37], in which an experiméstady of pyrolysis of auto-shredder residue
at temperatures ranging from 5a0to 756C, with a pyrolysis residence time of 3.2 min was
performed. Automobile shredder residue (ASR) isudigularly heterogeneous polymeric waste
stream for which pyrolysis may represent a viabkource recovery process. This material was a
mixture of plastics, rubber, foam, textiles, glassl dirt, which are the waste produced by
shredding operations during the recycling of autbies [37]. Part of their work was to examine
the pyrolysis of the heterogeneous feedstock kypfa®lysis also known as “ultra-pyrolysis”

and to study the process by commercial screw kithta analyze the similarities in terms of
pyro-oil yield. In their conclusion, ‘Ultrapyrolysiproduced no pyro-oil at 700—850°C whereas
the commercial screw kiln process produced 21%-pyrat 500°C [37]. Brown et al. (2011)

[46] optimized the process operating parametep/adlysis of red oak wood biomass which is a
homogenous feedstock in a laboratory scale scrg@raeactor (1 kg/h capacity) using steel
shot as internal heat carrier. The authors usgabrse surface methodology to develop a
regression model to predict the interaction betwesat carrier flow rate and auger speed. It was
concluded in the experiment for conditions of maxmmoil yield and minimum char yield at
sweep gas flow rate of 3.5 standard L/min, high baaier temperature (~60C), high auger
speeds (63 RPM) and high heat carrier mass flogs @8 kg/h).

In a more recent research by Sirijanusorn eR8l18) [64], the behavior of a counter
screw auger was investigated in a pyrolysis proussgy sand as a heat carrier. It was found that
pyrolysis temperature at 5%D, biomass particle size of 0.250-0.425 mm, nitrofi@w rate and
pressure of 4 I/min and 2 bar respectively couldimae the oil yield to about 50 wt%. They
noted that water content of bio-oil obtained wadatireely lower in the counter screw

configuration compared to other configuration [6Blje effect of temperature on the yield of olil
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was also studied by Liaw et al. (2012) [61] and Bugl. (2011) [1] under similar conditions in
a twin screw auger pyrolysis at comparable propasameters. The yield of bio-oil was 59 wt%
which was close to reported yields in fluidized Ipedctor.
2.12 Past Research Work in Pyrolysisof MSW using Fixed Bed Reactor

Buah et al. (2007) pyrolyzed MSW in a fixed bedctea It was concluded that the yield
and composition of the products recovered dependdgdmperature. The yield of char fell as the
pyrolysis temperature was raised from #D@ 706C, whereas that of oil/wax and gaseous
products increased. The properties of the bioclemsvered depended on the size fractions. The
total 1.00 mm char sample (0.000-1.000 mm) andtaksdractions of the sieved sample sizes of
0.000-0.063 mm, 0.063— 0.500 mm and 0.500-1.000vara analysed for surface area by the
nitrogen adsorption technique using a Quantachi@orp. Quantasorb instrument[13].
Luo et al. (2009), studied the effect of partialeesf individual component of municipal solid
waste on the yield of pyrolysis products in a labory-scale fixed bed reactor [65]. The hearth
of the reactor was made of quartz tube with anreatly heated electrical ring furnace covered
with insulation layer outside. For a fixed bed temgture of 80U (the hearth temperature was
assumed as the pyrolysis temperature due to difsuin measuring actual temperature of
material), they observed that smaller particle sezeilts in higher gas yield with less tar and
char; the decrease of particle size can increasm#i CO contents of gas, as well as the ash and
carbon element contents in the char. The pyrolsisavior among others such as
devolatilization rate, heat transfer propertiegrgbroperties, swelling/shrinkage properties of
especially the plastic components was performeddimilar experiment by Zhou et al. (2013)

[3] under similar conditions in a fixed bed reactor
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2.13 Pyrolysis Process Operating Conditions

There are heat and mass transfer processes thatthae solid waste (biomass) pyrolysis
leading to primary and secondary reaction mechan[84. Primary reactions include the
decomposition of cellulose, hemicellulose and Igmiesent in biomass, which leads to the
formation of primary products and intermediates [F4ese intermediate species further
undergo secondary cracking. Secondary crackingepdxscin two categories. The pathway for
the two categories includes:
e dehydration and charring reactions

e decomposition and volatilization of intermediates.

Due to the competitiveness of the reaction, andrtbkecular structure of biomass composition,
the products obtained are sensitive to operaticmadiitions.

2.13.1 Temperature. It plays a fundamental role of supplying the heatefaiinposition
to break down the biomass bonds. At a low tempegdta306C), the decomposition mainly
occurs at heteroatom sites within biomass struatinieh results in the production of heavy tars
[54]. While at a high temperature (> 58), massive fragmentation of biomass species causes
the extremely high molecular disordering which fssin the production of numerous types of
compounds [54]. For example, Ayhan (2007) conduetgzkriments on the pyrolysis of wood
and found that hemicelluloses would break down,fastemperatures of 470 to 530 K.
Cellulose follows in the temperature range 51020 B, with lignin being the last component to
pyrolyze at temperatures of 550 to 770 K [36]. Tessults in a wide spectrum of organic
compounds in the pyrolytic liquid fraction[36]

Biomass conversion efficiency increases with tleegase in temperature, which is

mainly due to extra energy inputs available to bitb@ biomass bonds [54]. From literature by
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(Akhtaret al, 2012), 80-90% of total conversionalguoccurs in the temperature range of 300 —
400PC. The products of biomass conversion are maintypmsed of gas, tar and the char. The
relative yield of each varies to different extemtth increase in temperature. The gas fraction is
mainly made up of carbon dioxide and carbon mormxichose yields increase with
temperature, due to the enhancement of decarbaylahd decarbonylation reactions [66].
Amutio et al. (2012) found that G@oncentration in the gaseous fraction sharplyebsas as
temperature is increased, whereas that of CO iseseduring the pyrolysis of pinewood. This is
mainly because most of the €@ produced by the release of carboxyl group latively low
temperatures, but CO and ¢Chte produced at higher temperatures thap di@ to the
secondary cracking of volatiles [66]. The yield®fC, hydrocarbons increases with
temperature. The amount of hydrogen is negligiblewa temperatures, but almost 10 vol% is
obtained at 60 [66]. Also they found that bio-oil is the manmaétion in the 400—60C range,
with a maximum yield obtained at a reaction temppgeaaround 50. This maximum vyield of
bio-oil is characteristic to woody biomass flashgdysis processes. At temperatures above
500-C, secondary cracking reactions reduce the bigieltl, and below 40@ the reduction in
the liquid yield is caused by the condensationtreas at gas/vapor product temperatures [66].
2.13.2 Residencetime. At pyrolysis conditions, vapors are prone to seleoy cracking
or repolymerization. To obtain optimum yields ob4ail through pyrolysis, it is recommended to
maintain vapor residence times of few secondswonfiénutes. It is important to note that high
temperatures and relatively long residence timesrfthe production of oxygen free bio-oil.
However, it is difficult to achieve complete consien of biomass due to heat transfer
limitations at particle surface. Owing to the abavés recommended to optimize residence

times of pyrolysis process to achieve high yield batter quality of olil.
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The pyrolysis time is defined as the period betwierintroduction of the biomass to the
hot end of the reactor and the approximate tinvehé¢h no more white smoke (aerosols) can be
seen at the entrance of the cartridge. This pytyse is a consequence of the heat source
temperature value [67]. Pyrolysis time for decosifion of biomass particles must be longer
than the vapor residence times to obtain highddyiand biomass conversion [54]. Fassinou et
al. (2009) reports lots of complex phenomena (tla¢and chemical reactions) happen during a
pyrolysis process when residence time increases.sarto that extent it is logical to think that
increasing temperature and residence time pronuptellor tar cracking, which increases gas
percentage and thus decrease the bio-oil yield. [i§h residence time improves heat
exchanges and the transfers of heat in biomassgdithve pyrolysis process; thus VM and other
molecules are easily cracked [68].

2.13.3 Size of feed particles. The size of feed particles plays a very signifiaaht on
the yield and properties of liquid oil and also awts on the heat transfer limitations. In general,
small particle sizes are preferred in rapid pynslgystems. Haykiri —Acmar (2009) explained
that decreasing patrticle size resulted in the @dseref the char yields as small particles have
enough surface area to interact with the pyrolgseslium to form volatile products that leaves
the biomass matrix without undergoing secondaagtiens [69]. Shen et al. (2009) found that
when small particles were fed into a fluidized path sand, they would be heated up rapidly
and almost instantly. However, the heating ratesaiger particles would be much slower [70].
This may be the reason that smaller particles ingamiformly. On the other hand, for larger
particles, poor heat transfer to the inner surfaadead to low average particle temperatures
and hence the yield of liquids may decrease [54}irlg pyrolysis, the tar concentration in the

pyrolysing biomass/char matrix increases with iasneg particle size and the high tar
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concentration implies intensive recombination ofitompounds on the internal surface of the
pyrolysing biomass/char particle, thus resultingaduced weight loss [71]. General feed particle
size for different pyrolysis system has been regzbm published articles. However, specific data
for feed sizes of different biomass types to baluse pyrolysis system is missing from
literature. Akhtar et al. (2012) reviewed that eiffnt particle sizes and reactor system was
reported by several researchers. These confliatiogmation on biomass feed sizes make it
difficult to generalize the size of feed partictesa specific pyrolysis system. However,
Fassinou et al. (2009) found that reduced parside below 5 mm did not exert any influence
on the pyrolysis process and the yield of its patslaluring pyrolysis of pinus pinaster biomass
in a screw reactor [68]

2.13.4 Heating rate. Various research has shown that heating ratelgaécts the
yield of bio-oil (or tar) from biomass. For smadrticles, the effects of heating rate are mainly
because, among many other possible consideratlmm$ast heating rate may favor the
simultaneous bond scission (formation of volatil@g}r the recombination (charring) reactions
[70]. The relative importance of heating rate edent for each of the bio-polymers forming the
biomass (cellulose, hemicelluloses and lignin). M/bharring reactions are very intense for
lignin with yields of char typically close to 50% slow heating rates (around 10 K mjnthe
yields of char resulting from cellulose can beag &s 5% for the same heating rates [70].

The influence of heating rate on gas yield is showa comparison of rice straw and
sawdust in a pyrolysis reaction in a fluidized bedctor by Chen et al, 2003. In the research
paper , a comparison between gas yield was sda ¢onspicuous at low and high heating rates
(rice straw saw a relative change of gas yiel8dat%(+) and sawdust recorded 28.8%(+) when

the heating rate was high [72]
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2.13.5 Sweeping gasflow rate. From literature, the sweeping gas removes products
from the hot zone to minimize secondary reactiathss thermal cracking, repolymerization
and recondensation, which occur as a result ofant®n between escaping pyrolysis vapors
with surrounding solid environment [54, 73]. Intf@grolysis, this results in further
maximization of the liquid yield and it is importaio note an assumption is made that sweeping
gas do not influence the yield of pyrolysis liquitbwever, it is considered that a secondary
parameter for production of liquid oil from fastrplysis [19, 54, 73]. Rapid purging of hot
pyrolysis vapor requires the use of inert gaseh asd\, Ar and water vapor. Nitrogen gas
remains the most common sweeping gas in most sapparently because of its cheapness
[54]. The nitrogen flow affects the residence tioi¢he vapor phase produced by pyrolysis so
that higher flow rates cause rapid removal of potslrom the reaction medium and minimize
secondary reactions such as char formation [73urPet al, [73] accounted for 3% more liquid
oils when nitrogen flow was increased from 50 miiid 200 ml/min. In the same experiment by
Putun et al it was noted that pyrolysis vaporsraneoved instantly by high sweeping gas flow
rates, and if they are quenched sufficiently, theidl yield should be high. They observed the oll
yield reached its maximum of 35.77% with a sweejag velocity of 100 chmin™ at
experimental conditions which were insufficient éarenching. Alina et al (2013) [74] observed
that a much low yield of oil of average 0.3% incesrhwhen nitrogen gas flow rate was
increased from 150 ml/min to 200 ml/min and a dexln yield of 5.5% when nitrogen gas flow
was further increased to 500 ml/min during the pgis of EFB from Palm fruit in Malaysia. It
is important to note that water vapor has highfgoeon liquid yield than sweeping nitrogen gas.
Ozbay et al (2006) [75] compared the yield of bibusing steam and nitrogen as purging gases

They observed that the yield of the liquid prodacsteam pyrolysis was 27.2% which was
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higher than that of the static condition at 22.49d mert gas atmospheres at 23.2%. They
concluded that steam flow dramatically increasedyikld of oil at the expense of gaseous and
solid products and it was explained that water vapaot only a vehicle for volatiles but also a
reactive agent, which reacts with the pyrolysisdpid and thereby stabilizing the radicals in the
thermal decomposition of the fuel and hence areesxe in the yield [75].
2.14 Thermogravimetric Analysis (TGA) of Pyrolysis of MSW

Pyrolysis is an extremely complex process, wheraarous reactions take place,
practically making it impossible to develop a kinehodel that takes into account all these
reactions [76]. Studies are mostly based on pseuwgldianistic model. Sanshev-Silva et al (
2012) reported three main types of kinetic modeipleyed in biomass decomposition studies,
which were single-step global reaction models, ipl@tstep reaction models and semi global
models [76]. One of the most frequently used modaiploys independent parallel reactions,
assuming that the total reaction rate of pyrolpsccess of a biomass equals the sum of the
partial contributions of its main components [7Tfe temperature-dependant partial
contribution of each component is determined byws reaction rate, multiplied by its initial
content in biomass. The reaction for each compoisdaken as the nth order and is

approximated by an Arrhenius equation [77].

aa_ . % .a = 123
MR BT — =
dr EG'E { ﬂ_'l] fﬂT L iy (1)

where ki, kiO, and Eia are rate constant, pre-egptal factor, and activation energy for the
individual component, respectively; R is the gasstant; T is the pyrolysis absolute

temperature.
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The pyrolysis kinetic study by TGA is based ondlyaamic mass change of the measured
sample due to thermal decomposition. The producedugts include gases, volatiles, and
charcoal. At any time t, the measured total masB®# is assumed to be a sum of the
pyrolyzable biochemicals (cellulose, hemicellulgdgmin, and wax/protein), the produced
charcoal, and ash if the moisture and extractivéseobiomass has been removed at a
temperature above 18D [77]. TGA measures the decrease in substrate caased by the
release of volatiles, or devolatilization, duritigtmal decomposition. In TGA, the mass of a
substrate being heated or cooled at a specifiasat®nitored as a function of temperature and
time. The first derivative of such thermogravimeturves (i.e., —dm/dt) curves, known as
derivative thermogravimetry (DTG) can be used teaeine the maximum reaction rate [78].
Due to the heterogeneity of MSW, the pyrolysis ebtaristics by TGA and the
interactions between different components aretef@st and reported by several authors [2]
Pyrolysis of MSW may take place through a reactietwork of competitive and parallel
reactions [9]. Sorum et al. (2001), summarizesetdaon the expermental plots that DTG curves
observed for pyrolysis of MSW are quite simple aad be described by relatively simple
mathematical models. Curves obtained for plastidhe categories of polystyrene (PS),
polypropene (PP), low density polyethylene (LDRtgh density polyethylene (HDPE) exhibit
a sharp single DTG curve, which can be well desdriy a single reaction model. However,
DTG curves of cellulosic components of MSW exhdouble peaks indicating that more than
one reaction are involved, in which case the oVdedomposition can be described by a model
of independent parallel reactions [9]. In the kinstudy of the decomposition of MSW samples

and the major components, an assumption is maclengider experimental data lower than
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600°C since above this value limits the weight losdéoomposition of CaC{present in the ash
[79]
2.15 Thermal Properties of Biomassduring Pyrolysis
MSW as biomass resource in the context of en@ayyhave different composition and different
properties depending on the origin of the biomassurce. Generally, biomass is made up of
cellulose, hemicellulose, lignin, lipids, simplegsws, water, starch, hydrocarbon, ash and other
component. In terms of elemental composition, bissnmasources are made of carbon (C),
hydrogen (H), oxygen (O) and small amount of nigtog@N), sulfur (S) and chlorine (ClI). In
general, the C content makes up around 30-60% 5HG26, and O at 30—-45% (wt% on dry
basis) and less than 1% of sulfur(S) and chlorifd@D].

2.15.1 Heating Value (HV). It refers to standardized energy content of a &nel it is
often expressed as the higher heating value (HH\Qwer heating value (LHV). Higher heating
value or gross heating value refers to the heaaseld by the complete combustion of a unit
volume of fuel leading to the production of watapwer and its eventual condensation. On the
other hand, lower heating value or net heatingevdioes not take into account the latent heat of
the water and all the water of reaction produatsaie as water [81]. These values are normally
expressed on dry weight or dry ash-free weightdusisice they can vary widely depending on
the moisture content [80]. Heating value can bem&hed from mathematical equations derived
based on data from physical composition, proxinaat elemental analysis from biomass; and
can also be determined experimentally by usingtimb calorimeter [81].

2.15.2 Specific heat. Specific heat is the amount of kilojoules needethise the
temperature of 1 kg of fuel by°C. There is very little information about the evian of

biomass heat capacity during conversion. Thesedageatcity measurements were generally
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performed either with adiabatic calorimeter or witififerential Scanning Calorimetry (DSC)
[82]. Many studies on food biomass were carriedbyuihe method of calorimetry by mixtures
but this technique is not accurate. DSC seems ®\ery accurate tool between the two
methods. However, low density of biomasses, snwdillmes of solid, and therefore small
masses of biomass, typically of a few milligramskes the resulting heat flow very low [82],
hence the calorimeter, which requires higher masksalid, typically of a few grams, seems to
be the reference tool for biomass heat capacitysoreanent. Biomass heat capacity is known to
be influenced by both temperature and biomass areisThere is a general agreement on the
linear increase of biomass heat capacity with teatpee that goes from 5 K to 423 K depending
on the studies. It is interesting to note that kaemheat capacity can be measured only up to
temperatures of about 423 K, as biomass beginedondpose when temperature is higher than
423 K.

2.15.3 Thermal conductivity. Thermal conductivity of MSW as explained by Eriak
(2012) is a complex thermal property which depaymsnany factors such as the geometry of
porous medium (porosity, size and shape of thesp@are curvature radius, percentage of
closed pores etc.), thermal conductivity of gas swiitl-phase, hydrodynamic properties of gas-
phase (velocity, pressure and temperature), flowacheristics (laminar or turbulent flow) [83].
Thermal conductivity together with specific heatdmass are important parameters controlling

the rate of heat dissipation within the bulk materi
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CHAPTER 3
Experimental Methods and M aterials

3.1 Introduction
Experiments were conducted to study the effectyodlgsis temperature on the yield and
composition of bio-oil and biochar from differentSW organic components. Additionally, the
effect of the pyrolysis temperature on thermophglgicoperties of bio-oil and biochar including
heating value, specific heat capacity were alsdyaad. It is important to note that during the
pyrolysis of biomass samples under inert condititmash physical and chemical changes occur
in the feedstock. These changes can be analyzedpegcified pyrolysis temperature when the
process is stopped at the specified temperaturéh@neactor immediately cooled. Physical and
chemical properties including elemental composjtlugher heating value, moisture content and
specific heat were conducted on the cooled aretldi@mples collected at different pyrolysis
temperatures to examine the thermal and chemiealgds during the pyrolysis.
3.2 Preparation of MSW Samples

MSW was selected as feedstock for this experimidnmee MSW samples (paper, wood
and textile residue) were selected and charactefiben the MSW collected in the Greensboro
MSW transportation Station. These components walszt®ed because data and statistics from
the city of Greensboro council, NC indicated tlntyt are the major component of MSW. The
paper component in the waste consisted of differanéties ranging from news papers, paper
towel, cardboard to label papers. They were irediifit proportions. The characterized samples

were dried in the sun to remove all moisture candsrshown in Figure 10.
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The paper with different varieties after drying wasled together in a Thomas Wiley
Mill with a 1 mm screen as shown in Figure 11 (Tlagn$cientific, Swedesboro, NJ). The
woody biomass component consisted mainly of woaplsctiom the hard wood species and saw
dust with homogeneous sizes of 5 mm to 10 mm. Tdwdvehips and saw dust were milled
together to an uniform size in a Thomas Wiley Miith a 1 mm screen (Thomas Scientific,
Swedesboro, NJ). The patrticle size at 1 mm was tesgdnimize the limitation of heat transfer

during pyrolysis. The ground MSW samples were ndher pretreated after milling and were

stored in 10 Litre transparent containers.

Figure 10.Thomas Wiley Mill for grinding MSW samples
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3.3 Pyrolytic Experiments

3.3.1 Pyrolytic reaction unit. An experimental unit as shown in Figure 9 is sptttu
investigate the pyrolysis of MSW. Pyrolysis was @octed in a horizontal stainless steel (#316)
fixed bed reactor of 300 mm in length and 30 mnmiarnal diameter. An electric furnace was
used to maintain the pyrolysis temperatures. Timpé&gature of the electric furnace was
controlled by an inbuilt controller with a K-typleermocouple. Nitrogen gas was used to purge
the air out of the reaction unit. One end of tHautar reactor was connected to the nitrogen gas
cylinder by a 1/8 in (0.3175 cm) stainless stepef 100 mm length. The volumetric flow rate
of the purging gas was manually controlled by amadter. A K-type thermocouple (1/16 inch
sheath) was inserted into the reactor that wadfilith the feedstock to measure the actual
pyrolysis temperature. The gas outlet of the reagts connected to three 25 ml vials

connected in two- stage condensation in coolingnstream.
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Figure 11.A simple schematic representation of the fixed pgalysis process
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3.3.2 Statistical experimental design. The design of experiments was based on the
measurable and controllable parameters that afieqgbyrolysis process. The yield and
properties of products from the pyrolysis of MSWpded on several factors. Some of the factors
that are considered generally in pyrolysis incltelaperature, type of sweeping gas and its flow
rate, heating rate, residence time, biomass tygdoamass feed rate. Depending on the type of
pyrolysis and the configuration of the reactor, sahthese factors are known to have minimal
effect on the process.

In this research, MSW feedstock and temperatuezs wonsidered as two controllable
factors during the experiment. The simulated MSWchvitonstituted of paper and cardboard,
woody biomass and textile were charged to a tulbvekactor with a 100 ml working volume.
There were three levels of MSW component and dayas of temperature considered in the
experimental design. Each experiment was perfortimese times to ensure reproducibility.

3.3.3 Pyrolysisprocedure. In this study, 5 to 10 g of MSW components (pap&od
and textile) were used for each pyrolysis run. Asi@mple preparation, a given mass of each
sample was placed in the reactor and it was tigtgled at both ends using reactor caps. The
exact mass of the feedstock was determined byitteeethce of the mass of the reactor before
and after it was filled with the sample. The reagtas heated externally by a thermolyne
electric tube furnace placed in a horizontal positiThe heating rate of the electric furnace is
controlled by a Ni-Cr-Ni thermocouple. Bio-oil anehction water derived during the pyrolysis
were collected in a weighed and labeled 25 ml V@dated in the cooling bath.The
noncondensable gases were vented through the cgerdmmd the mass was estimated as
difference from the intial mass of feedstcok argttital mass of biochar and condensable bio-

oil.
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After the pyrolysis temperature reached the seteyahe reactor was rapidly cooled
down to stop the reaction and the biochar samptetiaen collected. During the experiment, the
reactor was lowered in a chilled water bath afsaherun to rapidly cool down the biochar to the
ambient temperature. The biochar collected waghesl. The thermal and physical properties
of the biochar after pyrolysis was analyzed. Theeexnent for each pyrolysis was repeated
three times. After cooling, biochar samples weiécted from the reactor and stored in sealed
plastic containers and labelled.

The bio-oil and biochar samples were kept in dagkijgerated conditions afG. Prior to
testing the samples, all bio-oil and biochar saswere removed from the refrigerator and
homogenized by vigorously shaking the sample bbitleand for a minimum of one- minute.

3.4 Analysis of the Physical and Chemical Properties of MSW samples and Pyrolysis
Products
The physical and chemical properties of MSW, Biascaind Bio-oil were characterized.

3.4.1 Particle size analysis. The partice size distribution of MSW organic compds is
considered an important physical parameter singefiiences the flow properties during storage
and transport. In pyrolysis process, it affectsitbat and mass transfer. In this experiment, a set
of sieve with sizes decreasing from top to down nmted on a shaker was employed to determine
the particle size. The time for each analysis veas5 min to ensure all particle sizes were
sufficiently distributed over the sieve size arramgnt. The U.S sieve sizes used in the order of
decreasing sizes consisted of sieve N0.18 ( 130 No. 20 ( 85qum), No. 30 (60Qum), No.

50 (300um), No. 60 (25Qum), No. 100 (15Qum), No. 200 (75um). After shaking for the set
time, the accumulated samples in each sives wagheeiand calculated as a percentage of the

total sample weight.



47

Figure 12.Sieve size arrangement and shaker for particleagiagysis
3.4.2 Bulk density. Bulk density of the MSW samples was determinednegsuring the
mass of the sample filled in a 100 ml of graduat@ohder. The mass of MSW, biochar and bio-

oil sampels were measured by an electronic balasshown in Figure 13

Figure 13.Measuring balance for weighing MSW samples and ywrtd

3.4.3 Heating value. A 1341 oxygerbomb calorimeter (Parr Instrument) was used to
determine the calorific value of raw MSW samplas;dil and the bio-char from each pyrolysis
process. It measures the energy released wheari@esundergoes complete combustion in the
presence of oxygen under a standard condition. @xygas connected to the unit to pressurize

the bomb. Measurements were executed in dynamierand the calibration of the system was
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performed with benzoic acid with a higher heatratue (HHV) of 26 460 J/g (relative standard

deviation of 0.01%)

Figure 14.0xygen Bomb calorimeter for heating value determiama

3.4.4 Moisture content. Moisture content is considered an important fuepprty since
it affects the combustion behavior of the fuel afab its stability. Moisture content of solid
MSW and biochar was determined using the stands®dsvl E 871 by measuring the weight
difference after heating in oven. The moisture ent# of biochar and raw feed were determined
in an oven by weighing a known mass of samplesialaminium container and placing the
samples in the oven at a set temperature ofQ @& 24 hours. The difference in weight was
recorded and calculated as a percentage of sangutwThese were done for all three runs of
pyrolysis temperature and the average calculat@istite content of bio-oil was determined by
the Karl-Fischer Titration method. This was accasid by a METTLER TOLEDO T50
moisture titrator as shown in Figure following ASTB203-96 method. In the determination, 3
drops of bio-oil sample from syringe (weighed befand after to determine the mass) was
injected in the intrument and dissolved in solvantnethanol: dichloromethane at a 1: 1 ratio

and a component reagent (combititrant 5) to redtt the water in the bio-oil. Prior to testing, a
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drift run was conducted to remove any trapped mosin the instrument. Moisture content was

reported on a percent weight of the wet bio-oil.

Figure 15.Mettle Toledo T50 for moisture content determinatio
3.5 TGA-DSC- MS Experiments

The combination of thermogravimetric and differahicanning calorimetry analysis
(SDT Q 600) coupled with mass spectrometry (DMSscbvery mass spectrometer) (TGA-
DSC-MS) can give a detailed insight of the pyra@ysiocess and it is reported that one of the
most attractive advantage of the combination ialiitity to provide real-time and sensitive
detection of evolved gases [76, 84]. TGA-DSC-MSlysia of MSW samples can provide the
information on thermal degradation kinetics, reatteat and evolving gas composition.
The SDT Q600 provides simultaneous measuremenehwchange (TGA) and true
differential heat flow (DSC) on the same sampleframbient to 1,500 °C. The TGA analysis
was used to characterize MSW samples by weightdodgphase changes as a result of
decomposition, dehydration, and oxidation. In tkeisearch, TGA and DSC analysis were done
to achieve three objectives. In the first experimanr GA-DSC analysis of MSW components

including paper, wood, plastics and textile werdgrened in nitrogen (B and carbon dioxide
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(CO,) atmosphere to determine the caloric requiremedtcarresponding mass changes and the
relationship of the caloric requirement with temgiare using measurement results from TGA-
DSC pyrolysis. The second objective was to detegrtiie effect of heating rate on pyrolysis of
MSW components in nitrogen and carbon dioxide aphere and also use the measurement
results to determine the kinetic parameters. Irthird objective, a TGA-MS

(thermogravimetric- mass spectrometry) was usedudy the real time analysis of evolved
gases from MSW pyrolysis at different purging dasvé. Two purging gases, nitrogen,jNnd
carbon dioxide (Cg) were used as sweeping gases and MS profilesanaigzed.

3.5.1 Sample preparation. The samples were prepared based on the constituent
components of MSW obtained from household trashWwM®mponents were ground into
maximum 1 mm particle size in a Thomas - Willey IMAilfter being sieved on a vibrator for 10
min, the milled powder was collected and storeglastic containers and labeled to be used for
all TGA-DSC-MS experiments.

3.5.2 Methodology. In the first experimental procedure, prepared M3Ivsles of sizes
between 0.25 mm and 1 mm were put in an aluminaldes The furnace was initially purged to
reduce the air absorbed by the powder sample. Aperienent was performed from ambient
temperature up to maximum temperature of’@0& a constant heating rate of@0min,
40°C/min and 66C/min in the analyzer and the product gases weepshy a carrier gas of
nitrogen or carbon dioxide at 50 ml/min. After eawah, the residue char was burned in air to a
final temperature of 90C.

The second experiment was performed in TGA- MSyaealto measure the profiles of
gases evolved during pyrolysis of MSW samples. Sasipes of MSW components with

maximum weight of 3 mg for each sequence werealfittealumina crucibles of the TGA
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insrument and ramped from ambient temperature @®3perged with nitrogen and carbon
dioxide at 50 ml/min. The Discovery Mass Spectran@MS) can be operated in two modes
of recipe preparation; bar chat mode ( which sbamugh all ions from 1 to 50 m/z) and peak
jump mode ( scan only specified ions). In this expent, the MS recipes were prepared in a
peak jump mode thereby making the scan time shangthe confidence level of accuracy
greater. Prior to performing run for each samplesediminary broad scan was performed at a
heating rate of 2L/min. The identified signals relates to the masxta of 1, 2, 12,
14,15,16,17,18, 28,32 and 44 a.m.u which corresptmdtomic hydrogen (H), hydrogen gas
(Hz), carbon (C), Ckigroup, methyl group( C§l methane (CkJ), hydroxyl (OH), water (HO),
nitrogen (N), oxygen (Q) and carbon dioxide (CQ respectively.

Proximate analysis was performed on MSW companand the products obtained from
pyrolysis to determine moisture content (MC), viidamnatter (VM), fixed carbon (FC) and ash
content. These parameters were determined in T@Asin Figure 19 according to ASTM
standards and the results are provided in Table3lan the results section. Sample sizes for the
analysis were in the range of 5- 15 mg and nitraggesat flow rate of 100 ml/min was used as a
purge gas. During the proximate analysis, air waesluio combust the remaining char in the solid
residue and the mass of final ash after combustemdetermined.

Elemental analysis or ultimate analysis of MSW comgnt samples (paper, wood,
plastics (PE) and textile residue) and standardokzsof cellulose, hemicellulose and lignin
were determined by a Perkin EImer CHNS analyzeshasvn in Figure 18. The ultimate analysis
determines the weight fractions of non-mineral majements (i.e., carbon, hydrogen, nitrogen,

oxygen, and sulfur) of organic sample[85]
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Figure 17.Thermo gravimetric- Differential Scanning Calorimet Mass spectrometry (TGA-

DSC-MS) analyzer (TA Instrument)
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CHAPTER 4
Aspen Plus Simulation of Pyrolysis Process

4.1 Introduction

MSW contains several combustibles including biompaper, textitle and plastics. Due
to the various combustibles in MSW, MSW is a haedereous feedstock. The biomass mainly
consist of the three types of carbohydrate polymepsin, cellulose and hemicellulose. The
complexity of the structure of the combustibled8W and their reaction pathway during
pyrolysis makes it somewhat difficult in determigithe composition and yield of the bio-oil
produced. The process is influenced by factors ascgweeping gas flow rate, heat carrier
temperature, reactor temperature, vapor residemee t

The commercial software, ASPEN Plus from AspenTéuah, is a widely used
simulation platform to analyze the mass and enbajgnce in a chemical engineering process.
ASPEN Plus can be used to develop equilibrium m®oeodels. The equilibrium models are
important to predict the highest conversion orrerefficiency that can be possibly obtained by
a given process. ASPEN Plus has abundant libradetador different unit operations such as
reactions, separation and heat exchange. It igpaissible for users to develop their own models
using FORTRAN codes nested with the ASPEN Plustifijgu Another advantage of ASPEN
Plus is that it has a large database for the ptiegesf different common chemicals such as water
and ethanol. Many key components such as biomeklislose, xylan and lignin in a biorefinery
are specified as non-conventional components inE¥6Plus. National Renewable Energy Lab
(NREL), USA has defined the properties of thosert@es-related components in simulation

model.
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Most of the work in Aspen plus simulation for tietmochemical conversion of biomass
to bio-fuels have largely focused on gasificatioogesses. Aspen plus has been used to simulate
biomass gasification in fluidized bed reactor [8§}timize waste plastics gasification[87],

Aspen Plus simulation of biomass integrated gaifscn combined cycle systems at corn ethanol
plants[88] .

Pyrolysis involves the decomposition of biomase inib-oil, biochar and gases at a
temperature between 4%Dto 500C in the absence of an oxidizing agent such asnair
oxygen. Factors influencing a pyrolysis processuhe characteristics of biomass and operating
conditions of the pyrolysis process. The charasties of biomass include its proximate and
ultimate analyses, heating value, particle siz&iigion and bulk density. In overall
thermochemical conversion processes, differenestage considered in Aspen plus simulation
and these stages occur in the order as follows [86]

e Decomposition of the feedstock

e Volatile reactions

e Char combustion

e Condensible gas-noncondensible gas separation

e (Gas-solid separation

Decomposition of MSW feedstock is a thermochentegjradation process. When this
process occurs in the absence of an oxidizing agestermed as pyrolysis. Pyrolysis or
devolatilization involves a series of complex plgsiand chemical processes [89]. Pyrolysis is
initiated at about 238C when thermally unstable components and volaiti@sfeedstock are

broken down and evaporated with other volatile congmts. Pyrolysis yields char, tar and light
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gases like B} CO, CH,. The yield and composition of the products evoliged function of the
temperature, pressure and gas composition durendekiolatilization [89].
4.2 M odel Development

The model used to investigate the simulation oblygis of MSW to bio-oil is based on
a model previously developed by Philips et al @OONREL) and Yan et al (1999) . The
modification to this process involved the followitftgee main assumptions:

1. The yield of bio-oil and char from the pyrolysisotor are based on the experimental
data on the fixed bed pyrolysis of the MSW comlilss (paper, wood and textile). The
primary component of the gas were assumed to darfSi3O, CQ, CH; and H

2. The pyrolysis process was modeled by Ryield reautd the bio-oil was represented by
a mixture of GoH1204 and GHe and

3. The condensation of the hot volatile gases fronpifrelysis was first assumed to be
cooled in a heat exchanger and then separatetinntoutlet streams (non condensable

gas and bio-oil) in a separator modeled as FLASH

4.3 Physical Property Method

The thermo-physical properties of all conventioc@hponents such as CO, £and
CsHs in the pyrolysis process were estimated by thgfRobinson (PENG-ROB) and Redlick
Kwong Suave (RKS) equation of state with BostoniiN&s alpha function (PR-BM, RKS-BM).
The enthalpy and density models used for non aaioseal components such as paper, wood
and textile are HCOALGEN and DCOALIGT.
4.4 Aspen Simulation Flowsheet

In this simulation, the MSW feedstock was assunoezbhsist of a mixture of paper,

wood, textile. It was asumed to be predried froninéral moisture of 50% and controlled at a
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moisture content of 10 % before conveyed to th@agozers modeled as three Ryield reactors (
RYLD 1 — 4) with operating temperature varied beawd00C to 700C. Since MSW is a
heterogeneous feedstock, the three main combustilsked in the experiment including paper,
wood and textile were decomposed separately i fR&LD) library model blocks in ASPEN

to represent each combustible component of MS\Whédryield calculation for oil, non
condensable gases and char, four fortran sub-esitiere used to determine the yield of
products for each MSW component using polynongaladions (Equations 2 to 9) obtained by
correlating the experimental data from the tubrgactor pyrolysis experiment to calculate the
temperature-dependent (408 T< 700°C) yields of oil and char. The correlation for thlastic
was obtained from pyrolysis in TGA in nitrogemasphere at each temperatures from 3000C
to 7000C to determine the yield of volatiles andrcfThe equations for the noncondenasble
gases were correlated from data for CO,dCH,, C,H,, CH4, GHg and H provided in
(Equations 8 to 14) and were assumed to be thermafponents of the noncondensable

gaseous stream for the pyrolysis of each MSW commion

Wood:
Youw = —46.650 + 0.2820 T — 1.01 X 107> T2 (2)
Yeharw = 175.03 —0.4490 T + 1.17 X 107> T*? (3)
Paper
Yoip = —71.090 + 0.4010 T — 1.51 x 107> T2 (4)
Yenarp = 154.62 —0.3830 T + 1.70 X 1075 T2 (5)
Textile
Your = —71.150 + 0.3870 T — 1.20 X 107> T2 (6)

Yonarr = 189.31 — 0.5110 T + 1.06 X 1075 T2 (7)
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Youptastic = —255 + 1.014 T — 1.91 x 107572 8) (
Yenar plastic = —255 + 1.014 T — 1.91 x 107572 @)

Non condensable gases

CO : Y = 133.46 — 0.1029T + 2.08 x 107572 (10)
COy: Yep, = —9.5251+0.0378 T — 1.49 x 107°T? (11)
CHy: Yey, = —13.82 + 0.0442 T — 1.61 x 107°T? (12)
Hy: Yy, =—17.99 +0.0264 T — 1.89 x 107°T? J13
CoHy: Yiyy, = —43114 + 54499 x 107> T — 1.56 x 107° T2 (14)
CoHy: Y, = —38.25 +0.058435 X 107> T — 1.98 x 107°T* (15)
CoHg: Yi,y, = 11.11 - 0.01166 x 107> T — 3.06 x 107°T? (16)

whereli is the yields of pyrolysis products (kg/kg MSW qaonent) and T is ifiC. From the
experiments the maximum vyield of oil was at 8D@or the pyrolysis of MSW components. The
oil yield declines with the increase in temperatdue to the secondary decomposition of the tar

vapors at high temperatures.

4.5 Simulation Procedure

The simulation was started with the MSW with arti@hi50% of moisture fed into a
DRYER in which the operating temperature was maiethat 208C. The energy required in the
dryer is supplied by the hot flue gas from a condaug-rom the drier, the exiting stream was
assumed to be split into four components of MSW elgrpaper, wood, textile and plastic and
fed into PYROLYZERS (RYLD1 -4) modeled as Ryieléceors.From the four Ryield reactors
the volatile stream from each MSW component decaitipo were combined in a MIXER .

The char component were removed from the volatiam in an aspen SEPARATOR block and
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sent to char combustor simulated in RSTOIC reddtick. The yields of oil, major
components in the pyrolysis gas and char in thelpser were temperature-dependent. The
pyrolysis product from the pyrolyzer is a mixtufecbar, and gas that consists of light
noncondensible gases and heavy condensible hybaarThe pyrolysis product went through
the solid-gas separator to separte the char frengdls. The gasl was further separated into two
streams through a condensation process: condetwastal and noncondensible syngas. The
gas-gas separation was modelled by a heat exchemgeol down the hot gas and a flasher
(FLASH) to obtain the final oil product (BIO-OIL)na the non-condensable gas (NCG).

The separated char went to a combustor (CHARCONM@®&]eled as an equilibrium
reactor in which all the combustible components assimed to be burned out. The process

flow of the simulation is shown in Figure 18.
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CHAPTER 5
Economic Assessment of MSW Pyrolysis
5.1 Methodology

Economic feasibility of pyrolysis of MSW to biol@nd bio-char is essential in order to
utilize the technology on a commercial basis. ltéchno-economic analysis of the process, a
technical aspect is coupled with an economic aspfebe process to analyze its economic
viability. Firstly, the theoretical underpinning thfe process was developed into a process
configuration and a material and energy balancepea®rmed. The second step was the cost
estimation based on the capital investment andyatazh cost of biofuel products from the
pyrolysis process.

Process modeling is accomplished by employing Agpes software to conduct mass
and energy calculations. Assumptions and operatnglitions were taken from literature and
experimental data available. In this study, magsuamptions were made from experimental and
literature sources for MSW pyrolysis and gasificatstudies [2, 90, 91].

5.1.1 Operating cost. It includes raw material cost and the variadgerating cost of
production of pyrolysis products

5.1.1.1 MSW preparation. MSW is a heterogeneous mixture of household waste,
industrial/trade waste, sewage sludge and biomastewThese sometimes contain large
guantities of components which are considered akanong calorific value and therefore must
be segregated and removed from the hydrocarboresfiufhese “non-energy” components
include metals, glass, stones and sand which famngb the MSW resource.

Refuse derived fuel or process engineered fuelrscv&ide range of waste materials

which have been processed to fulfill guideline ulatpry or industry specifications mainly to
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achieve a high calorific value. The preparatiothef MSW is assumed to consist of a number of
processes to pretreat the MSW before feedingatpgrolyzer and they include separation at
source, sorting or mechanical separation, sizectemu(shredding, chipping and milling),
separation and screening, blending, drying anctpzihg and storage. The quantity of RDF
produced per ton of MSW varies depending on the tficollection, treatment process and the
guality requirement and it is estimated that thedd/ranged between 55% to 85%.

5.1.1.2 Sizereduction. Grinding and milling is an energy intensive andengive process
and it is estimated to add about $11/MT of biormeass this depends on the specific energy
requirement which varies with the type of equipmemd feedstock condition [92]. In some
instances, a common assumption is that 50 kWherfggns required per ton of ground biomass.
Research showed that different equipment emplaysikze reduction presents a number of
advantages and disadvantages in their use. Formeahammer mill is reported to employ
various screen sizes and work well with friable enials like fiber, and they require minimal
maintenance cost. On the other hand, it has avhsaéage of generating excessive noise and
pollution and is less efficient compared to rohli@tl and other grinders.

5.1.1.3 Drying. MSW is generated from various household sourcesremdvary widely
in moisture content. Moisture in the MSW consumeE@ss heat and contributes to lower
process yield. Drying is therefore considered amartant stage in the production process. The
average moisture content of MSW sample is repateldt.3 wt % on wet basis. The
recommended moisture content for optimum pyrolys&l should be less than 7 wt.% [28].

Dryers can be generally classified as direct diréctt based on the mode of application

of the heat. Direct drying involves contact betwdanheating medium and the feed; the
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medium can be air or superheated steam. In mostneoaml dryers, heated air or process gas is
employed to dry the feed.

The energy consumption for drying (Qdrying) of MSW&s calculated using Equation
20:

Qarying = Mpmsw X W X [(€0warer x ATY + AH, o] + My x (1 — W % Cppos x AT (20)

where Mms is unit mass of MSW on wet basis, kg , W is moisicontent of MSWivap is
latent heat of vaporization for water (2090 kJ/K@)wa==- is heat capacity of water (4.2
kJ/kgC), Crm=wis heat capacity of MSW combustible&T, is the temperature difference
between initial and 10&.

It is important to note that the heat capacitieBI8W components may vary due to the
chemical composition of the components. Since MSWiikture of combustible organic
fractions, the total heat capacity is estimate@dgounting for the weight percentage in the
MSW. Heat capacities increase with increasing teatpee and therefore the value at ZDovill
be about 15% higher than the experimental val@&at [93]. DSC curves for the MSW
components are shown in Figure 40. It indicatesttiteheating process is in the endothermic
domain of heat requirement

5.1.1.4 Pyrolysis. Fast pyrolysis is a thermal process that requesgperatures near
500°C, rapid heat transfer and low residence time. isipusly discussed in the literature
review section, various reactor design and conégaons have been proposed for the process.
Most of the research on MSW pyrolysis have beeredwona laboratory scale and there are no
sufficient data on the commercial viability of thecess [2, 13]. However, it is important to
highlight the commercial studies on biomass pyislgsirrently being pursued by different

researchers [90]. The scalability of these readésigns have been reported as the major
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concerns in the commercialization and thereforthigsi study an assumption of smaller scales in
parallel are employed. Commercial units as larg20@$/T/day are currently in operation.
Pyrolysis product distribution is adapted from slation results obtained from Aspen plus
software for bio-oil and noncondensable. Bio-oingmunds are selected based on available
Aspen plus software compounds and may not shargatine properties of actual experimental
compound data published in literatures.

There were two components considered in the cdlonlaf energy consumption for
pyrolysis. The first component is the heating & tliied MSW components to temperature at
which pyrolysis occurs and the second componethiei€nergy consumed during pyrolysis
reaction. The first component can be calculateddayg Equation 21.

Qiarger = Mamaw X Cp may X AT (21)
where,Yzarget is the energy consumption to heat the dried MS\tiéatemperature at which
pyrolysis occursMam=. is mass of dried MSW sampley m=w is the average heat capacity for
dried MSW and®T is temperature difference between pyrolysis stgrtemperature and 195,

The second component was the heat of reactionhwhiclearly in the domain of heat
requirement. From the DSC curves, integration es¢hheat fluxes over time gives the total heat
requirement as a function of temperature (Equain With the first term of the equation being
the heat required to reach pyrolysis temperatudetia® second term being the devolatilization
heat. It is important to note that the precise mesament of heat of reaction for each MSW

component requires rigorous experimental work.

dac daT ¢ daT
S =Cpo+ AH, ~ (= J; (r:p-E + ﬂH,,)dt 2

The total energy consumptiof:£:«:) for the pyrolysis is calculated by Equation 23

Qrora! = Qﬂ'r}'ing + erzrgar + Q'p}'ro!y&is (23)
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5.1.1.5 Volatile gas cleaning. Hot pyrolysis gases from process reactor contairagred
particles of char of various sizes and in some<éise sand particles when it is used as heat
carrier in the reactor. The particle sizes of thaseained solids are very important because it
affects the design and performance of the cleasqugpment such as cyclones and filters. It is
assumed that a set of parallel cyclones are emglmyeemove 90% of entrained char particles.
The char collected is sent to the combustion seatioere it is employed to provide process
heat.

5.1.1.6 Bio-ail collection. The bio-oil collection system is an important pafrthe entire
process since it affects the quality and yieldhef oil. In order to collect high quality and
increased yield of oil, the vapors must be condgémgthin fractions of a second after exiting the
reactor. Longer residence time allows secondarsticato take place in the gas phase and
reduces the quantity of the oil collected. To aehithis, an indirect heat exchanger is employed
to transfer heat from the vapors to water streaimas been reported that staged condensation of
bio-oil allows for the collection of oil fractionsith good quality and in this process, the
condensation of most of the water is done in omelenser and oil fractions are allowed to
condense in a different condenser [28]. After nubghe oil is condensed, an electrostatic
precipitator (ESP) unit collects remaining dropleseng high voltage charges [46]. It is assumed
that any remaining char entrained in the vapoolicted in the ESP unit.

Non condensable gases including methane and hexrag sent to the combustor to
provide heat for drying the MSW feedstock.

5.1.1.7 Storage. Bio-oil and char are collected in the storage segtivhich must store up
products in reasonable time. Bio-oil storage eqephmust be made of stainless steel material

to prevent corrosion from bio-oil acids. Char camtavolatile material and when handled
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improperly can pose a fire hazard. Furthermoresthall size of char particles poses an
inhalation hazard for people handling the mateBachar was used as fuel in combustion to
recover energy for the drying and pyrolysis process

Biochar contains carbon from the waste biomasstaaghermanently sequestered in the
soil when applied as soil conditioner thereby dffesty removing that carbon in the atmosphere.
It has been shown that carbon in a ton of biochaqguivalent to 3 to 3.5 tons of @@nother
significant economic value of biochar is its usetisctive soil conditioner thereby increasing
productivity and yield [39].

5.1.2 The Capital cost. The capital cost of a plant is expressed as thal Ré&nt Cost
(TPC); that is all the costs that an owner woulg fpehave the plant designed, built and
commissioned excluding site purchase, ground abearasite access and consenting costs [90].
These exclusions are considered to be functiotiseo$pecific site rather than the technology
employed.

The equipment cost can be estimated by employspeA Icarus software or by
referencing from equipment suppliers. Some equiproest estimate are available from surveys
of potential suppliers of equipment which have bessd to produce a sizing curve for pyrolysis
plant which consist of the pyrolysis system and@tovery unit. This curve have been updated

to 2009 prices and a number of researches havegits validity [66].
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Figure 19.Pyrolysis plant cost (pyrolysis and oil recoveygtem) [90]

The investment cost of a pyrolysis reactor candteutated on the basis of the hourly
mass flow rate in oven dry ton of MSW per hour (@ir case considering 1.0 odjtof dried
and grinded MSW fed into the reactor given thatrdator is operational during 80% or seven
thousand hours (7000 h) per year.

The investment includes a feeding system, the psi®leactor, a liquids recovery
system and a storage unit for the pyrolysis oik €hsts concern basic equipment and buildings
plus costs for construction and commissioning. gression model (Equation 24) developed by
Bridgewater et al., 2002)[94] is useful in estimgtthe investment cost of pyrolysis system
Lyrotysis = 4.0804 x 10% X (@ x 103)%61%% 4 1,19 x 10° x (0.7@)*4045 (24)

Following the model proposed by Bridgewater eR@D2, a more rigorous model (
Equation 25) [95] which reflects the results ofresgion analysis of 13 data points found in

literature with an R squared value of 0.957 ( petiydinear relation) was employed.
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Lyrotysis = (1.906 + 0.598 x @) x 10° (25)

The total initial investment of the pyrolysis reacsystem ( including biomass feeding
system , product recovery and flue gas treatmentuats to about 4.5M USD for a 1 odtbf
biomass.

The annual capital cost was determine by

i(L+i)"

where P is the total initial capital investmentisfannual capital cost, | is the interest of the
capital money, n is the life of the plant.

5.1.3 Other operating costs. Other operating costs include the personnel costs a
maintenance costs. The annual maintenance costialy calculated as a given percentage of
capital investment (e.g., 1.5%). It is assumedtthaplant requires 3 staffs to operate the

facility.
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CHAPTER 6
Results and Discussion

6.1 Introduction

This chapter presents and discusses results obtaora the fixed bed pyrolysis, the
results of pyrolysis conducted in the TGA-DSC-MStinment for the selected MSW
components and finally discussed the simulationlte$érom Aspen plus. In the fixed bed
pyrolysis, the discussion includes product distitruvariations for all the pyrolysis temperature
investigated in the experiment. Additionally, therphysical and thermo-chemical analysis of
products for all pyrolysis temperatures was presgand correlations between temperature and
the thermal and physical properties were drawngusagression analysis. Another part of the
discussion was the TGA-DSC profiles of MSW compdsen
6.2 Particle Size Distribution of MSW Components used for the Pyrolysis Process

The wood component sieve analysis accumulated @&amstze diameter between 0.3
mm to 0.6 mm corresponding to 56 wt.% and papetira in the MSW component also
recorded a median particle diameter between 0.3arr6 mm at cummulative amount of 38 wt
%. The textile fraction was not analyzed throughgleves due to its linty texture but was

however assumed to be less than 0.1 mm average
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6.3 Product Distribution

As explained in the objective of this researchygital and chemical properties of biochar
and bio-oil vary with pyrolysis temperature. Howeugefore discussing how temperature affects
these properties, it is important to study thedyspectrum within this broad temperature range.
The study was conducted in the fixed bed reactartamperature from 100 to 806C and
nitrogen gas at a flow rate of 50 ml/min was usegurge the products out of the reactor. The
bio-oil was collected in three numbered plastidlbstfitted with a stopper and connected

together in sequence. The product recovery setagbaried in ice cubes contained in an ice
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chest. The following data are expressed as theagesrof the values that were obtained from
replicate measurements. At least three runs werdumed for each experimental condition and
at least triplicate measurements were taken fdn e&the responses. The yields of bio-oil and
biohcar at different pyrolysis temperatures wem@shin Figures 20 and 21. The graphs
represents the yield of bio-oil and biochar onuedical axis and pyrolysis temperature on the
horizontal axis. The yields of volatiles or bio-thiat were condensed and collected at the
pyrolysis temperature of 300 were 12.0 wt%, 16.3 wt% and 19.73 wt % ( wet$)dfsir textile,
paper and wood respectively. The maximum yieldsi@foil were 52.5wt% (wb) for textile
obtained at 70T, 57.4 wt% (wb) for paper obtained at of BD@&nd 64.9 wt % ( wb) for wood
obtained at temperature of 300 From the ANOVA analysis, at 95% confidence inérthe
pyrolysis operating temperature within the rang8@®C to 706C plays a significant role ( p-
value =0.002) role in the bio-oil production frohetMSW components under study.

6.3.1 Effect of temperature. Bio-oil and biochar yields on wet basis versusgerature
are illustrated in Figure 20 and Figure 21 respebti For the pyrolysis temperature from 300
to 800°C, the oil yields (on a wet basis) were from 1618%%64.9% for wood, 19.7% to 57.4%
for paper and 12% to 52.8% for textile, respectiv&he yield of bio-oil from the pyrolysis of
paper continuously increased with the temperatpr®B00C and then decreased with the the
further increase of temperature to 80pwhile the yield of bio-oil from the wood pyrolgs
increased steadily over the temperature range ket@@0C and 500C, and sharply declined
with the further increase in temperature up to°608nd then increased steadily again to°800
Textile showed yield characteristics similar to \@gdiowever, it increased from 3000C to

4000C and declined at 5000C and then increasehtlgligom 6000C to 7000C with the
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optimum vyield of oil 706C. The results indicated that optimum oil yieldrfrthe MSW

components were recorded at temperatures betwd86 50d 706C
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Figure 22.Effect of temperature on oil yield for three MSWhgoonents

Biochar yields for MSW components under study versyrolysis temperature are
presented in Figure 21. The char yields generatyehsed with increasing temperature because
increased quantities of volatiles from the samplege converted to oil and non condensable
gases (NCG). The char yields for all three MSW congmts were marked by slight variations
over all temperatures. For the pyrolysis tempeeattam 306C to 80GC, the char yields were
between 21.8 and 72.2 wt% ( wet basis) for wood3 28d 68.2 wt% ( wet basis) for paper and

22.6 and 74.2 wt % (wet basis) for textile, respety
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6.4 Product Analysis

Various physical and chemical properties of thehay and bio-oil samples that were
collected at each pyrolysis temperature from°80@ 80GC were characterized to analyze the
effects of the pyrolysis temperature on the progedf biochar and bio-oil. The appearance and
color of bio-oil representing pyrolysis temperattnem 800C to 300C are shown in Figures

22. Additionally, the colors of oil collected atemperature from 6000C to 8000C were darker

and viscous than oil collected at 560and 400C. The bio-oil has two parts of light aqueous

and heavy olil fractions. At lower temperatures (30)) the oil is mostly the light fractiomith
approximately73.3 wt%, 77 wt% and 74.8 wt.% overall aqueousaairfor textile, paper and
wood respectively. With the increase of pyrolysisiperatures, the proportion of heavy oil
fraction increased. The phase composition of bias@hown in Table 3. A sample of biochar
collected at all the pyrolysis temperatures arevshim Figure 20. The physical appearance of
biochar samples collected at different pyrolysmperature shows the differences in texture and

color.
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Phase composition of bio-oil and water content
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Temperature Phase (wt.%) | Water | Phase (wt.%) | Water | Phase (wt.%) | Water
Paper (wt.%) Wood (wt.%) Textile (wt.%)
Aqueous| Tar Aqueous Tar Aqueous Tar
300 77.06 22.94 72.2 7481 25.19 68[2 73.30  26.7 .5 68
400 72.32 27.68 64.4 74.56 2544 624 73.10 26.9 .3 60
500 64.64 35.36 54.1 56.72 43.28 626 70.15 2p.850.1
600 65.11 34.89 52.9 43.86 56.14 523 67.43 3R.51.1
700 66.03 33.97 49.3 60.8C 39(2 490 71.78 28.225.8
800 70.21 29.79 50.3 63.68 36.32 48,7 71.88 28.140.1

800°C || 700°C 600°C 500°C || 400°C 300°C

Figure 24.Samples of bio-oil obtained at different temperasur
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Figure 25.Samples of biochar of MSW at different temperatures

6.4.1 High Heating Value (HHV) The values of biochar obtained for all MSW
components increased steadily with temperature HH\és were from 17.7MJ/kg at 1000C to
31.2 MJ/kg at 8000C for wood, 15.2MJ/kg at 1000Q18BMJ/kg at 8000C for paper and
15.8MJ/kg at 3000C to 27.2 MJ/kg at 8000C for textt is noted that textile was not pyrolyzed
at 1000C and 2000C because of difficulty in collegthe biochar from the tubular reactor at
these temperatures. Wood component had higheifcalalues at all temperatures than paper

and textile, which was consistent with the volatiatter content for the MSW components.
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Figure 26.Heating value of biochar from MSW components fraxed bed pyrolysis at
different temperatures

6.4.2 Moisture content. Moisture content of raw MSW components and biodtan
fixed bed pyrolysis were determined in oven by imggat 105C for 24 h and was compared
with the moisture content obtained from pyrolysiSiGA analyzer. The average values of
moisture content of MSW obtained on wet basis &pegr, wood and textile were 9.3 wt.%, 7.2
wt.% and 4.5 wt.%, respectively. The average vatitained from biochar samples collected at
different temperatures ranged from 3.3 wt.% (wh).®wt.%(wb) for paper, 0.5 wt.%(wb) to
4.3wt.%(wb) for textile and 3.8 wt.%(wb) to 5.0 %tfor wood

6.4.3 Volatile matter (VM). During the process of heating of the biomassfuhaer
increase of temperature after the removal of moedeads to the progressive release of pyrolytic
products. These volatiles are produced from theatealvage of chemical bonds which are
cellulose, hemicelluloses and lignin. The valuesalétile content obtained from biochar from

pyrolysis of MSW components increased with tempaeafrom 300C to 80GC.
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Table 3

Proximate analysis of MSW biochar from fixed pgublysis at different temperatures

Pyrolysistemperature (°C)

300 400 500 600 700 800

M oisture content (wt%)

Paper 5.2 4.8 5.0 4.4 3.3 4.4

Wood 4.0 5.0 5.0 4.5 3.8 4.3

Textile 0.9 4.3 3.6 0.5 1.3 15
Volatile Matter (VM) (wt.%)

Paper 75.1 50.7 31.6 22.0 17.4 17.5

Wood 83.7 40.4 39.2 26.5 22.1 21.8

Textile 85.6 46.9 18.9 10.6 10.3 11.52
Fixed carbon(FC)

Paper 15.7 274 43.5 55.7 61.3 60.8

Wood 12.3 50.8 52.0 72.5 85.4 83.1

Textile 111 44.0 70.8 74.3 76.5 4.7
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Table 4

Proximate and Ultimate analysis of raw MSW comptsbefore pyrolysis

ltem Paper Textile Wood

Proximate analysis

Moisture 6.29 4.25 6.57
Volatile 65.62 69.75 73.43
Fixed carbon 21.83 7.12 17.81
Ash 6.26 18.88 2.11

Ultimate analysis

Carbon 46.0 43.8 45.9
Hydrogen 6.60 6.10 6.67
Nitrogen 1.20 3.5 3.63
Oxygen * 45.89 46.2 43.53
Sulfur 0.31 0.30 0.60

* calculated from the difference
6.5 Elemental Composition of Biochar and Bio-oil from MSW Pyrolysis at different
temper atures

6.5.1 Biochar. Carbon, hydrogen and nitrogen were determined finralemental
analyzer operated in the CHN mode. Results obtdmebiochar generated from MSW
components generally showed an increase in cantingdrogen content with the increase in
pyrolysis temperature while oxygen and nitrogerrei@sed with the temperature. Paper
increased in carbon content from 41.7 wt.% ( wi)Q€fC to 58.8 wt.% ( wb) at 76C with

hydrogen decreasing from 6.1 wt.% (wb) at D@ 0.20 wt.% (wb) at 76C and oxygen
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decreased from 53.57 wt.% (wb) at 2000C to 40.0%3ovtvb) at 7000C as shown in Figure 25.
Wood biochar increased in carbon content from #&.% (wb) at 100C to 84.4 wt.% (wb) at
700°C, hydrogen content decreased from 5.4 wt.% (wif)8ont.% (wb), oxygen decreased
from 49.43 wt.% (wb) at 2000C to 13.73 wt.% (wby8@00C and nitrogen increased from 0.4
wt.% (wb) to 1.0 wt.% (wb) as shown in Figure Zéxtile showed relatively high nitrogen
content which increased from 2.6 wt.%(wb) at D@ 4.3 wt.% (wb) at 80C. Carbon content
increased from 60.5 wt.% (wb) at 3@0to 74.2 wt.% (wb) at 80C whiles hydrogen content
decreased from 3.9 wt.% (wb) at 8000 0.12 wt.% (wb) at 8GC and oxygen content
decreased from 32.83 wt.% (wb) to 25.1 wt.% (wb3laswn in Figure 26

Table 5

Elemental composition of biochar from paper pyridy different temperatures

T-100 T-200 T-300 T-400 T-500 T-60( T-700 T-800

Carbon 41.71 40.83 43.272 53.6p 55.94 56.175 58(86 .0454

Hydrogen| 6.10 5.12 4.97 417 2.51 0.88 0.19 0.6p

Nitrogen 0.50 0.48 0.55 0.65 0.72 0.91 0.9p 0.99

Oxygen 51.69 53.57 51.26 41.58 40.83 41.46 40,03 .2555




Table 6

Elemental composition of biochar from wood pyrdyed different temperatures
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T-100 | T-200 | T-300| T-400| T-500  T-60( T-700  T-800
Carbon 45.48 44.67 50.96 65.2 66.19 78.74 8442 .0983
Hydrogen| 5.37 5.45 4.35 3.07 3.23 1.49 0.82 1.00
Nitrogen 0.41 0.45 0.73 0.83 0.47 0.54 1.08 0.90
Oxygen 48.74 49.43 43.96 30.82 30.11 19.23 13.73 .9214
Table 7
Elemental composition of biochar from textile pysi at different temperatures

T-300 T-400 T-500 T-600 T-700 T-800

Carbon 60.55 62.82 70.47 75.90 70.50 74.20
Hydrogen 3.95 3.27 2.54 0.43 0.13 0.12
Nitrogen 2.67 3.93 7.13 5.80 4.27 4.29
Oxygen 32.83 29.98 19.86 17.87 25.1 21.39

Note: Textile was not pyrolyzed at 1000C and 2000C
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6.5.2 Bio-ail. carbon content of bio-oil for MSW components wgeaerally low and this

is as a result of the high water content in thedi@roduced. The values for carbon content for

all MSW components pyrolyzed ranged from 4.7 wi(vil) to 18.7 wt. % (wb). The elemental

composition for the MSW component at different pysts temperatures are given in Tables 9 to

11.

Table 8

Elemental composition of bio-oil from textile pwsik at different temperatures

T-300 T-400 T-500 T-600 T-700 T-800
Carbon 6.26 8.03 11.31 12.21 15.31 10.87
Hydrogen 4.56 3.90 6.33 5.63 5.74 6.41
Nitrogen 1.52 0.88 1.72 1.44 1.07 1.15
Oxygen 87.66 87.19 80.64 80.98 77.88 81.57




Table 9

Elemental composition of bio-oil from paper pyradyat different temperatures
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T-300 T-400 T-500 T-600 T-700 T-800
Carbon 4.71 5.13 8.89 10.25 15.01 8.91
Hydrogen 2.84 2.59 1.99 0.18 4.61 4.36
Nitrogen 0.26 0.26 0.43 0.11 0.38 0.26
Oxygen 92.19 92.02 88.69 89.46 80.00 86.4Y
Table 10
Elemental composition of bio-oil from wood pyratyat different temperatures
T-300 T-400 T-500 T-600 T-700 T-800
Carbon 10.30 11.30 15.54 18.71 12.68 11.91
Hydrogen 4.59 5.59 6.99 5.42 5.0 4.76
Nitrogen 0.22 0.34 0.49 0.32 0.27 0.16
Oxygen 84.89 82.77 76.98 75.55 82.05 83.17

6.6 Kinetic Studies of MSW Components Pyrolysisfrom TGA Experiments

Modeling to predict the yield and composition obgucts from the pyrolysis requires the

knowledge of reaction kinetics and its paramefEinss is done by thermogravimetric and

differential scanning calorimetric methods and Ibesn reported by several authors [77, 96]. The

temperature-dependent kinetic parameters wererdigied using the Arhenius equation and

applying the first order equation as given by [93]
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dX(t)
= k- X©) @7)
m, — m(t)
XO=—— (28)
¥ = M, — Mg
Pom, (29)

with m, being the initial weight of MSW sample at time ©=mg),m« as residual weight of

MSW sample after the reaction (mgi{f) as the weight of MSW sample at time t during the
experiment (mg). The reaction rate constant, & fisnction of temperature and was calculated at
each time from the weight change- time-temperagereerated in excel from the universal
analysis data software. From Arhenius equationgggn No) , a plot of In k versus 1/T was
generated for each sample to determine the adivatergy, E and pre-exponential factor, A

from the slope and intercept respectively.

k = Aexp(—Eq/RT) (30)

6.6.1 Pyrolysisin nitrogen atmosphere. It is observed from the TGA plots given in
Figure 25 that pyrolysis in nitrogen gas for all WISamples was characterized by three distinct
stages of weight change corresponding to rangenopératures during the process. Similar
results were reported by other authors [9,79, BB first stage is the dehydration stage which
occurred between 26 to around 11 for paper, wood and textile. Plastic (HDPE) hogrev
did not show a significant loss within this tempgara range because plastic (HDPE) has very
low moisture content. The second stage of weigt, lavhich is the active pyrolysis, was
observed from 22T to 386C for paper, wood and textile with only one peakhiis region as
shown in the derivative plot on the second axis@pTThe TGA plot from plastics (HDPE)

shows a weight loss for temperature range betw861C3and 480C for the second stage of
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active pyrolysis and the DTG plot shows an obsdevpbak with a maximum of over 80 wt%
per min. Table 11 gives the results of weight clesnat increasing heating rate {@fmin,
40°C/min and 66C/min) for all MSW components performed in the TGAe plots for standard

component ( cellulose, hemicelluloses and lignme)@ovided in Figure 31
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Figure 30.Thermal degradation profile of different MSW witlicreasing temperature
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Figure 31.DTG curve for different MSW components at incregdiemperature
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Figure 32.TG and DTG curve for cellulose, hemicelluloses kguin standard components
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Table 11

Temperature range and weight loss of MSW compo¢iifferent heating rates in nitrogen atmosphere

MSW sample 20°C/min 40°C/min 60°C/min
Temperature, °C Weight % Temper atur e(°C) Weight % Temperature,°C Weight, %
Stage | Paper 25 100 25 100 25 100
120 99.19 130 97.52 200 98.85
Wood 25 100 25 100 25 100
120 94.04 270 90.32 290 85.26
Textile 25 100 25 100 25 100
120 94.67 140 95 130 95.36
Plastic 25 100 25 100 25 100
110 99.43 110 99.64 110 99.91
Stage I Paper 220 98.19 280 94.1 290 94.6
420 28.68 400 28.43 440 31.26
Wood 240 92.92 280 88.89 290 84.71
400 25.01 420 24.41 450 21.14
Textile 290 88.93 270 90.19 270 89
450 13.67 440 30.78 460 24.78
Plastic 380 99.38 390 98.95 390 98.79
480 15.67 490 14.37 510 9.79
Stage Il Paper 420 28.68 400 28.43 440 31.26
550 21.24 550 21.84 600 23.68
Wood 400 25.01 420 24.41 450 21.14
500 19.94 490 20.71 510 18.8
Textile 450 13.67 440 30.78 460 24.78
520 14.61 530 24.98 500 22.64
Plastic 480 15.67 490 18.62 490 19.7
580 12.32 600 13.57 610 7.08
Fixed carbon Paper 790 15.39 800 17.13 790 19.06
+ Ash Wood 800 12.04 800 12.78 770 15.41
Textile 770 10.02 790 19.75 770 13.94
Plastic 780 10.72 800 12.07 770 5.83

98
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6.6.1.1 Reaction kinetics parametersfor pyrolysisin nitrogen atmosphere. The reaction
kinetics determined for standard components (e hemicelluloses and lignin) in nitrogen
atmosphere with r- squared values greater thanvde®@ in the temperature range from ZDo
380°C. The parameters for MSW recorded r-squared &@e= 0.610) for paper in the
temperature range 2%D to 420C; wood recorded r-squared value (R2 = 0.830) withi
temperature range of 2%Dto 420C; plastic (HDPE) recorded r-squared value (R2996)
within temperature range of 3900C to 4800C; texBdue recorded r-squared value
(R2=0.790) within temperature range of 2500C tocfD0T he activation energy and pre
exponential factors were determined for heatingg@00C, 400C and 600C in nitrogen

atmosphere and provided in Table 12
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Figure 33.Temperature dependency of the rate constant of Nd@\Wysis at a heating rate of

40 oC/min for plastic, wood, paper and textile
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Comparison of activation energy and pre-exponeriéiedors for MSW components in nitrogen

atmosphere

MSW Temperature range[DC] Heating rate( 1:'IZZ,ul"n'lir'l:I Al:s':l] Eaf I(.Imnl':l]

Wood 250 - 420 20 2.78 = 10° 36.61

250 - 420 40 1.93 = 10° 57.46

250 - 420 60 1.50 x 10° 66.32

Textile residue 200 - 420 20 1.74 12.17

200 - 420 40 1.56 x 10° A4.6

200 - 420 &0 1.69 = 10° 43.43

Paper 250 - 420 20 1.87 = 10° 36.61

250- 420 40 2.21 = 10° 46.36

250 - 420 60 9.57 x 10° 51.82

plastic (PE) 380 - 480 20 6.37 x 10’ 113.2

380 - 480 40 1.74 < 10%° 185.2

380 - 480 60 4.22 x 107 313.93

6.6.1.2 Effect of heating rate. Heating rate affected the plots for MSW samples by

increasing the temperature range for active pyralyighe activation energy (Ea) increased for

each MSW studied when heating rate was increasedXample the activation energy for

paper, plastic (HDPE), and wood increased from,£258.7, 58.3 KJ/mol at heating rate of

20°C/min to activation energy of 62.5, 351.6, 64.8rKdl at heating rate of 4G/min

respectively. Textile recorded a decrease in atttim energy from 110.2KJ/mol at heating rate

of 20°C/min to 63.1 KJ/mol at 4C/min heating rate. The increment in activationrgge

recorded in the samples when heating rate wasasetemay be due to heat transfer limitation

which resulted from longer time required for pugges to come into equilibrium with the actual

sample temperature.
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Figure 36.Temperature dependency of the reaction rate ghyhaysis of paper at different
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6.6.2 Pyrolysisin CO, atmosphere. From the profiles obtained from the pyrolysis of
MSW compounds in CO2, the TGA plots suggestedttiteat were three stages of weight loss
characterized by dehydration and volatilizatiotigtit gases, volatilization of heavy
hydrocarbons and the final stage being char decsitipo. Plastic (HDPE) decomposition at the
second stage ranged from 3600C to 4900C with & laeaght loss (~89%) at a rate of less (<2%
/0C) compared to a weight loss of (~86%) in nitroganosphere at the same rate of less

(<2%/0C) in the same temperature range.

80
| Plastic (PE)

1 Wood|
60

Textile

Weight (%)

40
] Paper
20

Temperature (°C) Universal V4.5A)

Figure 38.TGA profile of MSW in CO2 atmosphere

6.6.2.1 Parameters of reaction kinetics for pyrolysisin CO2 atmosphere. The kinetics in
CO2 atmosphere are similar to kinetics obtainathénitrogen atmosphere. However, the
magnitude of the parameters as shown in Table gdnsrally lower in CO2 atmosphere

compared to nitrogen atmosphere.



Table 13

Comparison of activation energy and pre-exponerfiielors for MSW components in €0

atmosphere

MSW Temperature range[“t] Heating rate( ”Cfmin] A[s’ll Ea( KJmDI'l:l

Wood 250 - 420 20 2.96 % 107 39.27

250 - 420 40 8.57 % 10° 53.36

250 - 420 60 2.85= 10" 57.69

Textile residue 200 - 420 20 4.7x10" 29.28

200 - 420 40 4.21 x 10% 57.79

200 - 420 &0 2.45 % 10° 66.37

Paper 250 - 420 20 1.81%10° 37.06

250- 420 40 1.33 x10% 54.84

250 - 420 60 3.52 = 10" 58.89

plastic (PE) 380 - 480 20 5.18 x 10~ 192.76

380 - 480 40 1.33 x 10™° 264.42

380 - 480 60 4.8%x10" 261.31
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6.7 Differential Scanning Calorimetry (DSC) of the Pyrolysis of MSW Components

The DSC curve allows the calculation of the floneakrgy by integrating the surfaces of the
positive or negative peaks for exothermic and dmelotic processes, respectively. The total
caloric requirement consists of the heat requioedky biomass, heating of biomass, degradation
of biomass and aggregation of char.

In the drying stage of MSW components, the DSC eunigure 29 shows that there
are corresponding peaks of the drying processdpep wood, textile and plastic below 1500C
with corresponding small weight change of 1.3%%&.6.8% and 0.8%, respectively. The
caloric requirement in this stage is the energydat the sample and to vaporize water from the
sample. It is difficult to accurately measure th&dc requirement due to the unstable segment
at the beginning of each run.

Between 15%C and 256C, paper, wood and textile were heated withoutsagwificant
change in weight as shown in Figure 36 and there we obvious peaks in the DSC curve as
shown in Figure 41. The increase in the heat floth@temperature from 1%0 to 250C was
as a result of sensible heat to increase the tetyerof the sample to the temperature before
pyrolysis. However, plastic showed a slight endothe peak within this temperature range
which may indicate the glass transition of plastita temperature of 2%0. The DSC curve
changes from 3.8 W/g to 3.9W/qg for plastic, 3.1\W/@.2W/g for paper, 2.5W/g to 3.6W/g for
wood and 1.8W/g to 2.5W/g for textile, respectivetythin 150C to 250C.

When the samples were further heated fronf@5¢he degradation reaction started for
paper, wood, and textile while the plastic stattedegrade at 38Q. The DTG curves in Figure
25 showed an apparent peak which indicated a ggnifmass loss rate during pyrolysis. The

mass loss in this stage was 66.8% (from 96.7% 18428) for paper, 67.3% (from 92.3% to
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25.0%) for wood, and 75.2% (from 91.4% to 16.2%)téxtile, respectively. The mass loss of
plastic was 85.6% (from 99.3% to 13.7%) within temperature range from 3&Dto 500C. It
is noted that the value of the heat flow variecagyewithin these temperature ranges and the
DSC curves are complex. The energy absorptionlesileded from the integration of the
endothermic peaks that occur within these temperatiages.

The final stage is the heating of the residual emalthe aggregation of the char which
started at 40 for paper, wood and textile whereas plastic stBS00C. The caloric
requirement at this stage was the heat neededatdheechar after subtracting the heat due to
aggregation.

In conclusion, the heat requirement of the pyralysocess is the sum of heat needed to
heat the sample and the heat of reactions. Thusalbéfic requirement of the MSW component
can be calculated by integrating the DSC curveguiieé 29 using Equation 18 as given below

[97]:

t(m_g{'.‘pﬁ%—i— msh') 5

Q _
Mso J; Mo (31)
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Figure 43.DSC profile of different MSW components with incsegay temperature in nitrogen
atmosphere at heating rate of@0min

Table 14

Relationship of calorific value and mass residugelaktic with temperature

Final 200 250 300 350 400 450 500 550 600

temperaturéC)

Mass residue (%) 99.1 | 99.5 99.6 99.6 97.7 48.2 13.7 12.7 12.1

Caloric 990.3 | 1596.7| 2266.0| 3047.7 | 3957.5| 5030.1| 6192.8| 7483.5| 8784.2

requirement(J/qg)




Table 15

Relationship of calorific value and mass residugeatile with temperature
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Final 200 250 300 350 400 450 500 550 600
temperaturéC)
Mass residue (%)| 93.1 | 91.4 87.8 73.2 16.2 13.7 12.5 11.7 11.4
Caloric 16.1 | 359.9 | 774.1 | 1258.4| 1685.1| 2260.8| 2937.7 | 3668.1| 4406.1
requirement(J/qg)

Table 16

Relationship of calorific value and mass residupayber with temperature

Final 200 250 300 350 400 450 500 550 600
temperaturéC)
Mass residue (%)| 98.7 | 96.7 | 87.9 56.6 29.8 26.8 22.4 21.2 20.3
Caloric 585.6 | 1173.5| 1857.2| 2622.6| 3451.8 | 4431.9| 5482.7 | 6587.3| 7673
requirement(J/g)
Table 17
Relationship of calorific value and mass residugvobd with temperature

Final 200 | 250 | 300 350 400 450 500 550 600
temperaturéC)
Mass residue (%)| 93.7 | 92.3 | 80.8 58.6 25.0 21.7 19.9 18.7 17.8
Caloric 305.6 | 805.6| 1413.5| 2142.0| 2896.6 | 3827.5| 4853.4| 5946.7 | 7073.1
requirement(J/qg)




12000 8
bo -7
= 10000
o "‘( -6
=
L 8000
£ -5
2 2
'S5 60C0 40
=3
L /f / B 3“%
o 4000 o
_6 / -2
S 2000 / L 4

0 0
200 400

600 800 1000
Temperature, "C

——~Caloricrequirement, J/g —=—Heat flow, W/g

Figure 44.DSC curve and caloric requirement by integratingCxsrve of wood

12000 3
‘,‘ - 7
) 10000
= 5
£ 8000 o=
w L 3 =2
: s/ 5
= 6000 a £
[y —
5 / 3%
.§ 4000 T
E - 2
2000
/ [
0 | | | 0]
0 200 400 600 200 1000
Temperature, oC
=== (alcoricrequirement, J/g
—=—DSCheat flow, W/g

Figure 45.DSC curve and caloric requirement by integratingCxsirve of paper



100

7000 6

6000 4 5
=
= 5000 o
g =
§ 4000 =
2 3000 G e
: o /S -2
5 2000 /
3

1000 / 1

0 - : : : 0

0 200 400 600 800 1000
Temperature, oC

= Caloric requirement, J/g === DSC, heat flow W/g

Figure 46.DSC curve and caloric requirement by integratingCxsrve of textile

16000 10
14000 /\/W \ g
= 12000 / \ 6w
- B -
g 10000 3\
£ /,J -4 3
a 9
= 8000 =
o { | 2 ]
E Q
S 6000 S
S 8
[1+]
]

4000 I{
2000 / -2
0 - 4

f -0
T T
200 400 6

0] 00 800 10C0
Temperature
== Caloric requirement, J/g === DSC Heat flow W/g

Figure 47.DSC curve and caloric requirement by integratingCx&rve of plastic



101

6.8 Mass Spectrometry of the gas evolved from the Pyrolysis of MSW Components

This section shows the analysis of gas productslalision corresponding to decomposition of
MSW samples studied in the two purging gases usétki experiment. The TGA-MS technique
is an important method of simultaneously measuttiegdecomposition and gas product
distribution of biomass samples from the pyrolydistandard biomass components (cellulose,
hemicellulose and lignin) and major organic compas®f MSW in the TGA.

6.8.1 Gas analysis from the pyrolysisof MSW in nitrogen atmosphere. Mass
spectrometric profiles of the gases generated fhanpyrolysis of wood, textile, plastic (PE) and
paper in nitrogen atmosphere are shown in Figudes 33. As seen from the profiles for wood ,
textile and paper, the pyrolysis process occumealrelatively narrow range of temperature
(200°C to 500C) which is consistent with most of the gases detkin that temperature range.
Similarly plastic (PE) showed a mass spectromenadile within a narrow but higher
temperature range of 380to 500C which also showed the consistency with the therma
degradation profile from the TGA. The gases detentall pyrolysis were based on their
relative intensities and relevancy and in the prestudy a peak jump method for gases from
H,, CO,, H,0, CH,, OH, -CH;, O,, N, corresponding to ion/mass intensities of 2, 44183 17,
15, 32, 28 respectively were used. Among the gastested, Cg H,O, CH, and —CH were
common to all MSW (paper, wood, textile, plastigyqlysis with each component evolving
these gases within different temperature ranges.

Textile released most of gases at start temperafi86C and ended at 500 which
was consistent with its thermal degradation cultvis.interesting to note that at temperature
between 3fC to 110C, water was released as the only gas which is sla@the peaks

corresponding to ions (m/z) of 18 and 17. The ni/Z7oonly confirms the source of hydroxyl
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ion (OH) could only be water since it tracks very welllwih/z of 18. This water is the moisture
content of the textile while as the second peakiwithe temperature range 320and 500C is
indicated the water generated from reactions. # alzserved that oxygen {Qdeclined with
increasing temperature, while carbon (C) incredised 220C to 426C and then decreased

from 420°C to 470C and remained fairly constant from temperaturg0ffC and above.
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Figure 48.Mass spectra corresponding to the pyrolysis ofleext

The spectra from wood pyrolysis are similar to thiatiained from textile. Wood pyrolysis is
characterized by a first shoulder peak (as a restiémicelluloses decomposition) and the
active pyrolysis (decomposition of cellulosic fiact). The two decomposition process has an
overlapping temperature range. Carbon dioxidejC@ater (HO), methyl group (-Chk) and
methane (Ck) were all detected between 380to 406C during hemicellulose decomposition
and more intense peaks were detected betwedi€ 48@ 500C corresponding to the active

pyrolysis. It is observed that hydrogen)igas start to increase at 8G0and above during the
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time when methane (ClHand methyl groups (-Cflare consumed in the pyrolysis process.
Hydrogen (H) production is attributed to secondary reactiostaam reforming of methane

and/or tar cracking[76]

1.0E6 100
0E8-14-20 12 wood{M2) tai
—,—‘—‘_—I 08-14-2012 wood{N2).002 |
1.0E5 \ 20
H20O
= 10000 L 50
H2
= OH- —CcH2 —
= =
§ co2 =
= CH4 =
8 L o
= y =
S 1000 L ag
' _'-h- -
W [ -'h.._ L
-y 1"f‘ .
100 ‘.u'"’- fr o ey s P ey~ 20
""!. 2 D o ebpraniett |
ml A
s gy I A A
10 T T T o
30 230 430 630
Ter‘r‘lperature [::IC} Uniersal v4_SA TA Instrum ems

Figure 49.Mass spectra corresponding to the pyrolysis of wood

Mass spectra of pyrolysis of plastic (PE) (Figu2¢ ®as characterized by detection of
gases within a narrow temperature range {880 500C). Gases such as carbon dioxide §;0O
methyl groups (-Ck) and methane (Chiformed the dominant gases detected within the
temperature range. The detection of wateXQHwvas very low as can be seen in the profile and
that is consistent with the highly viscous bioqmibduct obtained from plastic pyrolysis as

reported in literature.
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6.9 Aspen Simulation Results

700
Universal V4.5

The yield of tar oil from the ASPEN simulation ieased from 63.58 wt% at 315to

maximum at 67.12 wt. % at 68D and start to decline at that temperature to 61056 at

700°C. The char yield increases slightly from 24.39%tat 375C to 26.2 wt % at 52& and

significantly start to decrease from 26.20wt. %28 C to 23.59 wt. % at 76C. The yield of

non-condensable gas increased from 7.10 wt. %5C50 8.87 wt. % at 70C.

The compositions of pyrolysis products predictenhfithe ASPEN based simulations are

given in Table 19. It was found that €@ the non-condensable gases decreased from 62.34

%) at 450C to 51.65 (v%) at 60C and the CO content in the gas increased fron6¥%) at

45(°C to 23.94 (v%) at 60C. The H in the non-condensable gas increased from 2.98) (at

450°C t0 6.22 (v %) at 60C.



Table 18

Yield of pyrolysis product at varying reactor temrgiare
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Yield ( %wt/ wt of MSW )
Temperature (°C) OIL CHAR NCG
375 63.58 24.39 12.02
400 64.36 25.03 10.6
425 65 25.5 9.48
450 65.54 25.84 8.61
475 65.93 26.05 8.00
500 66.23 26.17 7.58
525 66.48 26.2 7.31
550 66.68 26.15 7.15
575 66.84 26.04 7.10
600 66.97 25.87 7.15
625 67.06 25.65 7.27
650 67.12 25.39 7.45
700 67.05 23.59 8.87
Table 19
Composition of pyrolysis products at pyrolysispenature (4000C to 56C)
400 425 450 475 500
Volatiles NCG(v%) OILS(w%)| NCG(v%) OILS{w3%)| NCG(ve)  OILS(w%)| NCG(v%) OILS{w%)| NCG{v3%) OILS{w%)
H, 237 2.65 2.98 3.35 3.78
Cca, 65.93 64.10 62.34 60.22 58.17
co 19.14 20.25 21.26 22.01 22.60
H,O 0 50.09 0 459.70 0.00 45.40 0.00 45.20 0.00 45.07
CH, 711 7.64 8.13 8.51 8.84
CyHg 3.54 3.24 2.95 2.66 2.37
CH, 0.70 1.57
CoH;
CeHg 9.98 10.06 10.12 10.16 10.19
C,oH120,(TAR) 39.93 40.24 40.48 40.64 40.74
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Composition of pyrolysis products at pyrolysis temapure (525C to 706C)

525 550 575 600
Volatiles MCG(v) OILS[{wh)| NCG(v%) OILS{wh ] NCG({v) OILS{wH NCG (v ] OILS[wh)
H, 4,27 4,83 5.48 6.22
co, 56.29 54.58 53.05 51.65
co 23.09 23.48 23.77 23.94
H,0 0.00 48,98 0.00 4893 | 000 4890 | ooo 4891
CH, 9.13 - 9.37 - 9.58 - 9.74 -
C,Hs 2.10 - 1.85 - 1.62 - 1.40 -
C,H, 2.35 - 3.03 - 3.62 - 4,11 -
C,H, - - - 0.01 - 0.09 -
CeHs 10.20 - 10.21 10.22 - 10.22
CyoH 104 TAR) 40.81 - 40.86 40.88 - 40.87
Table 21
Composition of pyrolysis products at pyrolysis temapure (625C to 706C)
625 650 675 700
Volatiles |NCG{v%) OILS{w%)|NCG({v%) OILS{w%)|NCG(v%) OILS{w%)|NCG{v%) OILS{w%)

H, 7.06 7.01 7.00 6.58
Co, 50.42 46.40 43.21 40.04
co 24.00 24.87 25.03 25.98
H,0 0.00  48.01] 0.00 47.87 0.00 47.62 0.00 47.43
CH, 9.86 9.87 - 9.98 9.97
C,H, 1.19 0.34 - 1.40 1.41
C,H, 4.50 4.78 - 4.11 4.04
C,H, 0.16 0.42 - 0.09 0.08
CH, 1021 - 10.16 10.22 10.21
CyoH120,(TAR) 10.89| - 40.94 50.01 50.23
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6.10 Results of Economic Assessment of MSW Pyrolysis

All cost are adjusted to 2013 dolla@apital cost included the purchase of equipment and
facility preparation and construction. This cossvaanortized using a 20-year design basis and a
10% interest rate for all parts of the facility.tBaf costs were provided by sales literature,
equipment manufacturers and literature as refecenidee analysis provided in Table 22
assumed a 100 MT production capacity of MSW witBodmbustibles and an initial moisture
content of 44% The conversion of bio-oil was 63#vat 606C. The total working days per year
was assumed at 300 with 65 days of downtime fonteaance. The total amount of raw MSW
processed per year was estimated to be 35,000 MiTayel the amount of bio-oil produced per
year was calculated as 9,555 MT/year.

The unit cost of electricity was assumed at 0.KB#1 and the unit cost of natural gas at

27.8 $/GJ
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Economic assessment results of MSW pyrolysis g qdast at a loading capacity of 100 MT

MSW/day
Equipment/process Rate Units Cost Unit
1. Utility cost
Sorting
Combustible 70 %
Non combustible 30 %
Total amount of wet combustible 70 MT/day
Unit operating cost 3.36 $/gal. of diesel
(trommel screening used to separate organic
fraction)
Equipment consumption of diesel 100 Gal/day 336 $/day
Drying
Initial moisture content 44.3 Y%wt
Final moisture content 7 Yowt
Total of dried MSW combustibles 41.9 MT/day
Total amount of heat required for drying 123.43 GJ/day
Total amount of electricity required for drying 3427.78 KWh/day
Total cost of heat supply 3431.48 $/day
Total cost of electricity supply 514.16 $/day
Total operating cost for drying 3945.65 $/day
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Economic assessment results of MSW pyrolysis @ qdast
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Equipment/process Rate Units Cost Unit
Size reduction ( employed hammer mill)

Total amount of dried MSW combustibles 41.9 MT/day

Unit operating cost 11 $/IMT

Total operating cost for sizing reduction 461.17 $/day
Pyrolysis

Total of dried MSW combustibles 41.9 MT/day

MSW to bio-oil conversion efficiency 65.0 % wit.

Total amount of bio-oil produced 27.3 MT/day

Total amount of heat required for pyrolysis 40.87 GJ/day

Total amount of electricity required for pyrolysis 1135.15 KWh/day

Total cost of heat supply 1136.37 $/day

Total cost of electricity supply 170.27 $/day

Total operating cost for pyrolysis 1306.65 $/day
Other operating cost

Total operating cost for cyclone operation ( 11 $IMT 461.17 $/day
electricity)

Total operating cost for Bio-oil collection and 5 $IMT 136.50 $/day
storage (electricity and water)

Total utility cost 6646.90 $/day
Total utility cost per year (300 days) 1,994,072.08 $lyear
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2. Capital cost

Total plant capital cost 9,893,495.48 $lyear
(' based on regression curve for 100MT)
Life of the plant 20 years
Interest 10 %
Annualized capital cost 1,162,086,267.00
3. Personnel
Three shifts at $100,000 /each/year 300,000.00 $lyear
4. Maintenance
Rate ( 1.5% of the total capitabts) 15 %lyear
Maintenance cost per year 148,402.43 $/year
5. Feedstock
Unit cost of feedstock -20 $/IMT
Total cost of feedstock per year -600,000 $lyear
Total production costs/year 3,004,560.79 $lyear
Cost per kg of M SW processed 0.10 $KgMSwW
Cost per kg of bio-oil produced 0.37 $/kg of Bio-ail
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Production capacity, MT/day

100 150 200 250 300
Utility cost, M$/year 1.994 2.940 3.887 4.834 5.780
Annualized Capital cost, M$/year 1.162 1.379 1.533 1.653 1.751
Personel cost, M$/year 0.300 0.300 0.300 0.300 0.300
Maintenance cost, M$/year 0.148 0.176 0.196 0.211 0.223
Feedstock cost, M$/year -0.600 -0.900 -1.200 -1.500 -1.800
Total production cost , M$/year 3.004 3.896 4.717 5.498 6.255
Cost per kg of MSW processed, $/kg MSW 0.100 0.086 0.078 0.073 0.069
Cost per kg of Bio-oil produced, $/kg Bio-oil 0.367 0.317 0.288 0.269 0.255
Cost per litre of Bio-oil 0.330 0.285 0.259 0.242 0.229

Produced ( assuming density of bio-oil is 0.9kgyl),

$/L bio-oil

As seen from Table 25, the total cost will amown$1.100 to process one kg of raw MSW for a

plant which can process 100 MT of raw MSW per diawill require $ 0.330 to produce each

liter of bio-oil from MSW. The production cost willecrease with the increase of production

size. It only cost $0.069 to process one kg of k8®W if the plant production capacity increases

from 100 MT/day to 300 MT/day. In this case, thedarction cost of the bio-oil will reduce to $

0.229/liter.
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CHAPTER 7

Conclusions and Recommendations
This section summarizes the experimental analyessilts from laboratory-scale fixed bed
pyrolysis, the TGA-DSC and MS profiles and the ma®ulation by Aspen plus of MSW
components pyrolysis conducted throughout the sp#éme project work. In the study, four
components of MSW consisting of paper, wood, textisidue and plastic were investigated at
different temperatures varying between D@ 800C for the fixed bed pyrolysis, from ambient
to 700C in the TGA-DSC-MS analysis and between 456 700C for the Aspen plus
simulations. Additionally, the economic assessnoéptyrolysis of MSW to bio-oil was
performed to show the viability of the process. §¢heonclusions and future recommendations
are discussed.
7.1 Conclusion

MSW components (paper, wood and textile) were esfadly pyrolysed in 100 ml
tubular reactor at different temperatures and takl yf products were determined from the
average of three runs for each component and tetyser The maximum bio-oil yields for
paper, wood and textile in the MSW were 57 wt.%4.96nm% and 52.8 wt.%, respectively. The
yield of biochar from the pyrolysis was found taceEase with increasing temperature.

The heating values of bio-oil and biochar werdyzreal using a oxygen bomb
calorimeter. The results indicated the heatingevalubiochar obtained from the pyrolysis
increased for all MSW components at increasing tratpre. The heating values of biochar
obtained from different MSW components at a highgerature were close. The moisture

content of the bio-oil was determined to be quitdhhn the range of (68% - 72% ) at lower
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pyrolysis temperatures (3%0) and then decreased with increasing temperatusettveen 40%
to 50% at 70€C.

The experimental results studied on a micro lewtd TGA-DSC-MS indicated that the
yields of the evolved volatile gases for paper, avotextile and plastic at a heating rate of
20°C/min were 69.5 wt%, 67.9 wt.% , 75.3 wt.% and788t.%, respectively. The yields of the
volatile gases were found to decrease to 63.4 V@36 wt.% and 64.3 wt% for paper, wood and
textile respectively when the heating rate wasdased to 6@/min. The yield of the volatile
gases generated from plastic, however, increased 88.7wt% obtained at 20/min to 89
wt.% at 66C/min. These were found to be consistent with #ug that when the heating rate
increased, heat might not be able to be transfentedhe inside of the sample instantaneously
due to heat transfer limitations, which would résulan increase in activation energy for the
pyrolysis reactions. The DSC curves also revediedaloric requirement for MSW components
increased with increasing temperature and becotmesstconstant at the charring stage. The
mass spectra profiles obtained from the pyrolyblI®W components showed that &®1,0,

CH, and H formed the main components in the non-condenggdestream.

The results obtained from Aspen plus simulatiahaated that the model can predict the
variations in pyrolysis products with increasingqdysis temperature when correlation equations
from experimental results were modeled in the ASR¥IELD reactor block and the char
obtained from the pyrolysis can be combusted t@isupe energy for drying of the MSW feed.

Finally, the economic analysis shows that for eofygis plant at a scale of 100 MT/day,
it costs $0.10 to process 1 kg of raw MSW ancctireesponding production cost of the bio-oil
is $0.36/I bio-oil. The production cost will dease with the increase of production size and at a

plant capacity of 300MT/day the unit cost of bibiei$0.255/I.
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7.2 Recommendations for Future Work

Future work should be done to improve the efficieaf the process and increase the
yield of products. Since MSW exists in nature &g#rogeneous feedstock and varies in its
composition, a mixture of simulated waste in difetrproportions can be pyrolysed to determine
the variations in product yields as a function dW composition.

In the design of a fixed bed reactor, a well carged system with multiple stage
condensation can significantly increase the yi¢ldroducts. The effect of different reactor types
and configuration on the yield and quality of protucan be evaluated for the MSW pyrolysis
process.

Additionally, analysis of bio-oil and non-condenkagases using a GC-MS will help
determine most of the compounds in the bio-oil aod-condensable gases which will result in

representative model equations to be used in Aghensoftware.
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