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Abstract 

This paper presents a computational fluid dynamics (CFD) modelling study to investigate Victorian brown coal combustion in a 550 MW 

utility boiler under the air-fired (standard) and three oxy-fuel-fired cases.  The standard case was modelled based on the real operating 

conditions of Loy Yang A power plant located in the state of Victoria, Australia. A level of confidence of the present CFD model was 

achieved validating four parameters of the standard combustion case, as well as the previous preliminary CFD studies which were 

conducted on a lab-scale (100 kW) unit firing lignite and propane under oxy-fuel-fired scenarios. The oxy-fuel combustion cases are 

known as OF25 (25vol. % O2 concentration), OF27 (27vol. % O2 concentration), and OF29 (29vol. % O2 concentration). The predictions 

of OF29 combustion case were considerably similar to the standard firing results in terms of gas temperature levels and radiative heat 

transfer compared with OF25 and OF27 combustion scenarios. This similarity was because of increasing the residence time of pulverised 

coal (PC) in the combustion zone and O2 concentration in feed oxidizer gases. Furthermore, a significant increase in the CO2 

concentrations and a noticeable decrease in the nitric oxides (NOx) formation were noted under all oxy-fuel combustion conditions. This 

numerical study of oxy-fuel combustion in a full-scale tangentially-fired PC boiler is important prior to its execution in real-life power 

plants. 
© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 

of Mechanical Engineers 
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1. Introduction 

In general, approximately 85% of electricity production is obtained from solid fuel (coal) in Australia. In the Latrobe 

valley/Victoria, the Loy Yang power plant has been designed to use brown coal. This source of energy is a major 

contribution to the greenhouse gases (GHG) emissions. In order to keep a continuous usage of existing power plants and 

make them environmentally friendly, innovations and research on the brown coal combustion in tangentially-fired furnaces 

can play an important role to develop this economical energy source. In addition, with increasing concerns from the Kyoto 

Protocol against the global climate change, developments and research on the brown coal combustion can also make it meet 

a better sustainable progress for power plants (Chun-Zhu, 2004). 

 

Recently, several advanced combustion technologies have been developed such as Pre-combustion capture, post-

combustion capture, and oxy-fuel combustion capture. These technologies are being considered as the most efficient 

utilization technologies to reduce CO2, NOx, and SOx emissions and fuel consumption (Wall et al., 2009; Kakaras et al., 

2007). However, oxy-fuel (O2/CO2) combustion technology has been widely considered the most viable technique in the PC 

power plants. The basic concept of the O2/CO2 technology is to use pure oxygen (approximately 95vol.% O2), produced in 

air separation units, instead of air (O2/N2) in conventional combustion to burn fuel. Due to this high purity of O2, a very high 

combustion temperature is achieved in the combustion zone. This elevated temperature can be diluted by recycling part of 

the flue gas (about 60-80%) to the furnace so as to decrease the radiation heat transfer to the furnace wall. At the end of this 

process, the partial pressure of carbon dioxide in the flue gas is highly increased; thereby the capturing process of CO2 will 
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be easier and economically efficient relative to that in the conventional firing. Nevertheless, NOx and SOx are decreased, and 

a high char burnout is achieved in the exit flue gas (Al-Abbas and Naser, 2012a). 

 

Before switching to apply oxy-fuel combustion technique for conventional full-scale firing boilers, lab-scale furnaces 

have to be initially examined under a number of oxy-fuel combustion conditions. This strategy is strongly recommended to 

examine the combustion characteristics and boiler performance.    Nevertheless, when the oxy-fuel combustion program was 

started in the last decade, much research has been carried out in terms of experimental investigations (Andersson, 2007) and 

numerical studies (Al-Abbas et al., 2011). The most important features of this work focused on the species concentrations, 

flame temperature levels, char burn-out, NOx and SOx formation, and heat transfer.  The values of these variables, under 

oxy-fuel combustion conditions, are connected to the amounts and concentrations of oxygen and carbon dioxide used in the 

recycled flue gas (RFG). The differences in the thermodynamics properties between the CO2, in oxy-fuel, and N2, in the 

conventional firing atmosphere, can lead to some changes in the combustion characteristics inside the furnace. These 

amendments should be reduced as much as possible so as to be close to the characteristics of conventional combustion. 

 

From the recent literature, there are a lot of innovations on oxy-fuel combustion technique, which implemented under 

several operating conditions and combustion environments to reduce the retrofits for the conventional combustion system. 

However, in the present simulation study, the oxy-fuel combustion approach that conducted experimentally in the Chalmers’ 

lab-scale furnace (Andersson, 2007) has been chosen. This selection was dependent on the preliminary CFD studies (Al-

Abbas and Naser, 2012a and b). Whilst the existing (reference) combustion case has been simulated based on the  drawings 

and operation conditions of Loy Yang A power plant that provided by the Energy Technology Innovation Strategy (ETIS) 

program (Staples and Marshall, 2010). A CFD code, AVL Fire version 2008.2, was used to model and analyze four different 

combustion environments. Four combustion scenarios were simulated:   standard PC combustion, and three oxy-fuel 

combustion cases, which are known as OF25, OF27, and OF29.  User-defined functions (UDFs) required for the PC 

devolatilization, char burnout, multi-step chemical reactions, mass and heat transfer, carbon in fly-ash, and nitric oxidizes 

formation/destruction have been written and incorporated into the CFD code. Results, for all combustion cases investigated, 

are compared. The species concentrations, temperature distributions, gas-phase velocity fields, char burnout, NOx emissions, 

and radiative heat transfer obtained for all combustion cases were compared.  

2. Model description and methodology 

2.1. Geometry and operating conditions of the boiler 

The tangentially-fired Victorian (Australian) brown coal 550 MWe boilers located in the Latrobe Valley mine, was used 

in this simulation study. The geometric description of the CFD model for the boiler, Loy Yang A, is shown in Figure 1a. 

The unit produces 430 kg/s of steam flow at 16.8 MPa and 540 
o
C under full load of operating conditions. In Figure 1, the 

CFD model was extended from the furnace hopper up to the top of the tower. The geometric dimensions of the simulated 

boiler were 98.84 m, 17.82 m, and 17.82 m for the height, width, and depth, respectively.  

 

The furnace used in this study consists of eight mill-duct systems, two on each side face of the furnace. Only five mills 

(numbers 1, 2, 5, 6, and 8) are in service and the remaining mills are out of service (numbers 3, 4, and 7). There are three 

inert burners and three main burners for each mill-duct system. The mill-duct systems are designed for the following 

purposes: grinding the raw coal into pulverized coal (PC) in the mill, removing the moisture content (62% wt) from the 

brown coal through the drying shaft, transporting and distributing the PC.  The centrifugal separation system is used to 

deliver pulverized coal from the grinding mill to the inert and main burners of the furnace.  This distribution of fuel and 

gases (fuel-rich mixture) to the main burners is required to maintain combustion stability in the furnace.  

 

Table 1 shows the mass flow rates (kg/s) of air (O2/N2) and O2/CO2 for the reference (air-fired) and the oxy-fuel 

combustion scenarios, respectively at each secondary air duct. In the furnace zone, the burners’ arrangements on the furnace 

wall surface were as follows from top to bottom: upper inert burner (UIB), intermediate inert burner (IIB), lower inert burner 

(LIB), upper main burner (UMB), intermediate main burner (IMB), and lower main burner (LMB). The locations, reference 

levels (R.L.), of the above-mentioned burners are based on the original ground level of the power plant. The secondary air 

port ducts were set up above and below each burner in order to improve combustion characteristics.  A schematic 

demonstration of the secondary air ports, in the inert burners, was as follows from top to bottom: upper inert secondary air 

duct (UISAD), upper intermediate inert secondary air duct (UIISAD), lower intermediate inert secondary air duct (LIISAD), 

lower inert secondary air duct (LISAD). While in the main burner, the schematic demonstration of the secondary air ports 
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was shown as follows: upper main secondary air ducts 1 and 2 (UMSAD1& 2), intermediate main secondary air ducts 1 and 

2 (IMSAD1& 2), and lower main secondary air ducts1 and 2 (LMSAD1& 2). In order to control the air flow distribution in 

the central zone of the main burners, a core air duct is installed in the middle of each PC burner, i.e. upper, intermediate, and 

lower core secondary air ducts (UCSAD, ICSAD, and LCSAD). In representing the convection zone, eight different sources 

of heat sinks were implemented above the location of hot gas off-takes (HGOTs).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Table 1. The mass flow rates (kg/s) of air (O2/N2) and O2/CO2 for the reference (air-fired) and the oxy-fuel combustion scenarios at each secondary air duct.  

 
 

Secondary air duct 

 

 
 

Distribution 

ratio (%) 

Combustion cases 

Standard Air-Fired Oxy-Fuel OF25 Oxy-Fuel OF27 Oxy-Fuel OF29 

Mass flow 

(kg/s) 

Mass flow 

(kg/s) 

Mass flow 

(kg/s) 

Mass flow 

(kg/s) 

Upper inert 5.0% 6.89 5.71 5.3 4.96 

Upper intermediate inert 5.0% 6.89 5.71 5.3 4.96 

Lower intermediate inert 5.0% 6.89 5.71 5.3 4.96 

Lower inert 5.0% 6.89 5.71 5.3 4.96 

Upper main 20.0% 27.55 22.87 21.21 19.84 

Upper core 6.67% 9.19 7.62 7.07 6.61 

Intermediate main 20.0% 27.55 22.87 21.21 19.84 

Intermediate core 6.67% 9.19 7.62 7.07 6.61 

Lower main 20.0% 27.55 22.87 21.21 19.84 

Lower core 6.67% 9.19 7.62 7.07 6.61 

Total  137.78 114.35 106.09 99.2 

 

2.2. Numerical description 

The geometric model was precisely constructed using the CAD tool, and the dimensions of model geometry were taken 

from the power plant drawings. The first step of this simulation has been conducted solving of the governing equations of 

combustion, heat and mass transfer, and turbulent flow under transient mode. The solutions are repeated for all variables in 

each control volume until the usual convergence limit was achieved with less than 10
-4

; the CFD code is based on the finite-

volume approach. For the convergence criteria, simulations were run up to 48,000 time-steps until the stable quasi steady 

 

 

  

Fig. 1. The geometric description of the CFD model for the boiler, unit 1 at Loy Yang A power station. 
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state was reached. Then, the numerical results were averaged over the final 8,000 time-steps. After the converged solution 

was achieved for the two-phase (gases and particles) flow, the second step of the simulation was subsequently implemented 

for the NOx formation/destruction models.  

 

The standard SIMPLE algorithm was used solving the combination between the velocity and pressure in Navier-stokes 

equations. A Lagrangian/Eulerian approach was used for gas-solid two-phase flow. Under the initial simulation set up, the 

time-step used in this simulation was limited to 0.0005 (s) in order to allow for the temperature profile to stabilize. Once the 

simulation results become more stable, the time-step is increased up to 0.0025 (s), an appropriate value by the numerical 

stability.   The total number of particles used in this simulation was 50,000 particles, and the share of each in the service 

mill-duct system was 10,000 particles. In the convection zone of the furnace, heat absorption sources for the water tube wall 

and the convective tube banks were simulated as heat transfer sink terms (user defined sinks) in the enthalpy equation.  

3. Results and discussion 

3.1. Temperature distributions 

In Figure 2, the distributions of flue gas temperatures are showed along the height of the furnace at the mid cut of X-Z 

plane for the air-fired, OF25, OF27, and OF29 combustion scenarios. As soon as the reaction processes between PC and 

oxidizer gases have been started the flame temperature is gradually increased to be at a peak value in the furnace zone as 

follows: 1591.37 K for air-fired, 1479.0 K for OF25, 1540.3 K for OF27, and 1592.0 K for OF29. It is clearly seen that a 

reduction in the levels of the gas temperature when the N2 is replaced by the CO2 in the secondary air ducts, particularly in 

the OF25 and OF27cases examined. That obvious decrease in the gas temperature was mainly due to the higher volumetric 

heat capacity of CO2 compared to N2 in the gas mixture.  On the other hand, the maximum gas temperatures between air-

fired and OF29 combustion cases were approximately identical. That improvement on the gas temperature of the latter oxy-

fuel case was because of increasing O2 concentration in the feed oxidizer gases. However, the inlet flow fields of feed 

oxidizer gases (O2/CO2), in all oxy-fuel cases, were reduced in proportion to the volumetric flow rates by fixed ratios: 83%, 

77%, and 72% for OF25, OF27, and OF29, respectively with respect to the conventional firing case.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Distributions of the flue gas temperature (K) along the height of the furnace at the mid cut (X-Z plane) for air-fired, OF25, OF27,      and OF29 

combustion cases.  
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Figure 3 presents the average flue gas temperature profiles along the furnace centreline, from bottom of the hopper up to 

the convective tube banks’ location, for all combustion scenarios. As seen in the hopper region (level Z=0 m to level Z=14 

m), the gas temperatures are low for all O2/CO2 cases compared to that of the conventional firing case. This phenomenon 

might be due to the availability of oxygen, in this region of the furnace, in the air-fired case. In contrast, no air leakage is 

considered in all O2/CO2 cases, and thus nearly no combustion occurs in the hopper zone. In Fig. 3, two peak gas 

temperatures exist in the furnace zone. The first peaks appear in the zone close to the main (PC) burners, which considered 

the fuel-rich mixture region in the furnace. Whilst the second peak values were approximately in the inert burner region, 

around level Z=28 m. These higher gas temperatures resulted in the reaction between the volatile matters released from the 

coal and surrounding oxygen, and thus a high amount of heat is generated.  After that increase of the gas temperature in the 

burners region, the value gradually falls due to the heat absorption sinks of the furnace water wall and heat exchanger tubes 

at the upper zone of the boiler. Also observable in Fig. 3 is that despite similarities in the distributions of gas temperatures,   

25% O2/75% CO2 mixture case showed low temperature values than other cases, in particular in the furnace zone.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Profiles of the mean flue gas temperature (K) along the furnace centreline for all combustion scenarios. 

 

3.2. Species concentrations (carbon dioxide) 

Figure 4 shows the profiles of carbon dioxide mass fraction (kg/kg) along the furnace centreline (from bottom of the 

hopper up to the convective tube banks’ location) for all cases examined. For all oxy-fuel cases, the values of the CO2 

concentrations were approximately similar along the furnace centreline. In addition, the thermal dissociation mechanism of 

CO2 adopted is clearly noticed in the furnace zone (level Z=14 m to level Z=25 m), particularly in the air-fired case. The 

differences in the CO2 concentrations between the conventional combustion case and oxy-fuel cases are evident because of 

adopting the Chalmers’ approach in this study. Approximately five times higher CO2 is achieved for all oxy-fuel combustion 

scenarios compared to the air-fired case. The concentrations of CO2 mass fractions at the furnace exit were equal to 18.84, 

85.76, 85.01, and 84.18 wt% for the air-fired, OF25, OF27, and OF29, respectively. Due to the higher capability of carbon 

dioxide to absorb the combustion heat, this elevated CO2 in the oxy-fuel cases can potentially increase the protection of the 

furnace wall against the hot flue gases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Profiles of carbon dioxide mass fraction (kg/kg) along the furnace centreline (from bottom of the hopper up to the convective tube banks’ 

location) for all combustion cases examined. 
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3.3. NOx emissions 

Figure 5 presents the distributions of nitric oxides (NOx) ppm at the UMB plane and at the UIB plane for all combustion 

cases. In Fig. 5, there is a significant decrease in NOx formation in all oxy-fuel combustion scenarios compared to the 

standard firing case. This reduction can be attributed into two main reasons: firstly due to decrease in the gas temperatures 

in the combustion zone; secondly due to the suppression of the thermal NO mechanism.  It can be seen in Fig. 5 for oxy-fuel 

combustion cases, the conversion rates of coal-N to NOx are somewhat increased with oxygen concentrations in the feed 

oxidizer gases. The concentrations were 375, 180, 240, and 280 ppm, under dry conditions, for the standard (air-fired), 

OF25, OF27, and OF29 cases, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Fig. 5. Distributions of NOx (ppm) at the UMB plane and at the UIB plane for all cases investigated.  

4. Conclusion 

In this study, a commercial CFD code, AVL Fire ver.2008.2, has been modified to investigate the Victorian brown coal 

combustion in a 550 MW tangentially-fired boiler under different combustion media. The obtainable experimental data were 

used to validate the numerical results under the standard firing condition, a good agreement is achieved. The oxy-fuel 

combustion approach adopted in a 100 kW facility unit (Chalmers’ furnace) was applied to the present large-scale furnace in 

three oxy-fuel-fired conditions, namely OF25, OF27, and OF29.  In the OF25 and OF27 combustion cases, a clear reduction 

in the gas temperatures was noted compared to the standard firing case. In contrast, OF29 case showed similar gas 

temperature levels and radiative heat transfer to that of the standard firing case. This is due to augmenting the residence time 

of coal particles and oxygen concentrations in the gas mixture.  
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Abstract 

Influence of alternative fuels on diesel engine exhaust particle emission was investigated using an ultra-low sulfur diesel 

fuel as a baseline fuel where two biodiesels (canola & tallow), Fischer–Tropsch and bioethanol were used as alternative 

fuel. Both the biodiesels coming from canola and tallow feedstocks, as well as F-T were used as 100% to run the engine 

where up to 40% energy substitution by ethanol was achieved without any sacrifice of engine power output. It was found 

that up to 30% ethanol substitution reduced both particulate mass (PM) and particle number (PN) emission consistently for 

all load settings at 2000 rpm, highest 59% reduction in PM and 70% reduction in PN observed at 100% load. As previously 

suggested the possible mechanism for the observed reduction is the oxidation of particulate matter by OH radicals which are 

in excess with ethanol fumigation. For 40% ethanol substitution some inconsistency was observed for PM emission at 

different loads but consistent reduction was found for PN. Condensation of unburned/partially burned hydrocarbons that 

later condense on existing soot might be responsible for this, as the maximum increase of PM was observed at quarter load 

where low in cylinder temperature favour to nucleation of unburned hydrocarbons. PM emission was also reduced in case of 

using 100% FT, and 100% biodiesel and the highest 90% reduction in PM was observed for biodiesel at 100% load with 

almost no difference between the two biodiesels itself. On the other side a considerable difference was observed between 

canola and tallow biodiesel in case of PN emission. Canola biodiesel increased PN, due to the presence of the nucleation 

mode, for almost an order of magnitude for all load and speed settings where no such increase was observed for tallow 

biodiesel. 

 

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 

of Mechanical Engineers 
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Nomenclature 

DPM      Diesel particulate matter B100       100% biodiesel 

PM         Particle mass FT           Fischer–Tropsch(Synthetic diesel) 

PN         Particle Number EXX % of energy substitution by ethanol fumigation 
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1. Introduction 

Compression Ignition (CI) engine is in the pace of increasing popularity due to its higher thermal efficiency. It powers 

much of our land and sea transport, provides electrical power, and is used in farming, construction and industrial activities. 

Despite its significant advantages over Spark Ignition (SI) engines the tail pipe emissions from CI engines, especially 

particulate matter (PM) and NOx, are still a matter of great concern. Particulate matter emitted by diesel engine affects the 

Earth's temperature and climate by altering the radiative properties of the atmosphere[1]. All though Particles emitted from 

diesel engine contribute to the global climate both by direct heating and indirect cooling, the heating effect is dominant. So it 

is really important for climate change mitigation to reduce the diesel engine particulate matter emissions. Even, short 

atmospheric lifespan makes black carbon abatement one of the most attractive means to make a significant near-term impact 

on global warming. 

 

In addition to climate change, chronic exposure of diesel exhaust particles (DEP) may lead to exacerbation of pulmonary 

diseases such as asthma and bronchitis as well as lung cancer. A few studies[2-4] have also described negative impacts of 

DEPs on reproductive systems i.e liver functions[3] and brain activity[4]. A recent epidemiological study on underground 

miners reported an increased risk of lung cancer mortality associated with DPM exposure[5]. By considering the health risk 

associated with DPM, International Agency for Research on Cancer (IARC), which is part of the World Health Organization 

(WHO), classified diesel engine exhaust as carcinogenic to humans. This adverse health effect of DPM is related to both the 

physical properties and chemical composition of particles. Physical properties of DPM that influence respiratory health 

include particle mass, number and size distribution, surface area and mixing status of particles[2]. As for example deposition 

of particles in different parts of the lung depends on their size, the smaller the particles the higher the deposition efficiency. 

Even small particle can penetrate deep into the lung. Furthermore,  Smaller the particle, greater the chance of staying longer 

time in the atmosphere, so smaller particles have a higher probability that they will be inhaled and deposited in the 

respiratory tract and in the alveolar region. Due to the superiority of particle number over particle mass in determining its 

health and climate effect, European Union (EU) has already introduced particle number based emission standards for euro-v 

and euro-vi engines. 

 

Use of after treatment technology is one way of reducing diesel exhaust emissions[6] where alternative fuels can be 

another potential way[7]. Among different types of alternative fuels biodiesel and synthetic diesel fuel, such as Fischer–

Tropsch (F–T), are considered to be the most promising options for CI engines as they can be used in CI engines without 

engine modification[8]. Ethanol, as an alternative fuel, also has the potential to be used in CI engines[9], but its very low 

cetane number and poor solubility in diesel, especially at low temperature, is key barrier on its way of implementation. 

Fumigation of ethanol into the intake manifold of the engine where vaporized ethanol mixes with incoming air can resolve 

the issue of poor solubility when blending ethanol with diesel. In this study, a six cylinder 6 liter turbocharged heavy duty 

Cummins diesel engine was used to investigate the effect of afore mentioned alternative fuels on diesel emission with a 

special emphasis on particle emission. 

2. Experimental Methods 

PM and NOx emission measurement was performed from the exhaust of a 6 cylinder, turbocharged-after cooled, common 

rail diesel engine. Specification of the engine has shown in table-1. Engine was soupled to an ECU controlled hydraulic 

dynamometer for adjusting the engine load and speed. An ultra low sulphur diesel fuel was used as a baseline fuel to run the 

engine where two biodiesel (canola & tallow), a synthetic diesel F-T (Fischer–Tropsch) and bio ethanol were used as 

alternative fuel. Both the biodiesels coming from canola and tallow feedstocks, as well as F-T were used as 100% basis to 

run the engine where up to 40% energy substitution by ethanol was achieved without any sacrifice of engine power output. 

Energy substitution by ethanol was accomplished by fumigating the ethanol into engine intake air. 

  

 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic diagram of experimental set up 

 

Table 1: Engine Specification 
Model Cummins ISBe220 31 

Cylinders 6 in-line 
Capacity (L) 5.9 

Bore × Stroke (mm) 102 × 120 

Maximum power 
(kW/rpm) 

162/2500 

Maximum torque 
(Nm/rpm) 

820/1500 

Compression ratio 17.3 
Aspiration Turbocharged & after 

cooled 

Fuel Injection Common rail 
Emissions certification Euro III 
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Figure-1 displays the experimental setup used to sample exhaust from diesel engine exhaust pipe. An ejector diluter made 

by Dekati was  used to dilute the raw exhaust from the engine exhaust pipe, where raw exhaust is mixed with particle free 

compressed air. The purpose of the dilution is to bring down the temperature as well as the concentration of gases and PM 

within the measuring range of the instrument. A HEPA filter was used to provide particle free compressed air for the diluter. 

Diluted exhaust was then sent to different gaseous and particle measuring instrument for measurement. A CAI 600 series 

CO2 analyzer was used to measure the CO2, and CO concentration directly from the raw exhaust.  A second CO2 meter 

(SABLE, CA-10) was used to record the CO2 from the diluted exhaust.  Dilution ratio was calculated from two CO2 

measurements by using the following formula. 

 

 
 

A CAI 600 series CLD NOx analyzer was used to measure the NOx and NO2 from diluted exhaust. PM2.5 emissions was 

measured by a TSI DustTrak(Model 8530). DustTrak readings were converted into a gravimetric measurement by using the 

tapered element oscillating microbalance to DustTrak correlation for diesel particles published by Jamriska et al[10]. 

Particle number and size distribution was measured by scanning mobility particle sizer (SMPS) consists of TSI 3080 

classifier and TSI 3025 butanol base condensation particle counter (CPC). 

3. Results and Discussions 

3.1. PM 2.5 emission from different alternative fuels 

Figure-2 shows the brake specific PM2.5 emission at engine speed 2000 rpm. For 25% and 100% load, PM reduced 

consistently with the increase of ethanol percentage and maximum 59% reduction was observed for 30% ethanol 

substitution at 100% Load. For 40% ethanol substitution PM increased slightly at 100% load which was well below the PM 

of neat diesel but around 44% increase was observed at 25% load resulted in highest PM emission among all fuels and 

engine load settings. On the other hand, no such reduction in PM was observed due to ethanol substitution for 50% and & 

75% load. The most significant reduction in PM2.5 was achieved when using biodiesel and this trend was consistent 

regardless of the load and speed settings of the engine. Highest 93% reduction was achieved for 100% canola biodiesel 

while it was 91% for tallow biodiesel. A considerable reduction in PM is also observed for synthetic diesel which was 

higher than both of the biodiesels but lower than neat diesel and all ethanol substitutions. 
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Figure 2: Brake specific PM2.5 emission for different alternative fuels at 2000 rpm engine speed 
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3.2. Particle number and size distribution form different alternative fuels 

The reduction in PM due to alternative fuel is further revealed in particle number and size distribution as shown in figure-3, 

figure-4(a) and figure-4(b). With the increase of ethanol substitution, brake specific particle number concentration decreased 

consistently at 25%, 50%, 75% and 100% load, and highest reduction happened for 40% ethanol substitution at 100% load. 

For 25% load, total particle number concentration at 10% ethanol substitution was higher than neat diesel and 30 nm 

increase of particle median diameter was found for 40 % ethanol substitution. This increase of particle median diameter 

indicates why highest PM2.5 emission was observed for 40% ethanol substitution at 25% load. Tallow biodiesel decreased 

the total particle number concentration with the reduction of 15 nm median diameter. For canola biodiesel, accumulation 

mode particles reduced but the presence of 20 nm nucleation mode particles are constantly observed during all load and 

speed settings as shown in figure-4(b) separately. The presence of nucleation mode particle in case of canola biodiesel 

increased specific particle number emission almost by an order than neat diesel. Particle size distribution for synthetic diesel 

fuel was found almost similar to that of fossil diesel with slight reduction in total number concentration at 100%, 75% and 

50% load, while a small increase in nanoparticle emission was observed at 25% load. 

 

 
Figure 3: Brake specific particle number emission for different alternative 
fuels at 2000 rpm engine speed. 
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Figure 4(a): Particle size distribution for different alternative fuels at 2000 rpm engine speed 
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The presence of fuel bound oxygen in the ethanol was the driving force behind the reduction of both PM and PN due to 

ethanol substitution. As previously suggested[11] the possible mechanism for the observed reduction is the oxidation of 

particulate matter by OH radicals which are in excess with ethanol fumigation. Higher ratio of hydrogen to carbon, higher 

volatility and absence of aromatics and sulphur in ethanol also favoured suppression of in cylinder PM formation. For 40% 

ethanol substitution some inconsistency was observed for PM emission at different loads but consistent reduction was found 

for PN. Condensation of unburned/partially burned hydrocarbons that later condense on existing soot might be responsible 

for this, as the maximum increase of PM was observed at quarter load where low in cylinder temperature is favourable to 

nucleation of unburned hydrocarbons.  For biodiesels, the massive reduction of PM is also due to its oxygen content and 

higher cetane value. Difference in specific PN emission between two biodiesels might be due to its chemical composition. 

Canola biodiesel composed of 30% more double unsaturated compound than tallow biodiesel which might favour formation 

of nucleation mode particles. In addition viscosity of and density of canola biodiesel also found higher than tallow biodiesel 

which may also favour smaller particle emission. For FT, the absence of aromatics and sulphur supposed to be responsible 

for low PM emission as they act as precursor for PM.  

 

3.3. Effect of different alternative fuels on specific NOx emission 

Figure-5 shows the brake specific NOx emission for different alternative fuels at 2000 rpm. For ethanol fumigation, Nox 

emission decreased from the reference diesel fuel with the increase of energy substitution by ethanol for each engine load. 

Highest 25% Nox reduction was observed for 40% energy substitution (E40) by ethanol at 100% load where it was 14%, 

12% and 9% for E30, E20 and E10 respectively. Same trend was found in NOx reduction at other engine load as well. Low 

heating value of ethanol which causes low in cylinder temperature is mainly responsible for reduced NOx emission for 

ethanol fumigation On the other hand brake specific NOx emission increased for both biodiesels and synthetic diesel. 

Between two biodiesels tallow biodiesel produced less NOx than canola biodiesel.  NOx emission increased 25%, 11%, 

47% and 32% at 25%, 50%, 75% and 100% load respectively for canola biodiesel while it was 4%, 6%, 5% and 11% for 

tallow biodiesel at the same engine load. Higher degree of unsaturation of canola biodiesel is found to be responsible for 

higher NOx emission by canola biodiesel than tallow biodiesel, similar result is also reported by[12] Finally, NOx emission 

from synthetic diesel was also found higher than neat diesel but lower than biodiesel. 
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Figure 5: Brake specific NOx emission for different alternative fuels at 2000 rpm engine speed 
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4. Conclusions 

 In general energy substitution by ethanol fumigation reduced both PM and PN emission compared to petroleum 

diesel and maximum 59% reduction in PM and 70% reduction in PN observed at full load . Up to 30% energy 

substitution by ethanol reduced PM and PN consistently regardless of the engine operating condition where some 

inconsistency was observed for 40% ethanol substitution due to nucleation at some engine operating speeds and 

loads. Ethanol substitution also reduced NOx emission. 

 Biodiesel reduced PM most among all used alternative fuels and the highest 93% reduction was observed at full 

load. But canola biodiesel increased PN almost an order than diesel due to the presence of nucleation mode 

particles where tallow biodiesel reduced PN significantly with 15 nm reduction in particle median diameter. 

 PM emission for FT was found lower than neat diesel and all ethanol fumigation but higher than biodiesel, where 

no considerable difference was observed for PN. 

 Both biodiesel and FT increased specific NOx emission. Between two biodiesels NOx emission from canola was 

higher than tallow due to the presence of more unsaturated compound in canola biodiesel which may cause 

prolonged premixed combustion favorable for thermal NOx production. 
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Abstract 

In the present paper, a computational fluid dynamics (CFD) modelling study was performed for the combustion of the brown coal in a 

large-scale tangentially-fired furnace (550 MW) under different operating conditions. The AVL Fire CFD code has been used to model 

the furnace. The mathematical models of coal combustion with the appropriate kinetic parameters were written and added to the code as 

user defined functions. It consists of pulverised coal (PC) devolatilization, char burnout, heat and mass transfer, and nitric oxide 

formation. The simulation of the PC combustion was carried out using multi-step reaction chemistry schemes.  The level of confidence of 

this numerical model was based on the previous validations of the lignite combustion in a lab-scale furnace, as well as the validation 

parameters of the present furnace at the standard existing conditions in terms of temperature values and species concentrations. 

Performance of the boiler under different operating conditions was investigated, from which the effects of air and coal mass flow rates 

were considered at full load with different operating schemes of coal mills (out-of-service operations). The validated model was used to 

perform the following investigation parameters: furnace gas temperatures, species concentrations (CO and CO2), and velocity 

distributions.  This study provides good information to optimize the operations of the utility tangentially-fired boiler with less emissions 

production.      
© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 

of Mechanical Engineers 

 
Keywords: Coal combustion, Victorian brown coal, Emissions, CFD. 

1. Introduction 

In the state of Victoria in Australia, there is one of the largest basins of brown coal over the world. This vast reserve of 

brown coal will lead to continuing the low-cost of electricity in the foreseeable future. It is, however, a competitive resource 

of energy amongst the other sources of fossil fuel and renewable energies.  On the other hand, it has a major contribution to 

the greenhouse gases (GHG) emissions and global warming (Dodds et al., 2011).  

 

In order to design such efficient, clean, and economical brown coal combustion systems, the understanding of the brown 

coal reactivity and behaviour under different operating conditions is required. Generally, brown coal has a number of 

advantages such as abundance, low-cost, high reactivity, and low sulphur content. In despite of these benefits, a high 

moisture content (about 60-70 wt %) is the major disadvantage of brown coal. However, in the existing pulverized brown 

coal (PC) tangentially-fired boiler, a large amount of the hot exit flue gas, typically 50% of the total flue gas generated, is 

reused to dry the brown coal within the mill-duct system. During that drying process by the hot gas off-takes (HGOTs), a 

large amount of water vapour is reproduced as well. In order to avoid any flame stability problems inside the combustion 

chamber, due to that evaporated steam, a fuel-rich mixture (mainly pulverized coal) is passed through the main burner ducts. 

Whilst a fuel-lean mixture, including water vapour, inert gases, and remaining of PC, is delivered to the inert burner ducts 

(upper burners).  This distribution of the PC and inert gases into the firing system is favorable, particularly in this type of 

combustion technology (Ahmed and Naser, 2011).  
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Computational fluid dynamics (CFD) modelling studies can comprehensively provide a wide range of information for the 

design of furnace and burner that can reduce the cost of time-consuming experimental investigations. The CFD has the 

ability to predict well the flame structure, gas temperatures distributions, chemical species concentrations, radiative heat 

transfer etc., under different combustion conditions. The work programme covered by this paper achieves the development 

and validation of the computational tool applied to the combustion system which indicates the practical relevance and the 

long term viability for such a tool.  

 

Currently, few numerical works on full scale boilers have been conducted. Therefore, the objective of this study is to 

simulate the brown coal combustion in a large-scale tangentially-fired furnace under several operating conditions. A 

computational fluid dynamics (CFD) code, AVL Fire version 2008.2, was used to model and analyze ten different 

combustion environments. The investigated combustion cases were dependent on the scenarios of change in the mass flow 

rates and distribution ratios for the PC and air, as an oxidant. In addition, the operation schemes of turned off (out-of 

service) burners were also examined under full load operation. The species concentrations (O2, CO2, CO, H2O, and H2), 

furnace gas temperature distributions, and velocity fields obtained for all combustion cases were compared.   

2. Boiler description and operating conditions 

The mesh generation with the geometric description of the CFD model for the boiler, unit 1 at Loy Yang A, is shown in 

Figure 1a. Under maximum continuous rating (MCR) of operating conditions, the unit produces 430 kg/s of steam flow 

through the main steam piping at 16.8 MPa and 540 
o
C. The computational domain illustrated in Figure 1 was extended 

from the furnace hopper up to the top of the tower, passing through the transition of round duct to before the bifurcation at 

the inlet to the air heaters. In this CFD model, the geometric dimensions of the simulated boiler were 98.84 m (height), 

17.82 m (width), and 17.82 m (depth).  

 

The tangentially-fired furnace used in this study consists of eight mill-duct systems, two on each side face of the furnace. 

For each mill-duct system, there are six separate burners, including three inert burners and three main burners, as well as a 

hot gas off-take (HGOT) that uses to dry the brown coal. The distribution of PC at both the burner mouths was accompanied 

by the inert flue gas and water vapour from the drying process in the mill. Around 82% of the PC and 34% of the gases is 

delivered to the main burner (PC burner) and the remaining 18% of pulverized coal and 66% of the gases is transported to 

the inert burner (vapour burner).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. (a) CFD geometrical model of unit 1 at Loy Yang A power plant; (b) The schematic representation of the burners’ configurations.  

 

Regarding the operating conditions, the operating schemes of turned off (out of service) burners under full load operation 

are summarized in Table 1.  Around 81.3 kg/s of PC and 422.8 kg/s of gas mixture are passed through both the inert and 
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main burners of the furnace at different flow distribution ratios under the standard operating conditions ( as specified in 

cases 1—6).   

 
Table 1: Operation scheme of turned off (out of service) burners under full load operation and 20 % lower and 20 % higher than the 

standard operating conditions.  

 
Combustion 

case no. 
1 2 3 4 5 6 7 8 9 10 

Burners 
turned off 

3, 4, 
and 7 

3,4, and 
6 

3, 4, 
and 8 

1, 3, 
and 4 

3, 5, 
and 7 

2, 4, 
and 6 

3, 4, 
and 7 

3, 5, 
and 7 

3, 4, 
and 7 

3, 5, 
and 7 

Combustion 
scenarios 

Standard operating conditions Lower by 
20% 

Higher by 
20% 

 

Table 2 shows the mass flow rates (kg/s) of air for the standard case and investigated combustion cases at each secondary 

air duct. The overall number of vapour and PC burners was 48, while 18 of the total burners were practically out of service.  

Regarding the burner configuration, each burner ports 1, 3, 5, and 7 were inclined by 24
o
 with the perpendicular line to the 

furnace face, while each the remaining burner ports 2, 4, 6, and 8 were inclined by 30
o
. This configuration of the burner set 

up was mostly used in this type of tangentially-fired furnace in order to improve flame stability inside the furnace, as 

schematically plotted in Figure 1b.  

 

Table 2: The mass flow rates (kg/s) of air for the standard case and investigated combustion scenarios at each secondary air duct. 

  
Secondary air duct 

 

Distribution ratio (%) Air Standard 20% Lower 20% Higher 

Mass flow (kg/s) Mass flow (kg/s) Mass flow (kg/s) 

Upper inert 5.0% 6.89 5.51 8.27 
Upper intermediate inert 5.0% 6.89 5.51 8.27 
Lower intermediate inert 5.0% 6.89 5.51 8.27 
Lower inert 5.0% 6.89 5.51 8.27 
Upper main 20.0% 27.55 22.04 33.07 
Upper core 6.67% 9.19 7.35 11.03 
Intermediate main 20.0% 27.55 22.04 33.07 
Intermediate core 6.67% 9.19 7.35 11.03 
Lower main 20.0% 27.55 22.04 33.07 
Lower core 6.67% 9.19 7.35 11.03 
Total  137.78 110.21 165.38 

 

3. Mathematical models and numerical description 

Numerical simulation of pulverized Victorian brown coal under the air-fired and oxy-fuel combustion conditions were 

carried out by a computational fluid dynamics (CFD) code. Appropriate subroutines were integrated and incorporated into 

the CFD code to account for devolatilization and char burnout, convection and radiation heat transfer between particles and 

gases, and thermal and fuel NO formation/destruction. The mathematical models and results of NOx formation are not 

shown in this paper. The devolatilized hydrocarbon fuel is considered as a methane equivalent, as there are no crucial 

differences between methane and the gaseous product attained from devolatilization of coal utilized. For precise 

calculations, the multi-step reaction mechanisms are carried out in this simulation study. The main reactions of the coal 

combustion model can be, however, expressed in three homogeneous and three heterogeneous chemical reactions, as 

follows: The chemical equations for devolatilized methane burned with oxygen, in a three-step reaction, are given in below: 

CH4 + O2                                                     CO + H2 + H2O + heat                                                                                                  (1)                                                                            

CO + H2O                                                     CO2 + H2                                                                                                                                 (2)                                                                           
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O2 + 2H2                                                     2H2O                                                                                                                                       (3)                                                                           

While the chemical equations for char burned with oxygen, carbon dioxide, and water vapour are written as follows: 

Cchar + 1/2O2                                   CO + heat                                                                                                                      (4)                                                                                                                    

Cchar + CO2                                   2CO                                                                                                                               (5)                                                                            

Cchar + H2O                                   CO + H2                                                                                                                        (6)                                                                            

For the gas phase flow, non-steady state Eulerian partial differential equations (PDEs) were solved for mass, momentum, 

enthalpy, a number of species mass fractions, and turbulent fields. Turbulence is modelled using the standard k -

 turbulent model, which has been demonstrated a sufficient accuracy in the turbulent flow calculation, particularly in the 

near-burner region of previous simulation study (Al-Abbas and Naser, 2012). The eddy-breakup (EBU) turbulent 

combustion model is used to control the mixing rate of species. A number of mathematical models were coupled through the 

source terms of PDEs for calculating the coal devolatilization and char combustion models, turbulence, coal particle 

temperatures and trajectories, and the heat transfer models.  

 

The coal combustion has been modelled, in this study, by using two main complex reaction processes. Firstly, the first 

order reaction model of Badzioch and Hawksley, 1970 is applied to calculate the rate of production of the volatile released.  

The pre-exponential factor and activation factor of the Arrhenius form are 0.2 *10
5
 s

-1
 and 5941 J.kmol

-1
.K

-1
, respectively, 

taking from the work of Anthony et al., 1975. Secondly; the char oxidation rate is modelled by a global diffusion control 

power-law, which was proposed by Field et al., 1967. In this heterogeneous reaction, the oxidation rate of the char is 

governed by the diffusion of bulk oxygen partial pressure to the particle’s external surface. The pre-exponential factor and 

activation factor of this model are equal to 497 (kg . m
-2

. s
-1

. (N.m
-2

)
-1

) and 8540 (J kmol
-1

.K
-1

), respectively. Regarding the 

heat transfer models, the discrete transfer radiation method (DTRM) has been used because of its ability for a better 

prediction in participating media, especially in furnaces.  

4. Results and discussion 

4.1 Temperature distribution 

Figure 2 presents the effects of different operating conditions on the flame shape in the combustion zone at the 1650K 

iso-surfaces for all combustion cases examined. The effects of different turned off burners operations under full load are 

presented in panels (a)-(f), while in panels (g)-(j) the effects of mass flow rates and distribution ratios for the brown coal 

particles and mill gases are investigated. That was done by using the validated CFD model (Al-Abbas et al., 2012) under 

two different combustion scenarios: 20 % lower (cases 7 and 8) and 20 % higher (cases 9 and 10) than the standard 

combustion case, as shown in Tables 1 and 2. This iso-surface temperature can clearly show the flame distributions in the 

furnace and determines as a result the boiler performance at different combustion conditions. The operation scheme of the 

combustion cases used in this study was basically dependent on the inclined angles of each burner ports, as schematically 

plotted in Fig. 1b. However, this strategy of testing is used to improve the turbulent mixing of PC with the feed oxidizer 

gases in the tangentially-fired furnace which essentially dependents on the location of the central vortex in this type of 

furnaces. This improvement on the combustion conditions can bring several benefits to the combustion characteristics and 

reduces the fouling and slagging problems on the surfaces of the heat exchanges.  Regarding the cases investigated under 

full load operation, it can be seen that the flame temperature distributions of cases 2 and 5 showed a clear tendency toward 

the out-of-service burners. This feature might be caused due to the movement of the central vortex toward the turned off 

burners. A good distribution of the flame was achieved in cases 3 and 6 because of turning off the opposite burners. In 

panels (g) and (h), the flames are concentrated in the near-burner region due to the reduction in the mass flow rates of 

combustibles. Whereas the combustion flames are uniformly distributed in the burner and water wall regions for both cases 

9 and 10 due to the higher aerodynamic effect of the PC and air adopted in these two cases.    
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Fig. 2. Iso-surfaces of the combustion flames at 1650K: (a) case 1, (b) case 2, (c) case 3, (d) case 4, (e) case 5, (f) case 6, (g) case 7, (h) case 8, ((i) case 9, 

(j) case 10.   

 

4.2 Velocity distribution 

Figure 3 presents the cross-section cuts of the gas velocity vector on the upper intermediate inert of the secondary air duct 

for the combustion cases (cases 1-6 as specified in Table 1) that work under full load operation. Connecting to Fig. 2, cases 

3 and 6 showed a good flow field distribution in the furnace. In these two cases, the tangential distributions of the gas 

velocity vectors (central vortexes) were approximately close to the central zone of the furnace compared to the other 

combustion cases. As a result, this good tangential circulation of the gases led to improve the flame distribution, as seen in 

Fig. 2. In contrast, the central vortexes in cases 2 and 5 were away from the central position of the furnace and skew toward 

the furnace wall.      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Gas velocity vector on the upper intermediate inert of the secondary air duct for six combustion cases: (a) case 1, (b) case 2, (c) 

case 3, (d) case 4, (e) case 5, (f) case 6.  
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4.3 Species concentrations 

Figure 4 a and b presents the distributions of mass fraction of CO2 and CO respectively along the central line (X and Y = 

0.0) of the furnace in the region of combustion zone (burner region) for different combustion cases: 2, 3, 5, 6, 9, and 10.  

Both figures show that there are two peak values for all combustion cases examined. The maximum values were firstly close 

to the main burners (PC burners), while the second max. values were in the inert burner region. These two values were 

resulted due to the availability of the high O2 concentrations in these regions. In the case 6, the concentrations of CO2 and 

CO were lower than those of the other combustion cases.  As mentioned earlier, this improvement might be caused due to 

the good mixing condition adopted in this case.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. (a) Mass fraction (MF) of carbon dioxide for combustion cases (2, 3, 5, 6, 9, and 10) along the central line of the furnace in the 

burner regions; (b) Mass fraction of carbon monoxide for combustion cases (2, 3, 5, 6, 9, and 10) along the central line of the furnace in 

the burner regions. 

5. Conclusion 

A CFD model of a 550 MW tangentially-fired furnace at Loy Yang A power plant has been developed. The validated model was used 

to investigate the combustion characteristics and boiler performance under different firing conditions. The combustion scenarios of this 

work were based on the effect of the mass flow rates and distribution ratios for the PC and air in the combustion zone.  Ten different 

combustion cases were investigated. The first six combustion cases were based on the change of the out-of-service burners under full load 

operation, while the rest cases were carried out at 20 % lower and 20 % higher than the standard operating conditions, as specified in 

Table 1. Temperature distributions, velocity distributions, and species concentrations are compared for all cases examined. The numerical 

results showed that both the cases 3 and 6 provide good flow field distributions and resulted in an improvement in the flame distribution 

in the furnace and water wall regions. A slight reduction in the CO2 and CO concentrations was observed in the case 6 compared to the 

other combustion cases. This work may lead to optimize the operating conditions of the commercial tangentially-fired furnaces.  
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Abstract 

Cement manufacturing is a high energy consuming and heavy polluting process. To reduce the energy and environmental costs cement 

producers are currently using a blend of alternative fuels with conventional fossil fuels. Alkaline environment, high temperature and long 

processing time allow cement kiln to burn a wide range of alternative fuels including waste and hazardous materials. This paper 

summarizes and reviews literatures on the usage of different types of alternative fuel and their impacts on the plant performance. The past 

research suggests that the maximum benefit can be derived by using an appropriate blend of different types of alternative fuels together 

with fossil fuels. However, the studies on quantification of appropriate mixing ratio of different alternative fuels to increase the plant 

performance are scant.  Further study is required to determine the correct blending ratios. This literature review is focused on the 

relationship between performance and blending of different alternative fuels used by leading cement manufacturing groups. 

 

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 
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1. Introduction 

The production of cement consumes large quantities of raw materials and energy (thermal and electricity). This process 

requires approximately 3.2 to 6.3 GJ of energy and 1.7 tons of raw materials (mainly limestone) per ton of clinker produced 

[1, 2]. Being an energy intensive industry, thermal energy used in cement industry accounts for about 20–25% of the 

production cost [3]. The typical electrical energy consumption of a modern cement plant is about 110–120kWh per ton of 

cement. In the manufacturing process thermal energy is used mainly during the burning process, while maximum share of 

electrical energy is used for cement grinding [3]. 

Generally fossil fuels such as coal, petroleum coke (petcoke) and natural gas provide the thermal energy required for 

cement industry. Usage of alternative fuel (AF) becomes more popular to the cement manufacturer due to increasing fossil 

fuel prices, limited fossil fuel resources and environmental concerns.  AF cover all non-fossil fuels and waste from other 

industries including tire-derived fuels, biomass residues, sewage sludge and different commercial wastes [4]. 

The rotary kiln used in cement manufacturing is able to burn a wide range of materials due to the long exposure time at 

high temperatures, intrinsic ability of clinker to absorb and lock contaminants into the clinker and the alkalinity of the kiln 

environment.  Materials like waste oils, plastics, waste tires and sewage sludge are often proposed as alternative fuels for the 

 

 
* Corresponding author. Tel.: +61 422 438 437; 

E-mail address: a.rahman2@cqu.edu.au 



A. Rahman et al. / Procedia Engineering 00 (2012) 000–000 

cement industry. Meat and bone meal are also considered now as alternative fuel [5]. Biomass waste and spent pot linings 

produced in aluminum smelters [6] are recently identified as potential alternative fuels for cement industry. 

Alternative fuels utilization in cement industry reduces the production cost and achieves higher thermal energy efficiency 

thus increase plant performance. The objective of this study is to review the available literature on the performance of 

cement manufacturing plants using different blends of alternative fuels. There are several key performance indicators to 

measure the performance of cement manufacturing plant and most of them are related to the thermal efficiency of the plant. 

This article summarizes the current practices of using alternative fuels in cement industry and attempts to draw a 

relationship between the usage percentage of AFs and the plant performance. A variety of research journals, conference 

proceedings, books, industrial sustainability reports and reliable websites are included in this review. A brief discussion has 

been appended to understand the correlation between the blended AFs and plant performance which might be useful for 

cement producers and the researchers. 

2. Cement manufacturing process 

The main process routes for the manufacturing of cement vary with respect to equipment design, method of operation 

and fuel consumption [7]. Cement manufacturing process basically includes quarry, raw meal preparation, preheating of raw 

meal, kiln, clinker cooling, grinding, storage and dispatch. Figure 1 shows a basic process flow of cement manufacturing. 

The basic chemistry of the cement manufacturing process begins with the decomposition of calcium carbonate (CaCO3) at 

about 900°C to leave calcium oxide (CaO, lime) and liberate CO2; this process is known as calcination. This is followed by 

the clinkering process in which the calcium oxide reacts at high temperature (typically 1,400°–1,500° C) with silica, 

alumina and ferrous oxide to form the silicates, aluminates and ferrites respectively which forms the clinker. This clinker is 

then ground together with gypsum and other additives to produce cement. Fuels are required to generate thermal energy 

during the process of calcination in preheater tower and during the clinkerization process in Kiln. 

   

3. Alternative fuels 

Most natural and artificial materials contain some energy which can be utilized by the cement industries to meet the 

requirement of the thermal energy. The use of AF for cement clinker production is of high importance for the cement 

manufacturers as well as for the environment. Alternative fuel utilization at commercial level in cement industry is as old as 

about 30 years now.  In calciner lines, close to 100% alternative fuel firing at the precalciner was achieved at very early 

stage [8]. Use of AFs in rotary kilns is still in progress. Reports show that in some kilns up to 100% substitution rates have 

been achieved [9], while others are facing some limitations regarding environmental, social and product quality issues. In 
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any case, AF utilization requires adaptation by the cement industry. Modern multi-channel burners and thermograph 

systems are in use these days which help in controlling the AF feed rate and the flame shape to optimize the burning 

behavior of the fuels [8]. 

Generally the cement producers choose the AFs on the basis of price and their availability but these criteria of selecting 

AFs are not adequate. Composition of the fuel including the energy content, moisture and volatile contents are very 

important criteria to select an AF. It is also important to consider all forms of AFs such as:  liquid, solid, semi-solid, 

powdered or in the form of big lumps. Different types of AFs require a flexible fuel feeding system, through which AF 

could be fed either directly into the burning zone at kiln or in the pre-heating system [5]. 

3.1 Criteria of alternative fuel 

There are no set criteria for selecting AFs today.  The specific criteria that a material must meet in order to be considered 

as a fuel is typically set by the individual cement producer according to their own needs. AFs are generally a mixture of 

various wastes and therefore consistency in their composition cannot be guaranteed. There is a need for ensuring the 

chemical contents of the AF that meets regulatory requirements for environmental protection. The following properties are 

expected to be considered as alternative fuels [3, 10]:  

 Physical state of the fuel (solid, liquid, gaseous), 

 Content of circulating elements (Na, K, Cl, S), 

 Toxicity (organic compounds, heavy metals), 

 Composition and content of ash and content of volatiles, 

 Calorific value — over 14.0 MJ/kg, 

 Chlorine content — less than 0.2% and Sulfur content — less than 2.5%, 

 PCB content—less than 50 ppm, heavy-metals content — less than 2500ppm [out of which: mercury (Hg) less than 10 

ppm, and total cadmium (Cd), thallium (Tl) and mercury (Hg) less than 100 ppm]. 

 Physical properties (scrap size, density, homogeneity), 

 Grinding properties, 

 Moisture content, 

 Proportioning technology, 

 The emissions released, 

 The cement quality and its compatibility with the environment must not decrease, 

 Alternative fuels must be economically viable. 

 Availability  

3.2 Advantages and disadvantages 

Alternative fuels are generally cheaper than the fossil fuels because most of the AFs are generated from wastes which 

only require some processing cost. A mixture of fossil fuels and AF in optimal proportion is used to produce the thermal 

energy required in cement industry. The significant advantage of alternative fuel substitution is the preservation of non-

renewable energy sources [11] and the reduction of waste disposal sites. Switching to alternatives fuels presents several 

challenges as they have different characteristics compared to the conventional fuels. Poor heat distribution, unstable 

precalciner operation, blockages in the preheater cyclones, build-ups in the kiln riser ducts, higher SO2, NOX, and CO 

emissions, and dusty kilns are some of the major challenges which need to be addressed [12]. One potential constraint on 

the implementation of alternative fuels is the final clinker composition since the combustion by-products are incorporated 

into clinker [13]. The substitution of AFs inherently requires initial investment costs associated with adjustment or 

replacement of burner, establishment of alternative fuel delivery systems, new fuel storage facilities, and fuel distribution 

systems [14]. 

3.3. Usage of alternative fuel  

The cement manufacturing industry is under increasing pressure from the environmental protection agencies to reduce 

the emissions. The usage of AFs in cement manufacturing not only helps to reduce the emission but also has significant 

ecological benefits of conserving non-renewable resources [12]. The substitution rate of fossil fuel by AFs varies from 

country to country. Most of the European countries are way ahead in the usage percentage of AFs than the rest of the world. 

The substitution rate of different countries is shown in Table 1 [15].  World’s leading cement producers are currently using 

AFs in a large extent and pursuing to increase it even more by 2020. Conventional fossil fuel substitution rate and the 
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percentage of different AFs usage by different cement production group are available in their sustainable development 

reports. Table 2 summarizes the percentage of different wastes which are currently being used as AFs in five selected 

leading cement producer groups [16-21]. Cemex group are currently using industrial and household waste as a major portion 

of their AFs.  Heidelberg, Holcim and Italcementi group are using range of AFs but Lafarge group is utilizing only four 

types of AFs. It is also found from Table 2 that most common AF is used tires which are utilized by all the selected 

manufacturing group up to some extent.  

Table 1: Usage of AFs in different countries [15] 

Country or Region  % Substitution Country or Region  % Substitution 

Netherlands  83 Czech Republic  24 

Switzerland  47.8 EU (prior to expansion in 2004)  12 

Austria  46 Japan  10 

Norway 35 United States 8 

France  34.1 Australia 6 

Belgium  30 United Kingdom  6 

Germany  42 Denmark  4 

Sweden 29 Hungary  3 

Luxembourg  25 Finland  3 

Table 2: Percentage of different type of waste used as AF 

Waste type used as 

 Alternative fuel (%) 

Holcim 

Group 

(2011) 

Cemex 

Group 

(2011) 

Heidelberg 

Group 

(2011) 

Italcementi 

Group 

(2011) 

Lafarge 

Group 

(2011) 

Waste oil 5  3.7 8.5 
22.1 

Solvent & liquid waste 11  4.7 21.9 

Tires 10 16 11.6 14.9 19.7 

Impregnated sawdust 6     

Plastic 9  26.4 4.7 
33.1 

Industrial & household waste (solid)  65  13.8 

Industrial waste & other 

 fossil based fuel 
30     

MBM 2 4 6.1 15.7  

Agricultural Waste 9 10 4.2 11.1  

Wood chip & Other Biomass 15 5 24.5  25.1 

Sewage sludge 2  4.2 1.7  

RDF    7.8  

Other alternative fuel   14.6   

4. Plant performance indicator 

The cement industry needs to ensure sustainable and environmentally friendly use of natural resources while increasing 

profit margins. This is the responsibility of the cement producers to develop new strategies that will optimize the 

performance of the manufacturing process in response to the changing conditions. To measure the performance of the 

manufacturing process a number of companies utilize some Key Performance Indicators (KPI). Selecting appropriate KPIs 

at the company level and implementing them in the operational level is also a new challenge faced by the cement industry.   

To move towards the sustainable development an important requirement for the cement companies is the performance 

measurement. Investigation of cement plant’s performance requires data from different sources, which need to be collected 

and evaluated properly. The raw data from the sources are often unavailable due to the confidentiality policy of the plant. 

Inconsistent data because of the limited accuracy of the instruments are also another problem [22]. Within the cement 
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industry, many companies are operating environmental indicators as facility level KPIs and some companies have 

introduced indicators based on energy efficiency and the usage of AFs and raw materials [23]. Base lining and 

benchmarking are two related approaches for performance measurement. Base lining involves comparing plant performance 

over time, while benchmarking involves comparing performance relative to an established best practice level of 

performance [24].  

The potential KPIs for cement plant performance can be categorized by energy efficiency, environmental performance, 

economical benefits, social performance etc. According to the WBCSD report on sustainable cement industry [23], the most 

important KPIs are;  

 Tonnes of cement per mega joule of energy 

 Fuel & raw material substitution rates (%) 

 Non-product output (kg of waste) per tonne of cement 

 Net CO2 (kg) per tonne of cement 

 Incident rate (injury, illness) per 200,000 hours 

Apart from the last one on the list all are directly involved with the fuel source hence with the AFs. In this article the 

impacts of AFs are studied on the basis of available data from different sources. Five selected cement manufacturing 

group’s data has been analyzed to understand the influence of alternative fuel on plant performance. 

5. Data & analysis  

There is variability in the data due to both differences in company performance and differences in kiln process. To 

illustrate that, Table 3 represents specific thermal energy consumption of clinker manufacturing with different kiln process 

[25]. Still several literatures try to figure out the baseline of the performance measurement. Table 4 gives an example of 

such effort [23].   

Table 3: Specific thermal energy consumption in different kiln process [25]  

Kiln process  Thermal energy consumption  (GJ/tonne clinker) 

Wet process with internals  5.86–6.28 

Long dry process with internals  4.60 

1-stage cyclone pre-heater  4.18 

2-stage cyclone pre-heater  3.77 

4-stage cyclone pre-heater  3.55 

4-stage cyclone pre-heater plus calciner  3.14 

5-stage pre-heater plus calciner plus high efficiency cooler 3.01 

6-stage pre-heater plus calciner plus high efficiency cooler <2.93 

Table 4: Baseline Performance of the Cement Industry [23]  

Indicator  Approximate Value 

Tonnes of cement per MJ Each tonne of cement consumes roughly 3000 MJ of total electrical and 

thermal energy 

Fuel & raw material substitution rates (%) Fuel ranges from 0 to 25% 

Raw material from 0 to 10% 

Non-product output 

(waste per ton of cement) 

Airborne and waterborne releases are generally known, but definitions of 

solid waste vary 

Net CO2 (kg) per ton of cement Each tonne of Cement generates approximately 900 kg of net CO2 emissions 

Incident rate (injury, illness) 

per 200,000 hours 

Ranges from 1 to 5 incidents per 200,000 hours 

 

Three out of the five world’s largest cement producers are located in the EU-27: Lafarge (France), Heidelberg Cement 

(Germany) and Italcementi (Italy), with the other two being Holcim (Switzerland) and Cemex, (Mexico) [26]. As the plant 

level data is not available in literature the group level data [16-21] for the aforementioned cement manufacturing companies 



A. Rahman et al. / Procedia Engineering 00 (2012) 000–000 

have been considered for the current study. Table 5 summarized the percentage of AFs in fuel mix and the average thermal 

energy efficiency of the manufacturing group. The annual sale of cement is also included to indicate the annual production 

of the groups. Apart from Heidelberg group all have increased the percentage of AFs in their fuel mix. Thermal energy 

efficiency was achieved with the increment of AF usage with an exception for Cemex group. 

Table 5: Thermal efficiency of cement manufacturing group 

Company 

 

                Year 

Sales of cement  

(million tons) 

% of thermal energy from 

alternative fuel  

Thermal energy efficiency 

(MJ/ton clinker) 

2009 2011 2009 2011 2009 2011 

Holcim Group 131.9 144.3 12.0 12.2 3606 3510 

Cemex Group 72 75 16.4 24.7 3693 3757 

Heidelberg Group 79.3 87.8 22.7 21.2 3793 3797 

Italcementi Group 55.7 51.1 5.4 5.8 3970 3805 

Lafarge Group 149.4 160 10.9 13 3670 3657 

 

Most important KPI for cement manufacturing plant from the environmental point of view is the gross and specific CO2 

emission.   This and other KPIs for the cement manufacturing group are assembled in Table 6. In the table air emission data 

includes the amount of NOX, SO2, dust and other heavy metal and organic components. Clinker cement ratio is also included 

in the table as it is also considered as an important KPI [23] and directly involved with the thermal energy consumption and 

CO2 emission rate.  Lafarge group manage to improve their clinker cement ratio and in the course they manage to reduce net 

CO2 emission which occurs during the calcinations process of clinker production.    

Table 6: KPIs of cement manufacturing groups 

Company 

 

 

               Year 

Gross CO2 emission 

(Million tons) 

Net CO2 (Kg)  

per ton of cement 

Air emission 

(kg of waste) per 

ton of cement 

Clinker cement ratio 

2009 2011 2009 2011 2009 2011 2009 2011 

Holcim Group 92.6 102.0 613 608 1.43 1.34 70.7 70.9 

Cemex Group 41.7 43.3 658 660 1.58 1.53 75.1 75.1 

Heidelberg Group 41.8 47.4 649.3 650.5 2.15 2.40 76.4 75.5 

Italcementi Group 35.03 34.43 717 708 2.14 2.12 81.6 81.3 

Lafarge Group 93 98 628 611 2.57 2.21 75 73 

6. Discussion 

The usage of AFs in cement industry increases day by day to meet the objectives of sustainable development, however it 

should not impose an adverse effect on the plant performance. Five selected cement manufacturing groups’ data has been 

presented in this paper to understand the link between the usage percentage of AF and the plant performance. Four major 

KPIs have been scrutinized from the available data. Percentage of different wastes which are currently used in cement 

industry as AF has also been analyzed to understand the correlation between them and the plant performance. 

Among the selected groups, Cemex Group was found to be the highest fossil fuel substitution rate achiever.  Industrial 

and household solid wastes constitute the major part of AFs used by Cemex group. Generally Industrial and household solid 

wastes contains more moisture than coal and hence the thermal energy requirement per ton of clinker production is higher 

for Cemex group. The positive side was the reduction of waste per ton of cement production (reduces about 3% in two 

years). 

Holcim group secured second place by the sale margin in year 2009 and 2011. The percentage of AFs usage remains 

almost same during those two years along with the ratio of different waste materials. The thermal energy efficiency for the 

Holcim group drop from 3606 MJ/t to 3510 MJ/t. Specific air emission of Holcim group reduced slightly while gross CO2 

emission increased due to the increase of cement production. 
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Lafarge group posted highest sale of cement both in year 2009 and 2011. They also increased the fossil fuel substitution 

rate by AFs from 10.9 to 13 in two years. Their AFs include solvent & liquid waste, tires, industrial & household waste and 

biomass almost in equal proportion. Thermal energy consumption for Lafarge group was reduced from 3670MJ/t to 

3657MJ/t. The most commendable achievement of Lafarge group is the net CO2 emission per ton of cement which dropped 

from 628 kg to 611kg in two years.               

Percentage of thermal energy from AFs in Heidelberg group reduced to 21.2 in 2011 from 22.7 in 2009. Thermal energy 

consumption increased slightly from 3793MJ/t to 3797MJ/t. Air emission per ton of cement was also increased during that 

period by 10%. Similar increment was found in the figure of gross and net CO2 emission.  

Italcementi group was way behind in using AFs in cement manufacturing compared to other cement manufacturing 

groups. It also reflected on their thermal energy consumption and air emission data. Italcementi group also had some trouble 

regarding the clinker cement ratio compared to other manufacturing groups. It is pertinent to mention here that the net CO2 

emission for all the groups are way below the base line as mentioned in Table 4. Still cement manufacturer try hard to 

reduce it even more along with the reduction of other emissions (NOX, SO2 and dust).  

From the above study it is clear that usage percentage of alternative fuel can influence the plant performance in terms of 

their thermal efficiency. Still the magnitudes of its influence need to be determined quantitatively through extensive study 

with specific plant data. The percentages of waste that are currently being used as alternative fuel by the cement producer 

groups are available in literature. However, it is difficult to establish a relationship between the percentage of waste and 

plant performance on the basis of available data.      

Currently, authors are undertaking a project to investigate the feasibility of using different wastes as alternative fuel for 

cement industry and to optimize their usage. Process engineering software ASPEN PLUS is being used to model the heating 

system of a full-scale cement plant, using different alternative fuels on the basis of combustion mechanism. This software is 

focused on clinker chemistry, thermodynamics in the rotary kiln and also the effect of alternative fuels on material flow, 

emissions and product quality. Through simulation the usage of wastes will be maximized along with controlling the above 

factors. ASPEN PLUS could also be used to calculate the heat balance of the entire process using established 

thermodynamics principles of material and energy conservation. In the process of optimizing the usage of alternative fuel, 

the plant performance will be determined through most suitable KPIs.  

7. Concluding remarks     

In this study, group level data of the leading cement manufacturer have been analyzed and discussed to draw a 

relationship between the usage of AFs and plant performance. The analysis reveals that CO2 emission and other air 

emissions such as NOX, SO2 and dust can be reduced by increasing the usage of AFs. Thermal energy consumption of the 

plant can also be reduced by using certain wastes as AFs. Extensive study is required to find out the degree of the impact on 

the plant performance by the usage of AFs. A research group at Central Queensland University is studying different 

alternative fuels based on their intrinsic properties available from the local cement plant/s to improve the performance of the 

manufacturing process.         
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Abstract 

The utilization of natural gas engines for power generation and other stationary applications has grown dramatically in the last two 

decades. This is due largely to the favourable emissions characteristics and more recently, favourable power density and thermal 

efficiency. Conventional compression ignition engines can easily be converted to a dual fuel (Diesel/Natural gas) mode of operation in 

order to use natural gas as a main fuel and diesel as pilot injection to initiate combustion. The objective of this study is to simulate 

combustion process, pollutant formation and flow field in the combustion chamber of D87 dual fuel engine. A three dimensional CFD 

model for flow field, spray, spray-wall interactions, combustion and emissions formation processes have been used to carry out the 

computations. This work is presented to study the effect of different diesel pilot injection rate shapes in constant amount of diesel pilot 

fuel and piston bowl shape. Results show that the improvement of air-fuel mixture formation and combustion process at optimized 

injection rate shape. The results of model in addition to approving the corresponding data in the literature are also compared with the 

experimental data and shown good agreement. 

 

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 

of Mechanical Engineers 
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Nomenclature 

k Turbulence kinetic energy [m2/s2] 

C Constant coefficient 

S Stoichiometry coefficient 

Greek symbols 

ε Dissipation rate [m2/s2] 

ρ Density [kg/m3] 

Subscripts 

fu       Fuel     

ox     Oxidizer  

 pr      Product 
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 R      Reaction 

Abbreviations  

ATDC After top dead center  

BTDC Before top dead center  

IVC Intake valve close  

EVO Exhaust valve open 

SOI Start of injection 

CA Crank angle 

DOI Duration of injection 

IMEP Indicated mean effective pressure 

 

1. Introduction  

 

Direct-injection diesel engines have proved to be an efficient option in heavy-duty applications like transportation or 

power generation. However, due to the natural conditions of high pressure and temperature in the combustion process, 

diesel engines emit considerable amounts of pollutants, especially nitrogen oxides (NOx) and soot. International regulations 

ratified in recent years have imposed more stringent limits on pollutant emissions in internal combustion engines. To 

comply with these regulations with the common rail injection system which is widely used in recently developed engines, 

several new fuel injection strategies on conventional diesel combustion have been investigated in direct injection diesel 

engines. 

An experimental study was carried out to visualize the spray and combustion inside an AVL single-cylinder research 

diesel engine converted for optical access by Tsung-Cheng Wang et al. The results showed that optically accessible engines 

provide very useful information for studying the diesel combustion conditions, which also provided a very critical test for 

diesel combustion models. The high IMEP conditions were successfully achieved in the optical engine experiments, which 

show sensitivity to injection pressure, charge condition, and combustion chamber geometry [1]. 

Rolf Egnell had a simple approach to studying the relation between fuel rate heat release rate and NO formation in diesel 

engines. The calculations showed that by increasing the length of the injection period and maintaining a smooth and even 

fuel rate, the NO formation could be reduced with very limited reduction of the indicated thermal efficiency [2]. 

Pressure modulated injection and its effect on combustion and emissions of a heavy duty diesel engine had been 

investigated by H. Erlach et.al. The results with separated pilot injection were found to be sensitive to pilot timing, pilot 

injection pressure and fuelling during pilot injection. The pilot injection should be timed as closely to the main injection as 

possible in order to avoid excessive NOx formation during the combustion of the pilot fuel. The pressure during the pilot 

injection should be high enough to ensure sufficient mixing to restrict soot formation. The amount of pilot fuel should be a 

compromise between providing enough combustion products to lower the flame temperature during the main combustion 

and avoiding excessive soot formation [3]. 

In order to comply the regulations, better emission performance and fuel economy, natural gas fuelled engines are being 

developed. Natural gas is usually used in spark ignited engines because of its relatively high octane number. As a matter of 

fact, it is very probably to occur knock in this type of engine and then the compression ratio of this type of engines can’t be 

made as high as diesel. As a result, the thermal efficiency of spark ignited natural gas engines is inferior to that of 

conventional diesel engines. To overcome this shortcoming, a combustion system using natural gas as a dual-fuel in diesel 

engines has been proposed in recent years.  

 The diesel/natural gas (dual fuel) engine has been developed as one of the alternatives to the conventional diesel engine 

in order to utilize natural gas, a plentiful alternative fuel. It is very important to improve thermal efficiency and to reduce 

exhaust emissions.  

It also showed that by Pierpont and et.al [4] at high load engine operating conditions raising the injection pressure 

effectively reduces particulate emissions. As to how to optimize combustion chamber to cope with high-pressure injection, 

in-depth understanding of the cross influence between the injection and the configuration of combustion chamber is 

inevitable. Since evaporative and non-evaporative diesel spray behave quite differently in terms of spray penetration and 

dispersion. 

There have been several fundamental studies on dual fuel engines in recent years. Hountalas and Papagiannakis[5] 

simulated the combustion process for natural gas engines with a pilot diesel fuel injection and the ignition source has been 

modelled by using a two-zone combustion model. A semi-empirical spray model was used for diesel combustion 

simulation. Hountalas and Papageogakis [6] studied natural gas injection, mixing, and spark ignition parameters using the 

KIVA-3 Code. A one step global reaction mechanism was used to simulate the combustion chemistry. There are also some 

studies on dual fuel engine misfire and knock. Karim [7] studied light load misfire and high load knock. Uyehara [8] 

discussed how to control dual fuel engine emissions by studying the combustion of both the diesel and dual fuel engines. 
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Pilot injection rate shape is one of the best ways to restrict direct injection dual fuel engines emission. According to that, 

many shapes for injection rate are provided based on its fuel spray ignition. This prevents the engine from knocking and 

allows a high compression ratio comparable to that of conventional diesel engines. The effect of injection rate shaping has 

been investigated by Youtong Zhang et al. [9]. The injection rate shapes were varied to investigate their effects on dual fuel 

combustion. These profiles were included a rising, falling, and top-hat (constant) rate. 

However, there are a few studies about the effect of the pilot injection rate shape on the performance of a dual fuel 

engine. In this work, three dimensional CFD code FIRE has been used to study the effect of injection rates on combustion 

process in the dual fuel engine. 

 

2. Model description  

 

The commercial computational fluid dynamics (CFD) code FIRE was used to perform the numerical simulation of 

combustion and emission formation in D87 dual fuel engine. The engine specification and operating condition that is used 

in this work are shown on Table 1.  

This engine is a DI engine in diesel mode. But in the dual fuel mode, natural gas is injected in intake port and a mixture 

of air and fuel imports into the cylinder. Air-fuel mixture is compressed during the comparison stroke. But, the mixture 

needs a pilot as an ignition source. Near to TDC, pilot diesel fuel is injected into the cylinder and combustion is started. The 

ratio of diesel to natural gas in D87 dual fuel engine is 20% to 80%, respectively. 

 
Table1. Engine Specifications 
 

Engine type           
Diesel engine Dual Fuel engine 

Engine speed 1500 rpm 1500 rpm 

Bore × stroke 150×180 mm 150×180 mm 

Power 1000 kW 800 kW 

Compression ratio 15:1 11.5:1 

Injector type Common-rail Common-rail 

Number of nozzle holes 8 8 

 

Figure 1 shows the 45° sector computational mesh of combustion chamber in three dimensional at TDC. Since an 8-hole 

nozzle is used, only a 45° sector has been modeled. This takes advantage of the symmetry of the chamber geometric setup, 

which significantly reduces computational runtime. Number of cells in the mesh is 19385 cells at TDC. This fine mesh size 

will be able to provide good spatial resolution for the distribution of most variables within the combustion chamber. 

Calculations are carried out on the closed system from IVC at -150°CA ATDC to EVO at 120°CA ATDC. 

 
 

Fig.1. Computational mesh at TDC 

 

At the applied code, the compressible, turbulent and three dimensional transient conservation equations are solved for 

reacting multi-component gas mixtures with the flow dynamics of an evaporating liquid spray by Amsden et al. [10]. The 

turbulent flows within the combustion chamber are simulated using the RNG k-ε turbulence model which is presented by 

Han and Reitz [11], modified for variable-density engine flows. 

 

 

2.1. Spray, combustion and emissions models 
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The spray module is based on a statistical method that refers to as discrete droplet method (DDM). This method operates 

by solving ordinary differential equations for the trajectory, momentum, heat and mass transfer of single droplets, each 

being a member of a group of identical non-interacting droplets termed a parcel. Thus one member of the group represents 

the behavior of the complete parcel. 

The Kelvin-Helmholtz Rayleigh-Taylor (KH-RT) model is selected to represent spray breakup [12]. In this model 

Kelvin-Helmholtz (KH) surface waves and Rayleigh-Taylor (RT) disturbances should be in continuous competition of 

breaking up the droplets. 

The Dukowicz model [13] was applied for treating the heat-up and evaporation of the droplets. This model assumes a 

uniform droplet temperature. In addition, the rate of droplet temperature change is determined by the heat balance, which 

states that the heat convection from the gas to the droplet either heats up the droplet or supplies heat for vaporization. 

The Shell auto-ignition model was used for auto-ignition modeling. In this generic mechanism, 6 generic species for 

hydrocarbon fuel, oxidizer, total radical pool, branching agent, intermediate species and products were involved. In addition 

the important stages of auto-ignition such as initiation, propagation, branching and termination were presented by 

generalized reactions, described in [14]. 

Combustion process is modeled by Eddy Breakup model [15]. In the eddy break-up model, the rate of consumption of 

fuel is specified as a function of local flow properties. The mixing-controlled rate of reaction is expressed in terms of the 

turbulence time scale k-ε, where k is the turbulent kinetic energy and ε is the rate of dissipation of k. With s as the 

stoichiometry coefficient, CR and C  َR are model constants, a transport equation for the mass fraction of fuel is solved, where 

the:     
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The two first terms of the minimum value of operator determine whether fuel or oxygen is present in limiting quantity, 

and the third term is a reaction probability which ensures that the flame is not spread in the absence of hot products. 

NOx formation model is derived by systematic reduction of multi-step chemistry, which is based on the partial 

equilibrium assumption of the considered elementary reactions using the extended Zeldovich mechanism [16] describing the 

thermal nitrous oxide formation. 

The overall soot formation rate is modeled as the difference between soot formation and soot oxidation. Soot formation 

is based on Hiroyasu model and the soot oxidation rate is adopted from Nagle and Strickland-Constable [17]. 

All above equations are taken into account simultaneously to predict spray distribution and combustion progress in the 

turbulent flow field, wall impingement and diesel combustion rate using two stage pressure correction algorithms. 

 

2.3. Numerical Model 

 

The numerical method used in this study is a segregated solution algorithm with a finite volume-based technique. The 

segregated solution is chosen due to the advantage over the alternative method of strong coupling between the velocities and 

pressure. This can help to avoid convergence problems and oscillations in pressure and velocity fields. This technique 

consists of an integration of the governing equations of mass, momentum, species, energy and turbulence on the individual 

cells within the computational domain to construct algebraic equations for each unknown dependent variable. The pressure 

and velocity are coupled using the SIMPLE (semi-implicit method for pressure linked equations) algorithm which uses a 

guess-and-correct procedure for the calculation of pressure on the staggered grid arrangement. It is more economical and 

stable compared to the other algorithms. The upwind scheme is employed for the discretization of the model equations as it 

is always bounded and provides stability for the pressure correction equation. 

 

3. Results and discussion 

3.1. Model validity 

Before using the three dimensional CFD model to examine the effect of different injection rate shapes on combustion 

process, it is necessary to validate its predictive ability. For this reason, it has been used the experimental data for both of 

diesel and dual fuel D87 engine. Parameter tuned is: in-cylinder pressure. Figures 2 and figure 3 indicate the comparison of 
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simulated and experimental in-cylinder pressures against the crank angle for the D87 diesel and dual fuel engine in full load 

condition, respectively. 

The good agreement of predicted in-cylinder pressure with the experimental data can be observed. It is due to time step 

and computational grid independency of obtained results. It means that, if the number of mesh be fewer than it, it causes 

fault and maybe diverge and if be more than it, the computational time will be increased. 

Maximum difference in in-cylinder pressure is acceptability in numerically solution. The accuracy of calculated in-

cylinder pressure illustrates the ability of this model in prediction of mixture formation and combustion process. Therefore, 

the CFD and combustion simulation model performed in this study are able to represent the real combustion process inside 

diesel and dual fuel engine and have the capability to be implemented for further calculation. 

 

 
 

Fig.2. Comparison of calculated and measured in-cylinder pressure with SOI at -9.4 ºCA ATDC in diesel engine 

 

 
 

Fig.3. Comparison of calculated and measured in-cylinder pressure with SOI at -9.4 ºCA ATDC in dual fuel engine (20% diesel+80% natural gas) 

 
As can be seen from figure 2 and figure 3, in the dual fuel engine, mean cylinder pressure has been decreased in 

compared to diesel fuel engine. In-cylinder pressure represents engine performance. Therefore, engine performance was 

decreased in dual fuel engine.  

As mentioned about the diesel engine, improvement of air and pilot diesel fuel mixture formation in ignition delay is a 

possible way to increase of combustion efficiency and engine performance. The quality of mixture formation varies with the 

injection parameters such as injection rate shape. Hence, the influence of different diesel injection rate shapes on 

combustion and emissions has been investigated in this work in a dual fuel engine.   
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3.2. Effect of injection rate shape 

In order to investigate the effect of different injection rate shapes, a fixed amount of natural gas and diesel fuel has been 

considered. The predicted results are presented in this section for five injection rate shapes. Figure 4 shows the applied 

injection shape curves.  

With two common rails, one for low pressure fuel and the other for high pressure fuel, the injection rate shape control by 

controlling the fuel injector supply pressure, from the two rails. Case1, case2 and case3 are controlled by a next-generation 

common rail system (NCRS) [19]. Case3 and Case4 are produced via a conventional common rail system (CRS). 

 

 
 

Fig.4. Different injection rate shapes 

 
Duration of injection (DOI) for different cases can be determined according to Table 2. These injection rates are 

dimensionless and Fire code uses them as a normalized profile.  

 
      Table2. DOI of different injection rate shapes 
 

Rate Shape DOI (CAD) 

Case1 6.66 

Case2 6.66 

Case3 4.16 

Case4 4.16 

Case5 6.66 

 

 

In order to equalize the area under the curve for all cases, these values are modified. By using of these curves, the CFD 

code divides all mass in the whole identified course to ensure that all mass inject to the combustion chamber. 

Figures 5 to 9 show the predicted mean in-cylinder pressure, heat release rate, mean in-cylinder temperature, NOx and 

soot emission for five injection shape cases. It can be seen that case3 has the highest peak pressure and temperature.  

When injection velocity is increased at the first of injection in case2 and case3, droplets penetrate slightly further into the 

combustion chamber because of high momentum liquid droplets and higher injection velocity. This leads to the increase of 

air entrainment into the fuel spray because of the longer spray path before impinging piston bowl. Also, higher injection 

velocity at the first of injection results in smaller diesel fuel droplet at ignition delay. This is due to the aerodynamic forces 

induced by the relative velocity between liquid fuel ligaments or bigger droplets and the surrounding gas intensify break-up 

of the droplet. Therefore, distributions of droplets are reduced at ignition delay and improvement of mixture formation. 

Injection velocity in case4 is equal to case3. But, start of injection in case4 has been retarded in compared to case3. 
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Therefore, the peak pressure was decreased in case4. Also, case1 with the longest DOI has retarded the combustion (Figure 

1) thus decreasing the mean in-cylinder pressure and temperature as well as the NOx mass fraction. It is generally believed 

that NOx is formed in local high temperature regions present in the cylinder during premixed combustion. With these 

conditions present, and because the fuel-air charge is not homogeneous, the excess oxygen and nitrogen combine at high 

rates to form NOx. Also, NOx formation rapidly slows down during the later portion of the combustion process, and most of 

the NOx which has formed ‘freezes’ as it mixes with cooler cylinder gases and as the bulk cylinder temperature drops 

during the expansion stroke.     

It is shown that split injection in case5 is effective at reducing soot emission. The quantity of soot particles in the 

emissions is determined by the balance between the rate of formation and subsequent oxidation. During the second phase of 

combustion, the ‘diffusion burn’, particulates are formed. Air mixing with the outer edges of the fuel jet sustains the 

diffusion burn. Fuel in the interior of the spray jet is subjected to high temperatures and pressures but it is starved for 

oxygen, leading to soot production. Injection pause causes the second pulse of injected fuel enters into a high-temperature 

region which is left over from the combustion of the first pulse of injection. Soot formation is therefore significantly 

reduced owing to the injected fuel is rapidly consumed by combustion before a rich soot producing region can accumulate. 

Also, injection pause promotes the oxygen availability for soot oxidation.  

 

 

 
 

Fig.5. Mean in-cylinder pressure comparing between different injection rate shapes 

 

 
 

Fig.6. Heat release rate comparing between different injection rate shapes 

 

 

 



Author name / Procedia Engineering 00 (2012) 000–000 

 
 

Fig.7. Mean in-cylinder temperature comparing between different injection rate shapes 

 
 

 
 

Fig.8. Effect of different injection rate shapes on NOx emission production  
 

 

 
 

Fig.9. Effect of different injection rate shapes on soot emission production 

 
The gross indicated mean effective pressure that is the integral of the cylinder pressure with respect to the change in 

cylinder volume over the compression and expansion strokes only is calculated by using equation below [18]: 
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P (i) = cylinder pressure at crank angle position i 

V (i) = cylinder pressure at crank angle position i 

Vs = cylinder swept volume 

n1= BDC induction integer crank angle position 

n2 = BDC exhaust integer crank angle position 

 

IMEP as a performance result doesn’t have much difference between cases and as shown in table2 there is no obvious 

dispute in the output power despite of differencing in peak pressure.  

  

 
Table.2. Indicated mean effective pressure 

 

Case 

number 
IMEP 

Case 1 19.436 

Case 2 19.775 

Case 3 19.888 

Case 4 19.662 

Case 5 19.662 

 

Figure 10 shows the contour plots of spray distribution and mixture formation when combustion process has been started 

in a cross-section taken diagonally across the bowl and split ting it in half at 360 °CA and 370 °CA, respectively. As can be 

seen in figure 10, air-fuel mixture flows towards both the piston bowl and squish regions in case2. Therefore, enough time 

for mixing is available at ignition delay which leads to higher peak value of premixed combustion and combustion 

temperature. 
 
  

 

  

  

  

  

  
 

Fig.10. 2D Contours of temperature, up to down in square, case 1 to 5 for 360 ºCA (first column) 370 ºCA (second column) respectively 
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1. CONCLUSIONS 

In this work, the effect of different injection rate shapes on combustion process and emission formation have been 

investigated as well as engine performance by using multi-dimensional CFD code in a Dual fuel engine operating in high 

engine load condition and the following results are obtained.  

As shown in case 1, combustion process has been retarded and NOx has been reduced because in-cylinder temperature is 

decreased. Case3 has the highest peak temperature as well as more NOx mass fractions compared to other cases. Case5 

mode exhibits average results among the five types. 

The use of different injection rate shapes affects the combustion related properties and can be used as an alternative way 

to control combustion in the dual fuel engines. Due to Case5 is a combination of Case1 and 2, then its soot and NOx is 

lower than others. As matter of fact it can be the best Case.   
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Abstract 

The current study investigates the suitability for using waste transformer oil (WTO) as an alternative fuel for compression ignition (CI) 

engine. For this purpose different properties of the WTO were determined. The different properties include density, kinematic viscosity, 

cetane number, calorific value, flash and fire points, fourier transform infra-red (FTIR). The investigation includes two parts. In the first 

part of the investigation, different properties and engine performance were conducted. In the latter part of the investigation WTO was 

refined by well know transesterification process and again different fuel properties and engine performance were conducted. In the text, 

the refined waste transformer oil is designated as RWTO. All fuel properties with WTO and RWTO were compared with those of 

conventional diesel fuel (DF). All properties were close to those of DF. FTIR results revealed that the WTO is a diesel like hydrocarbon. 

The engine performance with WTO and RWTO was much better than that of DF. Based on the findings, WTO and RWTO are suggested 

to be alternative fuels for CI engine. 

 

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 

of Mechanical Engineers 
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1. Introduction 

The engine and fuel researchers are devoted to explore alternative fuels as the present world largely depends on petroleum 

fuel for generating power, vehicle movement and agriculture sectors. Price hike, limited reserve of petroleum oils and 

stringent emission regulation also forced researchers to find alternative fuels. In Bangladesh, there is limited petroleum 

reserve to meet the demand of the petroleum product and for this reason it is necessary to spend a lot of foreign currency for 

importing fuel every year. Recent price hike of petroleum oil incurs lots of money. Bangladesh imports most of the 

petroleum oils from Middle East. In this point of view, waste transformer oil (WTO) can be an alternative source for 

petroleum oils.  WTO has significant physiochemical properties. WTO can meet a portion of our demand without any 

hesitation.  There is a huge unused amount of transformer oil in Bangladesh which is rejected every year. This oil is not 

used for any other purpose. So, WTO is an important source for meeting the demand of diesel in Bangladesh. Bangladesh 

imports approximately 2.4 million ton diesel each year [1]. It is well known that the transformer oil is used mainly in the 

electrical transformer for insulation purpose. Moreover, cooling is another purpose of using transformer oil in the electrical 

transformer while the transformer is running. Among various properties, one of the main properties of transformer oil is to 

sustain high temperature during operation. When an electrical transformer is in operation, the transformer oil is subject to 

mechanical and electrical resistance. For a certain period of time, it is recommended to check the electrical and chemical 

properties of the transformer oil. By using WTO, Bangladesh can reduce importing a huge amount of petroleum products 

from foreign countries. Our attention goes to the WTO. WTO results from the power generation and transmission station. At 

present 100 per cent transformer oil is not used in place of diesel fuel (DF) to run the engine rather blends of WTO and DF 
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are used to run the engine. Transformer oils are an important class of insulating oils. They act a heat transfer medium in the 

transformer. Transformer oil have negligible amount of contamination which have adverse effect on the electrical properties 

[2]. In general, transformer oil is produced from wax-free naphthenic oils. After certain period of time of operation in the 

transformer, the oil is thrown out in the form of waste. But after testing the transformer oil blends (transformer oil and diesel 

fuel) it has been seen that the property of transformer oil is comparable to that of diesel [3]. Based on the earlier findings, 

the current study investigated the possibility of using WTO as a diesel substitute.  

 

2. EXPERIMENTAL SETUP AND PROCEDURE OF EXPERIMENTATION 

 

2.1 Materials and methods 

 

The engine used in this experiment was a single cylinder, water-cooled, NA, 4-stroke, DI diesel engine. The specifications 

of the engine are shown in Table 1. The experiments were conducted with conventional DF and different blends of WTO. 

The engine speed was measured directly from the tachometer attached with the dynamometer. The outlet temperatures of 

cooling water and exhaust gas were measured directly from the thermocouples (Ni-Cr) attached to the corresponding 

passages. The dynamic fuel injection timing was set at 24º BTDC (before top dead centre). The engine speed was kept fixed 

at 800 rpm. An inclined water tube manometer, connected to the air box (drum) was used to measure the air pressure. Fuel 

consumption was measured by a burette attached to the engine. A stopwatch was used to measure fuel consumption time for 

every 10 cm
3
 fuel. To investigate the suitability of WTO as DF three different blends were prepared. All percentages of 

different blends were volumetric percentages. The blends are WTO10 (WTO 10% and DF 90%), WTO15 (WTO 15% and 

DF 85%), and WTO20 (WTO 20% and DF 80%). Similar blends (RWTO10, RWTO15, and RWTO20) were prepared with 

RWTO. The RWTO was prepared by well-known transesterification process. In this process, methanol was used as alcohol 

and NaOH was used as catalyst. The brake power (BP), input power, BSFC and brake thermal efficiency were calculated by 

equations 1, 2, 3 and 4 respectively.  

 

BP = W x N x 0.45 x 0.746/5000    (kW)   ----(1) 

 

Where, W is load in lb and N is engine speed in rpm. 

 

Input power = ṁf x CV/3600    (kW)   ----(2) 

 

Where, ṁf is the mass flow rate of fuel in kg/hr and CV is the calorific value of fuel in kJ/kg. 

 

BSFC = ṁf /BP      (kg/kWh)  ----(3) 

 

Brake thermal efficiency = 100/((ṁf/BP)(CV/3600))   (%)   ----(4) 

 

 
Table 1Engine specifications 

Engine  type 4-stroke CI engine 

Number of cylinders One 

Bore x Stroke 80 x 110 mm 

Cooling water cooling 

Compression ratio 16.5 

Rated power 4.476Kw@1800 rpm 

Injection pressure 14 MPa (low speed, 900 -1099 rpm) 

20 MPa (high speed, 1100-2000 rpm) 

Injection timing 24BTDC 
 

Table 2 Fuel properties of WTO, RWTO and DF 

        Properties    WTO RWTO DF 

Density[ kg/m3]  895 874 860 

Kinematic viscosity[cSt]   10.1  6.2 3.08 

Flash point [C]  140 125 90 

Fire point [C]  145 132 95 

Gross calorific value[kJ/kg]  41775 43813 44500 

Cetane number   42 50 48 
 

 

2.2 Fuel characterization 

 

In this section the different fuel properties include density, kinematic viscosity, cetane number, calorific value, flash and fire 

points, elemental analysis (CHONS), FTIR are discussed. The density was measured according to the ASTM D1298 

method, kinematic viscosity was determined as per ASTM D445 method, cetane number was ascribed as per ASTM D613 

method, gross  calorific value was determined as per D5865 method, flash and fire points were determined according to 
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ASTM D93. Viscosity is one of the important properties for DF as it affects fuel atomization. Cetane number indicates the 

ignition quality of a DF. Some selected properties of WTO and neat DF are shown in Table 2. 

 

2.2.1 Fourier transform infrared (FTIR) spectra for neat DF and neat WTO 

 

The target of the current investigation is to explore the alternative fuel for CI engine. To fulfil the target WTO is selected as 

a possible source for alternative fuel. However, before making any final conclusion it is necessary to examine WTO’s 

suitability as CI engine’s fuel. Considering the above fact, FTIR analysis of WTO was performed as FTIR gives an idea 

about the suitability of WTO as DF. FTIR gives the idea of the WTO to identify the basic compositional groups. The FTIR 

instrument produces the IR-spectra of the WTO. It provides the absorption spectrum in percentage incident intensity, along 

the wave numbers 4000 to 500 cm. The standard IR-spectra of hydrocarbons were used to identify the functional group of 

the components of the WTO. The IR-spectra of WTO was compared with that of DF. 
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Figure 1 Effect of WTO on brake thermal efficiency 
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Figure 2 Effect of RWTO on brake thermal efficiency 

 

 

 

3. RESULTS AND DISCUSSION 

 

3.1 Effect of WTO and RWTO on brake thermal efficiency 

 

The variation of brake thermal efficiency with engine load using all types of fuels/blends is shown in Figures1and 2. The 

brake thermal efficiency was calculated by the ratio of brake power to input power shown in Equation 4. From this Figure it 

is observed that the brake thermal efficiency increases with the increase in engine load (brake power) for all fuels/blends. It 

is interesting to note that compared to DF, all WTO blends show higher brake thermal efficiency. The maximum value of 

brake thermal efficiencies with WTO10, WTO15, WTO20 blends and DF were found to be 21.37%, 21.8%, 22.1% and 

19.2% respectively. The higher thermal efficiencies with WTO blends were attributed to the fact of lower BSFC with the 

different blends of WTO compared to DF. Equations 3 and 4 indicate that brake thermal efficiency is reciprocal of BSFC. 

As the BSFC is lower with WTO blends, brake thermal efficiencies increase.  

 

Figure 2 shows a comparison of thermal efficiencies with the blends of WTO20 and RWTO20. The thermal efficiencies 

with the WTO20 and RWTO20 were compared those of DF. Compared to DF, WTO20 blend show higher thermal 

efficiencies as described in Figure 1. WTO was refined by the transesterification process. Viscosity is one of the important 

fuel properties that affect fuel atomization. Higher viscosity leads to poor atomization results in poor combustion and engine 

emissions. One of the important targets of using transesterification process is to reduce fuel viscosity. Table 2 reveals lower 

viscosity with RWTO compared to WTO. It is clearly visible that the thermal efficiencies with WTO20 and RWTO20 

blends are higher than those of DF. It is interesting to note that compared to WTO20, RWTO20 shows higher thermal 

efficiency. The higher thermal efficiency with RWTO20 may be attributed to the fact of lower viscosity with RWTO20 

blend. The other blends of RWTO20 show similar trends (results not shown). Pullagura et al. [3] conducted experiments 

with 100% used transformer oil (WTO) and a blend of 40% WTO and diesel fuel in a single cylinder, 4-stroke, air cooled 

direct injection diesel engine. Authors also inducted hydrogen in the intake manifold. Authors compared the experimental 
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results with UTO40 and UTO100 with those of diesel fuel. They reported higher thermal efficiencies with both blends 

compared to diesel fuel. The current investigation is a good agreement with that of Pullagura et al. 

 

 

4.2 Effect of WTO and RWTO on BSFC 

 

Figures 3 and 4 show BSFC with different fuels/blends. It can be seen from the Figures that the BSFC decreases with the 

increase in engine load. It is interesting to note that the BSFC is lower with all WTO blends relative to DF. Pullagura et al. 

[3] lower brake specific energy consumption (BSEC) with WTO blends compared to DF. Though the BSEC is not shown in 

the current investigation but it can be calculated by simply multiplying the BSFC with the calorific value of the fuel. Thus, 

as the BSFC is lower with the WTO blends the BSEC will also be lower with all WTO blends.  

 

Figure 4 compares the BSFC among WTO20, RWTO20 and DF. It is obvious that the BSFC for the WTO20 and RWTO20 

blends are lower than that of DF. BSFC is better with RWTO20 blend compared to the WTO20 blend. It was observed that 

the fuel consumption of all types of fuels tested decrease with an increase in brake power.  

 

4.3 Variation of exhaust gas temperature with DF, WTO and RWTO 

 

The variation of exhaust gas temperature with brake power is shown below. The exhaust gas temperature of 

WTO10,WTO15, WTO20are 100C, 100C, 101C respectively whereas diesel is 98C. The reason is may be due to high 

auto ignition temperature for increase in exhaust gas temperature [4]. Due to this fact, the heat that is generated due to the 

compression stroke gets shifted its direction toward the exhaust side and increases the exhaust gas temperature. 
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Figure 5 Effect of WTO on exhaust gas temperature 
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                                                     Fig: FTIR graph for WTO100 

 

Figure 7 FTIR of neat WTO 

 

 

 

 

 

 

 

 

Figure 7 FTIR of neat diesel fuel 
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Table 3 

Neat DF Neat WTO 
Frequency range (cm-1) Bond types Family  Frequency range (cm-1) Bond types Family  

2923.9-2854.5 C-H stretching Alkanes  2963-2852.7 C-H stretching Alkanes  

1458.3 C-H bending Alkanes 1456.2 C-H bending Alkanes 

1377.1 C-X Fluoride  1377.17 C-X Fluoride  

723.3 =C-H bend Alkanes 730.2 C-H out of plane bend Alkanes 

 

The FTIR spectrums of diesel and transformer oil were recorded after scanning on FTIR is shown in fig. The table 

represents the functional group, compositional analysis for the DF and WTO. For DF, the strong absorbance frequencies 

2923.9 and 2854.5 cm
-1 

represent C-H stretching. The absorbance peaks 1458.1 cm
-1

 represented the C-H bending which 

indicates the presence of alkanes. For WTO100 strong absorbance peaks 2963cm
-1

and 2852.7 cm
-1

represented the C-H 

stretching. The absorbance peaks 1456.2 cm
-1

 and 730 cm
-1

 represented the C-H bending and C-H out of plane bend 

respectively indicating the presence of alkanes. From the FTIR graph it is seen that major transmittance spectrums peaks 

both of the fuels are alkanes. Based on the above discussion it is clear that both of the oil is saturated hydrocarbon. The 

presence of hydrocarbon groups   C-H indicates that the liquid has a potential to be used as fuels. 

 
 
5. Conclusions 

 

The objective of this experiment was to use transformer oil as an alternative fuel. The pure diesel was used as base fuel for 

comparing the properties and performance parameters. The performance test was conducted on a diesel engine at a constant 

speed of 800. The results of the current investigation may be summarized as follows: 

 

1. The viscosity of transformer oil 10.1 cSt which is 69% higher than viscosity of diesel (3.08 cSt) at 33C and 

calorific value of diesel was higher than transformer oil by 6%. The flash and fire points of transformer oil were 
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140C and 145C respectively while for diesel, flash and fire points were 90C and 95C respectively. This shows 

transformer oil is safer for storage. The cetane number was 42. 

 

2. The brake thermal efficiency for each blend was found to be high because of proper combustion. The brake thermal 

efficiency for UTO10, UTO15, UTO20 were found to be 21.37%, 21.8%, 22.1% respectively where baseline diesel 

was 19.2% for the same power output. 

 

 

3. The fuel consumption for UTO10 for UTO 15 for UTO 20 was higher as compared to DF due to the lower heating 

value. 

 

4. The exhaust gas temperature of UTO10, UTO15, UTO20were 100C, 100C, 101C respectively which were 

higher than baseline diesel (98C) due to the more residence time and higher viscosity. 
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Abstract 

The paper pursues process based analyses on power plants employing multi-stage chemical looping combustion (CLC) technology for 

carbon capture using different oxygen carrying materials and fuels. The aim is to determine any specific process based advantages offered 

by different oxygen carriers. CLC is an innovative combustion concept, which offers a potentially attractive option to capture CO2 with a 

significantly lower energy penalty than other existing carbon-capture technologies. In the CLC process, the combustion of fuel is split into 

two separate reactions carried out in two separate reactors: an oxidation reaction and a reduction reaction, by introducing a suitable metal 

oxide as an oxygen-carrier that circulates between the two reactors. This study investigates the viability of nickel, copper and iron as 

oxygen carriers using them with natural and synthesis gas fuels. It was conducted by developing an Aspen Plus based model, which 

employed the conservative principles of mass and energy. Equilibrium based reactor models with no oxygen-carrier (OC) deactivation 

were assumed. The choice of oxygen carrier and its effect on key operating parameters such as air, fuel and oxygen carrier mass flow 

rates, operating pressure, and the waste heat recovery were investigated for each fuel. For all OCs, the maximum temperatures were 

observed at stoichiometric OC mass flow rates for the given fuel supply. The peak reduction reactor temperatures were obtained with 

copper OC, which may require inerts or other temperature reduction strategies to avoid thermal deterioration. Maximum thermal 

efficiencies were observed for iron and nickel OCs. However, iron requires considerably larger OC mass flow rates compared to nickel 

and copper. 

 

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 

of Mechanical Engineers 

 
Keywords: Greenhouse gas; CO2 capture; Aspen; chemical looping combustion; oxygen carrier. 

1. Introduction 

The gradual shift towards a warmer global climate has been indisputably accepted at various international environmental 

forums. CO2 has the biggest contribution towards global warming because of the highest emission rate amongst other 

greenhouse gases and very long residence time within the atmosphere [1]. To reduce the CO2 concentration within the 

environment, various carbon capture and sequestration (CCS) strategies have been developed. Chemical looping 

combustion (CLC) is considered as one of the promising schemes for making carbon capture more energy efficient [2]. CLC 

is also preferred on the basis of having lower environmental impact in comparison to other carbon capture technologies.  

Initially presented as a novel idea for enhancing combustion efficiency by [3], the current interest in CLC is mainly due 

to its inherent ability to capture CO2. The main idea of CLC, as shown in Fig. 1, is to split the combustion of the fuel into 

two separate reactions carried out in two separate reactors: an oxidation reaction and a reduction reaction, by introducing a 

suitable metal oxide as an oxygen-carrier (OC) that circulates between the two reactors. In this approach, the fuel and solid 
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metal oxide enter the reduction reactor, where the metal oxide releases oxygen under the fuel-rich reducing environment. 

The released oxygen reacts with the fuel, which is oxidized to CO2 and H2O. After extracting work, CO2 can easily be 

separated from H2O in a condenser. The reduced metal oxide exits the reduction reactor and is transported to the oxidation 

reactor, where it is re-oxidized in the presence of air. The oxygen-depleted air and the oxidized metal oxide are separated at 

the exit of the oxidation reactor. The work is extracted from the separated gas stream whereas the oxidized metal oxide is 

circulated back to the reduction reactor. 

Fig. 1. Schematic representation of the natural gas fueled CLC power plant used in current study 

The solid OC particles, which are responsible for repeated exchanges of lattice oxygen between the reduction and 

oxidation reactors, are an important component of an effective CLC unit. For efficient operation, the OC particles should: 

have strong affinity to completely react with incoming gaseous fuel; be stable at high temperatures; be fluidizable; resist 

agglomeration; defy frictional wear; have low production cost; and have minimal environmental impact [4-5]. Besides high 

fuel conversion and high melting points, other parameters such as density, active surface area, pore volume, particle size and 

crushing strength are also important parameters for selecting an OC, as described in [6,7].  

The integration of CLC technology with power generation systems has been investigated in several studies [e.g., 8]. The 

prime target of such studies has been enhancement of overall plant thermal efficiencies and possible comparison with 

similar plants without CLC [9]. Most of these studies are based on specific combinations of power plant arrangements, fuels 

and OCs. In our previous work [9-10], we conducted parametric analyses to investigate the possible impact of key operating 

variables on overall plant thermal and exergetic efficiencies. Our work was focused on a natural gas based power plant with 

nickel as the OC. However, since the possible operating conditions are closely dependent on the reactivity of OC [6-7], it is 

essential to extend the parametric analysis by including the effects of different OCs and fuels. The present study is 

motivated by recognizing this gap in literature. It employs a system level model of a CLC based power plant and 

investigates the effect of different OCs (nickel, copper and iron) and fuels (natural gas and synthesis gas) on the relationship 

between the plant’s key input and output parameters. 

2. Methodology 

To see the effect of the different OCs on plant performance, a parametric analysis has been performed on a multi-stage, 

CLC power plant (Fig. 1) using each OC on the Aspen Plus simulation engine. The exhaust heat from the oxidation reactors 

is recovered to the reduction reactors as shown in the plant schematic. The high temperature solid, OC streams discharged 

from the oxidation reactors are used to heat the gaseous streams released from the reduction reactors in the inter cell heat 

exchangers A and B. The reactors were modeled on equilibrium or minimization of Gibbs free energy principle with no OC 

deterioration.  The reaction kinetics and fluid dispersion velocities were not considered. Complete separation of solid and 

gaseous product streams ejecting from the reactors is assumed. 

The Aspen simulation results are used to calculate stream exergies and plant exergetic efficiencies using the definitions 

described in [10]. The thermo-mechanical and chemical exergies were considered in the current analysis. The model was 

validated by comparing the results with the work of Anheden and Svedberg [8] and excellent agreements were found 

between the results of the two models (within 1%) as reported elsewhere [9-10]. 
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3. Results and discussions 

3.1. Base Case Scenarios 

Base case scenarios have been used in the current case study to reduce the number of simulations. In the parametric 

analysis, all conditions are fixed to base case values except the varied parameter. Separate base case scenarios have been 

defined for the case of natural gas and synthesis gas fueled CLC plants as shown in Table 1. The OC feed rates in all base 

case scenarios are equal to the stoichiometric amounts of OC required for the fuel supply. Other parameters such as exhaust 

heat recovery, air supply and operating pressure are constant in the base case scenario for a given fuel type. Hence, any 

significant deviations in the efficiency, temperature and emission profiles shall be primarily due to the particular OC used. 

The synthesis gas fueled plant is operated on a lower pressure as compared to the natural gas fueled plant in accordance 

with optimized parameters used by [8]. 

Synthesis gas has lower heat capacity in comparison to natural gas and thereby, requires lower air mass flows to attain 

effective CLC operating temperatures. With low air flow rates, there is limited availability of high temperature working 

fluid for power generation. Hence, synthesis gas fueled plants exhibited thermal efficiencies within the range of 39-41% in 

comparison to natural gas fueled plants which had peak efficiencies approaching 50%. The operating temperatures for the 

synthesis gas fueled power plants have been lower in comparison to corresponding natural gas based power plants. This 

results in lower NOx and CO emissions which are strongly dependent on oxidation and reduction reactor temperatures 

respectively. For natural gas operated power plant, iron and nickel OCs attained similar peak thermal efficiencies in 

comparison to copper which attained a lower peak efficiency of 44%. This is attributed to significantly lower oxidation 

reaction enthalpy for copper resulting in lower gas turbine inlet temperatures and corresponding lower work outputs. 

Although copper has a high reduction reactor operating temperature but since the mass flow rate of the CO2 rich stream is 

much lower, the effect of the high reduction reactor temperatures on the cumulative plant work output is not substantial. 

3.2. Effect of Air Flow Rate on different OC’s and Fuels 

The air supply primarily affects the oxidation reactor temperature. However, these effects are resonated throughout the 

CLC cell due to the cyclic operation. The general trends in the temperature profiles shown in Fig. 2 are similar for either 

fuel. Primarily, maximum temperatures are attained at stoichiometric supply of air for the available supply of OC (base case 

scenario). With further increase in air mass flow, the exothermic oxidation reactions are unable to sustain the high 

temperature resulting in a gradual decline. Nickel, copper and iron based OCs have similar oxidation reactor temperature 

profiles. For both cases of synthesis gas and natural gas, the highest temperature in the oxidation reactor is for nickel. This is 

attributed to nickel’s highly exothermic oxidation reaction enthalpy. 

Copper dominates other OCs with significantly higher reduction reactor temperature profiles for both synthesis gas and 

natural gas. This is primarily attributed to its very exothermic reduction reaction. However, copper as OC is disadvantaged 

for having a low melting temperature within the range of 1220-1320 K. Although nickel and iron OCs have similar 

reduction reaction enthalpies but substantial differences are evident between their reduction reactor temperature profiles. 

This is attributed to considerably higher OC mass flow rates for iron based OC (stoichiometric mass flow for a given 
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Fe2O3/Fe3O4 3600 180000 333408 83352 21.5 30 15 49.7 66.1 1464 1623 295 1200 0 0

NiO/Ni 3600 30000 6200 1700 21.5 18 9 40 69.2 1424 1537 403 714 0 210

CuO/Cu 3600 30000 6720 1740 21.5 18 9 39.7 68.8 1259 2210 2700 260 0 240

Fe2O3/Fe3O4 3600 30000 51538 12650 21.5 18 9 40.6 69 1463 1484 355 900 0 200
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Table 1. Parameter values and the results for base case conditions 
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amount of fuel), which results in effective thermal energy exchange between the two reactors located within the loop. This 

results in high temperatures within both reactors and consequently high plant thermal and exergetic efficiencies. 

Maximum thermal efficiencies were attained at roughly three times the stoichiometric air flow rate due to availability of 

more working fluid as shown in Fig. 3. A decreasing trend in exergetic efficiency is seen for both fuels (Fig. 3). With 

increasing air mass flows, the plant temperatures fall resulting in lower cumulative work outputs and higher irreversibilities 

resulting in lower exergetic and thermal efficiencies. Initially, with insufficient air supply incomplete combustion of 

incoming fuel occurs resulting in substantial quantities of combustible species emitted within the exhaust. This results in 

high output chemical exergies and correspondingly high overall exergetic efficiencies. 

3.3. Effect of Fuel Flow Rate on different OC’s and Fuels 

The fuel feed rate is to be tailored in accordance with the air and OC mass flow rates to achieve effective CLC plant 

performance. The effects of fuel flow rates on the reactor temperatures and thermal and exergetic efficiencies are shown in 

Figs. 4 and 5. Maximum reactor temperatures were attained for fuel feed rates slightly higher than stoichiometric amounts 

required for the circulating OC within the CLC cell. Peak thermal efficiencies were attained at stoichiometric proportions of 

fuel and OC for all three OCs used in the current study. 

The oxidation and reduction reactor temperature profiles for the natural gas and synthesis gas scenarios are generally 

similar. However, with nickel OC, the reduction temperature profiles for different fuel supplies are markedly different. 

Nickel has an endothermic reaction with natural gas and an exothermic reaction with synthesis gas (combination of CO and 

H2). Hence, with natural gas, the reduction reactor temperature decreases sharply to as low as 600 K. In contrast, with 

synthesis gas, the reduction reactor temperatures rise steadily till they exceed stoichiometric proportions and begin declining 

with excess fuel. Iron has similar reaction enthalpies as nickel but the reduction and oxidation reactor temperatures are 

roughly similar due to the much higher OC mass flows and thermal exchange between the two reactors. The oxidation 

reactor temperature profiles for all three OCs remained stable in fuel rich conditions, although reduction reactor 

 

Figure 3 Effect of air mass flow rate on plant thermal and exergetic efficiencies with different OCs using fuels: (A) natural gas; and 

(B) synthesis gas. 

 

 

  

Figure 2 Effect of air mass flow rate on reactor temperature profiles with different OCs using fuels: (A) natural gas; and (B) synthesis gas. 
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temperatures declined in this zone. This is primarily attributed to exothermic oxidation reductions which are shifted forward 

by low temperature feeds incoming from the reduction reactors. 

The exergetic and thermal efficiency profiles for the different OCs and fuel types are very similar. The thermal efficiency 

profiles decline for fuel rich and OC rich mixtures due to lower operating temperatures and corresponding lower cumulative 

work output. CLC plants operated on iron OC presented maximum thermal efficiency of 50% at stoichiometric fuel supply 

rates. This is attributed to considerably higher OC mass flow rates (in case of iron) which allow effective thermal exchange 

between reduction and oxidation reactors resulting in high operating temperatures for both reactors. The exergetic efficiency 

profiles with varying fuel mass flow rates are similar for all OCs and fuels. At stoichiometric conditions, the exergetic 

efficiencies are within the range of 60-70%. 

3.4. Effect of OC Flow Rate on different OC’s and Fuels 

The mass of OC circulating within the CLC loop affects the overall cell performance. The optimal OC mass flow rate 

shall depend on the particular combination of OC and fuel used. Depending on the oxygen transfer capability, different OCs 

shall require different OC mass flow rates for a given amount of fuel. The equilibrium based methane conversion efficiency 

for NiO/Ni (0.98 at 1000°C), Fe2O3/Fe3O4 (1 at 1000°C) and CuO/Cu (1 at 1000°C) are high. Hence, plants modeled on 

equilibrium basis should present similar results. The exergetic and thermal efficiency profiles are similar for all three OCs in 

both synthesis gas and natural gas fueled power plants as shown in Fig 6. This similarity in profiles is attributed to high 

equilibrium based fuel conversion for all three OCs. As OC mass flow rates increase beyond stoichiometric proportions, the 

efficiencies remain steady at peak value depicting minimal decrease. The averaged exergetic efficiency of synthesis gas 

fueled power plant was slightly higher in comparison to corresponding natural gas fueled power plant. However, the 

exergetic efficiencies for both power plants remained within the range of 60 to 75%. Initially, with insufficient OC available 

for complete combustion of incoming fuel, substantial levels of combustible species are emitted within the exhaust resulting 

\  

Figure 4 Effect of fuel mass flow rate on reactor temperature profiles with different OCs using fuels: (A) natural gas; and (B) 

synthesis gas. 

 

 

 

Figure 5 Effect of fuel mass flow rate on plant thermal and exergetic efficiencies with different OCs using fuels: (A) natural gas; and 

(B) synthesis gas. 
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in high output chemical exergies and overall exergetic efficiencies. The temperature profiles for synthesis gas are found to 

be similar to corresponding profiles for natural gas (results are not shown here). Maximum temperature are attained at 

stoichiometric proportions of OC for the given fuel supply. 

4. Conclusions 

A comparative process based parametric analysis was performed to analyze the effect of the usage of three different OCs 

and two different fuels on the performance of a multi-stage CLC power plant. The plant temperatures and efficiency profiles 

were observed and possible variations between them due to a specific combination of fuel and OC employed were 

investigated further. Natural gas fueled power plant resulted in higher thermal efficiencies (50%) then corresponding 

synthesis gas operated power plant (44%) due to higher fuel heat capacities and higher air feed rates. High conversion trends 

were observed for all three OCs. With iron OC operated CLC plants, the thermal efficiencies were maximum due to high 

oxidation and reduction reactor temperatures. However, iron requires considerably larger amounts of OC for transferring the 

same amount of oxygen in comparison to nickel and copper OC. This would require larger power plant capacity and 

increased capital costs. The stoichiometric proportions of fuel and OC result in maximum thermal efficiencies for all 

combinations of OC and fuels.  
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Abstract 

The manufacture of Portland cement is an energy intensive process. It produces significant pollution and uses large amounts on non-

renewable resources. With increasing pressures to reduce greenhouse gas emissions due to cement manufacture, research and 

development of fuel alternatives and their effect on the manufacturing process has become an industry focus. The inherent properties of 

sintering cement in a rotary kiln allows for a large number of fuels to be burnt which are normally prohibited for use as fuel in other 

processes. To examine the suitability of a fuel, process modeling and simulation can be undertaken to predict the final impact of that fuel 

on kiln performance and greenhouse gas emission. With an accurate model and sufficient data, it is possible to conduct simulations for a 

wider range of alternative fuels. This paper discusses and summarizes the simulation results of three alternative fuels, namely spent 

carbon lining, used industrial lubricants and used tires, for identifying the most effective fuel source among these three. Among the 

selected fuels used, industrial lubricant is found to be the best option regarding the CO2 emission, while the spent carbon lining is the 

worst one. In contrast, feed material requirements can be reduced by up to approximately 15% by using spent carbon lining. Further 

research is recommended to justify the findings.   

 

© 2012 The authors, Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Bangladesh Society 

of Mechanical Engineers 
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1. Introduction 

Portland cement is one of the most commonly used construction materials in the world. The manufacture of Portland 

cement is energy intensive, requiring temperatures between 1450
o
C and 1500

o
C [1]. The manufacture of Portland cement 

accounts for approximately 5% of the annual carbon dioxide output. Half of these emissions originate from the burning of 

fuel and half from the calcination reactions [2]. Due to increasing pressures to implement sustainable and environmentally 

friendly manufacturing techniques, there has been increased exploration of alternative fuels to power the cement kiln. 

Testing of possible alternative fuels has been limited by the economic risks associated with real world experimentation with 

alternative fuels.  

Modern Portland cement manufacturing technique was invented in 1824 [3] and, since the move to rotary kilns, very 

little has changed. As this process has been used for a long period of time, the chemical processes are well understood.  The 

difficulty in modeling the process comes from the number of variables and reactions which take place. Attempting to model 

every possible reaction is well beyond the scope of this study and would require more specific process data than is available. 

For the purposes of this study, only a limited range of possible reactions have been considered. The reactions selected for 
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consideration were those responsible for producing the four most prevalent products Alite, Belite, Calcium Aluminate and 

Ferrite. 

The main process routes for the manufacturing of cement vary with respect to equipment design, method of operation 

and fuel consumption [4]. The cement manufacturing process basically includes quarry, raw material preparation, 

preheating of raw material, kiln, clinker cooling, grinding, storage and dispatch. A schematic diagram of the cement 

manufacturing process is shown in figure 1 [5]. The process begins with decomposition of calcium carbonate (CaCO3) at 

about 900°C to leave calcium oxide (CaO, lime) and liberate CO2; this process is known as calcination. Then the clinkering 

process takes place in the kiln in which the calcium oxide reacts at high temperature (typically 1400°–1500°C) with silica, 

alumina and ferrous oxide to form the silicates, aluminates and ferrites respectively which make up the clinker. This clinker 

is cooled and then ground together with gypsum and other additives to produce cement.  

To generate the required thermal energy, fuels are burnt in the kiln as well as in the preheater tower. The rotary kiln used 

in cement manufacturing is able to burn a wide range of materials due to the long residence time at high temperatures, the 

intrinsic ability for clinker to absorb and lock contaminants into the clinker and the alkalinity of the kiln environment.  

Materials like waste lubricants, plastics, used tires and sewage sludge are often proposed as alternative fuels for the cement 

industry. Meat and bone meal is also considered now as an alternative fuel [6]. Several agricultural biomass and industrial 

wastes are newly identified as potential alternative fuels for the cement industry. Spent carbon lining, an industrial waste of 

aluminium smelters, is one of the prospective alternative fuel candidates [7].  

Fig. 1: Schematic presentation of the cement manufacturing process from quarry to dispatch [5] 

In order to reduce the risks of trialing a new alternative fuel, this study used a computer process model to predict the 

effects of selected alternative fuels on kiln performance and CO2 emissions. These preliminary predictions will allow a 

larger range of fuels to be tested with minimal cost. Various commercial software packages are available to model and 

simulate the physical and chemical changes in industrial production. Thermodynamic models are extensively used in 

chemical and process engineering, materials technology as well as in energy and environmental technology. Most of the 

studies on modeling cement manufacturing found in the literature are based on computational fluid dynamics (CFD) [8-13]. 

Kaantee et al. [6] and Zhang et al. [14] used Aspen Plus, a commercial software package, to simulate the cement clinker 

production focusing on clinker chemistry and thermodynamics in the rotary kiln.  
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The scope of the study was defined to meet the requirements of testing and implementing selected alternative fuels. 

Aspen Plus software was initially selected to model the cement manufacturing process of a regional cement plant from 

which required data was collected. Due to some difficulties in acquiring and using this software package and the lack of 

technical support, the use of the Aspen Plus model for this study was discontinued. Instead, a Microsoft Excel model is used 

to investigate suitable waste processing techniques to satisfy the storage, handling and feed requirements. Optimum 

blending ratios of alternative fuels with the fossil fuel are also studied by using the model. Among the selected alternative 

fuels, a comparative discussion is appended on the basis of the simulation results. 

2. Alternative Fuels 

Fossil fuels are most commonly used in the cement industry due to their availability and price. In recent years, due to 

increasing prices and concerns over climate change, industry has been looking at alternative fuel sources which may be able 

to partially or totally replace fossil fuels. In the past couple of decades there has been a large amount of research on 

alternative fuels and their impact on plant performance. The cement plant has the additional advantages of high 

temperatures and long residence times within the kiln, and fuels normally considered dangerous to burn can be used in these 

circumstances. Almost all wastes have some calorific value which could be harnessed. However, in order to be 

economically viable they must meet a number of criteria, the most important of which are listed below [15]: 

 Availability. 

 Physical state of the fuel (solid, liquid, gaseous). 

 Content of circulating elements (Na, K, Cl, S). 

 Toxicity (organic compounds, heavy metals). 

 Composition and content of ash. 

 Content of volatiles. 

 Calorific value (typically over 8 MJ/kg is required). 

 Physical properties (scrap size, density, homogeneity). 

 Grinding properties. 

 Humidity content. 

In order to create the model, the full chemical breakdowns of each of the fuels are required; this information was 

gathered from previous studies [6-7]. The current study allows the demonstration of the application of computer modelling 

to fuel analysis. Three potential alternative fuels, namely spent carbon linings, used industrial lubricants and used tyres have 

been selected for the current study because of their availability. Though the chemical breakdown of these selected fuels are 

available in the literature, to ensure the most realistic result, actual plant data have been collected from a regional cement 

plant. All three alternative fuels have been used or are currently being used by that cement plant. Chemical composition of 

the alternative fuels, feed material and the coal were collected from the referenced cement plant. Energy and feed material 

requirement of the process is determined on the basis of the collected data by using a computer model. 

End-of-life tyres are a waste product from the automobile industry and became very popular to the cement manufacturers 

as an alternative fuel to cope with the increasing fuel costs during the mid 80’s. High carbon content, high heating value and 

low moisture content make discarded tyres one of the most used alternative fuels in the cement industry all over the world. 

Reinforcing wires of tyres can be consumed as a replacement for other raw material containing iron [16] when the whole 

tyre is used as alternative fuel.  

Spent carbon lining (SCL) is a solid waste produced during the manufacture of aluminium metal in electrolytic cells. The 

carbon portion of the lining serves as the cathode for the electrolysis process. Up to 79% of U.S.-generated SCL was 

recycled in cement kilns in 2010 [17]. In 2009, 7449 tonnes of SCL were recycled in Australia, mostly in the cement 

industry as an alternative fuel [18]. Used industrial lubricants generally have high calorific value, and those can be used in 

cement kilns as alternative fuel with minimal processing cost [19]. The energy content of used lubricants varies due to the 

different ratios of various chemicals in it, although in most cases the calorific value of used lubricants is higher than coal. 

3. Modeling and Simulation  

A range of simulation packages are available in order to model the complex chemical processes within modern cement 

manufacturing plants. Amongst them, ASPEN PLUS, ASPEN HYSYS and ANSYS FLUENT are widely used to model the 

manufacturing process and to predict the performance characteristics of the plant. ASPEN PLUS and ASPEN HYSYS use a 

flow sheet simulator to graphically represent each stage of the process allowing for, at a glance, interpretation of the stages 

of the process. ASPEN PLUS and ASPEN HYSYS enable quick and easy alterations to a process, allowing users to quickly 

trial a number of different system configurations without requiring a new model for each change. ANSYS FLUENT allows 
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modeling of the effect of surface condition of the material as well as the effect of phase changes on a body of material. It 

also allows the optimization of fluid flow, material feed and containing structure. Due to the nature of cement production, 

ASPEN PLUS is identified as the most suitable since this package has the ability to simulate chemical reactions within 

solid, liquid and vapour phases [20].  

Modeling of the cement manufacturing process can also be done in Microsoft Excel. The Microsoft Excel model is much 

simpler than the other model; however, this model is not able to consider the chemical processes, the physical layout of the 

plant or the thermal properties of the materials. In this study, Microsoft Excel is used for modeling as there were some 

technical difficulties with the Aspen Plus software which we have a license for and due to the unavailability of technical 

support. The Microsoft Excel simulation is done based on the required input in order to account for the output. The 

outcomes of this model are sufficient to predict the overall effects of the alternative fuels on the feed requirements of the 

cement plant, but cannot account for any changes in the chemical composition due to the alternative fuels. Creating the 

Excel model can be broken into two distinct considerations: energy required by the process and the feed material required 

by the process. For the purposes of this model, the energy required was simplified to 3.05 mega joules per kilogram. The 

energy output and composition of each fuel set is shown in Table 1. The fuel required to generate the required energy is 

calculated using the following equation. 














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




21  Fuel
% Fuel*  fuel of kg perEnergy 

Produced Clinker*  requiredEnergy  

 Fuel
% Fuel*  fuel of kg perEnergy 

Produced Clinker*  requiredEnergy  
FuelReq                            (1) 

The primary purpose of this study was to identify the properties of the fuels being tested in terms of their effect on the 

cement manufacturing process. Additionally, this study identified the requirements for storing, handling and feeding of 

these fuels. While calculating the emissions for each fuel, only carbon dioxide has been considered.  This was calculated 

under an ideal case where all carbon atoms are reacted to CO2. This assumption is suitable for the purposes of this study 

and, when applied in the same way to all fuel options, provides a suitable comparison between the fuel outputs. 

The generalized data from a number of sources and the actual plant data from the regional cement plant are used to run 

the model. The required information was split into the following categories: 

Fuel Properties: The properties of the alternative fuel in terms of energy content and chemical composition were needed 

in order to calculate the amount of fuel needed and the various emissions. 

Table 1: Fuel Composition 

  Coal SCL Tyres Used Oil 

Energy Content (MJ/kg) 27.43 8 31 33.54 
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Water 8.1 — — 1.0 

Carbon 69.9 36.59 72.0 74.2 

Hydrogen 0.379 — 6.07 15.0 

Nitrogen 0.15 — 0.2 1.8 

Sulphur  0.37 — 1.06 1.34 

Oxygen 6.32 — 1.12 — 

SiO2 8.2957 10.2 2.292 0.31 

Al2O3 4.07 18.4 3.056 1.4 

Fe2O3 1.193 3.0 12.5247 4.95 

CaO 0.3 1.9 0.4011 — 

MgO 0.168 0.81 0.6112 — 

K2O 0.267 0.7 — — 

Na2O 0.0487 14.0 0.665 — 

SO3 0.4386 — — — 

F — 14.4 — — 
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Material Feed: To calculate the contribution of the fuel to the raw material required by the process, the material content 

of the fuel had to be known.  

The proposed Microsoft Excel model could not simulate chemical reactions but could predict the suitability of fuels 

based on the required material input. The feed material content required and the content of the alternative fuels are taken 

from the available cement manufacturing plant data. The resulting feed material was calculated using the following 

equation. 

Ignition) on Loss*   Output*   Fraction (Massutput)O*  Fraction (MassFeedReq Material                                      (2) 

Due to the simple nature of the model, the following assumptions were made:  

 There were no chemical reactions accounted for. 

 The feed required only related to the total input required and did not account for feeding fuel into the preheater or kiln. 

 The emissions were calculated as an ideal conversion of carbon to carbon dioxide; this was necessary to allow excel to 

calculate emissions. 

 Energy requirement was assumed to be 3.05 mega joules per kilogram of clinker production.    

 Assuming that 100kg of clinker was to be produced, the required feed material is shown in Table 2. According to the 

previous assumption, the total energy required is 305MJ. 

 To meet the energy requirement, the required amount of coal was 11.12 kg which was calculated on the basis of the 

assumptions stated earlier. 

Table 2: Feed Material Required 

Component Mass % Required (kg) Loss on Ignition (kg) Final  Requirement  (kg) 

SiO2 21.84% 21.84 7.788 29.628 

Al2O3 5.72% 5.72 2.040 7.760 

Fe2O3 3.89% 3.89 1.387 5.277 

CaO 66.55% 66.55 23.732 90.282 

MgO 1.10% 1.10 0.392 1.492 

K2O 0.37% 0.37 0.132 0.502 

Na2O 0.31% 0.31 0.111 0.421 

SO3 0.22% 0.22 0.078 0.298 

Total 100 100.000 35.660 135.660 

 

With a working simulation model, the next step was to run the required simulations in order to produce a set of results 

suitable for analysis. Using the Excel spreadsheet, production of the results was a simple process of changing the percentage 

inputs for each fuel. The testing took place in two phases, the first to test each fuel against coal and the second using a 

combination of the alternatives in order to select the most beneficial mixture. For each fuel composition test, the following 

procedure was used: 

 Set the fuel percentage for the composition to be tested. 

 Make up to 100% using coal. 

 Check the results to ensure no component is oversupplied. 

 If material is over supplied, reduce the step size to best pinpoint the limiting point. 

 Repeat the process of checking the amount of the components until either a limit point is found or 100% of alternative 

fuel is used in the mixture. 

4. Results and Discussion 

Three different alternative fuels for the cement industry have been studied through use of a Microsoft Excel model. The 

input data consisted of an energy requirement, amount of feed material required and the chemical composition of the feed 

material and fuels. The model provided the percentage changes in different components of the required feed material as well 

as changes in CO2 emission. Figure 2 shows the resultant component breakdown for the 100% exchange of coal with 

different alternative fuels. This result gives an idea of the possible maximum exchange rate of coal to the alternative fuels. 
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The changes in feed material requirements have been plotted in Figure 3 for the usage of the maximum limit of each 

alternative fuel. Figure 3 indicates that SCL reduces the feed material requirements more than the other alternative fuel 

options. 

Fig. 2: Comparative component breakdown for 100% exchange of coal to alternative fuels 

Fig. 3: Change in feed material required for different alternative fuels 

4.1. Spent carbon lining  

Upon examination of the results of replacing the coal with SCL it was found that SCL is a viable substitute. The use of 

SCL does not provide significant thermal energy; rather it reduces the feed material requirements and is a source of fluorine. 

The disadvantage of using SCL is an increase in carbon dioxide emissions. The limiting factor for the use of SCL is the 

sodium oxide or alkali content which in this case limits the feed rate to 7.8% of the total fuel feed.  
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In terms of energy content and emissions savings, SCL is the worst performing of the tested alternative fuels. Due to the 

low energy content of SCL, it required 2.42 times of the amount of coal and produced 79% more carbon dioxide. At the 

limiting point, SCL increased the CO2 emissions by 6.18% resulting in an additional 1.76kg of CO2 when assuming that all 

carbon is converted to CO2. SCL is a very good source of the feed materials required for the process, amounting to 14.83% 

of the total requirements at the limiting point. 

4.2.  Used industrial lubricant 

It was found that the use of used industrial lubricants was beneficial to the process. This fuel was able to produce the 

required energy with two kilograms less fuel compared to coal. CO2 emissions increased 13% while coal is completely 

substituted by used industrial lubricants. The largest concern is that many used lubricants can be treated for reuse which is a 

more sustainable option. As such, burning in cement kilns should be a last resort and undertaken only for material which is 

too contaminated for recycling  

This study was able to show that, for the specific used lubricant considered, the energy and emissions make it a suitable 

replacement for coal. However, before implementation, the specific material to be used should be analysed to ensure that it 

will reduce the required feed material and CO2 emissions. Used industrial lubricants were found to be the simplest 

alternative to implement. Due the liquid nature of the material, the storage and handling equipment requires little space and 

can be easily incorporated into an existing plant. 

4.3. Used tires  

Used tires were shown to require 1.2 kg less material than coal in order to generate the required energy. Used tires 

produced 9% less carbon dioxide than pure coal. In addition, tires are a good source of iron due to the steel strapping within 

the rubber. The incineration of used tires is a sustainable practice as the recycling applications currently cannot consume the 

amount of material generated. Combustion of tires in the kiln was found to be a clean process due to the very high 

temperature and long residence times. In this study the tires were assumed to combust instantaneously. If the whole tire is 

not combusted entirely, that can result in less efficient firing and additional fuel requirement. Further study should be 

undertaken on specific firing situations to quantify the effect of this.  

Storage handling and feeding of tires can be problematic, particularly if the tires are being fed in whole. The feeding 

involves a high level of manual handling. This can be overcome through the use of shredded tires, but the shredding 

equipment involves a higher capital cost and energy for preparation.  

5. Conclusions 

This study investigated three alternative fuels which were selected and analyzed for their suitability for use in a cement 

kiln. This analysis identified the benefits or detriments to the process using a computer simulation of the required process 

inputs. With suitable data being available for each of the fuels, a Microsoft Excel model was used to create a simplified 

solution. While this model was not able to calculate the chemical output, it was able to find the changes to the material input 

caused by each fuel which, for this study, was enough to make a preliminary judgment on the fuel’s suitability.  

In the case of the spent carbon lining, it was found to be a suitable alternative fuel.  Uniquely, this alternative is 

recommended for use not because of its value as an energy source, but for its ability of offset a portion of the feed material 

required. SCL was limited though by its sodium content which could not exceed the maximum overall input for the feed 

requirements. This fuel was found to be the easiest to implement as the storage, handling and feed requirements are very 

similar to that for coal and would require minimal alterations.  

 Used industrial lubricants were found to be the fuel most suited to replacing coal. The energy content for the used 

lubricants analyzed was the highest of all the fuels examined and produced the lowest overall carbon dioxide emissions. In 

terms of the change in feed material, this fuel provided little to no material and therefore the cost of the additional feed 

would need to be weighed against the savings in coal. The logistics of using waste lubricants is fairly simple and would 

require minimal changes to the current plant.  The largest modification would be the area needed for the storage, pumping 

and blending. 

As an alternative fuel, used tires were found to be a suitable replacement for coal. The tires had a high energy content 

allowing them to provide a better emissions profile than coal. The largest weakness with using this option is that tires 

require a complicated handling setup which often includes a large amount of manual handling.  

Overall this study has successfully identified the strengths and weaknesses of each of the fuels considered. This study has 

proven that this process could be used to model an alternative fuel without the need for expensive testing, allowing many 
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more fuels to be considered, and having substantial benefit to both plant operators and the sustainability of the cement 

industry.  
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