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Abstract

The last decade has seen an increase in the world wide energy demand, it was recorded as the highest spike
encountered in the energy demand over a decade. On analysing the main sources which were able to satisfy
this overwhelming demand it was found that the majority was still from non-renewable sources or fossil
fuels such as coal, oil and natural gas[41]. The aftermath of the continued use of these fossil fuels are already
well known, one can argue that there has still not been a serious attempt to phase out these non-renewable
sources even though the concerns regarding the harmful emissions being released with their continued
use are subject of numerous discussions and studies. It is paramount that the share of renewable energy
technologies in the overall energy mix needs to be increased,various options must be explored such that it
is possible to substitute these renewable energy sources in place of fossil fuels particularly in energy and
emission intensive industries without a comprise in meeting their energy demand.

Refuse derived fuel (RDF), which is the combustible fraction that has been separated from municipal solid
waste (MSW) has gained attention due to it being seen as an alternative to convectional fossil fuels as well
as a method of sustainable waste management and disposal. The reason for their use as an alternative
fuel is mainly attributed to their physical and chemical characteristic such as their low moisture content,
high grindability and calorific value. However, the challenges faced in their application as a substitute fuel
or feedstock is attributed mainly to the high variability in the properties of the RDF material that is being
supplied to the relevant industries. Therefore a standardization in its properties needs to be carried out
particularly with regards to their moisture content and calorific value in order to promote their application.

Torrefaction, also referred to as mild pyrolysis is a thermal treatment method that usually is carried out in
temperature ranges of 200-300°C and residence times of 30-60 min in the absence of oxygen. The material
that is being subject to this treatment method partly decomposes to release volatiles,and the left over solid
product has been reported to undergone a modification its physical and chemical characteristics when
compared to the initial solid material. From a chemical point of view the final solid product is reported to
have an increase in the carbon content and decrease in the hydrogen and oxygen content which leads to a
higher calorific value than the original material. Several experimental studies have been conducted for the
torrefaction of RDF with aim of improving and standardizing the calorific value and have yielded promising
results. However there has not yet been a work that has focused on the torrefaction of RDF on large scale,
that takes into account the process design and economics associated with their production.

The aim of this thesis was to carry out a techno-economic evaluation into the torrefaction of refuse derived
fuel. An initial composition of raw RDF was selected from literature which has a high moisture content and
low calorific value. The raw material is then subject to several process such as drying, torrefaction, grinding
and pellitization with the aim producing torrefied RDF pellets. These process were simulated and optimized
through Aspen Plus in order to obtain a better understanding of the influence of process parameters such as
moisture content, drying temperature, torrefaction temperature and residence time on the final product as
well as to select the optimum route for their production. Economic evaluation was also carried out to deter-
mine if the implementation of such a project is feasible. This was done on the basis of certain economic or
profitability indicators. Results from simulations show that the optimum torrefaction conditions were 250°C
and residence time of 30 min,which resulted in the final torrefied RDF having an increased calorific value. The
economic analysis provides positive results particularly when moving towards a higher processing capacity
of initial raw RDF. Finally, the effect of substitution of the torrefied RDF in a cement plant was also evaluated
and has shown that significant savings can be achieved through the reduction in fossil fuel consumption and
carbon dioxide emissions.
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Acronyms

S.No Abbreviation Expansion
1 MSW Municipal Solid Waste
2 RDF Refuse Derived Fuel
3 w.b Wet Basis
4 d.b Dry Basis
5 NDR Normalized Drying Rate
6 NMC Normalized Moisture Content
7 NPV Net Present Value
8 CAPEX Capital Expenditures
9 OPEX Operational Expenditures

10 RMSE Root Mean Square Error
11 V1 Volatiles 1
12 V2 Volatiles 2
13 PBP Payback Period
14 MR Moisture Ratio
15 LV Latent Heat for Vaporization
16 MM$ Million dollars
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Nomenclature

β Inclination angle

β Instantaneous product yield

χ Film thickness (mm)

η Fill percentage (%)

γ Instantaneous product yield

µ Viscosity (cP)

φ Porosity (-)

φO Half central angle

ρ Density (kg/m3

θ Dynamic angle of repose

ε Fill grade (-)

ϑ Instantaneous product yield

ξ Instantaneous product yield

A Area (m2)

A Pre-exponential factor

cp Specific heat capacity (kJ/kg.K)

D Diffusion coefficient(m2/s)

De Equivalent diameter

E Energy (kJ/kg)

E a Activation Energy (s-1)

f Filling degree

F r Froude number

G Mass velocity(kg/m2/hr

H Bed depth (m)

h Heat transfer coefficient (W/m2.K)

H HV Higher heating value (MJ/kg)

k Rate constant (s-1)

L Length of drum (m)
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Nomenclature vi

l p Characteristic particle length (m)

m Mass flow (kg/hr)

n Rotational speed (rad/s)

N t Area (m2)

Pr Prandtl number

Q Heat loss (kW)

R Radius of drum (m)

Re Reynolds number

Rew Rotational Reynolds number

Sc Schmidt number

T W Wet bulb temperature (K)

T Temperature difference (°C)

t Time (min)

u Velocity (m/s)

U a Overall heat transfer coefficient (W/m2.K)

Y s Total solids yield

Y v Total volatile yield
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Chapter 1

Introduction

The world today is still very much dependent on fossil fuels, even though concerns regarding their gradual
depletion and harmful emissions are constantly raised, there is still yet to be a complete transition to renew-
able sources. Ever since the beginning of the age of industrialization, the consumption and generation of
energy has increased more rapidly than the population of the world. Along with this increased energy gen-
eration through the use of finite natural resources, there resulted a large amount of CO2 emissions, which
has negatively impacted the health of the populations and the environment. In a report published by the
International Energy Agency (IEA), the current worldwide energy demand has increased by about 2.3% when
compared to the last decade which is being reported as the highest increase recorded over a decade[41]. Out
of the all the energy sources, the share of non-renewable technologies (fossil fuels) are still found to be the
highest. This can be explained by some numbers in order to get a better picture, 583 Exajoules is the current
total annual energy demand, out of which 80% is being provided through the use of fossil fuels such as coal,
oil and natural gas[2]. The share of different energy sources in the total energy consumption reported for the
year of 2020 is shown in figure 1.1.

Figure 1.1: Total primary energy demand [41].

The aftermath of the increased dependency on fossil fuels is the rise in the global emissions, as of 2019 it is
about 33 giga tones (Gt) of CO2 annually and is expected to rise further [41]. In order to combat these rising
emissions and reduce the dependency on the depleting fossil fuels for energy requirement it is necessary to
promote renewable energy technologies and investigate alternative fuels.

1



Chapter 1 Introduction

Renewable energy technologies can be classified into two categories, mainstream and emerging technolo-
gies. Biomass energy is classified as a mainstream technology and plays a large and growing role in the global
energy system[72]. According to the European Energy Directive, biomass is defined as follows[28]:

’biomass’ means the biodegradable fraction of products, waste and residues from biological origin from
agriculture (including vegetable and animal substances), forestry and related industries including fisheries
and aquaculture, as well as the biodegradable fraction of industrial and municipal waste.

Municipal solid waste (MSW) and its derivatives such as refuse derived fuel (RDF) can therefore in the broad
sense be considered as a biomass feedstock. Regarding their subsequent conversion for energy, can be con-
sidered as renewable, biomass and waste are the largest sources of renewable energy in Europe amounting
to 63.1% of the total share of renewable energy sources[73]. Over the last decade there has been an alarming
increase in the amount of waste of generated, according to the World Bank the global annual MSW gen-
eration was 2 billion tons in 2018 up from 1.3 billion tons in 2012 and this number is further expected to
rise up to 2.59 billion tons by 2030[56][47]. Various factors have been identified in contributing to this in-
crease such as economic growth, population increase, industrial development, urbanization and rural to
urban migration etc[56][47][57]. Along with the increase in waste volumes, their composition is becoming
more heterogeneous, which poses difficulty in their sustainable disposal leading to economic losses as well
as negative impact on health and environment[35]. Coming back to fossil fuels, we see that the power gen-
eration and transportation sector are the top two most energy intensive sectors and whose energy needs are
mostly fulfilled by the use of these fossil fuels. But as mentioned above, the continued combustion of these
fossil fuel adds to the further deterioration of the environment. Considering the above challenge towards the
sustainable disposal of waste and the substitution of fossil fuels in processes, waste to energy (WtE) tech-
nologies can serve as potential solution. The term WtE refers to the treatment of waste for energy recovery
in the form of heat and electricity or other alternative fuels in gaseous, liquid and solid forms[35]. They can
be classified into three categories based on the conversion pathways,viz.,thermochemical, biochemical, and
physicochemical. The key arguments in favour of WtE is that through the diversion of waste from landfills,
prevention of methane emissions can be accomplished along with the reduction in volume of the waste. In
addition it can also be an attractive source of energy as it is possible to make the process carbon neutral[49].
However, currently the skepticism towards WtE mainly lies in its disruption of recycling in the waste hierar-
chy, as with an increase in WtE capacity recycling will be jeopardised[53]. But in recent studies carried out
by Malinauskaite et al.[53] has shown that this is not always the case, as some countries such as Sweden,
Denmark and the Netherlands have the most number of WtE facilities and the highest recycling rates in the
EU. Based on the aforementioned advantages and findings it can be concluded that WtE technologies can aid
immensely towards a carbon neutral and circular economy.

Refuse derived fuel (RDF) is a broad designation that is used to specify the fuel obtained through the pro-
cessing of MSW, regular industrial waste (RIW), construction and demolition waste (CDW) with the aim of
improving its calorific value[63]. In order to produce RDF, the feedstock in this case waste obtained from the
above mentioned sources is initially shredded and then carefully sorted to remove all non-combustible ma-
terial such as glass, metal and plastics (allowing the reuse/recycling of these materials)[59], these operations
are usually carried out at mechanical and biological treatment plants (MBT) for MSW processing or mechan-
ical treatment facilities for RIW or CDW processing [63]. Since the shredding and separation are carried out
through a series of mechanical processes which are quite energy intensive, there are still certain advantages
of RDF over mixed MSW, with regards to the quality and uniformity of its physical and chemical charac-
teristics along with the increase in the Higher Heating Value(LHV). This homogeneity in its physical and
chemical characteristics leads to lower pollutant emissions, reduced excess air requirements during com-
bustion, easier storage, handling and transportation [19][29][75][24]. Refuse derived fuels mainly finds their
applications in energy recovery purposes through thermochemical conversion in WtE plants mostly through
incineration or co-incineration. Currently the major end users for RDF are the energy intensive industries
such as cement and lime production, who are facing several economic and environmental challenges. The
different types of fuels used within in these industries mentioned are natural gas, coal and petroleum oil
which are not renewable and are being consumed rapidly, moreover their price volatility also needs to be
considered[38][55]. In regards to their carbon dioxide (CO2) emissions, it has been reported than 40% of total
CO2 emitted from the cement manufacturing plant are from the burning of fuels and 5-7% of generated CO2

emissions are produced by the cement industry globally[38][[10]. Recent studies have shown that there is a
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great deal of promise in lowering the emissions associated with the combustion process and reducing fossil
fuel consumption within these industries through the substitution of RDF as an alternative fuel without de-
creasing the quality of the final product[10]. Initially an upper limit of 20% RDF substitution with the total
fuel consumption was placed in order to keep in check the emission levels air pollutant such as acid gases,
dioxins, furans etc[62]. However, over the past decade with the development of more efficient gas cleaning
systems several countries such as Austria, Germany and The Netherlands have managed to increase their
substitution rates to about 60-80%[10]. In order to facilitate the further increase in substitution percentages
for co-firing, a characterization of the physical and chemical properties as well as the thermal behavior RDF
is required. The RDF that is being produced from MSW generally has a large range proximate composition
and calorific value due its high heterogeneous composition, which depends on the source, day-to-day and
seasonal variability[63]. Their direct use could lead to operational problems or toxic emissions, particularly
through the formation of HCl leading to the production of dibenzodioxins(PCDD) and dibenzofurans(PCDF)
which are highly hazardous substances[32]. The high chlorine and ash content can also lead to slagging and
fouling in boilers and gasifiers[79]. Due to the presence of these negative characteristics of RDF certain pre-
treatment technologies such as torrefaction or carbonization is carried out and have proven to improve the
fuel properties, thereby reducing the operational and environmental impacts associated with their applica-
tion as a feedstock or fuel[63].

Torrefaction also termed as roasting or low temperature pyrolysis is a thermal treatment that takes place
at temperatures in the range of 200-300 °C in the absence of oxygen[71]. The process phases that can be
distinguished are pre-heat, pre-drying and transient heating, torrefaction and cooling of the product[15].
Torrefaction yields two products; bio-char and torrefaction gas also referred to as tor gas, with a mass balance
of 70-80% for the left over solid product and 23-30% for the volatiles released[15]. It has been found that
through torrefaction there is a great improvement in the physical, chemical and energy characteristics of
of waste derived fuels, contributing to their homogenization, improved grindabilty and gross calorific value
along with reduction in volume [63]. The experimental studies carried out by Bialowiec et al.[16] on the
torrefaction of RDF at different temperatures indicated that the process could bring about a decrease in the
moisture content and subsequently increase the higher heating value.

To summarise, we have seen that refused derived fuels (RDF) can be viewed as a solution to aid in sus-
tainable waste management and decrease the dependency on fossil fuels in energy intensive processes by
co-firing. However, their thermal applications are conditioned by the physical and chemical properties such
as the heterogeneity, high moisture, chlorine and ash content present in the waste material. Torrefaction has
shown to be an adequate process to upgrade these solid fuels, the chars obtained are found to have higher
homogeneity, reduced chlorine content and increased heating value among other things. These improved
properties could help to remove the environmental and operational problems associated with RDF, but this
thermal treatment has not been implemented on a large or commercial scale and is still in its initial phases
particularly for waste derived fuels.

1.1 Thesis Objective

This thesis aims to analyse and evaluate the operation of a torrefaction plant for refuse derived fuel in order to
determine its feasibility from a technical and economic perspective. Through this study it would possible to
identify key factors that could aid in increasing the attractiveness of waste derived fuels through their thermal
treatment. The goals of this work are:

• To develop a process system and simulate the the torrefaction of RDF considering the unit operations of
drying, torrefaction reactor, combuster, grinder and pelletizer through the use of MATLAB and ASPEN
Plus.

• To investigate the influence of various parameters(e.g moisture content, temperature, residence time)
on the overall process through sensitivity analysis to determine the optimum process parameters.

• To carry out an economic evaluation of the process plant by means of economic indicators such as Net
Present Value (NPV) and Payback Period (PBP).
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• To evaluate the effect of substitution of torrefied RDF within a typical cement plant based on certain
parameters such as CO2 and cost savings .

The increased knowledge would aid in defining the directions of future studies for the implementation and
improvement of the discussed process, thereby making it economically agreeable to be applied.

1.2 Thesis Structure

The report is divided into four chapters:Literature Review, Methodology, Results & Discussion, Conclusion &
Recommendations. The first chapter, Literature review aims to provide information regarding refuse derived
fuel (RDF), its definition, production characteristics and applications along with brief descriptions on the
equipment used in the unit operations involved and its selection procedure.

The second chapter, Methodology provides insights into the process modelling and simulation carried out
through Aspen Plus in addition to the method followed for an economic analysis. The unit operations of dry-
ing, torrefaction, grinding and pellitization modelled on the basis of literature data and a brief description
of the Aspen Plus model integrating these unit operations are discussed. The economic indicators that were
chosen for the profitability evaluation of the process plant is also discussed. Within the third chapter, Results
& Discussion all the simulation results obtained from the Aspen Plus model is presented and discussed for
the selection of the optimum operating conditions. The results from the economic evaluation along with a
study into the effect of RDF substitution in a typical cement plant is provided. The final chapter, Conclu-
sion & Recommendations outlines the main findings obtained from the current work and provides certain
recommendations that could be implemented in order to adress the limitations of the current project.
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Chapter 2

Literature review

The aim of this chapter contains an overview into the material, processes and its necessary equipment which
are being considered within the current work. The first section provides information regarding refuse derived
fuel(RDF), its sourcing, composition, characteristics and current applications. This is followed by a review
into the various drying methods employed for the removal moisture from the raw RDF and its associated
equipment. The last section introduces the process of torrefaction, its significance with respect to RDF and
an evaluation of the various reactors through which the process is achieved.

2.1 Refuse derived fuel

This section aims to provide the reader with general information into what is refuse derived fuel, its charac-
teristics, significance in the current energy systems and applications for energy production. The term Refuse
Derived Fuels (RDF) in the general sense is used to classify the combustible matter or fuels that are extracted
from wastes which are not under any specific technical standards and is more often than not extended to fuels
with low quality[60]. Due to the urgency in transitioning from the use of fossil fuels to sustainable energy pro-
duction methods from renewable feedstock and solutions to sustainable waste management RDF has been
gaining an increased attention in the recent years, offering to be a solution to these main challenges that are
being faced by the world. The first step in evaluating the application of refuse derived fuel in energy produc-
tion was identified to be its standardization, which was done by the European Standardization Commission
(ECN). The specification standards that were drawn up was based on the fuel’s calorific value, moisture, ash
and chlorine content. The general classification system used for RDF is show in in table 2.1 below.

Table 2.1: Classification system for RDF[63].

Parameter Statistical Measure Units
Class

1 2 3 4 5
Higher Heating Value (HHV) Average MJ.kg-1 (a.r) ≥ 25 ≥ 20 ≥ 15 ≥ 10 ≥ 3
Chlorine Content (Cl) Average % (d.b) ≤ 0.2 ≤ 0.6 ≤ 1.0 ≤ 1.5 ≤ 3

2.1.1 Production and characteristics

The main waste streams from which RDF can be sourced are MSW, industrial waste, construction and de-
molition waste (CDW)[69]. All the current works on the analysis of RDF focuses on the sourcing from MSW
mainly owing to the fact the technology used within MSW treatment is a well known and mature, which re-
sults in an increased efficiency of separation of the combustible fractions which can be used as a fuel. The
sustainable management and disposal of MSW has been growing in concern over the past decade, due to
the rising levels in waste being generated and lack of landfill area to compensate for its disposal due to the
competition with urbanization. It was estimated that a the generation of MSW will reach numbers about 1.24
kg/capita/day by 2025 and will be close to 2.6 billion metric tones by 2030[40][5]. An approximate estimate of
the volume of MSW generated across the globe is shown in figure 2.1 below, where the United States, China
and India are largest producers of MSW[4]. These numbers are only further expected to grow which reiterates
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that their sustainable management and disposal are the need of the hour to reduce the risk to the environ-
ment and human health. This is where RDF comes into the picture, by recovering the combustible fractions
present within the MSW and their subsequent application in WtE technologies a circular energy recovery can
be established and the amount of wastes being sent to the landfills can be substantially reduced[88].

Figure 2.1: Volume of waste generated (MT) across the globe[4].

The treatment of the raw MSW to obtain RDF is carried out in mechanical treatment (MT) or mechanical
biological treatment plants (MBT), the methods of treatment the waste is being subjected to is detailed by the
figure 2.2 given below.

Figure 2.2: Steps involved in sourcing RDF from MSW[26][30].

These treatment plants create additonal opportunities to recover resources,however their complexity in-
creases resulting in additional loses and energy consumption[26]. The ferrous materials are sent to foundries
where they are smelted and recycled, while the non-ferrous materials more often than not end up with in the
landfills due to the challenges in their recyclability. It is essential that well established waste separation and
treatment facilities are present in order to effectively separate the combustible RDF fractions. As mentioned
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within the above section the United States has the highest generation of MSW and at the same time well
established mechanical treatment facilities, based on these considerations the US is proposed as a suitable
location for setting up the plant.

To understand the various fractional compositions of RDF, a more in depth literature review needs to be con-
ducted into the daily, monthly and seasonal variation of the waste generation patters within the region. To
avoid this complexity the typical compositional fractions present within RDF sourced from MSW is shown in
figure 2.3. It is evident from the figure that the organics which consists of food as well yard wastes among con-
stitutes the majority fraction and this is in line with the waste generation patterns of developed countries[76].
The corresponding proximate and ultimate analysis of the waste is shown in table 2.2. It can be observed that
raw RDF has a high moisture content and low calorific or heating value (HHV), which hinders its application
for energy conversion and must be subject to treatment methods for the improvement of its properties.

Figure 2.3: Fractional composition of RDF sourced from MSW[76].

Table 2.2: Ultimate and proximate analysis of RDF[76].

Units Value
Ultimate Analysis
C TS% 35.1
H TS% 4.7
N TS% 1.5
S TS% 0.2
O TS% 16.1

Proximate Analysis
Moisture a wt.% 45.8
Volatiles TS% 51.1
Fixed carbon TS% 6.3
Ash content TS% 42.6
Measure HHV MJ kg-1 dry mass 15.4

aMoisture content presented on wet mass basis

2.1.2 Applications of refuse derived fuel

Refuse derived fuel (RDF) has recently been gaining attention for applications within thermochemical
conversion processes primarily due to the fact that these technologies are also essential to waste man-
agement and energy recovery from the materials which cannot be recycled. It has been found that the
existing technologies of combustion or co-combustion, gasification and pyrolysis could be extended to
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RDF valorization[63]. However, there are certain challenges posed by RDF with regards to its heterogeneity
and low calorific value as each technology has specific requirements and a standardization of its properties
is essential. The application of RDF within power plants via its incineration for producing electricity or
combined heat and power have been investigated. Previously, before the introduction of the standardization
limits it was found that their incineration lead to high concentrations of dangerous emissions due to the
chlorine and mercury content[60]. The experimental work carried out by Hernandez-Atonal et al.[39]
reported that by the reduction in the chlorine content of RDF used the combustion efficiency of the system
had vastly improved along with reduction in NOx emissions. Another area where RDF finds its application
is in cement industries as an alternative fuel. Currently this is been as the most suitable option for RDF
co-combustion. It has been reported that the greenhouse gas (GHG) emissions from these plants could be
reduced through substitution of RDF with traditional fuels, also the high temperatures achieved within the
cement kilns facilitate the destruction of residuals[51][63].

Gasification and pyrolysis of RDF is still being investigated,thou they have yielded promising results they have
not been employed on a large scale. An experimental study on single-stage plasma gasification of RDF by
Agon et al.[9], reported the production of syngas with medium calorific value, LHV close to 10.9 MJ.Nm-3 and
a cold gas efficiency of 56%. The pyrolysis of RDF was studied by Efika et al.[33] within a tubular horizontal
reactor by varying parameters such as heating rate and pyrolysis temperature. It was reported that under
conditions of 800°C and long residence time, the product gas had a calorific value of 25 MJ.m-3.

2.2 Drying methods

The most important pre-treatment method before the application of thermochemical conversion techniques
of biomass or waste feed stocks is drying. The high and variable moisture content on an average of 50% (wet
basis) present within the RDF that is being obtained from various sources makes this step a necessity in order
to have a uniformity in its moisture content by reducing it to an acceptable level of 10 % (dry basis) in order
improve energy efficiency,energy of final product and reduce emissions during the thermochemical energy
conversion[64]. The work carried out by Brammer et al.[20], further stresses the importance of the drying
step,wherein high levels of moisture present within the biomass used as a feedstock for small-to-medium
scale gasification plants for producing power and heat caused an overall decrease in the performance of the
plants along with deteriorated quality of the product gas[36]. The additional purpose of carrying out the dry-
ing of feed, specific to torrefaction is to restrict the evolution of wet torgas, as the volatiles released during
torrefaction of a material rich in moisture makes the them undesirable for recovering heat for the process
through combustion due to lowering of the flammability and adiabatic flame temperature[54]. The advan-
tages of this pre-treatment method however, comes at a cost, as drying is highly intensive in terms of its energy
and capital requirement. One way of reducing the energy cost is through the integration of low-grade waste
within the process[36]. Thermal drying through the use of hot air or steam as the drying medium either by
direct or indirect mode of contact is the mostly commonly used approach for moisture removal in biomass,
the same can also be extended to the case of wastes however, in addition to thermal drying there are two
other methods that are specific to refuse derived fuel namely bio-drying and solar drying. These methods are
further reviewed in the subsequent sections to determine the feasibility and relevance for their application
within the current work.

Figure 2.4: Drying Methods for Refuse Derived Fuel.
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2.2.1 Bio-drying

Bio-drying method can be classified as an aerobic conversion process that applies either natural or forced aer-
ation with aim of utilizing the heat from the internal exothermic reactions taking place due to decomposition
for conversion of moisture of within the waste material. The product obtained is the bio-dried material from
which RDF can be recovered through the separation of the inert and inorganic fractions [69]. The addition
of certain microorganism such as bacteria,fungi and cellulose degraders lowers the drying residence time
required to about 7-15 days with drying temperatures between 40 and 70 °C[85]. This method is econom-
ically attractive and environmentally friendly, it has slowly been gaining attention and several works have
been carried out from a lab to a partly industial scale in order to investigate its integration with WtE and ther-
mochemical conversion technologies for waste feeds. A greenhouse dryer is a combination of the principles
of bio-drying and solar drying, by allowing solar-energy to be incident directly on the waste placed inside,
heat is generated within the greenhouse increasing the air temperature and promoting microbial action for
subsequent moisture removal and volume reduction[74].

2.2.2 Solar drying

As the name implies,this method makes use of solar energy in order to carry out the drying operation. This
method offers the benefits of making use of a renewable energy source as well reduced emissions, however
they are usually accompanied with high capital and operation investments[85]. The application of this drying
technique can vary to a large extent and increasing in complexity of the systems installed. In principle the
incident light is made to pass through a transparent sheet and the solar absorber plate converts this incident
light to heat which is retained within the drying chamber, with temperatures reaching to about 30-60 °C[86].
Through the use of natural (passive system ) or forced convection (active system) of this thermal energy along
the drying chamber, the moisture removal is achieved. Several studies have been carried out to determine
whether this method could be extended to the drying of waste, a design of a system consisting of a solar
absorber plate with additional electrical heating coils was put forward by Pawale et al.[65] for MSW and refuse
derived fuel. Another potential design of a solar integrated conveyer-belt dryer was proposed by Shirinbaksha
et al.[77] for applications in large WtE facilities. However one important drawback of this mode of drying
that has been reported in all of these studies is the long drying times that are required to achieve significant
moisture reduction, usually in the range of one to two days, owing to the low operational temperature and
intermittency of energy source. A schematic of a solar drying system for refuse derived is shown in the figure
2.5.

Figure 2.5: Schematic diagram of a solar drying set up for RDF[43].

2.2.3 Thermal drying

The term thermal drying is used when an external source or heating medium is used for in the reduction of
moisture content of the solids. The thermal energy present within the hot stream is transferred to the wet
feed for evaporating the moisture present, in addition to a rise in the temperature of the solid and remaining
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water present. The thermal energy sources are usually hot air or super heated steam and the operational
configuration of such drying systems can classified into two modes based on the type of contact between the
heating medium and wet solids, which are :

• Directly heated: As the name implies, the thermal energy is transferred via direct contact between the
heating medium and wet solid, while the evaporated moisture is carried away by the hot gas. This
method can also be termed as convective drying, since the dominant mode of heat transfer is con-
vection. The characteristics of this mode operation are that the efficiency of the drying system can be
enhanced by increasing the temperature of the inlet gas, gas cleaning needs to be done due to dust
entrainment as there is direct contact with the solids and significant reduction in moisture content is
achievable but with high energy consumption[11]

• Indirectly heated : In this configuration, the heating medium flows around the outside of the drying
chamber and heat transfer occurs through the wall or hot surface. Steam is the most commonly used
heating medium in this type of dryers and it does not serve as medium for moisture to be carried away.
The characteristics of this system are that, they can be applied when dealing with easily combustible
materials in order to avoid risk of oxidation or explosion and the absence of solid entrainment makes
the the ideal choice when dealing with dusty materials [37]

Several studies have been conducted to determine the feasibility of thermal drying for MSW and refuse
derived fuel, by analysing the effect of drying temperatures on the moisture reduction and residence time.
Bukhmirov et al.[21] carried out experimental studies on the convective drying process by hot air for MSW
and reported that close to 100% reduction in moisture was achievable at drying temperatures of 106-170°C
and residence times of 60-170 min. The research carried out by Asadi[11], has found that the direct and
indirect modes by using hot air or steam can be employed in the drying of refuse derived fuel to be used for
co-incineration or WtE technologies. Based on the results from these studies it is evident that thermal drying
is the most optimum method which can be employed for refuse derived fuel torrefaction to have a continu-
ous operation and steady product outflow. In order to select the optimum drying equipment employing the
direct or indirect mode, the most commonly used industrial dryers are reviewed in the subsequent section.

2.3 Industrial Dryers

This section reviews the different dryers that are most commonly used within the process industries that
makes use of either direct or indirect operational mode in order to determine the most optimum equipment
to be used for the drying of refuse derived fuel.

2.3.1 Belt dryer

This a type of dryer that employs hot air as the drying agent, which is blown over the thin layer of solid bed
roughly about 2-15 cm, being transported continuously via a conveyor belt[37]. The flow of the hot gas could
be in counter-current, co-current or cross flow, hot flue gas may also be used as the drying medium apart
from air[34]. The drying operation can be carried at a constant temperature through the use of additional
heating coils and re-circulation fans. The dried solid product is discharged at the end through the use of a
discharge screw.The design and operation of belt dryers are quite simple, they are also quite flexible towards
different air flows and temperatures. However due to the lack of adequate heat and mass transfer they are
significantly large systems[34]. A schematic representation of a belt dryer is shown in the figure 2.6
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Figure 2.6: Schematic of a Belt dryer[34].

2.3.2 Rotary drum dryer

This type of dryer consists of a cylindrical drum that rotates along the horizontal axis that allows for the
movement of solids in the forward direction, and ensuring good heat and mass transfer. The hot gas that
is in direct contact with the solids, having a temperature usually in the range of 120-400 °C can be made
to flow along the cylinder in counter-current or co-current configuration [34]. A co-current flow is usually
preferred in the case of refuse derived fuel due the presence heat sensitive combustible fractions that may be
present[11]. The final dried solid product is separated at the end, while the drying gas is sent through a series
of cyclones and filters to remove the fines or dust that may be entrained in it. The direct rotary drum dryers
are cost-effective and have a simple design, with better heat and mass transfer rates when compared to belt
dryers [34]. A schemactic representation of a direct rotary drum dryer is shown in the figure 2.7 below.

Figure 2.7: Schematic of a rotary dryer [34].

2.3.3 Indirect steam tube dryer

These are rotary dryers that make use of the indirect contact operational mode through application of su-
per heated steam as the drying agent.A schematic representation of an indirect steam tube dryer is shown
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in the figure 2.8. The steam is made to pass through tubes that are installed along the drum length, there
may one or several rows of these tubes[11]. The drying takes place through the heat transfer mechanisms of
conduction and radiation,when the solids that enter the dryer through a screw conveyor are in contact steam
tubes. An advantage of this system is that several design and operation parameters can be controlled such as
temperature and pressure of the steam inside the tubes, number of tubes, the solids residence time as well
the installation of flights inside the dryer for improved mixing in order in order to ensure an efficient drying
operation[11]. However with increase in control parameters their design complexity increases which leads
to large capital and operation investment along with additional costs incurred through the handling of large
volumes of steam[11][34].

Figure 2.8: Schematic of an indirect steam tube dryer[34].

2.3.4 Fluidized bed dryer

These type of dryers are quite commonly used within the industry due their operational conditions and vast
applications. As the name implies the system consists of a cylindrical column within which a fluidized bed
of solid particles in contact with the incoming gas phase is maintained[11]. They can operate within the
temperature ranges of 100 to 400°C when using superheated steam as the drying agent. Other advantages
offered by these dryers are that they promote solid mixing, improved mass and heat transfer and homogeneity
of dried solid, which aids in decreasing the size of the dryer. However, despite these advantageous certain
restrictions limit their applicability such as a high power consumption, particle entrainment and the small
size of solid feed (1-5 mm) required for fluidization[34]. A schematic representation of a fluidized bed dryer
is shown in figure 2.9.
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Figure 2.9: Schematic of a fluidized bed dryer [58].

2.3.5 Dryer selection

To summarise, the different methods such as bio-drying, solar drying and thermal drying employed for
drying of refuse derived fuel have been reviewed. Based on the results and discussions obtained from the
studies conducted on these methods available in literature, we can come to the conclusion that bio-drying
cannot be integrated into a continuous operation of a WtE or thermochemical conversion facility due the
long drying periods involved, inclusion of additional material and treatment. Solar drying proves to be
an attractive option due to it being based on an renewable energy source and having reduced emissions,
however the long drying periods due to the intermittency of the energy source and capital investments again
hinder their applicability in a continuous operation, but they could be integrated into a batch operation.
Thermal drying is the best option available, as it is a proven and well known technology along with having a
continuous operational capability. Moderate to high temperatures can be achieved through thermal drying
which significantly shortens the residence times and improves moisture removal, hence it has been selected
within the current work.

The criteria that were considered while selecting the optimum drying equipment are shown in the figure 2.10
below. The belt dryer offers flexibility in handling heterogeneous materials along with the use of hot air as
a drying medium, makes it a suitable option. However due to its very large size and lack of efficient heat
and mass transfer it has not been considered. The indirect steam tube offers to be good alternative, however
the studies conducted by Asadi.[11] shows that capital and operational costs incurred through the handling
of large volumes of steam make this option unfeasible particularly in this study since the aim is produce
torrefied refuse derived fuel pellets that could be as competitive as coal prices if not lower. The fluidized
bed dryer is also not considered due the really low particle size required to maintain the fluidized phase.
There is also a possibility of product loss, low flexibility for wet feed, entrainment of fines and a high energy
consumption to maintain the fluidized phase. The best option available is the directed heated rotary drum
dryer, it is a cost-effective and proven technology involving the use of hot air as the drying medium, it offers
good flexibility in handling heterogeneous materials and a uniform product can be obtained owing to proper
mixing within the drum as reported by Pinacho et al [67]. Hence the direct heated rotary drum dryer has
been selected to be modelled and simulated for the drying of refuse derive fuel for its pre-treatment before
torrefaction.
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Figure 2.10: Dryer selection criteria.

2.4 Torrefaction

Torrefaction, also referred to as mild- pyrolysis is a thermal upgrading method or treatment which is carried
out in temperature ranges of 200-300°C, residence of time of 30-60 min and in the absence of oxygen[15].
When the process is carried out, the material partly decomposes, giving rise to volatiles and the left-over solid
product is referred to as char. Through this process the material undergoes a modification in its physical and
chemical characteristics particularly an improvement to its energy density, calorific value, grindability and
hydrophobicity[63]. The torrefaction process can be split up into five distinct stages as represented in figure
2.11 and they are discussed briefly below :

1. Initial Heating - This period marks the start of torrefaction.The biomass is heated up gradually from
ambient temperature to the desired temperature at which the drying of the biomass starts and the
moisture starts to evaporate towards the end of this stage.

2. Pre-Drying - During this stage, the unbound moisture present within material is being removed at a
constant rate. Until the critical moisture content of the material is reached the temperature remains
fairly constant,below which the rate of drying decreases

3. Post drying and Intermediate heating - The biomass is again subject to further increase in its tem-
perature to about 200°C, where all the bound moisture is released. Beyond this stage the material is
completely free of moisture, some amount of mass is also expected to be lost due to evaporation light
organics.

4. Torrefaction - This stage is when the material is being torrefied.The torrefaction period starts imme-
diately after the temperature exceeds 200°C and ends once the it drops below 200°C.Within this stage
there is a heating, cooling and period of constant temperature. The peak or constant temperature range
is referred to as the torrefaction temperature. The mass loss (devolatilisation) initially occurs during the
period of heating, resumes across the torrefaction temperature and subsides after the cooling period.

5. Solids Cooling - After the end of the cooling period from the previous stage the final temperature of
the solids is close 200°C. During this stage, the temperature of the torrefied material is brought down
further to the required temperature and no mass loss can be observed.
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Figure 2.11: Different stages in torrefaction.Explanation: th = time for heating to drying temperature,tdry = time required for drying,
th,int = intermediate time for heating from drying to torrefaction temperature, ttor,h = time for heating from 200 °C to desired

torrefaction temperature, Ttorr = residence time for torrefaction, ttor,c = time for cooling from Ttorr to 200°C . tc = cooling time till
ambient temperature.[15].

Figure 2.12 shows the mass and energy of a typical torrefaction process. The final solid product retains close
to 70% of the initial mass, and 90% of the initial energy present within the raw material. The remaining 30%
of mass from the initial raw material gets evolved to volatiles or torrefaction gas, with an energy content of
10%. It can be observed that an energy densification is achieved by a factor of 1.3 on mass basis [15].

Figure 2.12: Typical mass and energy balance of the torrefaction process[15].

2.4.1 Significance of RDF Torrefaction

As mentioned in the previous sections, production of RDF from MSW and its subsequent application in WtE
technologies is an effective route for energy recovery particularly to aid in sustainable waste management,
reduction in landfill deposits and fossil consumption by co-incineration in cement plants[63]. However RDF
faces certain challenges in their application as a feedstock due to the large variability in the initial MSW
which results in the sourced RDF having a heterogeneous nature, high moisture content, low calorific value,
low grindability and presence of high chlorine and ash contents[32][63]. Another factor that presents an
issue is that there are certain quality requirements that are to be met by the produced RDF which is put
forward by the European Committee for Standardization (CEN). There are two classes of RDF namely RDF
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and RDF_Q, distinguished by their calorific value (>15 and 20 MJ/kg,respectively), moisture content (<25%
and 18%, respectively) and ash content(<20% and 15%,respectively)[69][16]. Apart from these standards
set by CEN, each individual cement plant has certain fuel quality specifications that need to be met by
the RDF for co-incineration, mostly it should have a higher heating value (HHV) above 15 MJ/kg with a
moisture content less than 15%(d.b) and more often than not these requirements are not being met by the
suppliers which results in RDF being less attractive to the cement industry to meet their energy demands
[16]. This is where the torrefaction technology has an important role to play, the alteration of physical and
chemical characteristics accompanied with the torrefaction process improves the calorific value of RDF and
standardizes its properties. Several studies have been conducted to analyse the effect of torrefaction and its
parameters on refuse derived fuel.

Experimental studies on RDF torrefaction within the temperature range of 200-300 °C with residence time of
1 h were conducted by Bialowiec et al[16]. A mass of loss of 21% due to removal of moisture and evolution
of volatiles were observed. The final torrefied RDF was reported to have shown an increased homogeneity
and HHV of 25.3 MJ/kg when compared to the original RDF having HHV of 19.6 MJ/kg. Another research
carried out by Edo et al.[32] focused on the torrefaction of RDF and MSW. The authors observed that the final
torrefied product had lower chlorine content when compared to the raw material. This partial removal of
chlorine lowers the possibilities of hazardous chlorinated compounds to originate from the char.

Based on the results reported in these works, we can conclude that torrefaction does indeed have a positive
impact in improving the physical and chemical characteristics of RDF. However all these works were per-
formed on an laboratory scale and in depth study into the continuous operation of RDF torrefaction has not
yet been conducted. The current work aims to bridge this gap, by exploring the process design and economics
of such a plant producing torrefied RDF pellets.

2.5 Torrefaction Reactors

This section deals with the evaluation of different reactor technology available for RDF torrefaction.The reac-
tors can be classified on the basis of its heating mode either as direct or indirectly heated. The various types
of available reactors based on this distinction is represented in the figure 2.13 below. The well-known and
commonly used reactor types will be further briefly discussed in order to select the optimum.

Figure 2.13: Torrefaction reactor classification based on Ref.[31].
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2.5.1 Auger Reactors

The screw conveyor or auger reactors are considered to be proven reactor technology and have a continuous
mode of operation,where the feed is transported through the reactor with help of screw conveyors. The reac-
tor maybe placed vertically, horizontally or at an angle with the ground. As the material is being transported, it
is heated either indirectly by a heating medium such as hot sand or directly through heating elements placed
along the reactor wall. The advantages offered by this reactor system are their relatively low price and low
demand of inert gas. However, it has many drawbacks with regards to uneven heat distribution due to limited
mixing of material, formation of char in hot zones and limited scalabilty [48]. A schematic representation of
the auger type reactor is shown in figure below 2.14.

Figure 2.14: Schematic representation of the auger type reactor[48].

2.5.2 Moving Bed Reactor

In these types of reactors, the solids enter the reactor from the top into a closed process chamber.The solids
move down freely with the help of gravity and there no special mechanism or moving parts involved in solids
transport. The heating medium/gas enters the reactor from the bed, heats up the solids and the leaves the
reactor along with the torgas through the outlet port located on top of reactor, the torrefied solid product is
collected at the bottom of the reactor. The duration of a single operation is in the range 30-40 min and can
handle temperatures up to 300 °C[48]. The advantages offered by these type of reactors are that they have a
simple design, good heat transfer and increased bed density. However, these reactors pose difficulty in main-
taining temperature control and pressure of the heating gas, resulting in a non-uniform solids conversion[61].
A schematic representation of a moving bed reactor is shown in the 2.15 below.
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Figure 2.15: The TorspydTM example of a moving bed torrefaction reactor design Ref.[70].

2.5.3 Rotary Drum Reactor

Rotating reactors facilitate a continuous torrefaction operation.The heating medium can be supplied either
directly or indirectly to the reactor. The torrefaction process can be controlled by several parameters such
as the rotating speed,length and drum inclination angle [80]. A schematic representation of a rotary drum
reactor is shown in figure 2.16.

In the case of directly heated rotary drum,the flue gas resulting from the torrefaction process could be used
as the heating medium by recycling it back to the reactor and with heat exchange between the excess torgas.
The solids are in direct contact with the heating gas,heat transfer takes place via gas-particle convection with
the drum serving as as mixing medium[31]. An important factor to be considered during the operation is
that the heating gas should be made to be free from oxygen. In the case of indirectly heated rotary drum
reactors, the main difference is that there is no direct contact between the solids and the heating gas, the
walls of the drum serve as the heat transfer medium through the mechanism of wall-particle conduction.The
advantages offered by these type of reactors is that, a uniform heat distribution is possible due to efficient
substrate mixing ensuring a uniform torrefaction, the heating gas does not need to be completely oxygen free
and dilution of the volatile released does not occur which allows them to combusted to provide the heat load
to the reactor[31]. A disadvantage of rotary drum reactors in general is their large footprint and relatively high
capital costs[14].

Figure 2.16: Schematic representation of a rotary drum reactor[78].
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2.5.4 Fluidized Bed Reactor

This is a proven reactor technology and finds its application in various industries.For the application in tor-
refaction, the bubbling fluidized bed and toroid or torbed confgurations are used, the basic operation re-
mains the same. Considering the torbed reactor,the heating medium enters from the bottom of reactor with
really high velocities of 50 to 80 m/s, this causes the material to be torrefied within the rector to move about
vertically or horizontal causing a toroidal swirl[48]. This movement results in rapid heating of the particles,
causing torrefaction and is accompanied by low residence times in the range of seconds. The advantages
offered by this reactor technology as mentioned are its uniform heat transfer rates, short residence times, ac-
curate product control. But their application particularly for waste torrefaction is hindered by the restriction
of on feedstock particle size, along with risk of tar formation and limited production capacities A schematic
representation of a torbed reactor is shown in the figure 2.17.

Figure 2.17: Schematic representation of Torbed reactor[48].

2.5.5 Reactor selection

The selection criteria in order to determine the optimum reactor for the torrefaction of RDF is represented
in figure 2.18. The Auger reactor was rejected due its incapability in achieving uniform mixing of mate-
rial,inefficient heating and limited scalabilty particularly for the screw conveyor within the rector. In the
case of moving bed reactors, though they offer high capacity, good heat transfer rates and simple design.
Their applicability is limited in the case of RDF torrefaction mainly due to the low particle sizes required and
difficulty in scalabilty. The same drawback can be extended to the Torbed reactor along with high loss of
volatiles due the high temperatures reached.

The indirect heated rotary drum reactor has relatively more advantages than the other options in terms of its
flexibility in handling material with a heterogeneous particle size, efficient mixing leading to uniform heat
transfer and more variables such as the angle, length and rotational speed among others to control the tor-
refaction operation. Due to these factors this reactor technology was therefore selected as the optimum to be
used for refuse derived fuel torrefaction.
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Figure 2.18: Reactor selection criteria.
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Methodology

This chapter presents the methodology that was followed for modelling and simulating the the main unit
operations of drying,torrefaction grinding and pellitization in Aspen Plus. Firstly, a brief description of the
overall process that is being carried out is provided. Secondly, the approach that was followed for carrying
out the modelling and simulation of drying,torrefaction, grinding and pelletisation operations is detailed.
Thirdly, an overall description of the developed Aspen Plus model that integrates the above processes is
provided. Finally the method that was followed for evaluating the economic feasibility of the project is
outlined.

3.1 Process overview

The aim of the current work is to carry out torrefaction of RDF, in order to improve its fuel properties by
reducing the moisture content and increasing the calorific value. The process starts from the sourcing of the
raw RDF that is being sent from the mechanical treatment plant, having a high moisture content of 45.6%
(w.b) and particle size of 15 mm. The raw RDF is then dried in order to reduce its moisture content to an
acceptable level of 10%(d.b) for its subsequent thermal-treatment via torrefaction. The dried RDF enters the
torrefaction reactor where it undergoes conversion to form the solid char through the loss of mass which
results in release of volatiles. The released volatiles are then combusted to provide the heating requirements
for the drying medium and thermal fluid used within the dryer and torrefaction rector respectively. The solid
char exiting the reactor is then cooled to room temperature and is further subject to grinding, followed by a
pelletisation process in order to improve its physical properties for transportation and storage.A basic process
flow is shown in below in figure 3.1

Figure 3.1: Process flow diagram.
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3.2 Dryer modelling and simulation

In order to carry out the simulation of a convective dryer model in Aspen Plus the parameters associated with
the dryer being designed need to be specified by the user such as the cross-sectional area, length, residence
time, critical moisture content, equilibrium moisture content, normalized drying data and dimensionless
numbers associated to heat and mass transfer among other things. The first part of this section focus on the
drying kinetics of RDF in order to obtain the critical moisture content, equilibrium moisture content, drying
rate and expected residence time. The second part deals with the sizing of the dryer based on the equations
of mass and energy balance.

3.2.1 Drying kinetics of RDF

For accurately predicting the behaviour of the solids within the dryer and the performance of the dryer
itself it is essential to obtain an understanding of the drying kinetics associated with the material.T his
section focus on understanding and extracting the critical and equilibrium moisture content, along with the
development of a mathematical model to best represent the drying behaviour of RDF in order to analyse the
effect of temperature and particle size on the residence times of RDF within the dryer.

Figure 3.2 represents a typical drying rate curve, where the x-axis represents the moisture content usually
denoted by X, within the material being dried and the y-axis represents the drying rate i.e the amount of
moisture evaporated with respect to time, denoted by N. Following the initial transient period, evaporation
starts and there is a reduction in the moisture content of the material which is varying linearly with time. This
period from B to C is known as the constant rate period and is usually denoted by NC. During this period all
the amount free water present on the surface is evaporated and the rate of evaporation depends on only the
external heat and mass transfer[12]. After all the unbound moisture has been evaporated,the solids reach the
critical moisture content XC, beyond which the drying rate begins to decrease with further reduction in X. This
is because the moisture cannot move up to the surface of solid as quickly as in the NC period due to internal
transport limitations[12]. Reaching the equilibrium moisture Xe, marks the end of the drying operation. The
duration of the initial transient period can be considered to be insignificant if the drying times are long.

Figure 3.2: Typical drying rate curve[12].

Drying Equations

In order to carry out the mathematical modelling of RDF drying behaviour, experimental data showing the
variation of moisture ratio (M.R) given by equation 3.2.1 with time based on experimental studies conducted
by Słomka-Polonis et al.[81] was extracted and is shown in the figure 3.3 below.

Moi stur e Rati o(M .R) = M −Me

Mo −Me
(3.2.1)
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where M, Mo, Me are the moisture content at any time, initial moisture content and equilibrium moisture
content respectively.

Figure 3.3: Experimental drying data for RDF (10 mm)[81].

The characteristics of the RDF samples studied such as the particle diameter(mm), initial moisture content
(Xi) along with the equilibrium moisture(Xe) and critical moisture (XC) that were extracted is shown in the
table 3.1.

Table 3.1: Properties of studied RDF.

Parameter Value
Length (mm) 10

Xi 40%
XC 18%
Xe 3%

To carry out the mathematical modelling, the different drying equations that were commonly used were de-
termined from literature and are shown in table 3.2. Out of these equations, the Lewis model and Henderson-
Pabis model are mostly employed for predicting the drying behaviour of MSW, RDF and agricultural residues.
Hence these were chosen to be modelled in the current study.
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Table 3.2: Mathematical models to predict drying behavior[42]

S/N Model name Model equation

1 Newton/Lewis MR = exp(-kt)

2 Page MR = exp(-ktn)

3 Modified Page MR = exp[(-kt)n]

4 Modified Page II MR = exp[-k(t/L2)n]

5 Modified Page III MR = k.exp(-t/d2)n

6 Henderson and Pabis MR = A.exp(-kt)

Curve fitting of the experimental data to the selected models were carried out in order to obtain a more spe-
cific formulae, describing the drying behaviour of RDF which is dependent on the temperature and time.
The developed equations are then used to determine the residence time of RDF within a dryer. The results
obtained from the curve fitting carried out through the Curve Fitting Toolbox in MATLAB environment are
discussed below.

Lewis Model

The general equation of the Lewis model is shown below.

MR(t ) = e−k.t (3.2.2)

The results obtained from the curve fitting of the above equation to the experimental data carried out in
MATLAB is shown in figure 3.4 and table 3.3

Figure 3.4: Drying curves fitted to Lewis model.
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Table 3.3: Curve fitting results of Lewis model.

Temperature (°C) Rate constant, k (s-1) R2 RMSE
60 0.0022 0.9044 0.0936
80 0.0047 0.8501 0.1279

100 0.0070 0.906 0.1056

Henderson-Pabis Model

The general equation of the Henderson-Pabis model given by equation 3.2.3 is shown below.

MR(t ) = A.e−k.t (3.2.3)

The results obtained from the curve fitting of the above equation to the experimental data carried out in
MATLAB is shown in figure 3.5 and the values are given in table 3.4

Figure 3.5: Drying curves fitted to Henderson-Pabis model.

Table 3.4: Curve fitting results of Henderson-Pabis Model.

Temperature (°C) A Rate constant, k (s-1) R2 RMSE
60 1.267 0.00133 0.9828 0.0434
80 1.199 0.002761 0.9789 0.0501

100 1.385 0.004174 0.9819 0.0430

Based on the results of curve fitting visualised in figures 3.4 and 3.5, it is evident that the Lewis model is
not accurate in predicting the drying behavior of RDF, while the Henderson-Pabis(HP) model shows a very
good fit with the experimental drying curve of RDF. This conclusion is further reinforced by the results
shown in table 3.3 and 3.4, where a comparison of the R2 and RMSE values for both models shows that
Henderson-Pabis is a better fit than the Lewis model and hence was selected within the current work.
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The next step was to analyse the variation of residence time for a range of drying temperatures, this was
carried out by developing temperature dependent expressions for pre-factor(A) and rate constant(k). The
equations (3.2.4 & 3.2.5) were developed through curve fitting for A and k values within the temperatures
selected and their variation is shown in figures 3.6 and 3.7. The effect of drying temperature on residence
time is shown in figure 3.8.

Figure 3.6: Variation of constant A with temperature. Figure 3.7: Variation of rate constant (k) with temperature.

A = 0.000115T 2 −0.01665T +1.795 (3.2.4)

k =−2.25×10−08T +7.47×10−05T −0.003071 (3.2.5)

Figure 3.8: Effect of drying temperature on residence.

Effect of particle size

As seen from table 3.1, the size of the particle for which the drying data was reported is around 10 mm. But
in a continuous industrial operation of sourcing RDF from MSW , after the screening and shredding process
the size of the RDF obtained shows a large variability and is in the range of 15 to 30 mm. The particle size also
influence the drying times which cane be seen from equation 3.2.6, and is commonly reported that smaller
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the particle lower the residence times during drying. In order to include the effect of particle size on the
residence times, the equation of the rate constant is modified and is shown below.

MR(t ,D,L) = 8

π2
e

D·t
4·L2 (3.2.6)

The inclusion of the length of particle within the rate constant was done using equation 3.2.7. Lold is the
particle size of the sample studied and kold is given by equation 3.2.5. The effect of temperature and particle
size on the residence time is shown in figure 3.9.

knew = (
Lol d

Lnew
)2 ·kol d (3.2.7)

Figure 3.9: Influence of particle size on residence time.

Based on the developed equations 3.2.4, 3.2.5 and 3.2.7 a general model to describe the drying behavior of
RDF with variation in temperature, residence time and particle size is formulated and is shown by equation
3.2.8.

MR = (0.000115×T 2 −0.01665×T +1.795)e((−2.25×10−08×T+7.725×10−05×T−0.003308)·( Lol d
Lnew

)2·t )

(3.2.8)
As mentioned previously, in order to simulate the convective dryer in Aspen Plus two more additional inputs
need to be specified based on the drying behavior of RDF which are the normalized moisture content (NMC)
and normalized drying rate (NDR). Their corresponding equations are given below,where X, X e, X C are the
moisture content, equilibrium moisture and critical moisture content respectively. The NMC and NMR values
for drying temperature of 110°C is shown in figure 3.10.

N MC = X −Xe

XC −Xe
(3.2.9)

N DR = Cur r ent dr yi ng r ate

Dr yi ng r ate i n f i r st per i od
(3.2.10)
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Figure 3.10: Normalized drying rate vs normalized moisture content.

3.2.2 Dryer design

The kinetic analysis of RDF drying is able to provide the essential information in designing the convective
dryer.From equation 3.2.8, we are able to determine the necessary residence time of RDF of a particular size
needed to to achieve a certain target moisture content, when a desired drying temperature is selected. Based
on literature reviewed, the target moisture content required by RDF before its application in energy recovery
processes is around 10% (d.b) and the same has been selected within the current work[11].

Energy balance

A schematic representation of the dryer,outlining the material flows is shown in figure 3.11. The RDF to be
dried enters dryer at an ambient temperature of 25°C with a moisture content of 45.6% (w.b) as shown in
section 2.1. The drying medium (hot air) enters the dryer at a temperature of 110 C, in previous works drying
medium temperatures in the rang 110-250 °C were used. However due to the unavailability of drying curves
reported in literature to carry out kinetic analysis and since the maximum temperature analysed within the
current study is 100 °C, a nominal temperature of 110 °C was selected to avoid large uncertainties in the
expected residence times.The mass flow rate of hot air mair(kg/hr), required to achieve the required drying
operation is determined through an option within Aspen Plus called design spec. The function of this option
is to return the optimum design specification in this case mass of air, by varying it to determine the value
at which the required target is achieved. The final moisture content of 10% including a tolerance of 0.1 is
the target specified, while the mass of air required is the variable .The specific heat of RDF, cpR (kJ/kg.K) was
selected as 1.255 as reported by Asadi[11].
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Figure 3.11: Material flow in and out of dryer.

The energy balance with in the dryer is shown by equations 3.1 and 3.2 below.

∆ERDF =−∆E Ai r (3.2.11)

∆ERDF = (mwR · cpR +mw ater i n · cpw ater ) ·∆TRDF + (mw ater i n−mw ater out ·LV ) (3.2.12)

∆E Ai r =∆TAi r ·mai r · cp,ai r (3.2.13)

Where ERDF is the energy required by the RDF for the reduction of moisture from 45% (w.b) to 10%(d.b) which
is to be supplied by the drying medium in kJ/hr which, EAir is the energy that is carried by the hot air used
as the drying medium in kJ/hr, m is the mass flow rate(kg/hr), LV the latent heat of vaporization for water
(J/kg), ∆TRDF is the temperature difference between the wet and dry RDF, similarly ∆TAir is the change in
temperature between the hot and cold air. The outlet temperatures and the corresponding profiles along the
length of the dryer are obtained from Aspen Plus discussed in chapter 4

Dryer sizing

The sizing of the dryer was done on the basis of the design steps provided within Perry’s Chemical Engineering
Handbook, the main variables affecting the size of the dryer are the material flow and duty[37]. The design
equations used to determine the diameter and length of the dryer are given below.

Ar ea = mai r

G
(3.2.14)

D =
√

4 · Ar ea

π
(3.2.15)

Ua = k ·Gn

D
(3.2.16)

Nt = ln(
Ta1 −Tw

Ta2 −Tw
) (3.2.17)

∆Tln = (Ta1 −Tw )− (Ta2 −T w)

ln( Ta1−Tw
Ta2−Tw

)
(3.2.18)

L = ∆ERDF

A ·UA ·∆TLN
(3.2.19)

Where G is mass velocity of air (kg/m2/hr), Ua is the overall heat transfer co-efficient (W/m2.K), Nt is the
number of transfer units, TW is the wet bulb temperature(K), Ta1 and Ta2 are the inlet and outlet temperature
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of the hot air respectively, k and n are constants associated with industrially operated dryers specified within
Perry’s Chemical Engineering Handbook[37] and are taken as to 5.25 and 0.67 respectively.

The Sherwood number was calculated on the basis of the following equations extracted from Manoucherine-
jad et al [54].

Sh =
√

Sh2
l ami nar +Sh2

tur bul ent (3.2.20)

Shl ami nar = 0.664 ·
p

Re ·Sc
1
3 (3.2.21)

Shtur bul ent =
0.664 ·Re0.8 ·Pr

1+2.433 ·Re−0.1 · (Pr 2/3 −1)
(3.2.22)

The Reynolds (Re), Prandtl(Pr) and Schmidt (Sc) numbers are determined from the following equations.

Re = uG ·ρg ·dp

µg
(3.2.23)

Pr = µg · cpg

kG
(3.2.24)

Sc = µg

ρr ·D
(3.2.25)

where uG is velocity of gas (m/s), µg is the dynamic viscosity of gas (kg/m.s), cpG is specific heat capacity
(J/kg.K), kG is thermal conductivity (W/m.K), ρg is density of gas (Kg/m3) and D is the mass diffusivity (m2/s).
The heat loss along the length of the dryer was estimated by considering the temperature difference between
the surrounding air and drying temperature, along with the heat transfer co-efficient of air (W/m2.K) along
the surface are of the dryer (m2) similar which was done by Manoucherinejad et al [54].

hconv = 1.32× (
∆T

D
)0.25 (3.2.26)

Qloss = hconv × Ar ea ×∆T (3.2.27)

The estimated parameters that have been discussed above have been have been implemented into the cal-
culator block in Aspen Plus and can been seen in Appendix A. The results obtained from the simulation of
the dryer are discussed in chapter 4. A flowsheet representing the steps involved in simulating of the dryer is
shown in the figure 3.12 below.
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Figure 3.12: Dryer simulation methodology.
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3.3 Torrefaction of refuse derived fuel

This section deals with the analysis of torrefaction of refuse derived fuel.Firstly the kinetics of the torrefaction
mechanism of refuse derived fuel is determined through the modelling of weight loss from experimental data,
then the volatiles that are expected to be evolved are characterised along with development of expressions to
view their variation in mass fractions with change in torrefaction temperatures. Based on these information
obtained the reactor selected for torrefaction as discussed in section 2.5 is designed and simulated through
Aspen Plus.

3.3.1 Weight loss kinetics

In order to visualise the influence of torrefaction parameters on the final yield of RDF, it is essential to un-
derstand the kinetic mechanisms involved during process. There are three main models as show in figures
3.13 to 3.15 that are usually used to describe torrefaction namely 1-step mechanism, 2-step mechanism and
3-step mechanism with each increasing in the their degree of complexity.

Figure 3.13: 1-step mechanism[3]. Figure 3.14: 2-step mechanism[3].

Figure 3.15: 3-step mechanism[3].

Within the 1-step mechanism, the initial solid A gets converted to the torrefied product B, with mass lost as
volatiles V1. It is the same principle within the 2-step mechanism, however the the solid B is an intermediate
product which undergoes conversion to final solid C with evolution of volatile V2. Similarly for the 3-step,
with the solid C being the intermediate with evolution of volatiles V3 and the final solid product being
D. Among the various torrefaction modelling studies conducted,the 2-step mechanism which involves
first order rate equations developed by Di Blasi et al[17], have been the most widely used, mainly based
on the results that they have obtained which shows the short comings of the 1-step model[54][68]. The
3-step mechanism has not been extensively studied due to the complexity and further research into their
implementation needs to be done. Considering these factors, the 2-step mechanism has been chosen to
model torrefaction kinetics within this study.

The data required to model the kinetics of torrefaction is the weight loss over time for different temperatures
carried out through experiments. At this point an assumption had to be made in order to continue the mod-
elling due to kinetic limitations, that is the refuse derived fuel would consists majorly of organic wastes or
bio-waste which is a combination of kitchen and garden waste fractions. This assumption had to be made
as there is no data available in literature that reports the experimental weight loss data specifically for refuse
derived fuel having different material compositions that is being subject to torrefaction and their influences
on the final yield. The selected weight loss data for torrefaction temperatures of 250°C, 270 °C and 300°C with
residence times up to 30 mins to determine the kinetic parameters is shown in figure 3.16.
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Figure 3.16: Experimental weight loss data bio waste (kitchen and yard waste)[44].

The analytical solution of the two-step mechanism shown in figure 3.15, for the four different components A,
B, C, V1 and V2 are given below. The detailed solution to the model is show in Appendix B.

A = e−K1·t (3.3.1)

B = kb

K1 −K2
(e−K2·t −e−K2·t ) (3.3.2)

C = kb ·kc

(K1 −K2) ·K2 ·K1
(K1 −K2 −K1 ·e−K1·t +K2 ·e−K2·t ) (3.3.3)

V1 = kv1

K1
· (1−eK1·t ) (3.3.4)

V2 = kv2 −kb

K1 −K2
· (K1 −K2 −K1 ·e−K2·t +K2 ·e−K1·t ) (3.3.5)

Where K1 = kb+kv1 and K2 = kc+kv2. On combing the individual equations of the solids A, B and C the, the total
mass yield (Ys) can be obtained and is represented by equation 3.3.6. Similarly on combining the equations
of V1 and V2, the total volatile yield (Yv) can be obtained and is given by equation 3.3.7

Ys = (1+ [
k1 ·k2 +k1 ·k2

K1(K2 −K2)
] ·e−K1·t + [

−k1 ·K2 +k1 ·k2

K2(K2 −K1)
]+ k1k2

K1K2
) (3.3.6)

Yv = (
k1 ·kv1

K1(K2 −K1)
− kv1

K1
)e−K1·t − k1 ·kv2

K2(K1 −K2)
+ kv1

K1
+ k1 ·kv2

K1K2
) (3.3.7)
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The rate constants kb, kc, kv1 and kv2 are obtained by means of curve fitting to the experimental weight loss
data. This is done by the Non-linear Curve Fitting option in MATLAB along with the Niedler-Mead optimiza-
tion technique to obtain the minimum value and an additional specified constraint. The results of the curve
fitting obtained and the algorithm implemented in MATLAB are shown in figures 3.17 and 3.18 respectively.

Figure 3.17: Fitted weight loss curves.

Figure 3.18: Curve fitting algorithm.
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Based on the results of the curve fitting carried out, the rate constants determined is shown in table 3.5 and
their variation with temperature can be seen in figure 3.19.Equation 3.3.8 represents a first order rate equation
which shows the relation between the rate constants and torrefaction temperature.

Table 3.5: Rate equation parameters.

Rate Constant (s-1) Pre-Exponential Factor(s-1) Activation Energy (J/mol)
kb 3.50 ×1004 71×1003

kv1 3.20×1010 14.1×104

kc 4.34 ×1003 7.7 ×1004

kv2 3.56 ×1007 1.20 ×1005

ki = A.e
−Ea
RT (3.3.8)

Where ki (i = b, v1, c, v2) is the rate constant (s-1), A is the pre-exponential factor, Ea is the activation energy
(J/mol), R is the universal gas constant and T is temperature in Kelvin. From figure 3.19 we can observe that
the rate constants obtained for various temperatures are in line with the findings in Di Blasi et al.[17], where
the first step ie, conversion from A to B is much faster than B to C

Figure 3.19: Influence of temperature on rate constants.

The determination of the rate constants helps to understand the effect of torrefaction temperature and resi-
dence times on the mass and volatile yields expected during the when carrying out the process. On substitut-
ing the parameters obtained in table 3.5 into the equations (3.2.4) to (3.2.6) we can obtain the expected yields
of the products during torrefaction at the selected temperatures.The mass and volatile yields expected with
variation in temperature and residence time of 30 min along with the comparison of the experimental yield
of the solid as shown in figures 3.20 and 3.21.
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Figure 3.20: Influence of temperature on mass and volatile yields (t = 30 mins).

Figure 3.21: Influence of torrefaction temperature and residence time on total volatile yields(V1+V2).

From the above figures we can observe that while increasing the temperature of torrefaction and residence
there is a decrease in the mas yield of the final production and an increased volatile yield due to the
devolatilizaiton of the products.

To determine the energy content within the final product an additonal set of equations relating the instanta-
neous fractional yields to the variation in elemental compositions needs to be evaluated, this is done on the
basis of the work carried out by Bates et al[13]. The instantaneous fractional yields are obtained based on the
formation rate of products and decomposition rate of reactant, which are shown by equations 3.3.9 to 3.3.14
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A −→βB +ϑV 1 (3.3.9)

B −→ γC +ξV 2 (3.3.10)

β= kb

kb +kv1
(3.3.11)

ϑ= kv1

kb +kv1
(3.3.12)

γ= kc

kc +kv2
(3.3.13)

ξ= kv2

kc +kv2
(3.3.14)

Where the instantaneous fractional yields are given by β, ϑ, γ, ξ.It can be understood that that for each
amount of A reacting at any temperature T, β amounts of B and ϑ amount of V1 are formed, the same can
be said for the amount of B reacting to C and V2. Based on this definition, the sum of β and ϑ and sum of γ,ξ
should be equal to 1.
The variation in the elemental composition of the products B and C with respect to the torrefaction temper-
ature can be determined on the basis of equations 3.3.15 and 3.3.16

Y j ,B = (Y j ,A −ϑY j ,v1 )

β
(3.3.15)

Y j ,C = (Y j ,B −ξY j ,v2 )

γ
(3.3.16)

Where Yj,X are the mas fractions of the components A, B, C, V1 and V2 composed of elements (j = C,H,O,N,Ash).

Apart from these parameters, the evaluation of the torrefaction process depends three additonal variables
which are the mass yield and energy yield and efficiency shown in equations 3.3.17 and 3.3.18

M ass Y i eld = (
mtor r

mr aw
) (3.3.17)

Ener g y Y i el d = M ass Y i eld × (
H HVtor r

H HVr aw
) (3.3.18)

As the aim of the current work is the production of torrefied RDF pellets, it is necessary to maximise your solid
product or mass yield.From figures 3.20 and 3.21, we can observe that while moving towards higher torrefac-
tion temperature and residence time, the mass of the final product decreases with more volatiles formation
which is undesirable. Hence the torrefaction temperature of 250 °C and residence time of 30 min has been
selected within the current work for obtaining the optimum amount torrefied RDF. The procedure for deter-
mining the HHV of the final torrefied product and results obtained from the simulation of the torrefaction
process through Aspen plus is discussed in chapter 4.

3.3.2 Volatile modelling

As mentioned in the previous section,in order to understand the effects of torrefaction on the elemental
composition changes of the products we need to obtain the instantaneous fraction yields. The fractional
yields of the volatiles V1(ϑ) and V2(ξ) are dependent on the actual gaseous species that are present within
them having compositions Cx, Hx and Ox. It is then necessary to characterise the gaseous species present
and to determine their variation with respect to the torrefaction temperature.
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There are a total of nine gaseous compounds that are significant and present in quantifiable amounts, they
are reported within the works of Bates et al.[13] and Tumuluru et al.[84],and are show in the table 3.6. As there
is a gap in literature with regards to the characterisation of volatiles released during the torrefaction of RDF,
the selected compounds are for the case of biomass.However this assumption can be considered valid to an
extent, since the RDF as mentioned previously is considered to similar to biomass.

Table 3.6: Volatile species evolved during torrefaction of RDF.

Volatile Components Chemical Formula
Carbon dioxide CO2

Carbon monoxide CO
Methane CH4

Ethylene C2H4 CH4

Formaldehyde CH2O
Formic acid CH2O2

Furfural C5H4O2

Methanol CH3OH
Acetic acid CH3COOH
Water H2O

The determination of the coefficients of these species present within the volatile streams V1 and V2 are carried
by the formulation of an inverse problem show in equation 3.3.19.Y 1

V 1 Y 1
V 2

Y 2
V 1 Y 2

V 2
Y 3

V 1 Y 3
V 2

[
Ya,V 1 Yb,V 1 · · · · · ·Yi ,V 1

Yb,V 2 Yb,V 2 · · · · · ·Yi ,V 2

]
=

Y 1
a Y 1

b · · · Y 1
i

Y 2
a Y 2

b · · · Y 2
i

Y 3
a Y 3

b · · · Y 3
i

 (3.3.19)

Yx
n in the above problem definition is the measured total yield of volatiles(x = a,b,c) expressed as mass

fraction of the initial solid, from experiments (n = 1,2,3) of torrefaction temperatures 250°C , 270°C and 300°C.
The calculated volatile yields based on the rate constants obtained is expressed as, YVN

n, where VN = V1,V2
and n = 1, 2, 3 denoting the torrefaction temperatures.

The above problem is solved through the function Liner Least Squares fitting in MATLAB environment subject
to four additional constraints as shown below,to ensure consistent values are obtained.

Y n
V 1 ∗Yx,V 1 +Y n

V 2 ∗Yx,V 2 = Y n
x (3.3.20)

i∑
a

Yx,V 1 = 1 (3.3.21)

i∑
a

Yx,V 2 = 1 (3.3.22)

Yx,V 1,Yx,V 2 ≥ 0 (3.3.23)

The variation in the concentration of gaseous species present in V1 and V2 with respect to temperatures is
shown in figures 3.22 and 3.23. General linear equations dependent on the torrefaction temperatures were
subsequently developed as reported in table 3.7. Due to the lack of data for the evolution of volatiles with
residence times in literature, the modelling is carried for a residence time 30 min for the three selected tor-
refaction temperatures(250 °C, 270 °C and 300 °C).
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Figure 3.22: Influence of torrefaction temperature on mass fraction of gaseous species in V1 (t = 30 min).

Figure 3.23: Influence of torrefaction temperature on mass fraction of gaseous species in V2 (t = 30 min).
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Table 3.7: General equations for volatiles concentration variation with torrefaction temperature (T, °C).

Volatiles V1 V2
Carbon dioxide 0.0482T - 5.987 0.1498T - 75.04

Carbon monoxide 0.00368T + 2.434 0.1057T - 52.81
Methane -0.025618T + 16.59 -0.01432T + 9.045
Ethylene -0.03829T + 23.27 -0.02721T + 22.2

Formaldehyde -0.05163T + 31.68 -0.05163T + 31.68
Formic Acid -0.02382T + 17.73 -0.04963T - 20.64

Methanol -0.01637T + 12.82 -0.1589T + 110.6
Acetic Acid 0.0005711T + 11.86 -0.05553T + 44.22

Furfural -0.006T + 4.238 -0.08811T - 44.53
Water 0.1402T - 142.53 -0.05184T + 33.54

From the weight loss and volatiles modelling, it was possible to determine the optimum torrefaction temper-
ature and residence time. On the basis of the extracted data, the design of the torrefaction reactor was done,
which shall be discussed in the following section.

3.3.3 Reactor design

In order to adequately carry out the simulation in Aspen Plus, certain parameters such as the length of the
reactor and heat-transfer coefficients needs to be specified along with the kinetics which was previously dis-
cussed. The reactor selected to carry out torrefaction of RDF, is the indirectly heated rotary drum reactor.
The decision criteria for choosing this particular system and its operational description has been detailed in
section 2.5. Figure 3.24 shows the elements that are integrated to obtain an optimum design of the indirectly
heated rotary drum dryer. The mass transport mechanism was not considered within the model as only the
kinetics and heat transfer are the main inputs required by Aspen Plus.

Figure 3.24: Design elements of reactor

Bed of solids

In order to determine the length of the reactor needed, it is first essential to understand the behaviour or
motion of the solids within the rotating drum. The representation of the different motions encountered is
shown in figure 3.25. The slipping and centrifuging motion are not used within the industry and cataracting
occurs when dealing with ball milling. Only slumping, rolling and cascading motion are relevant in the case
of rotary reactors and mixing equipment[52]. A brief description of these is given below.
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Figure 3.25: Motion of solids within the drum[52]

Slumping behaviour occurs when the rotational speed of the reactor is low and there is relatively less motion
with solids. The angle of inclination of the rises until it reaches a constant static angle of repose, after
which the solids detach and fall from the walls.

Rolling is characterised by the continuous movement of the solids layer, where the solids that are fed move
up to the surface assisted by the rotation of the cylinder. It has a slightly higher rotational speed than
slumping.

Cascading occurs by increasing the rotational speed from a rolling regime. Within this motion, the solids are
dragged by the wall to higher height than in the case of the previously described motions.During this
motion, bed of solids do not have a defined shape.

Each of the above described motions are characterised by various parameters such as the the filling degree (f)
which is defined as the fraction of cross-sectional area of bed filled with solids[18] and Froude number (Fr)
given by equation 3.3.24 represents the balance between the centrifugal, inertial and gravitation force and is
used to determine the radius of rotary drum. The different conditions under which the above motion occurs
is illustrated by the figure 3.26.

F r = ω2 ·R

g
(3.3.24)

Figure 3.26: Operational parameters for different solids motion[18]
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Out of the described solids motion, the rolling motion is the most commonly within the industry as it
offers a good balance between mixing and maintaining the bulk properties of the solid [52][18]. In order to
determine the radius of the drum the main operational parameters that needed to be considered are the
Froude number and the RPM. From figure 3.26, a constant Froude number of 10-03 was selected since it is the
logarithmic mid point between the corresponding upper and lower limits of 10-02 and 10-04 respectively for
rolling motion, within the given range a RPM of 3 was taken. Theses values were substituted to the equation
3.3.24 to obtain the radius of the drum as 4 m.

The next step was to determine the length of the rector, this was done on the basis of the Saeman’s model
given by equations 3.3.25 and 3.3.30, which calculates the length of the rotating drum by into account the fill-
ing degree or fill % and the bed depth (H) based on the selected motion of solids within the rotating drum. As
the specified motion is rolling, it can bee seen from 3.26 that fill% should be in the range of 10-15%. The cor-
responding variation in the bed depth can be calculated based on the equation 3.3.27 developed by Lopez[52]
which relates the fill% and radius of the drum to the bed depth.

d H

d z
=−3tanΘ

4πn

ms

ρs
[R2 − (R2 −H)2]−3/2 + tanβ

cosΘ
(3.3.25)

∫ L

0
d z =

∫ H f

Hi

d H

−3tanΘ
4πn

ms
ρs

[R2 − (R2 −H)2]−3/2 + tanβ
cosΘ

(3.3.26)

H

R
= 1.698 · f +0.151 (3.3.27)

where θ is the dynamic angle of repose, β is the inclination angle of the cylindrical drum, n is the rotational
speed (rad/s), R is radius of drum (m), ms is mass flow rate of solids (kg/s) and H is the bed depth.

The above integration was carried out by the Simpson’s integration rule in MATLAB and the length was deter-
mined to be 12 m, which was in accordance with values reported in literature where the standard sizes of the
rotary drum reactors were 2-4 m diameter and 12-15 m length[52][54].

Heat-transfer coefficients

As mentioned previously Aspen Plus requires the heat transfer coefficients as inputs in order to simulate the
reactor. The two main modes of heat transfer are conduction and convection. The covered wall transfers heat
to the solid bed through conduction and the governing equation as reported by Li et al[50] is shown below.

hcd
w s =

1

(χlp /kg )+ (2
√

2kbρbcpbnφ0

−1
)

(3.3.28)

Where lp is length of the particles (m),χ is the gas film thickness(mm), kg is thermal conductivity of the gas
film (W/m.K) , kb thermal conductivity of bed (W/m.K), n is rotational speed and φ is half central angle of
sectional solid bed .
The convective heat transfer in rotary reactors occurs between the heating gas and wall (h gw

c) and solid bed
(hgs

gw). The equations for these parameters were obtained from Tscheng and Watkinson[83] and are shown
below.

hc
g w De /kg = 1.54Re0.575

g Re−0.292
w (3.3.29)

hc
g sDe /kg = 0.46Re0.535

g Re0.104η−0.341 (3.3.30)

Where Reg and Rew are the flow and rotational Reynolds numbers, η is the fill percentage and De is the
equivalent diameter.

The above equations are then implemented into Aspen Plus through the calculator block in order to simulate
the torrefaction of refuse derived fuel.
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3.4 Grinding and pelletization

After the torrefaction process, the torrefied RDF exiting the reactor is cooled to room temperature. The ma-
terial is then subject to a grinding and pelletization (densification) process in order to improve its physical
properties for transport and storage. The modelling of these two process was done solely to determine their
energy consumption and it was assumed that there was no mass loss during these processes. For the simula-
tion of the grinding unit in Aspen plus, a parameter knows as the Hardgrove Grindability Index (HGI) needs
to specified for the char that is obtained from each of the three torrefaction temperatures. These values were
not available in literature specifically for RDF, hence the HGI that was experimentally determined and mod-
elled by Manouchehrinejad et al[54] after the torrefaction of biomass was extended to the current case and
their variation with torrefaction temperature is shown in figure 3.27. The same assumption was extended to
the energy required for pellitization which was determined by Järvinen et al.[45] and was found to be in the
range of 70-80 kW/ton of feed.

Figure 3.27: Hardgrove Grindability Index for the torrefied biomass at different temperatures[54]

3.5 Aspen Plus simulation model

Figure 3.28 shows the main flowsheet for the base processing capacity of 100 ton/day raw RDF torrefaction
and pelletization plant that was developed in Aspen Plus simulation platform. The main unit operations as
discussed above were drying, torrefaction, grinding and pelletization. The assumptions that were made to
carry out the simulations are as follows:

• RDF needs to be specified as non-conventional solid with its ultimate and proximate analysis data as
shown in table 2.2. The properly methods of HCOALGEN and DCOALIGT which was used for coal were
selected for the enthalpy and density calculations of the RDF material.

• The stream class distribution selected was MCINCPSD.

• The Peng-Robinson equation with Boston-Mathias modifications (PR-BM) property model was se-
lected for the properties estimation of convectional components (liquids and gases).

• The systems were all considered to be operating at atmospheric pressure.

3.5.1 Dryer

As discussed in previous sections, the dryer selected was a single-pass directly heated rotary dryer. For this,
the pre-set convective dryer model was selected within Aspen plus. The assumptions that were made are :

• Uniform moisture content and temperature was considered for the RDF particles.

• The behaviour of solid and gas within dryer was considered as plug flow.
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• The specific drying kinetics and heat and mass transfer were considered.

• No mechanical aspects such as rotational speed was included within the calculations of the model.

The moisture rich raw RDF (W-RDF) and the hot air (AIRDRY) is sent into the dryer in co-current operation.
The the hot air is heated from ambient conditions to the required drying temperature through the flue gases
from the torrefaction reactor. The flow rate of the hot air is adjusted using the design specification block to
obtain the outlet moisture of RDF to 10% (d.b). The main inputs to the dryer model are summarised in table
3.8, the FORTRAN code implemented can be seen in Appendix A. The main outputs from the dryer model
were the dryer profiles, residence time and dryer duty which is discussed in chapter 4.

Table 3.8: Main inputs for convective dryer block.

Parameter Unit Value
Feed (wet RDF) ton/day 100
Inlet Moisture w.b% 45.8
Outlet/Target Moisture d.b% 10
Particle Size mm 15
Diameter m 3.2
Length m 12
Fill grade % 0.4
Porosity - 0.4
NTU - 2.5
Air inlet temperature °C 110

3.5.2 Torrefaction

The torrefaction process based on the kinetics discussed in the above section has been implemented in Aspen
Plus. The main assumptions that were considered are as follows :

• The indirectly heated co-current rotary reactor was selected and simulated through a series of RStoic
and RPlug reactors.

• No radial dispersion along the reactor.

• Reactions were considered only with in the solid bed.

• The mechanical motions were only considered for the calculation of the length and does not effect the
reactions taking place.

• The heat transfer through radiation was considered to be negligible due to the operating temperature
ranges (200-300 °C).

• Mass transport mechanisms were not considered within the current model.

The RPlugs(TORPLUG1 and TORPLUG2) were chosen as it considers the dimensions of the reactor such as
radius and length along with the heat transfer coefficients. As the kinetics discussed above are for dry RDF
it necessary to vaporize the remaining moisture,therefore the RStoic reactor (TORV) was used. The moisture
present was converted to waster and this mixture of RDF and moisture serves as inputs to the RPlugs.However,
on carrying out various trial simulations it was found that a single RPlug reactor did not produce satisfactory
results and failed to converge. The reason behind it could be attributed to the fact that the RPlugs in Aspen
Plus were originally made for liquid and vapour phases and have low flexibility with regards to dealing with
solids. The solution for obtaining the desired results was found by splitting the length of the rotary reactor by
half with each half representing a RPlug reactor. Hence two RPLugs in series were used to represent the rotary
reactor. The heating gas temperature was adjusted to 350°C in order obtain the desired torrefaction temper-
ature. The volatiles evolved during torrefaction, exit the reactor and is combusted to serve as provide heating
medium for the air entering dryer and heating gas entering the RPlugs. The main inputs to the torrefaction
reactor are show in table 3.9 and the equations 3.3.9 and 3.3.10 with the rate constants shown in table 3.5
were included as reaction sets within the model. The results of torrefaction are discussed in chapter 4.
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Table 3.9: Main inputs to RPlug reactors.

Parameter Unit Value
Diameter m 4
Length m 12
Heat transfer coefficient (conduction) W/m2.K 53.37
Heat transfer coefficient (convection) W/m2.K 12.55

3.5.3 Grinding and pellitization

The solids exiting the torrefaction reactor are cooled to room temperature and undergoes grinding and pel-
letiziation process. As mentioned within section 3.4 these unit operations were simulated for determining
their energy consumption and no mass loss was assumed. The HG index was used as the input to the grind-
ing model depending on the torrefaction temperature as show in figure 3.27.

Figure 3.28: Aspen Plus simulation flowsheet.
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3.6 Economic Evaluation

In order to determine the feasibility of the torrefaction project, an economic analysis needs to be done by
evaluating the capital expenditures (CAPEX) and operational expenditures (OPEX) associated with the pro-
cess.Based on these two cost considerations, the profitability of the project is then determined by certain
economic indicators such as net present value (NPV) and payback period (PBP). The overall methodology of
the economic evaluation is shown in figure 3.29.

Figure 3.29: Economic evaluation methodology.

3.6.1 Capital expenditure (CAPEX)

The CAPEX of any process plant in general is determined on the basis of the total costs of the purchased
equipment.The split up of the CAPEX is show in the figure 3.30 below.

Figure 3.30: Costs considered within CAPEX.

Aspen plus was used to obtained the prices of general equipment such as heat exchangers,coolers and sepa-
rators. The more process specific equipment like rotary dryer, reactor, grinder and pelletizer were calculated
on the basis of the scale-up formula given by equation3.6.1 shown below, which was provided within the book
for Plant Design and Economics by Timmerhaus and Peters[66].

Pr i ce 2 = Pr i ce 1(
Si ze 2

Si ze 1
)m (3.6.1)
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Where Price 1, Size 1 an are the cost and capacity of the equipment for which the data was known, while Size
2 is the capacity of equipment that is currently being used for which the price (Price 2) needs to be obtained,
m is a scale factor which is dependent on the process equipment, the scale factors of the different equipment
is show in table 3.10.

Table 3.10: Scale factor for process equipment from ref [66].

Equipment Scale Factor
Dryer 0.4
Reactors (stainless steel) 0.6
Grinder 0.4
Pelletizer 0.4

To adjust the prices obtained for the current year in which the project is being carried a price index needs to
applied. Common chemical engineering price index are the Marshall&Swift index and Nelson Farrer Index. In
this study the MarshalSwift Index for the year 2021 was used which is 2171.6[23]. The price of the equipment
was subsequently adjusted based on the equation 3.6.2 given below.

Pr i ce 2 = Pr i ce 1 · (
Index 2

Index1
) (3.6.2)

As mentioned previously the total CAPEX, was determined on the basis of the purchased equipment costs.
The table 3.11 below shows the different costs as percentages of the total purchased equipment costs.The
values provided were taken from Timmerhaus and Peters[66].

Table 3.11: CAPEX cost percentages[66].

Parameter %
Equipment costs Total purchased equipment cost (TPEC)
Purchased equipment installation cost 39%
Instrumentation and controls 28%
Piping 10%
Electrical systems 8%
Buildings (including services) 5%
Yard improvements 3%
Service facilities 4%
Land use 3%
Total indirect cost 25% of Total direct costs

3.6.2 Operational expenditure (OPEX)

The OPEX of a process plant is estimated by determine the several factors such as,utilities cost (electric-
ity,cooling water etc), maintenance costs and labour costs among other things. An advantage in the case
of WtE facilities in the case a torrefaction plant for RDF, the cost of feedstock is not present, alternatively
there exists a tipping fee, which is an additional amount or revenue given to the WtE facility by the local gov-
ernment for carrying out the conversion and disposal of waste which otherwise would end up in landfills,
they are are usually in the range of 70-90 $/ton of waste given to the WtE facility [87]. The split up of the total
OPEX is shown in figure 3.31.
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Figure 3.31: Costs considered within OPEX

Utilities

The prices of electricity and cooling water, identified as the utilities within the plant is shown in table 3.12
below. Electricity is used for all the process systems with in the plant and cooling water for the to cool down
the torrefied RDF pellets.

Table 3.12: Utility prices.

Utility Price Unit Source
Electricity 10.48 $ cent/kWh [8]
Cooling water 0.0078 $/m3 Aspen Plus

Operating labour

The total cost of operating labour was determined on the basis of personnel needed withing the plant and
a round figure of the salaries they command. The work force needed was taken from a case study that was
done by Bergman et al.[15] for a torrefaction plant and the salaries were adjusted based on the Labour Index
of the year 2021. This procedure was similar to the one explained by Bergman et al[15]. The operating labour
and the expected salaries are shown in table 3.13 below.

Table 3.13: Cost associated with OPEX[66].

Operating labor Positions Annual salary ($/yr)
Plant manager 1 468060
Plant engineer 1 222720
Maintenance supervisor 1 181540
Lab manager 1 178350
Shift supervisor 5 764150
Lab technician 3 381930
Maintenance technician 12 1527720
Shift operators 20 3056600
Yard employees 8 712240
Clerk and secretaries 3 343650

The remaining operating costs incurred are taken as percentages of the fixed capital investment (FCI), oper-
ating labour and total capital investment (TCI). The split of the remaining costs are shown in table 3.14.
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Table 3.14: Costs associated with OPEX

Parameter Value
Direct supervisory and clerical labour 10% of Operating labour
Laboratory charges 10% of Operating labour
Local Taxes 3% of Fixed capital investment (FCI)
Plant overhead costs 30% of Operating labour
Administrative costs 10% of Operating labour
Financing 5% of Total capital investment (TCI)

3.6.3 Economic Indicators

Economic indicators are used to determine the feasibility or profitability of the project. The commonly used
indicators are net present value (NPV) and payback period (PBP). A brief description of these two methods
are provided below.

Net present value (NPV)

The net present value is calculated on the basis of equation 3.6.3 shown below. It is used to evaluate the prof-
itability of an investment or project. An NPV that is positive or equal to zero implies the project is attractive
to the investors.The minimum selling price of your product can be determined through the NPV, at the point
NPV is equal to zero.

N PV =
l i f et i me∑

t

C ash f low

(1+ r )t
−C APE X (3.6.3)

Where, t is the plant life set to 15 years, r is the internal rate of return (IRR) selected as 12%, cash flow is the
difference in revenue obtained through product sales (RDF pellets) and tipping fee and OPEX. A straight line
depreciation was considered on the cash flow with a salvage value of 10% on the equipment at the end of
their life.

Payback Period (PBP)

The payback period is interpreted as the time period (years) within which the total capital investment or
CAPEX can be recovered or in other words it is the time required to break even. It is estimated on the basis of
equation 3.6.4 given below. A small payback period is desirable for a new project.

PBP = C APE X

Annual C ash f l ow
(3.6.4)
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Results and Discussion

This chapter presents the results of the modelling and simulation carried out in Aspen Plus for the base pro-
cessing capacity of 100 ton/day raw RDF torrefaction, based on the methodology discussed in chapter 3.
Firstly the results obtained from the simulation of the dryer is presented along with with temperature and
moisture profiles. Secondly, the results from the torrefaction simulation is shown based on which the opti-
mum process conditions were analysed and selected, along with a heat integration model. Thirdly, based on
the selected operating conditions an economic evaluation was carried out for the base capacity plant as well
as two more additional processing capacities of 50 and 200 ton/day, the results of which are presented below.
Finally, the effect of RDF substitution within a typical cement plant is discussed and the savings that can be
achieved is also provided.

4.1 Dryer Profiles

The rotary dryer was modelled in Aspen Plus based on the methodology described in section 3.2. Based on the
above inputs specified in table 3.8, the dryer was simulated. The main output variables of the model such as
the residence time and energy required for the dryer operation are given in the below table 4.1. The variation
in moisture content and temperature of the drying medium and solids along the length of were generated in
order to determine if the dimensions of the dryer that were specified was able to achieve the target moisture
constant of 10% (d.b). These different profiles are shown in figures 4.1 and 4.2 given below.

Table 4.1: Dryer output variables

Parameter Unit Value
Mass flow of air required kg/hr 5.77x1004

Residence time min 18
Duty kW 1884.28
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Figure 4.1: Moisture content profile along dryer length

Figure 4.2: Temperature profile along dryer length

As mentioned previously the selection of dryer dimensions was done based on a sensitivity analysis at differ-
ent,drying temperatures and mass flow rate of hot gas to achieve the the target moisture content of 10% (d.b).
However to narrow down the range the temperature of the drying was selected to be 110 °C to avoid variability
in experimental data while moving to higher temperatures as mentioned in 3.2 and an additonal constraint
that the approach temperature of the outlet gas and dry solids should not exceed a difference of 10 °C. Based
on these conditions the optimum dryer dimensions selected were 3x12 m (DxL), the validity of this selection
is shown by the above figures. From figure 4.1, we can observe the decrease in the moisture content of the
solids (RDF) from 81.1% (d.b) to the target MC of 10% and an increase in the temperature solids contrary to
the decrease in temperature of the hot gas within the selected dryer length as seen from figure 4.2. The solids
and gas stream exit the dryer at 35 °C and 48 °C respectively. The duty of the dryer was estimated to be 1884
kW of evaporated water, the residence time within the dryer was around 18 min which was determined on
the basis of the mathematical model which is in the range reported in literature[54][11].
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4.2 Torrefaction

The torrefaction reactor was simulated successfully in Aspen Plus through RStoic and a series of RPlug
reactors, representing the rotary drum on the basis of work carried out by Manouchehrinejad et al.[54].
The variation in the mass concentrations of the solid products (A, B and C) with the torrefaction tempera-
ture(250°C ,270 °C and 300°C) and residence times are show in figure 4.3 below.

(a)

(b)

(c)

Figure 4.3: Variation in mass concentration with residence time for temperatures (a) 250°C (b) 270 °C and 300 °(C).
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From the above figures, it is clear that while moving towards higher torrefaction temperatures the total mas
yield decreases due to increased devolatilization. The total mass yield variation with respect to torrefaction
temperatures and a residence time of 30 min is seen in figure 4.4.

Figure 4.4: Effect of torrefaction temperature on mass yield (t = 30mins).

The calculation of the energy yield is not quite straightforward. In order to determine the HHV of the fi-
nal torrefied RDF it is necessary to find the variation in the elemental compositions (C,H,O) with degree of
torrefaction. This is estimated on the basis of the instantaneous fractional yields of the solids B and C and
volatiles V1 and V2, the detailed explanation is provided in section 3.3. The effect of torrefaction temperature
on the instantaneous fractional yields of each of the products are shown in figure 4.5 below.

Figure 4.5: Instantaneous product yields of B, C, V1 and V2.

Based on the instantaneous yield it is possible to view the changes in the elemental composition of the prod-
ucts B and C, which is shown by figures 4.6 and 4.7 below. The remaining fraction in the solids is of nitrogen
and ash. However, their variation with respect to temperature cannot be determined through the current
modelling since they do not take part in the reactions, as reported by Bates et al[13]. In the subsequent cal-
culation of the HHV it was assumed that nitrogen content is the same as the initially reported value in table
2.2.
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Figure 4.6: Change in elemental compositions with torrefaction temperature for solid B ( j = C,H,O).

Figure 4.7: Change in elemental compositions with torrefaction temperature for solid C ( j = C,H,O).

From the above figures we can observe that the increase in severity of torrefaction results in an increase in
the carbon content, while the hydrogen and oxygen contents decreases. In order visualise these changes a
Van-Krevelen diagram is used which plots the atomic ratio of H/C to O/C ratio. The position of the final solid
product (C) on the Van-Krevelan diagram for the selected temperatures of 250°C, 270°C and 300 °C is shown
in figure 4.8 below.
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Figure 4.8: Position of torrefied RDF on the Van Krevelen diagram

The expected change in these elemental compositions helps to determine the HHV on the basis of the Boie
correlation, which relates the carbon (C), hydrogen (H), oxygen (O), nitrogen (N) contents to the calorific
value of the product, on the basis of the similar work done by Bates et al.[13] the nitrogen and ash content are
assumed to be unchanged. Abidoye et al[7], obtained a correlation for torrefaction of MSW and the same has
been extended to the current study, given by equation 4.2.1. The calorific values for obtained for the analysed
torrefaction temperatures are shown in table 4.2.

H HV = 351.69∗[%C ]+1162.46∗[%H ]−110.95∗[%O]+104.67∗[%S]−62.8∗[%N ](kcal /kg )
(4.2.1)

Table 4.2: Estimated higher heating values from Boie correlation

Temperature (°C) HHV (kcal/kg) HHV (MJ/kg)
250 4895.26 20.48
270 5781.97 24.19
300 6255.51 26.17

However, from the above values of HHV , on calculating the energy yield,we obtain values which are greater
than 1, which cannot be possible. This is the shortcoming of modelling the elemental variation of the solids,
as it has a tendency to greatly over-predict or under predict the carbon, hydrogen and oxygen content, this
disadvantage was mentioned in the similar modelling work carried out Bates et al[13]. In order to overcome
this problem encountered, a database involving the mass yields, torrefaction temperature and HHV that were
reported in literature for a few feeds such as yard, food and other green wastes based on experiments con-
ducted were sourced, which are shown in Appendix B. An equation relating these three variables (tempera-
ture, mass yield and HHV) were obtained on the basis of Curve fitting done in MATLAB, the fitted surface plot
(figure 4.9) along with the corresponding equation 4.2.2 is shown below.
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Figure 4.9: Surface plot for HHV estimation

f (x, y) = (36.781−0.005394×x −20.05× y) (4.2.2)

Where the x-axis is the temperature (°C), y-axis the reported mass yields and z-axis the reported HHV (MJ/kg).
On the basis of this equation the corrected HHV and energy yields for the mass yields obtained in this work
were determined and their variation with temperature can be seen in figure 4.10

Figure 4.10: Torrefaction mass and energy yields for different temperatures with residence time o 30 mins.

From the above figure we can analyse that with an increase in the temperature of torrefaction, the devolatil-
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isation of the solid product increases which causes the mass yield to decrease progressively. An increase in
the temperature from 240 °C to 270 °C caused a decreases in the mass yield of about 23.7 % and about 54%
when increased to 300°C. The same can be extended for the energy yields as well, where it showed a decrease
with torrefaction temperature. The higher heating value increases with torrefaction temperature.The energy
yield is used as a parameter to determine the trade off between loss of mass and gain in HHV. Since the aim
of the current work is production of torrefied RDF pellets, it is essential to have a high mass yield.Apart from
this consideration, it would be optimum to select a temperature for which kinetic data is obtained in order
to avoid large variability in results. Hence on the basis of all the above results it can be concluded that the
optimum torrefaction temperature is 250 °C with a residence time of 30 min for the production of torrefied
RDF.

4.2.1 Heat integration

As mentioned within section 3.5, the energy of the volatiles or torgas that are evolved are used to meet the
heat demands within the overall process. Aspen Energy Analyzer was used to determine the optimum stream
connections through which this heat integration can be achieved. Based on the results reported in the section
above, it was concluded that the optimum torrefaction parameters were 250 °C temperature and residence
time of 30 min. Carrying out the simulation under the said conditions in Aspen Plus gives rise to the torgas
with a temperature of 800 °C, which is the HOT Stream and is represented by the red line in the below figures.
Three COLD streams are present, to which the heat from the torgas needs to be supplied, they are:

• AIR_to_AIRDRY : Air that is sent to the rotary dryer which serves as the drying medium.

• AIR2 : Air sent to RStoic reactor to vaporize remaining moisture.

• THFLUID : The thermal fluid that is sent to the rotary reactor (RPlug) which serves as the heating
medium.

Figures 4.11 and 4.12 represents the unresolved and resolved stream connections. Based on the optimum
connection that was made, the composite and grand composite curves were generated with a specified min-
imum approach temperature of 10 degree C between the hot and cold stream. These are show in figures
4.13 and 4.14. It can be seen from these figures that the hot torgas stream is able to sufficiently meet the pro-
cess heat demands without the violation of the minimum approach temperature and the need of additonal
heating utilities.

Figure 4.11: Unresolved hot and cold streams connections
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Figure 4.12: Resolved hot and cold stream connections

Figure 4.13: Composite curve

Figure 4.14: Grand composite curve

4.3 Economic Analysis

As mentioned in the previous chapter, the economic evaluation or analysis of the project is done in order
to determine its profitability, which is an indicator of how attractive the investment is. Certain economic
indicators such as net present value (NPV) and payback period (PBP) are used within this study to see if the
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project is feasible.

In order to get a better understanding on the variation in investment required three different cases based on
processing capacities or size of the torrefaction plant is used and is shown in table 4.3. The lower and upper
limit of plant size was set to 50 and 200 ton/day respectively because it is possible that there could a large
variability in the waste generated on a day-to-day basis, where it may have a higher or lower % fraction of
recyclable materials in which the production of the raw RDF is decreased or increased respectively[87].

Table 4.3: Processing capacities selected for economic analysis

Case Size (ton/day)
Low capacity 50
Base capacity 100
High capacity 200

4.3.1 CAPEX

The capital expenditures obtained on the basis of purchased equipment costs as discussed in section 3.6 for
the three processing capacities is shown below in figure 4.15. It can be seen that the CAPEX increases with
the plant size, as the equipment sizes required to process the amount of feed increases, this scale up causes
the increase in CAPEX. The capital costs for the three plant size are given in table 4.4.

Figure 4.15: CAPEX for selected plant capacities.

Table 4.4: CAPEX of RDF torrefaction plants

Case Size (ton/day) CAPEX (MM $)
Low capacity 50 22
Base capacity 100 30
High capacity 200 40
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4.3.2 OPEX

The methodology for determining the operating expenditure was discussed in section 3.6. The operating
labour and utilities influence the operating costs the most. In order to determine the overall utility costs, the
energy consumption for the different unit operations within in the plant needs to analysed and for this the
energy demand for the drying, torrefaction, grinding and pellitization process was extracted from Aspen Plus
and is shown in figure below 4.16

Figure 4.16: Energy consumption of different unit operations with varying capacity.

From the above figure we can observe that the energy required for the drying operation is comparatively very
high with respect to the other operations within the plant,this finding is in accordance with other literature
sources which have reported similar high energy consumption of the drying operation[54][15][61]. The OPEX
was subsequently obtained for the different capacities and is shown in figure 4.17. Similar to the CAPEX, the
OPEX is also expected to rise with increase in the processing capacities due to higher overall energy consump-
tion. The different OPEX values are given in table 4.5 below.
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Figure 4.17: OPEX variation for selected plant capacities.

Table 4.5: OPEX of RDF torrefaction plants

Case Size (ton/day) OPEX (MM $)
Low capacity 50 23
Base capacity 100 30
High capacity 200 49

4.3.3 Net present value (NPV)

The net present value is an economic indicator used to analyse the profitability of an investment. The condi-
tions of NPV under which a project is attractive is shown below.

N PV ≥ 0 Invest i n pr o j ect (4.3.1)

N PV < 0 Re j ect pr o j ect (4.3.2)

In order to obtain the NPV, the cash flows from the product sales as well as an additional revenue in the form
of a ’tipping fee’ needs to quantified. The depreciation may or may not be considered, in the current work
a straight line depreciation has been included with in the calculations of the NPV. The NPV obtained for the
three plant capacities are show in figures 4.18 to 4.20
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Figure 4.18: NPV of low capacity plant. Figure 4.19: NPV of base capacity plant.

Figure 4.20: NPV of high capacity plant.

From the NPV analysis it is possible to determine the minimum selling price of the RDF pellets. The cost of
torrefied pellets range from 160 to 320 $/ton hence the NPV was determined with cash flows expected within
this range with a constant tipping fee of 90 $/ton of RDF[87]. The selling price of the pellets at which the
NPV is just positive or close to zero is the minimum selling price for which the investment is attractive. The
minimum selling price for the three different plant capacities is shown in table 4.6. Based on these values we
can gather that, the low capacity plant would require a higher product selling price in order to break even on
the operating costs, this mainly due to the less output obtained from the plant. Apart from this the coal prices
are usually in the range of 240 $/ton - 255 $/ton, hence it would not be attractive to operate the plant at this
capacity due to very less competitive prices. In the case of the base and high capacity plants the minimum
selling price of the product is close to and lesser than the prices of coal respectively hence these projects offer
to be quite attractive to investment.

Table 4.6: Minimum selling price needed for different plant capacities

Case Size (ton/day) Minimum Selling Price ($/ton)
Low capacity 50 280-290
Base capacity 100 235-250
High capacity 200 200-215
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4.3.4 Payback Period

The payback period is used to determine the amount of time within with which the CAPEX can be recovered
based on the revenue generated, a low payback period is desirable for a project to be attractive for invest-
ment. The payback period for the there plant capacities was calculated based on the methodologies shown
in section 3.6 and results obtained are given in figure 4.21.

Figure 4.21: Payback for the different RDF torrefaction plants.

Based on the above figure we can gather that the low capacity plant has high payback period of 6 years,
mainly owing to the low production capacity and product sales contrary the base and high capacity plants
having better cash flow.

To summarise, based on the economic analysis it was found that the minimum selling price of the torrefied
RDF was competitive with the prices for coal in the case of the base and high capacity plants, owing to their
higher production capabilities, which in turn results in more cash flowing leading to a better NPV and pay-
back period. However as mentioned in the beginning of this section, it is necessary to analyse the variability
in the day-to-day waste generation on the fractions that are being recycled and being sent to treatment cen-
ters for obtaining RDF in order to fix more accurately on an operating range. This would require a more in
depth investigation into the waste generation patterns of the region where the plant is likely to be set up.

4.4 RDF substitution

Refuse derived fuel currently finds major applications within the cement manufacturing industry as a substi-
tute feedstock. One of them main characteristics of cement production is the CO2 emissions accompanying
the process, generally 0.65-0.95 tonnes of CO2 is released with 1 ton of cement production[46]. The efficiency
of the process, fuels used and the specific type cement type produced also plays a role in quantifying the
emissions [46]. The two main sites of major CO2 release within the production process is linked with the
energy released by fuel combustion for burning clinker and other operations while the second source is from
the natural release of CO2 due to de-carbonation of limestone producing calcium silicates and aluminates in
the clinker process when subject to intense heat[10].
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In convectional cement manufacturing process, fossil fuels such as coal, petroleum coke or petcoke, natural
gas or diesel are used to produce the high temperatures needed within the process via their combustion.
It is estimated that approximately 40% of the GHG released during the production process is generated at
this stage, as reported by the World Business Council for Sustainable Development[10]. On considering the
annual global manufacturing of cement, a significant reduction in CO2 emissions can be achieved with just
a slight decrease in the amount of fossil fuels used,a decrease of at-least 10% of the CO2 intensity within the
production process can save close to 0.4 Gt of CO2[46]. Considering the emissions as well as the increasing
fossil fuel prices to decrease their usage,RDF emerges as a very attractive and feasible option as an alternative
fuel.By substituting a part of the total fuel requirement within the process by a percentage amount of RDF,
it is possible to reduce the costs associated with fossil fuel usage as well as a reduction in CO2 emissions,
without comprising on the energy requirements. Since RDF consists of materials that has certain challenges
to their recycling,they most often than not end up in landfills, which is again environmentally undesirable
as the result in further harmful leachates and evolution of methane, another greenhouse gas. The unique
characteristics associated with cement kilns, where flame temperatures in an excess of 2000 °C are present,
can aid in these materials being destroyed without producing additional waste ash or harmful emissions
[46].

The major challenge that is being faced by the use of RDF in cement kilns is the chlorine content. If a
high chlorine content is present, it results in the weakening of the concrete’s compressive strength through
the generation of micro cracks which forms as a result of reactions between chlorine compounds creating
salts[10]. But the cement industry reports that up to 20% of RDF can be substituted to meet the energy
requirements in cement kilns without any negative effects to the final product. Also other waste materials
could also be burnt such as end of life tyres, which can aide in bringing down the requirement of fossil
fuels[46].

In order to analyse what effects the amount of RDF being substituted has on the annual costs associated with
fossil fuel consumption and CO2 release, a basic economic model has been developed that takes into account
four cases of substitution percentage. The model was developed based on the methodology and data that was
available for a typical cement factory that was reported within a similar study carried out by[38]. Table 4.7
below shows the input data needed to carry out the evaluation along with their sources. The calorific value of
the RDF was taken from the current study, based on the torrefaction carried out 250 °C and its corresponding
mass yield which were inputs to the curve fit equation as mentioned in section 4.2. The cost of 1 ton RDF was
taken on the basis of the economic analysis that was carried out in the previous section where the minimum
selling price that was feasible for RDF was determined.

Table 4.7: Data sourced for economic model

Data Value Source
Daily kiln production (tons/day) 4000 [38]
Daily petcoke consumption (Tons/day) 381 [38]
Total energy consumption (MJ/kg.cl) 3.01 [38]
Calorific value of petcoke (MJ/kg) 33.49 [1]
Cost of 1 ton petcoke (USD) 350 [1]
Production cost of 1 ton RDF (USD) 200 Current Work
Calorific value of RDF (MJ/kg) 19.0 Current Work
1 kg petcoke is released as CO2 70 % [46]
Emission cost of 1 ton CO2 (USD) 51 [25]

The section below details the basic calculations that were done to determine the savings expected through
reduction in petcoke consumption and CO2 emissions, by taking the case of 15% substitution of RDF.

1. Energy needed by kiln to meet production capacity of 4000 tons/day :

4000 ton/d ay ×1000×2.9 M J/kg .cl = 11.6×106 M J/d ay

2. On substitution of 15% RDF, energy saving of petcoke achieved is :

11.6×106 M J/d ay ×0.15 = 17.4×105M J/d ay
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3. Amount of RDF needed per hour to compensate energy saved in (2) :

17.4×105M J/d ay/19.01M J/kg /1000/24 h per d ay = 3.81 ton/h

4. Amount of petcoke needed to supply remaining 80% of energy :

(11.6×106 −17.4×105) M J/d ay/33.47 M J/kg /1000/24 h per d ay = 12.27 ton/h

5. Annual savings of petcoke is :

(15.9−12.27) tons/h ×24 h/d ay ×300 d ay s/year = 26,107.62 ton/year

6. Total amount saved for petcoke by 15% substitution of RDF :

26,107.62 ton/year ×350U SD/ton = 9,137,670U SD/year

7. Annual consumption of RDF :

3.81 ton/h ×24 h/d ay ×300 d ay s/year = 27,459.23 ton/year

8. Total costs incurred by the use of RDF :

27,459.23 ton/year ×200U SD/ton = 5,491,846U SD/year

9. The actual financial savings is expected to be :

9,137,670 U SD/year −5,491,846 U SD/year = 3,645,823 U SD/year

The amount of CO2 emissions and the associated costs that can be saved through the substitution of
RDF can be determined in a similar. It has been estimated that 70% of 1 kg petcoke is released as CO2

and the cost of emission of 1 ton carbon dioxide or the social cost of carbon is around 51 USD[25][27].

10. Annual CO2 savings by reduction in petcoke amount :

12.27 ton/h ×0.70×24 h per d ay ×300 d ay s/year = 18,275 ton/year

11. Annual CO2 savings by in petcoke (cost) :

18,275 ton/year ×51U SD/ton = 932,042 U SD/year (4.4.1)

12. Efficiency loss by the use of RDF substitution :

20%×RDF % addi t i on ×100 = (0.20×0.15)×100 = 3% (4.4.2)

13. The net savings achieved through the substitution of RDF is :

((petcoke savi ng+CO2 emi ssi on savi ng s i n petcoke(cost )−RDF pr oducti on cost )×(100−e f f i ci enc yloss))/100
(4.4.3)

((9,137,670 U SD/year+932,042 U SD/year−5,491,846 U SD/year )×(100−3))/100 = 4,440,530 U SD/year
(4.4.4)

Table 4.8 below summarises the findings for the remaining cases of substitution percentage. On the basis
of the above calculations carried out, it is evident that the substitution of RDF within a cement kiln as an
alternative fuel has a positive effect on of the savings associated reduction in fossil fuel consumption and
carbon dioxide emissions.
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Table 4.8: Model summary for the use and savings associated with RDF and petcoke

Parameter Unit Case 0 Case 1 Case 2 Case 3 Case 4
Petoke consumption percentage % 100 95 90 85 80
RDF substitution percentage % 0 5 10 15 20
Petcoke consumption rate ton/h 15.90 13.71 12.99 12.27 11.55
RDF consumption rate ton/h 0 1.27 2.54 3.81 5.09
Petcoke savings ton/year 0 15,710 20,909 26,107 31,306
Petcoke savings USD/year 0 5,498,807 7,318,239 9,137,670 10,957,101
CO2 emissions savings in petcoke ton/year 0 10,997 14,636 18,275. 21,914
CO2 emissions savings in petcoke USD/year 0 560,878 746,460 932,042 1,117,624
RDF procurement cost USD/year 0 1,830,615. 3,661,230 5,491,846 7,322,461
Net savings USD/year 0 4,186,780 4,315,399 4,440,530 4,562,173
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Chapter 5

Conclusion and recommendations

5.1 Conclusion

The current thesis was carried out to fill the gap in literature with regards to the process design and eco-
nomics associated with the torrefaction of RDF. The unit operations that were modelled within the current
study for a 100 ton/day RDF torrefaction plant were a dryer, torrefaction reactor, grinder and pelletization.
Simulation of the dryer and torrefaction units were carried out on the basis of experimental data that was
available in literature. From curve fitting analysis that were carried out the Henderson-Pabis model was
concluded to have shown better correlations with the experimental drying data of RDF with R2 > 0.98. The
equation was then modified in order to understand the variability in residence time of RDF in the dryer with
particle size. The developed equations were implemented into the Aspen Plus model for the convective dryer
in order to provide a greater flexibility to the operation in terms of controlling the temperature of drying as
well as the particle sizes and to view their effects on the residence time. A residence time of 19 mins was
obtained within the dryer for the base processing capacity of 100 ton/day of raw RDF at a drying temperature
of 110°C and particle size of 15 mm.

The torrefaction reactor was modelled on the basis of kinetic equations where the rate constants were
obtained from weight loss vs time data reported within literature for torrefaction experiments. As mentioned
within the previous sectioned an assumption had to made at this point in order to proceed further due to
the lack of reported weight loss data in literature for pure RDF. It was considered that the feed is primarily
composed of organic or green waste which constitutes of yard as well as traces of food waste. Torrefaction
temperatures of 250°C, 270°C and 300 °C with residence time of 30 min were analysed to determine the
optimum condition for maximising the mass and energy yield of the final product. It was concluded that the
optimum torrefaction conditions were 250°C and residence time of 30 min since the final aim is to maximise
the output of torrefied pellets to be used as an alternative fuel. The higher heating value (HHV) of the final
product showed a significant increase in its HHV from 15.6 MJ/kg of the initial material to 19 MJ/kg under the
specified conditions of torrefaction at 250 °and residence time of 30 min. A heat integration analysis carried
out by combusting the evolved volatiles further reinforces the selection of these torrefaction parameters as
the amount of energy present within these volatiles is sufficient to meet the heat requirements within 100
ton/day processing capacity plant. This energy could be used for heating up the air used for drying and the
thermal fluid within the rotary drum reactor.

The economic feasibility of implementing the torrefaction process on a large scale was analysed on the basis
of the CAPEX and OPEX which were calculated as per the selected process conditions of torrefaction at 250
°and residence time of 30 min. Apart from the base case of 100 ton/day, two additional plant sizes of 50
ton/day and 200 ton/day for processing the raw RDF was selected for the economic analysis. For the CAPEX
and OPEX it was observed that with an increase in the processing capacity there is an increase in the costs
incurred due to larger equipment sizes required as well more utilities consumption. The results from the NPV
analysis showed that the minimum selling price that needs to be set for the final product obtained from each
of the three plant sizes of 50 ton/day, 100 ton/day and 200 ton/day were 280 $/ton, 235 $/ton and 200 $/ton
respectively for an internal rate of return of 12%. The revenue was calculated based on the minimum selling
price that was obtained from the NPV analysis and the payback period determined were approximately
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6.5 years, 4 and 2 years for the 50 ton/day, 100 ton/day and 200 ton/day plants respectively. In order to fix
upon the optimum operational capacity of the torrefaction plant, the minimum selling price needs to be as
competitive as the price of coal and petcoke which are commonly used fuels within the cement industry and
their prices range from 240$ton to 350$/ton depending on the quality. Based on this constraint it is evident
that the optimum plant sizes should be in the range of 100 to 200 ton/day and they also have a good payback
period. However an additional challenge that is posed when moving to higher processing capacities is the
availability of the raw RDF itself. As the waste generation patterns are subject to daily, monthly and seasonal
variations there may be instances where a higher fraction of recyclable material could be present in which a
sufficient amount of raw RDF cannot not be sourced from the mechanical treatment plants.

An additional economic analysis was carried out to determine the savings that could be made within a
typical cement that substitutes RDF along with a conventional fuel such as petcoke. Four cases considering
RDF substitution percentages of 5%,10%,15% ad 20% were analysed and it was found that overall a positive
net savings of 4-4.5 MM$ which is inclusive of the reduction in costs incurred from fossil fuel consumption
as well the emission costs of carbon dioxide.

Based on the results obtained from the current work it can be concluded that the torrefaction of RDF is in-
deed attractive and feasible on a large scale, and the final product obtained shows improved physical and
chemical properties which makes it a suitable alternative fuel within an energy intensive industry such as
cement manufacturing which currently relies on fossil fuels. From an economic perspective, as the prices
of these fossil fuels are only expected to increase, the torrefied RDF could serve as a cheaper alternative and
significant savings could be achieved through their use.

5.2 Recommendations

The main challenge that was faced during this thesis was the availability of experimental data for the drying
and torrefaction operations. Since the usage of refuse derived fuel as an alternative fuel is a relatively new
area of study there is quite a large gap present in literature. Given below are certain recommendations that
can aid in taking the current work forward.

• The initial raw RDF is subject to a large variability in its composition based on the location and day-to-
day waste generation patterns of the region. As such the operational conditions needs to be adjusted
to account for this variability and the system boundaries needs to be determined. This can only be
carried out through a more in extensive literature survey of the region where the plant is proposed to
be set up. The effect of additional pre-conditioning steps such as screening should also be explored
and evaluated.

• Further drying experiments for RDF with various compositions, moisture contents and higher temper-
atures need to be carried out in order to reduce the energy consumption as well the drying times. An
analysis into the demand of RDF with respect to its end users needs to be explored, in which case the
feasibility of alternative options such as bio-drying and solar drying can be evaluated when moving
towards a batch wise operation.

• Torrefaction experiments also needs to be carried out for varying composition of RDF with the accurate
reporting of their weight loss data in order to carry out similar modelling and simulation studies. A
large gap exits in literature with respect to the characterisation of the components present within the
volatiles released during the torrefaction of RDF. It would be highly beneficial if these compounds could
be accurately identified and quantified such that the potential for their valorization could be explored
through chemical looping combustion or oxy-fuel combustion to improve the process integration.

• The HGI index for the grindability of RDF and the enery need for its pelletization for various torrefaction
conditions as well as initial particle sizes needs to be experimentally determined.

• If sufficient data for the above mentioned unit operations become available, the flexibility of the model
could be further increased through the implementations of artificial neural networking (ANN). The
ANN model could take the material compositions of the raw RDF as its inputs and can return an esti-
mate of the proximate and ultimate analysis. The simulation model can then run for wide range of the
raw RDF compositions provided a large database is created to have good degree of accuracy.
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Appendix A

Dryer

A.1 MATLAB Code

% T = 60 ; IMC = 31.1%
%
% T = readtable ( ’ Dryingdata1 . xlsx ’ , ’ Sheet ’ , 1 , ’Range ’ , ’H1: H33 ’ ) ;
% M = readtable ( ’ Dryingdata1 . xlsx ’ , ’ Sheet ’ , 1 , ’Range ’ , ’ B1 : B33 ’ ) ;
% MR= table2array (M)
% time= table2array (T)
%
% [n ,m] = s i z e (MR)
%
% for k = 1 :n
% for j = 1 :m
% lnM( k , j )= log (MR( k , j ) )
% end
% end
% %
% f i g u r e ( 1 )
% p= p o l y f i t ( time , lnM, 1 )
% slope = p ( 1 ) ;
% y1 = polyval ( p , time )
% f i g u r e ( 2 )
% plot ( time , lnM, ’ o ’ )
% hold on
% plot ( time , y1 )
% hold o f f
% t i t l e ( ’ Ln(MR) vs t ( 6 0 ) ’ )
% xlabel ( ’ Time( mins ) ’ )
% ylabel ( ’ Ln(MR) ’ )
% legend ( ’ experimental ’ , ’ Fitted ’ )
% L = 5*10^( −3) % Half thickness of slab (m)
% Deff = −( −0.00133*4*L*L ) * ( ( pi )^2)
%
% %
%
% dydx = gradient ( y ) . / gradient ( x ) ;
% Derivative Of Unevenly−Sampled Data
% z c i = @( v ) find ( v ( : ) . * c i r c s h i f t ( v ( : ) , [ −1 0 ] ) <= 0 ) ;
% Returns Approximate Zero−Crossing Indices Of Argument Vector
% zxidx = z c i ( dydx ) ;
% Approximate Indices Where dydx =0

76



Chapter 5 Conclusion and recommendations

% for k1 = 1 :numel( zxidx )
% Loop Finds x & y For dydx =0
% ixrng = max( zxidx ( k1 ) − 2 , 1 ) :min( zxidx ( k1 )+2 ,numel( x ) ) ;
% i n f l p t x ( k1 ) = interp1 ( dydx ( ixrng ) , x ( ixrng ) , 0 , ’ l inear ’ ) ;
% i n f l p t y ( k1 ) = interp1 ( x ( ixrng ) , y ( ixrng ) , i n f l p t x ( k1 ) , ’ l inear ’ ) ;
% end
% f i g u r e ( 1 )
% plot ( x , y )
% hold on
% plot ( x , dydx )
% plot ( i n f l p t x , i n f l p t y , ’pg ’ , ’ MarkerFaceColor ’ , ’ g ’ )
% hold o f f
% grid
% legend ( ’ Data ’ , ’ Derivative ’ , ’ I n f l e c t i o n Points ’ )
% i n f l p t s = s p r i n t f c ( ’(%5.3 f , %5.3 f ) ’ , [ i n f l p t x ; i n f l p t y ] . ’ ) ;
% t e x t ( i n f l p t x , i n f l p t y , i n f l p t s , ’ FontSize ’ , 8 , ’ HorizontalAlignment ’ , ’ center ’ , ’ VerticalAlignment ’ , ’ bottom ’ )
%
% %
%
% [TF ,m, b] = ischange ( y , ’ l inear ’ , ’MaxNumChanges’ , 2 ) ;
% chgpts = [ find (TF ) ; m(TF ) ; b(TF ) ] . ’ ;
% chgidx = find ( chgpts ( : , 2 ) < 0 , 1 ) ;
% f i g u r e
% plot ( t ,MR, ’ linewidth ’ , 1 . 5 )
% hold on
% plot ( t ( chgpts ( chgidx ( : , 1 ) ) ) , MR( chgpts ( chgidx ( : , 1 ) ) ) , ’ xr ’ )
% hold o f f
% grid on
% xlabel ( ’ Time [ s ] ’ , ’ FontWeight ’ , ’ bold ’ )
% ylabel ( ’ Moisture Ratio ’ , ’ FontWeight ’ , ’ bold ’ )
% t i t l e ( ’ Opening angle ’ )

% %% T = 80 IMC = 31.1%
% %
% T2 = readtable ( ’ Dryingdata1 . xlsx ’ , ’ Sheet ’ , 2 , ’Range ’ , ’ B1 : B35 ’ ) ;
% M2 = readtable ( ’ Dryingdata1 . xlsx ’ , ’ Sheet ’ , 2 , ’ Range ’ , ’ C1 : C35 ’ ) ;
% MT2 = table2array (M2)
% t2= table2array (T2)
% %
% [ x , y ] = s i z e (MT2)
%
% for k = 1 : x
% for j = 1 : y
% lnM1( k , j )= log (MT2( k , j ) )
% end
% end
% %
% f i g u r e ( 3 )
% p= p o l y f i t ( t2 , lnM1 , 1 )
% slope2 = p ( 1 ) ;
% y1 = polyval ( p , t2 )
% intercept = p( 2 )
% f i g u r e ( 2 )
% plot ( t2 , lnM1 , ’ o ’ )
% hold on
% plot ( t2 , y1 )
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% hold o f f
% t i t l e ( ’ Ln(MR) vs t ( 8 0 ) ’ )
% xlabel ( ’ Time( mins ) ’ )
% ylabel ( ’ Ln(MR) ’ )
% legend ( ’ experimental ’ , ’ Fitted ’ )
% L = 5*10^( −3) % Half thickness of slab (m)
% Deff2 = −( −0.002761*4*L*L ) * ( ( pi )^2)
% %% T = 100 , IMC = 31.1%
% T3 = readtable ( ’ Dryingdata1 . xlsx ’ , ’ Sheet ’ , 3 , ’Range ’ , ’ B1 : B27 ’ ) ;
% M3 = readtable ( ’ Dryingdata1 . xlsx ’ , ’ Sheet ’ , 3 , ’ Range ’ , ’ C1 : C27 ’ ) ;
% MT3 = table2array (M3)
% t3= table2array (T3)
% %
% [ x1 , y1 ] = s i z e (MT3)
%
% for k = 1 : x1
% for j = 1 : y1
% lnM2( k , j )= log (MT3( k , j ) )
% end
% end
% %
% f i g u r e ( 4 )
% p= p o l y f i t ( t3 , lnM2 , 1 )
% slope3 = p ( 1 ) ;
% y1 = polyval ( p , t3 )
% f i g u r e ( 2 )
% plot ( t3 , lnM2 , ’ o ’ )
% hold on
% plot ( t3 , y1 )
% hold o f f
% t i t l e ( ’ Ln(MR) vs t ( 1 0 0 ) ’ )
% xlabel ( ’ Time( mins ) ’ )
% ylabel ( ’ Ln(MR) ’ )
% legend ( ’ experimental ’ , ’ Fitted ’ )
% Deff3 = −( −0.004174*4*L*L ) * ( ( pi )^2)
% %
% % %%
% A = [ 1 . 2 1 1.199 1 . 2 8 ] ;
% K = [ 0.00133 0.002761 0.004174] ;
% T = [ 60 80 1 0 0 ] ;
% %
%
% % plot (T , K, ’ −o ’ )
% %
%
% % pp = spline (T , X ) ;
%
% Deffx = [ log (1.312657385344885e−06) log (2.724997775140772e−06) log (4.119572877014698e−06) ]
% T = [ −1/(273+60) −1/(273+80) −1/(2730+100)]
% plot (T , Deffx )
% f i g u r e ( 6 )
% p= p o l y f i t (T , Deffx , 1 )
% slope3 = p ( 1 ) * 1 0 ;
% y1 = polyval ( p , T)
% f i g u r e ( 2 )
% plot (T , Deffx , ’ o ’ )
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% hold on
% plot (T , y1 )
% hold o f f
% t i t l e ( ’ Ln(MR) vs t ( 1 0 0 ) ’ )
% xlabel ( ’ Time( mins ) ’ )
% ylabel ( ’ Ln(MR) ’ )
% legend ( ’ experimental ’ , ’ Fitted ’ )
% Deff3 = −( −0.004174*4*L*L ) * ( ( pi )^2)
%
%
% Ea = slope3 *8.314
%
% %%
%
% % T = readtable ( ’ Dryingdata1 . xlsx ’ , ’ Sheet ’ , 3 , ’Range ’ , ’ B2 : B28 ’ ) ;
% % M = readtable ( ’ Dryingdata1 . xlsx ’ , ’ Sheet ’ , 3 , ’Range ’ , ’D2: D28 ’ ) ;
% % MT = table2array (M)
% % t = table2array (T)
% %
% % plot ( t ,MT)
% %
% % DRx = readtable ( ’ Dryingdata1 . xlsx ’ , ’ Sheet ’ , 3 , ’Range ’ , ’ E3 : E28 ’ ) ;
% % Tx = readtable ( ’ Dryingdata1 . xlsx ’ , ’ Sheet ’ , 3 , ’Range ’ , ’ B3 : B28 ’ ) ;
% % DR = table2array (DRx)
% % tx = table2array ( Tx )
% % plot ( tx ,DR)
% %
% NMx = 100*[0.010869821 0.009976713 0.009171715 0.005927202 0.004530531 0.003180285 0.002237402 0.001646955 0.001180091 0.000836808 0.000672032];
% NDRx = [1 0.914979965 0.876650829 0.714903123 0.595059633 0.46908059 0.414566394 0.298777902 0.181555749 0.099903013 0.004144552];
% plot (NMx,NDRx)
% %%
%
% Tx= readtable ( ’ Dryingdata2 . xlsx ’ , ’ Sheet ’ , 7 , ’Range ’ , ’ A1 : A10 ’ ) ;
% tx = readtable ( ’ Dryingdata2 . xlsx ’ , ’ Sheet ’ , 7 , ’Range ’ , ’ B1 : B10 ’ ) ;
% t t x = table2array ( tx )
% TTx= table2array ( Tx )
%
% plot (TTx , t tx , ’ LineWidth ’ , 2 )

% MC = 0 . 4 5 ;
% V o l a t i l e s = 0 . 4 9 ;
% Char = 0.05 ;
% Ash = 0.17 ;
% LHV = 12 ;% MJ/kg
%
% % Ultimate Analysis
% C = 0.288 ;
% H = 0.041 ;
% O = 0.204 ;
% N = (0.5/100) ;
% S = ( 0 . 2 / 1 0 0 ) ;
%
% RDFI = 100 ;% t /d
%
% Feed = 3779.936 ;
% Xi = 0 . 4 5 8 ;
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% Xf= 0 . 1 0 ;
% TO = 3 7 . 3 ;
% TI = 25;
%
% Water = Feed* Xi ;
% Solids = Feed*(1 − Xi ) ;
% DryRDF = Solids /(1 −0.10) ;
% RemovedM = Feed − DryRDF ;
%
% Density = 300 ;
% Heatcap = 1.2552 ;
%
% MC1 = RemovedM;
% Cp = 4 . 1 8 4 ;
% Lv = 2260 ;
%
% Q1 = MC1*Cp*(100 − TI )+MC1*Lv ;
%
% Q2 = Solids * Heatcap *(37.56 − TI ) ;
%
% Q3 = (Q1+Q2) * 1 . 5 ;
%
% TAIN = 110 ;
% TAO = 44.836 ;
%
% cpa =1.02199999024;
%
% MAir = Q3 /( cpa * ( TAIN−TAO) ) ;
%
%
% G = 10000 ;
% Area = MAir / G;
% Dia = sqrt (4* Area / 3 . 1 4 ) ;
% k= 5 . 2 5 ;
% n=0.67;
% Ua = k*G^(n ) / ( Dia ) ;
% Nt = 2.5 ;
%
% Tw = (TAIN−(TAO*exp ( Nt ) ) ) / ( 1 − exp ( Nt ) ) ;
% TLN = ( ( TAIN−Tw) −(TAO−Tw) ) / log ( ( TAIN−Tw) / (TAO−Tw) ) ;
% TLK = TLN + 273 ;
%
% L = (Q3* 4 . 1 8 7 ) / ( Area *Ua*TLK) ;
% x = L/Dia ;
%

A.2 CALCULATOR BLOCK

% M = 0 . 1 0 ;
% A = (0.0003175*TAIR*TAIR ) −( 0.04785*TAIR ) + 2 . 9 9 5 ;
% C = (0.00007725*TAIR ) − 0.00338
% Y = DLOG(A ) ;
% X = DLOG(M) ;
% RESTIME = (Y−X) /C;
% V1 = MAIR/ADENS/(3600*AREA ) ;
% D i f f = 0.00000441;
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% RE = V1*SQRT(AREA/3.1415)*2/ D i f f ;
% Sc = 0 . 7 0 4 ;
% Pr = 0 . 7 1 ;
% SH1 = 0.664*RE* * ( 1 / 2 ) * Sc * * ( 1 / 3 ) ;
% SH2 = 0.037*RE * * ( 0 . 8 ) * Pr /(1+2.433*RE**( −1/10)*( Pr * * ( 2 / 3 ) − 1 ) ) ;
% SH = SQRT(SH1**2+SH2 * * 2 ) ;
% HCAL = 1620500*4.186/3600;
%
%
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Torrefaction

B.1 Two-step mechanism derivation
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                                                                                     (B.7) 

 

Integrating both side of Eq. (B.7) with the initial condition, t=0, A = A0.  

 

                                                                                       (B.8) 



Solve Eq. (B.3) to get B. From Eq. (B.3) and (B.9) , 

 

                                                     (B.9) 

 

 

Let 𝐾1 = 𝑘1 + 𝑘𝑣1 and 𝐾2 = 𝑘2 + 𝑘𝑣2. Rewriting Eq. (B.9) 

                                                

                                                                              (B.10) 

 

Eq. (B.10) is a non-homogenous first order ODE whose general solution is: 

            

                                      (B.11) 

The solution to Eq. (B.11) is 𝐵𝑝 = 𝐶2𝑒−𝐾1𝑡 and 𝐵′
𝑝 = −𝐾1𝐶2𝑒−𝐾1𝑡.On substituting these in Eq. 

(B.10) we obtain, 

 

 

 

 

 

 

 

On including the initial conditions, B = 0 at t=0, we obtain C1 

 

 

 

       

 

 

                                    (B.12) 

 

From Eq.(B.3) and (B.12) we get ,  

 



   

                                                   (B.13) 

 

 

On integrating and simplifying the above Eq.(B.13) ,  

 

 

 

The integration constant C3 can be obtained by applying the initial conditions C=0 at t=0, 

 

 

 

 

 

 

         (B.14) 

 

From Eq. (B.4) and Eq. (B.8) , We obtain ,  

 

 

Applying initial condition V1 =0 at t=0,  

       

                                                                                     (B.15) 

 

From Eq.(B.7) and (B.12) ,  

 



 

 

 

 

 

 

Applying initial condition V2 =0 at t=0 to get C5,  

 

 

                             (B.16) 

 

On solving the initial ODE’s Eq.(B.1) to (B.4) we obtain, 

 

    (B.17) 

 

    (B.18) 

 

    (B.19) 

 

    (B.20) 

 

 

    (B.21) 

 

The solid mass (M) and the volatile (V) obtained after torrefaction are, M = A+B+C and V = V1+V2. 

 

     (B.23) 

 

 

 

 

 



M/Ao is the solid yield (Ys), on rewriting the above equation, 

 

(B.24) 

 

 

For the volatiles,  

 

 

 

(B.25) 

 

 

V/Ao is the volatile yield (Yv). On rewriting the above equation, 

 

 

(B.26) 

 

 

It can also be written as , Yv = 1-Ys 
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B.2 Database for HHV estimation

Type Temperature (°C) Mass Yield HHV (MJ/kg) Source

MSW

250 0.82 17.1

[6]
270 0.62 19.1
300 0.57 23.66
330 0.46 28.09

MSW
250 0.86 18.27

[89]
300 0.73 23.66

RDF

250 0.82 18.24

[16]
260 0.75 21.65
280 0.64 22.26
300 0.58 25.47

Kitchen waste
250 0.81 18.13

[82]270 0.73 20.97
300 0.46 23.28

Agriculture and wood waste
250 0.82 18.74

[22]270 0.76 19.57
300 0.60 23.68
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