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Abstract: Biomass cofiring, a technique that involves combusting biomass alongside fossil fuels 

in power generation, presents a promising pathway toward achieving net-zero emissions. As an 
alternative solution, biomass co-firing is planned to be implemented to reduce emissions of the 
existing coal-fired power plant (CFPP) in Indonesia. This paper presents a numerical study using the 
computational fluid dynamics (CFD) approach. A Paiton 9’s power plant was selected as the object 
domain, and five cases related to fuel composition were prepared i.e., 100% coal, 100% biomass and 
three cases of mixture ratio of coal and biomass. Sawdust, a source of biomass, is mixed with coal 
and varies in ratios namely 5%, 10% and 15%. The combination of the species transport model, 
realizable k-ε turbulence model, combustion model and dual heat exchanger model was used to 
analyze combustion characteristics such as the average temperature profiles, velocity profiles and 
mass fractions of pollutants, including NOx, CO2, and HCn. The results report the highest average 
furnace gas exit temperature is about 1300oC by using 100% coal. By increasing the ratio of sawdust 
in the coal, the furnace gas exit temperature reduces close to recommended optimum range of gas 
exit temperature. Furthermore, the NOx and CO2 emissions trend to decline due to effects of 
decreasing furnace temperature and low carbon levels in fuel. Hence, selecting an appropriate 
sawdust ratio in the coal and fuel composition is the key point to maintaining the stability of furnace 
exit gas temperature. Later, observations of co-firing combustion are required to ensure the accuracy 
of the model in this study.  

 
Keywords: cofiring; biomass; emission; realizable k-ε turbulence model; computational fluid 

dynamics 
 

1.  Introduction  
Coal combustion is a critical obstacle to achieving net 

zero emissions due to its high output of carbon dioxide 
(CO2). The combustion process also releases pollutants 
like sulphur dioxide (SO2), nitrogen oxides (NOx), 
particulate matter (PM), heavy metals and black carbon 
(BC) into the atmosphere, degrading air quality and 
harming public health1). As a major source of greenhouse 
gases, coal significantly contributes to global warming 
and climate change2). Transitioning to net zero emissions 
requires reducing reliance on coal by adopting cleaner 
energy sources, enhancing energy efficiency, and 
implementing carbon capture technologies3,4). Achieving 

this transition involves substantial policy changes, 
technological advancements, and coordinated global 
efforts to mitigate the environmental and health impacts 
of coal combustion5,6). 

Indonesia is one of South-East Asia (SEA) countries, 
which has numerous sources of energy such as crude oil, 
natural gas, coal, hydro, and renewable energy. The 
abundant amount of energy sources has supported 
Indonesia’s energy production to satisfy domestic market 
demand. The energy source conversion is mostly used in 
petrochemical, transportation, household, and electrical 
industries. In terms of electricity, coal has a significant 
contribution to sufficient Indonesian national electricity 
from 2012 to 2022. During that period, the average 
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electricity growth from coal sources reaches 22.75%7). In 
2022, 62.41% of Indonesian electricity is still dominated 
by coal conversion, followed by combined steam-gas, 
18.13% and hydro, 7.17% respectively8). Most power 
plants in Indonesia utilize pulverized coal combustion as 
their primary method of operation and it is associated with 
substantial air pollution9). As a result, it contributes more 
than 40% of total emissions in the energy sector10). It 
directly contributed to the greenhouse effect - trapping 
outgoing infrared radiation and warming the Earth's 
surface and atmosphere; absorbing and scattering solar 
radiation - reducing sunlight reaching the Earth's surface 
and disrupting regional and global climate patterns11,12); 
and increasing Earth's surface temperature - intensified 
heat retention exacerbates temperature extremes13,14).  

According to the Net-Zero Emissions (NZE) initiative, 
reducing greenhouse gas emissions and ensuring the 
sustainability of energy resources are critical priorities. 
The primary goal of this program is to mitigate the adverse 
effects of climate change, to address related health issues 
and to sustain human necessities simultaneously. 
Controlled climate change and health issues, leading to 
changes in agricultural productivity and water resources, 
which was affected human necessities such as food 
security, water availability, and shelter15). By achieving 
these targets, the program aims to create a balanced and 
sustainable environment. 

Indonesia targeted to achieve the NZE goal by 2060 by 
promoting Indonesia’s Long-Term Strategy for Low 
Carbon and Climate Resilience 2050 (Indonesia LTS-
LCCR 2050)’ program16). The program focuses on 
economic development and environmental preservation 
coexist seamlessly, creating a legacy of sustainability for 
future generations. As a legal act, Indonesia plans to 
reduce the use of coal in the energy production sector 
especially electricity by implementing co-firing biomass. 
Biomass is being utilized as a viable and environmentally 
friendly energy source, serving as an alternative to finite 
and non-renewable energy resources. It can be effectively 
transformed into electrical energy and thermal energy, 
thereby catering to the energy demands of residential and 
industrial domains8). 

As an agricultural nation, Indonesia possesses a diverse 
and plentiful biomass supply. Indonesia has 130 million 
tonnes of biomass energy potential. This is equivalent to 
about 39 Mtoe of energy. About 73% of the potential 
biomass is derived from agriculture and forest wastes 17). 
The assessment of biomass potential was also conducted 
in 33 provinces in Indonesia. It was revealed that biomass 
potential was dominated by palm oil and rice husk 
respectively18). About 13 GW of 37.7 GW energy capacity 
of biomass was gained from palm oil plantations, which 
has been planned to be converted to electricity of about 
2.2 GW in 202219). The proper utilization of biomass as a 
fuel has been shown to have the potential to decrease 
emissions, as evidenced by studies20–23). 

Nevertheless, certain challenges are linked to the 
practice of biomass co-firing. The availability and 
consistent supply of biomass might pose significant 
challenges24–27). The successful implementation of co-
firing projects may necessitate the establishment of 
supportive laws, incentives, and regulations28–30). Biomass 
feedstocks exhibit distinct features in comparison to coal, 
encompassing diverse attributes such as fluctuating 
moisture content, particle size, and energy content. The 
attainment of a stable and homogeneous fuel mixture 
while utilizing coal might present difficulties, which in 
turn can have an impact on combustion efficiency, 
emissions, and the overall performance of the plant 31–34). 
Moreover, biomass ash may exhibit elevated levels of 
alkali and chlorine content, which can result in the 
corrosion and fouling of equipment35,36). 

The co-firing of biomass and coal necessitates the 
implementation of adjustments to pre-existing power 
plants or industrial boilers to handle the distinct fuel 
characteristics. Hence, it is imperative to perform a 
comprehensive investigation to ascertain the combustion 
attributes of co-firing. This necessitates the undertaking of 
computational combustion studies that offer precise and 
cost-effective predictions of combustion processes 37). The 
numerical simulation technique has undergone significant 
advancements, enabling the gathering of data about 
pulverized coal combustion to predict both combustion 
and pollution. A study was conducted to investigate the 
reduction of NOx and CO emissions in co-firing 
combustion utilizing the Kobayashi model and 
kinetics/diffusion-limited rate models. Computational 
Fluid Dynamics (CFD) was employed as the methodology 
for this investigation38). A study including numerical 
analysis investigated the co-firing of torrefied biomass, 
which resulted in notable reductions in CO2 and NOx 
emissions39). The investigation and computational 
analysis of a co-firing system utilizing woody biomass 
exhibited satisfactory proportions, resulting in a reduction 
of CO2 emissions40). The study investigates the 
combustion process of coal and sawdust mixture 
containing NOx and SOx reduction agents, along with 
biomass derived from corn, wheat, and soybean. The 
experiments are conducted in a tangentially fired boiler 
operating at partial loads, as described in reference41). 

To the best author’s knowledge, there were limited 
studies of co-firing combustion through the existing 
power plant, especially in Indonesia. The present work 
focuses on investigating the effect of co-firing combustion 
ratio on flow field and emission e.g., CO2, NOx, and HCn, 

in the existing coal-fired power plant. CFD is employed to 
identify flow field behaviour and to analyse emissions 
trends at end of boiler zone. The results provide useful 
information regarding the best ratio of cofiring for 
emissions reduction as well as new renewable energy 
utilization. 
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2.  Data Collection and Reduction 
2.1  Technical Data 

This study encompasses the provision of boiler 
technical drawings and the presentation of the 
arrangement of boiler components, together with their 
respective measurements. One of the technical 
illustrations is a representation that depicts a cross-section. 
The technical data is required to generate a simulation 
domain which represents the simplification of actual 
boiler geometry. The boiler from Paiton 9 with a capacity 
of 660 MW was used in this simulation. In general, the 
dimension of domain is 41.66 m × 20.03 m × 69.26 m, 
meanwhile the details of the heat exchanger, burner and 
other components are provided in our previous report42). 
Subsequently, the software can be utilized to simulate the 
boiler's behaviour by incorporating relevant process data. 

 
2.2  Operational Data 

The operational data is required to define initial and 
boundary conditions for the model. Adequate data and 
proper setup lead to a good prediction of the results. In this 
case, the data encompassing flow rate and temperature of 
air and fuel is essential to be collected. The flowrate and 
temperature of each stream were set by following data in 
Table 1. The aforementioned data is used to estimate the 
required quantity of fuel and air for each burner. 

 
Table 1. Fuel and air flow rates and temperature of Paiton 9 

CFPP42). 

Flow rate �̇�𝒎 (kg/s) �̇�𝒎 (T/h) T (oC) 

Primary air 100.86 363.10 199 

Coal 48.85 175.85 52.2 

Secondary air 261.01 939.65 340 
 
In addition, the data related to heat absorption of the 

flame or the combustion gas by heat exchanger is 
compulsory. The data is purposed for evaluating the 
performance of the boiler through the comparison of 
measurement outcomes during its operational state. The 
input data for the heat exchanger is summarized in Table 
2. 

Table 3 shows the matrix of cofiring fuel used in the 
boiler combustion. There are five cases related to fuel 
composition prepared i.e., 100% coal, 100% biomass and 
three cases of mixture ratio of coal and biomass. Sawdust, 
a source of biomass, is mixed with coal and varies in ratios 
namely 5%, 10% and 15%. 

 
Table 2. Input data of fluids in the heat exchanger zone42). 
Heat 

Exchanger 
Abbreviation Fluid 

 Flowrate 
(kg/s) 

Temperature 
(oC) 

Cold 
Superheater 

C-SH 
High 

pressure 
steam 

  220.61 347.00 

Division DPSH High  226.69 422.30 

Panel 
Superheater 

pressure 
steam 

Larger 
Platen 

Superheater 
P-SH 

High 
pressure 

steam 
 235.28 433.88 

Final 
Superheater 

F-SH 
High 

pressure 
steam 

 236.14 501.35 

Intermediate 
Reheater 

I-RH 
Medium 
pressure 

steam 
 208.33 337.65 

High 
Reheater 

H-RH 
Medium 
pressure 

steam 
 221.25 251.23 

Economizer ECO 
Water 
liquid 

 227.03 269.60 

 
Table 3. Matrix of co-firing combustion. 

Mixed 
Mass 

Fraction 
(%) 

Sawdust 

0 5 10 15 100 

Coal 

0         

100B 

85       

85C
15B 

  

90     

90C
10B 

    

95   

95C
5B 

      

100 

100C 

        

 
Further, the mixture of coal and sawdust affects the 

reduction of carbon level as well as increasing moisture 
and volatile matter. The mixture of coal and sawdust also 
influenced the composition of fuel i.e., C and volatile 
matter, the heating value and density of fuel were affected 
as well. Hence, Dulong’s formula for solid fuels is used to 
determine the heating value of fuels, while the density of 
the mixture is calculated by comparing each mass fraction. 
The ultimate and proximate analysis of fuel was tabulated 
in Table 4. 
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Table 4. Fuel composition.  

Component 
Composition Value 

100C 95C5B 90C10B 85C15B 100B 

Ultimate analysis (DAF, wt. %) 
C 46.38 45.46 44.55 43.63 28.06 
H 3.41 3.40 3.39 3.37 3.17 
N 0.81 0.78 0.74 0.71 0.15 
S 0.2 0.19 0.19 0.18 0.07 
O 13.32 13.89 14.47 15.04 24.8 

Proximate analysis (As Received, wt. %) 
Moisture 31.92 32.41 32.90 33.39 41.74 

Ash 4.14 4.03 3.93 3.82 2.01 
Volatile 33.04 33.70 34.36 35.02 46.25 
Fixed C 31.07 30.02 28.96 27.91 10 

N (DAF)  0.01267 0.01223 0.01178 0.01133 0.00267 
Density 
(kg/m³) 

1400.00 1192.14 1038.02 919.19 312.00 

HHV (kJ/kg) 17355.16 17051.25 16747.35 16443.45 11277.08 
 
3. CFD Modelling Setup 

The SIMPLE algorithm as the solution method was 
applied to solve the RANS equation. The second order of 
spatial discretization was applied to solve pressure, 
momentum, and energy terms simultaneously. Later, the 
convergence criteria of all calculations are accepted when 
the residuals of all variables are less than 10-4 and the mass 
balance difference of each case is less than 1%. The 
sequences of the simulation were described as follows. 

 
3.1  Governing Equations 

The continuity, momentum and energy equations used 
in this study were written to equations 1 to 3 respectively 
43–45).  

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + ∇. (𝜕𝜕 𝑢𝑢�⃗ ) = 0 (1) 

𝜕𝜕
𝜕𝜕𝜕𝜕

(𝜕𝜕𝑢𝑢�⃗ ) + ∇. (𝜕𝜕𝑢𝑢�⃗ 𝑢𝑢�⃗ ) = 0 (2) 

−∇p + ∇. (�̿�𝜏) + 𝜕𝜕�⃗�𝑔 = 0 (3) 

 
where p is the static pressure, �̿�𝜏  is the stress tensor, 𝜕𝜕 

is the density of fluid and �⃗�𝑔 is the gravitational body force. 
Later, Sh is the source of chemical reaction energy: 

𝑆𝑆ℎ = −Σ
ℎ𝑗𝑗0

𝑀𝑀𝑗𝑗
𝑅𝑅𝑗𝑗 (4) 

H is the total enthalpy: 

𝐻𝐻 = �𝑌𝑌𝑗𝑗𝐻𝐻𝑗𝑗
𝑗𝑗

 (5) 

 

3.2  Discrete Phase Model (DPM) 
Discrete Phase Model (DPM) trajectory coal: 

𝑚𝑚𝑝𝑝
𝑑𝑑�⃗�𝑣𝑝𝑝
𝑑𝑑𝜕𝜕 =  Σ�⃗�𝐹 (6) 

where 𝑚𝑚𝑝𝑝, �⃗�𝑣𝑝𝑝, and �⃗�𝐹 are defined as particle of mass, 
relative velocity of particle and external force respectively. 
The force balance accounts for the particle inertia with the 
forces acting on the particle. On the right side, the first 
term is the drag force per unit particle mass, second term 
is a gravity term. Hence the total force of the particle is 
drag and buoyancy forces. This leads to a specific 
equation of motion 46).  

𝑔𝑔(𝜕𝜕𝑝𝑝 − 𝜕𝜕)
𝜕𝜕𝑔𝑔

𝑑𝑑�⃗�𝑣𝑝𝑝
𝑑𝑑𝜕𝜕 = 𝐹𝐹𝐷𝐷��⃗�𝑣 − �⃗�𝑣𝑝𝑝� +

𝑔𝑔(𝜕𝜕𝑝𝑝 − 𝜕𝜕)
𝜕𝜕𝑔𝑔

 (7) 

Since the drag force occur on particle, the relative 
Reynold number required to estimate due to its effect. 
Here, �⃗�𝑣𝑝𝑝  is the particle phase velocity, �⃗�𝑣  is the fluid 
phase velocity, 𝜇𝜇 is the molecular viscosity of the fluid, 
𝜕𝜕𝑝𝑝  is the density of the particle, and 𝑑𝑑𝑝𝑝  is the particle 
diameter. Rep describes the relative particle Reynolds 
number, while CD represents the drag coefficient 46).  

𝑅𝑅𝑅𝑅𝑝𝑝 = �
𝜕𝜕𝑑𝑑𝑝𝑝��⃗�𝑣𝑝𝑝 − �⃗�𝑣�

𝜇𝜇
� (8) 

𝐶𝐶𝐷𝐷 =
24
𝑅𝑅𝑅𝑅

(1 + 11.2355𝑅𝑅𝑅𝑅0.653) +
(−0.8271)𝑅𝑅𝑅𝑅
8.8798 + 𝑅𝑅𝑅𝑅  (9) 

 
3.3  Turbulence & Radiation Models 

The equation used to transport turbulent kinetic energy 
(K) and turbulent effects were considered by utilizing the 
realizable k-ε turbulent model as follows 47):  

𝜕𝜕(𝜕𝜕𝜌𝜌)
𝜕𝜕𝜕𝜕

+ ∇. ( 𝜕𝜕𝑢𝑢�⃗ 𝜌𝜌) = ∇. ��𝜇𝜇 +
𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘
� ∇𝜌𝜌� + 𝐺𝐺𝑘𝑘 − 𝜕𝜕𝜌𝜌 + 𝑃𝑃𝐾𝐾 (10) 

The realizable k–ε model was chosen because of its 
superior performance in predicting the behaviour of jets 
and swirling flows compared to the ordinary k–ε model 48). 
The results of this study indicate that this model exhibited 
superior convergence in comparison to the renormalized 
group (RNG) k–ε model 49). Later, the radiation of flame 
during combustion was modelled using the Discrete 
Ordinates (DO) model as given as follows50): 

∇. (𝐼𝐼𝜆𝜆(𝑟𝑟, 𝑠𝑠)𝑠𝑠) + (𝑎𝑎𝜆𝜆 + 𝜎𝜎𝑠𝑠)𝐼𝐼𝜆𝜆(𝑟𝑟, 𝑠𝑠) = 𝑎𝑎𝜆𝜆𝑛𝑛2𝐼𝐼𝑏𝑏𝜆𝜆 +
𝜎𝜎𝑠𝑠
4𝜋𝜋

� 𝐼𝐼𝜆𝜆(𝑟𝑟, 𝑠𝑠′)𝜑𝜑(𝑠𝑠, 𝑠𝑠′)𝑑𝑑Ω′
4𝜋𝜋

0

 (11) 

 
3.4  Dual-Cell Heat Exchanger Model 

A dual-cell model is employed to replicate heat transfer. 
This model effectively illustrates the temperature 
distribution in both the primary and auxiliary flows, 
without being restricted by mesh type or heat exchanger 
geometry 51). This model could be used to model compact 
tube heat exchanger for aero engines as well 52). In this 
study, the simulation incorporates dual cell heat exchanger 
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models to represent the superheater, panel superheater, 
final superheater, medium reheater, final reheater, and 
economizer. Based on this rationale, additional fluid is 
designated as a novel substance, specifically “steam-sh” 
for the fluid in the superheater section, “steam-rh” for the 
reheater section, and water liquid for the fluid in the 
economizer section. Unlike conventional heat exchangers, 
division superheater panels are not classified as heat 
exchangers (HE). Instead, they are characterized as solid 
structures with a specific temperature and capacity to 
absorb thermal energy. The utilization of this technique is 
justified due to the multifunctionality of the division 
superheater panel. In addition to its primary role as a heat 
exchanger, it also serves as a flow director, ensuring the 
uniform distribution of the previously circular flow within 
the furnace to the convection section. 
 
4. Domain and Grid Preparation 
4.1  Discretization 

The three-dimensional geometric and mesh model of 
the Paiton 9’s CFPP is depicted in Fig. 1. The heat transfer 
components (Economiser, Superheater, Reheater) are 
modelled as Heat Exchanger blocks. In the meantime, the 
furnace walls and water walls, are modelled as constant-
temperature planes. The saturation temperature of the 
water in the water walls is estimated from pressure in the 
boiler drum. The opposing wall, referred to as the 
convection region, is shown as an adiabatic wall, 
assuming ideal insulation.  

Furthermore, the boiler used in the CFPP Paiton 9 
employs a tangential firing system. This system involves 
strategically placing multiple burners in each corner of the 
furnace in a vertical arrangement, alternating between oil 
burners and low-rank coal burners. This simulation 
focuses exclusively on the low-rank coal burners, which 
are essential for the power plant's operation. The number 
of burner levels corresponds directly to the number of coal 
mills, ensuring that each level receives an adequate fuel 
supply. The operational mechanism distributes powdered 
coal from each coal mill to four burners located at the 
same vertical level in the furnace corners. This setup 
allows for an even and efficient combustion process, as 
the coal is uniformly distributed and ignited across the 
furnace. The precise burner placement and fuel 
distribution optimize performance, reduce emissions, and 
ensure consistent steam and power generation. The 
employed mesh models comprise both structured and 
unstructured meshes. The heat exchanger geometries are 
constructed using a hexahedral (structured) mesh, which 
encompasses multiple zones surrounding the heat 
exchanger. The remaining objects, characterized by more 
intricate geometry, are converted into unstructured meshes 
in order to expedite the modelling process. The quantity 
of meshes within the computation domain is depicted in 
Fig. 1. 

 

   
Fig. 1: 3D domain Paiton 9’s Coal Fired Power Plant: fluid 

domain (a) and meshing (b) 42). 
 

 
Fig.2: Burner domain: burner layer in the furnace (left) and 

burner cross-section (right). 
 

The burner geometry is represented by a rectangular 
planar surface, with a centrally found cylindrical aperture 
as shown in Fig. 2. The cross-sectional representation of 
the secondary air route is depicted as a rectangular flat 
surface, while the primary air channel is represented by a 
cylindrical hole. The secondary air passage's cross-section 
is situated at the furnace's corner, inclined at an angle of 
25°relative to the furnace's side. The secondary air speed 
vector is oriented orthogonally to the cross section, while 
the primary air speed vector exhibits an angular deviation 
of 22° from the secondary air speed vector. 
 
4.2  Boundary Condition Setup 

Proper setups are required to achieve good results and 
stability during the steady state combustion process. 
According to the actual condition of the site, there were 
only five burners used at that time. In this simulation, the 
mass flow inlet was defined for coal, primary air, and 
secondary air respectively. The outlet of economizer is set 
as a pressure outlet. The detailed inlet and outlet settings 
of tangential boiler were able to be found in the reference 
53–57). The airflow throughout the system, commencing at 
the Forced Draft Fan (FDF) and progressing via the air 
heater, burner, furnace, superheater, reheater, and 
economizer, encounters impediments resulting in the gas 
exiting the economizer being subjected to vacuum 
pressure. In order to facilitate the release of gas into the 
atmosphere, the utilization of Induced Draft Fan (IDF) and 
chimney systems is necessary. The vacuum pressure value 
for the Paiton 9 CFPP boiler is -547.7 pascals 41). 

 

(a) (b) 
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4.3  Grid Independence Test 

 

Fig. 3: Grid independence test of flue gas temperature and 
velocity at furnace exit plane. 

 
Combustion with 100% coal or 100C is used for 

conducting grid independence. Five grid performance is 
evaluated, and it is compared to each other number of 
elements of the grid. The normalized grid – ratio from the 
largest to the smallest number of elements is adopted to 
examine the mesh independency 58). It can be seen that the 
velocity magnitude and temperature of the flue gas trend 
at furnace exit position was linear from 0.54 to 1.00. 
Commonly, the percentage error tends to decrease with 
the increase of grid quantity 59). The highest relative errors 
are identified as 1.06% for velocity and 3.03% for 
temperature. Then, the error of each grid tends to be 
smaller from 0.39 to 1.00. However, the normalized grid 
0.54 is selected in this study, since it maintains grid 
independence consistency error about 0.04% for velocity 
and 0.21 % for temperature. It also affected the decreasing 
simulation time. 
 

5. Results and Discussion 
5.1  Verification and Validation 

The combustion temperature in the furnace was 
selected as a verification parameter. The combustion 
model validation was compared to the measurement report 
and manual calculation. The highest adiabatic combustion 
temperature was assessed ranging from 1250 to 1500°C, 
and the average flame core temperature was verified at 
1480°C at 20 m height of the boiler. It was acceptable 
since the flame core temperature was about 1500 to 1600 
ºC 60). In the case of validation, there were limitations of 
new data measurement. Hence, the furnace exit gas 
temperature (FEGT) was selected to be compared with the 
manual calculation or measurement data in our previous 
report 41). The furnace exit gas temperature was estimated 
to be about 1321°C by assuming the high heating value of 
coal around 4147 kcal/kg: moisture content of 31.92%, 
and losses from incomplete combustion and unburned 
carbon at 3% and 10% respectively 61). In essence, the 
discrepancy between CFD results and manual calculation 

was about 1.59%. Later, the temperatures from the 
distributed control system (DCS) are required to ensure 
the high validity of the model. 
 
5.2  Velocity and Temperature Profiles 

Prior to combustion, the coal and primary are sprayed 
from different nozzle channels in certain angles. The fuel 
from four burners created a vortex due to the particle 
collision. The high velocity of secondary air flew the coal 
particles in the furnace zone and its temperature ignited 
the volatilization of coal. Hence, the temperature in the 
furnace was rising as well as increasing the turbulence 
intensity.  

 

Fig. 4: Velocity profile of average flue gas velocity in the 
boiler height. 

 
Figure 4 depicts the velocity profile of fluid in the 

streamwise direction or xy plane. Fourteen planes at 
certain height of the furnace were provided to assess the 
average velocity of fluid. The streamwise velocity of fluid 
was identified from the range 18 m/s to 38 m/s in the 
furnace zone. Later the velocity decreased from 23 m/s to 
10 m/s. 100C, or 100% coal combustion led to the highest 
velocity profile among other solid fuels. Even though 
fuels 95C05B, 90C10B, 85C15B and 100B have high 
volatile matter compared to 100C, the velocity was lower 
due increasing of moisture content in it. As example, both 
95C05B and 85C15B volatile matter rises 0.66% and 
1.98% respectively. Similarly to moisture content, both 
increase 0.22% and 1.47% respectively. 
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Fig. 5: Temperature profile of average flue gas temperature 

in the boiler height. 
 

Figure 5 depicts the temperature profile of fluid towards 
height of boiler. It was identified that coal combustion 
temperature in the furnace reached about 1300 ºC 
compared to others. The temperature seems fluctuate 
above 1400 ºC as shown in the burner layer C and E. The 
highest combustion temperature reach by coal was clearly 
due to coal’s high heating value, which was caused due to 
the carbon content in each solid fuel62,63). From height 10 
m to 50 m, the temperature along furnace decrease. It 
caused not only by decreasing of heating value of co-firing 
fuel but also increasing of volatile matter of them. As 
example, with 5% co-firing ratio or 95C05B, the heating 
value declines 1.75%, while the heating value decreases 
5.25% at 15% co-firing ratio. As mentioned in the 
preceding section, high volatile matter means the solid 
fuel was able combusted easy at certain temperature. 
85C15B is combusted at average temperature 1298.60 ºC, 
while 95C05B is combusted at average temperature 
1339.25 ºC. Later, the high temperature of exit furnace 
indicated that flame combustion was required to be 
maintained following design requirements. The 
decreasing temperature in the convection zone was caused 
by heat absorption by heat exchanger arrangements. In 
addition, mixing between coal and sawdust affects 
temperature distribution in the boiler, especially in furnace 
zone. For example, adding 5 to 15% sawdust decreases the 
flame core temperature about 50 ºC to 100 ºC. However, 
the decrease depended on the moisture content in the 
sawdust. In the end, the temperature of flue gas exiting the 
end zone of the economizer was identified about 500 ºC, 
which is no significant difference for other solid fuels. 

To keep the convection zone, clean from slagging and 
fouling, the exit furnace gas temperature must be 
controlled in the range of ash fusion temperature about 
1100 ºC -1400 ºC64,65) for low rank coal and 1200 ºC -1500 
ºC for high rank coal66). The furnace exit gas temperature 
of 100% coal combustion was well predicted via CFD 
simulation as shown in Fig. 6. However, the preferred 

temperature of low rank coal combustion is lower the 
bottom limit of FEGT or less than 1100 ºC. 

 

Fig. 6: Iso-volume temperature distribution (a) and average 
furnace exit gas temperature (b). 

 
There are two methods to decrease the observed 

temperature peak and hence minimise the maximum local 
radiative heat flow in the upper section of the furnace. To 
maintain a steady total combustion air flow rate, one can 
either increase the secondary air flow rate or decrease the 
flow rate and change the tilt angle of Over Fire Air 
(OFA)67,68). In addition, the upper furnace temperature 
tended to decrease by increasing the ratio of sawdust in 
coal. Based on the iso volume contour, the simulation 
found the highest temperature was at initial ignition. 
 
5.3  Combustion Products 

Blending biomass, such as wood pellets or agricultural 
residues, with traditional coal or natural gas in combustion 
processes, the carbon footprint of energy production can 
be significantly diminished. Biomass is considered carbon 
neutral as the carbon dioxide released during combustion 
is roughly equivalent to the amount absorbed by plants 
during their growth, creating a closed carbon cycle. As a 
greenhouse gas element, it significantly contributes to the 
greenhouse effect, global warming, and climate change. 
Elevated CO2 levels lead to disruptions in ecosystems, 
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altered weather patterns, ocean acidification, and rising 
sea levels, posing threats to biodiversity and human 
societies. Figure 7(a) shows release of CO2 trend after 
combustion. By mixing the sawdust into the coal, it 
significantly affects the CO2 reduction69). The present 
study disclose that the CO2 mole fraction of coal was 
estimated at around 0.09 at 100C case and 0.069 at 100B 
case. The CO2 emission was reduced about 3.33 % by 
increasing 15% of sawdust or at 85C15B case. However, 
the effect of sawdust addition on heat input and power 
generation output is required to be considered during the 
process. Mitigating these impacts to reduce CO2 
emissions through the adoption of cleaner energy sources 
such as carbon capture and storage (CCS) aims to capture 
CO2 before release. 

 
Fig. 7: Mole fraction of combustion products based on 

mixture ratio of coal and sawdust. 

Figure 7(b) depicts declining the trend regarding 
nitrogen oxides (NOx), including nitrogen dioxide (NO2) 
and nitric oxide (NO). It can vary depending on the 
specific conditions and characteristics of the solid fuel 
mix NOx emissions are a concern in combustion processes 
as they contribute to air pollution and can have adverse 
environmental and health effects. The impact on NOx 
emissions during co-firing can be influenced by factors 
such as the nitrogen content of the sawdust, combustion 
temperature, and the presence of nitrogen-containing 
compounds in the fuel mix. Sawdust generally contains 
combustion of it tends to occur at lower temperatures, 
which can mitigate NOx formation70).  

The present simulation reveal that the NOx mole 
fraction of coal was estimated around 0.00205 or 
equivalent to 251.45 mg/m3 at 100C case and around 
98.13 mg/m3 at 100B case. The present value was in good 
agreement with the previous NOx prediction by Chang71). 
Hence, the NOx emission reduces about 9.52% by 
increasing 15% of sawdust or at 85C15B case. However, 
the effect of sawdust addition on heat input and power 
generation output is required to be considered during the 
process. 

The moisture content of sawdust in co-firing can 
significantly influence the combustion process and overall 
system efficiency. The Sawdust typically contains a 
certain amount of moisture, and the presence of water 
vapor during combustion can affect several aspects of the 
process such as, ignition and combustion efficiency: flue 
gas composition and heat output72). Some of the moisture 
of sawdust evaporates into vapour form, but it depends on 
the heat released from the combustion. Figure 7(c) shows 
steam vapor decline during the increase of co-firing ratio.  

Figure 7(d) shows the appearance of hydrogen cyanide 
(HCn) during the combustion. Significant quantities of 
nitrogen oxides (NOx and N2O) are produced by the 
conversion of nitrogen found in coal as well as in sawdust. 
HCn and ammonia (NH3) serve as intermediate 
compounds in the reaction. HCn and NH3 are released 
during the process of devolatilization, which takes place 
at the early stages of combustion73,74). HCn is a transparent 
or light-blue substance in liquid or gaseous form that emits 
a bitter scent resembling almonds. Hydrogen cyanide 
disrupts the body's utilization of oxygen and can 
potentially inflict damage to the brain, heart, blood vessels, 
and lungs. Exposure has the potential to cause death74–76). 
In case of boiler, there are no significant problem reports 
the effect of HCn on steel. However, other research claims 
that HCn reacted to specific metals i.e. gold, silver and 
copper and formed a layer on the surface77). Regarding the 
present simulation, the HCn might be at high risk on 
human health compared to boiler performance. 
 
6. Conclusion 

The present study performed numerical simulations to 
investigate combustion performance, flow fields and gas 
production during cofiring ratios in existing coal-fired 
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power plant (CFPP). The simulations considered different 
ratios of sawdust to coal. The results showed that when 
100% coal was burned, the model matched well with 
actual combustion. The power output and temperature 
were measured for a 100% coal case, producing 660MW 
at a furnace exit gas temperature of 1321°C. Introducing 
sawdust into the mix reduced both emissions (NOx and 
CO2) and power output, while increasing HCn fraction. To 
maintain stable power output, an optimal mixing ratio of 
sawdust and coal needs to be determined. By assuming the 
efficiency of turbine about 30% as studied by Wahid78). 
The study suggested that with 15% co-firing ratio, the 
power plant could still generate over 600 MW, but 
adjusting the sixth burner operation might be needed to 
compensate for the slight reduction. This approach could 
help Paiton’s 9 CFPP achieve both stable power output 
and emissions reduction. Further, the statistical analysis 
was considered to be implemented in the separated 
manuscript with focus on the relation of combustion 
temperature, cofiring ratio, and prediction of pollutants in 
the future. Then, future simulations will explore the best 
co-firing ratio for coal and biomass to align with 
Indonesia's long-term low-carbon strategy for 2050 in 
existing power plants. 
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