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Abstract 
Biomass utilization in energy production through combustion is regarded as an efficient 
alternative to consuming diminishing fossil natural resources. Furthermore, biomass is not 
only a naturally replenishable energy source, but is also CO2 neutral, and thus it is a sustainable 
option to satisfy the ever-growing energy demand. Existing combustion technologies such as 
industrial boilers and furnaces can utilize renewable fuels to a certain degree only, mainly when 
blended with traditional fossil fuels. Consequently, new technologies have been developed, 
such as BioGrate boilers, which can fully benefit from biomass fuel. 
 Furthermore, future energy systems will comprise an increasing variety of energy sources for 
flexible energy generation. This will impose new challenges on boiler systems in terms of rapid 
changes in power demand and the ability to operate under low-load conditions. Thus, the 
development of these systems will require an insight into the combustion process for the 
optimal design and operation of energy boilers. Mathematical modeling allows the acquisition 
of important knowledge on the combustion process and underlying phenomena. 
 This thesis presents a mechanistic model for a BioGrate boiler developed for process 
phenomena investigation, including an evaluation of the effect of varying particle size and 
moisture content on biomass combustion and the dynamic response of the burning fuel bed to 
a varying primary air supply. To improve the accuracy of the developed model, appropriate 
pyrolysis kinetics for the debarking residue were determined and the associated reaction heats 
were estimated from a mechanistic model of fixed-bed pyrolysis, which was also developed in 
this work. 
 In addition, a simplification of the developed model for process control and monitoring is 
presented. The simplified model demonstrated acceptable accuracy in comparison with the 
detailed model and faster-than-real-time computational times. Both models were successfully 
validated with experimental data and showed the ability to predict the observed experimental 
trends. The results indicate that the model provides valuable information for improving the 
efficiency of a BioGrate boiler. 
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Tiivistelmä 
Biomassan polttoa pidetään tehokkaana energiantuotantomenetelmänä, joka mahdollistaa 
hupenevien fossiilisten polttoaineiden korvaamisen. Tämän lisäksi biomassa on sekä 
uusiutuva että CO2-neutraali luonnonvara, joka tarjoaa kestävän ratkaisun jatkuvasti 
kasvavalle energian kysynnälle. Olemassa olevat polttoteknologiat voivat hyödyntää biomassaa 
vain osittain, yleensä seoksena fossiilisten polttoaineiden kanssa. Tästä johtuen on kehitetty 
uusia teknologioita, kuten BioGrate-kattila, joka pystyy hyödyntämään uusiutuvia polttoaineita 
sellaisenaan. 
 Tulevaisuuden energiajärjestelmät tulevat sisältämään yhä enemmän erilaisia energialähteitä 
joustavaan energian tuotantoon. Tämä kohdistaa kattilaprosesseihin uusia haasteita, kuten 
nopeita kuorman muutoksia sekä energiatuotantoa minimiteholla. Tämän takia onkin tärkeää 
ymmärtää järjestelmien kehityksessä palamisprosessissa tapahtuvat ilmiöt, sillä se 
mahdollistaa kattiloiden optimaalisen suunnittelun ja ajon. 
 Tämä väitöskirja esittää Biograte-kattilalle mekanistisen mallin, joka mahdollistaa 
palamisilmiöiden tutkimisen. Tähän sisältyy erilaisten biomassan ominaisuuksien, kuten 
raekoon ja kosteuspitoisuuden vaikutuksen evaluointi sekä muuttuvan primääri-ilmansyötön 
vaikutuksen tutkiminen palavaan polttoainekerrokseen.. Mallin tarkkuuden parantamiseksi, 
BioGrate-kattilassa käytetylle polttoaineelle on määritetty pyrolyysikinetiikka ja siihen liittyvä 
reaktiolämpö on estimoitu tässä työssä myös kehitetyn pakattu-peti –pyrolyysimallin avulla. 
 Kehitetty yksityiskohtainen mekanistinen malli on lisäksi yksinkertaistettu prosessin 
monitorointiin ja säätöön soveltuvaksi. Verrattuna yksityiskohtaiseen malliin, 
yksinkertaisempi malli pystyy kuvaamaan palamista riittävän tarkasti laskenta-ajan ollessa 
silti realiaikaa lyhyempi. Kummatkin mallit on validoitu kokeellisen data avulla ja kokeet 
osoittavat mallien ennustuskyvyn olevan riittävä kokeellisesti mitattujen palamisilmiöiden 
kuvaamisesssa. 
 Suoritettujen simulaatioiden avulla on tutkittu raekoon ja kosteuspitoisuuden vaikutusta 
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1. Introduction 

1.1 Background 

Increasing biomass utilization in energy production through combustion is 
regarded as an efficient alternative to consuming diminishing fossil natural 
resources. Furthermore, biomass is not only a naturally replenishable energy 
source, but is also CO2 neutral, and thus it is a sustainable option to satisfy the 
ever-growing energy demand. Existing combustion technologies such as in-
dustrial boilers and furnaces can utilize renewable fuels to a certain degree, 
mainly when blended with traditional fossil fuels. Consequently, new technol-
ogies that can fully benefit from biomass fuel have been developed. One such 
technology is the BioGrate boiler that can utilize biomass with a moisture con-
tent of up to 65 wt%.  

The development of this advanced technology enables further increase in the 
overall efficiency of biomass firing. However, this development requires a good 
understanding of the underlying phenomena in a combustion process, espe-
cially because biomass is a challenging fuel owing to the varying properties of 
biomass, including moisture content, calorific value, particle size and shape, 
chemical composition, and inorganic content. 

A detailed mechanistic mathematical model validated against experimental 
data can provide the necessary level of insight required for efficient optimiza-
tion of a combustion process. Furthermore, model-based process design, con-
trol, and optimization greatly improve the process efficiency. Owing to the 
benefits of mathematical modeling, several models have been developed for 
biomass combustion in grate boilers. Studies by Shin and Choi (2000a), Ash-
tana et al. (2010), and Yang et al. (2004a) investigated the combustion of mu-
nicipal solid waste (MSW) in boilers to identify the effects of the main fuel pa-
rameters on biomass combustion for design and operation optimization. Straw 
combustion in a grate boiler was studied by Van der Lans et al. (2000) with 
the aim of determining the main factor that controls combustion. With a simi-
lar purpose, Zhang et al. (2010) developed a dynamic model for wood combus-
tion in a grate boiler. These studies have provided valuable information on the 
effect of the key biomass properties on boiler operation. However, no model 
has been developed thus far for combustion phenomena investigation that 
considers conical grate geometry of a BioGrate boiler. 



Introduction 

2

1.2 Research problem and the  asserted hypothesis 

The BioGrate technology is designed to utilize various types of solid biomass, 
including woody residue and MSW. However, biomass utilized in power and 
heat production has different compositions and varying quality that depends 
on the moisture and volatile content, wood species, particle size, porosity, den-
sity of the material, and ash content. These variations in the fuel create chal-
lenges in power production and emissions control. Nevertheless, mathematical 
modeling allows investigation of underlying phenomena that affect combus-
tion behavior, and gives insight into the requirements for improved process 
operation and decreased pollutant emissions. Furthermore, the burning fuel 
bed is the main source of energy for boiler operation, and the identification of 
combustible components leaving the bed is important. Thus, modeling the fuel 
bed provides crucial information on the underlying process phenomena and 
the tools for process improvement and optimization.  

This work focuses on the development of a dynamic mechanistic model of 
biomass combustion in a BioGrate boiler. The main motivation of the work is 
to develop a mathematical model that can predict the effect of fuel parameters 
such as particle size, moisture, density, and process variables (e.g., air flow and 
air distribution) on grate combustion of biomass. To provide an accurate de-
scription of the biomass combustion process operation, the model must be 
able to predict gas and solid temperatures, as well as the composition of the 
gas released during the combustion. Furthermore, for improved accuracy, the 
model must also consider fuel-specific parameters, including pyrolysis kinet-
ics, pyrolysis reaction heats, as well as volatile and fixed carbon content. 

 
The hypothesis asserted in this thesis is: 

 
The enhanced mechanistic combustion model of a BioGrate boiler provides 
essential information on the combustion phenomena that can be utilized to 
evaluate the effects of process parameter variation on the performance of the 
energy boiler.  

The enhanced combustion model can be simplified for on-line computations 
to provide fast computational times while retaining sufficient accuracy in 
describing combustion phenomena in a BioGrate boiler. 

To prove the hypothesis, the following tasks were performed: 

Task 1. Development of a mechanistic model for biomass combustion in a 
BioGrate boiler, testing of the model with the industrial data and performing a 
detailed analysis of the key fuel properties on biomass firing in a BioGrate 
boiler. 
Task 2. Improvement of the model with fuel specific kinetic parameters. Con-
ducting experiments of Norway spruce debarking residue pyrolysis and the 
kinetic parameter estimation for the dynamic model. Performing model vali-
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dation and an analysis on the combustion behavior of fuel in a BioGrate boiler 
under varying primary air flows. 
Task 4. Simplified model development for on-line computations of biomass 
combustion in a BioGrate boiler. Conducting experiments for parameter esti-
mation and estimation of the parameters for the simplified model and per-
forming model validation. 
Task 5. The performance evaluation of the simplified model against the en-
hanced model and an autoregressive model with exogenous inputs (ARX). 

1.3 Scope and significance of the thesis 

Owing to the significant influence of biomass properties on combustion, in-
sight into the conversion process allows further improvement of energy gener-
ation efficiency. The main focus of this thesis is the development of a mecha-
nistic model of biomass combustion in a BioGrate boiler. The focus also covers 
the development of a dynamic model of biomass combustion for on-line com-
putations through the simplification of the mechanistic model.   

The development of the dynamic model for a BioGrate boiler comprises the 
establishment of the modelling framework based on the information provided 
in literature and the improvement of the model with fuel specific pyrolysis rate 
equations. For the estimation of the fuel specific rate equations, experiments 
were conducted and the equations were estimated form the experimental data 
with an appropriate mathematical method. The developed model was validat-
ed and the analysis on dynamic combustion phenomena performed. 

For the development of the simplified model, a general approach for en-
hanced model simplification is defined. Based on the approach, the model is 
simplified and a mathematical formulation for the simplified model is present-
ed. The successful simplified model implementation requires several parame-
ters to be determined. For this purpose, experiments on debarking residue 
pyrolysis are conducted and parameters are estimated using appropriate 
methods. Finally, the simplified model is validated with industrial data from a 
BioGrate boiler. To ensure that the simplified model performs as expected its 
performance is evaluated against the dynamic model of a BioGrate boiler and a 
linear ARX model. 

The contribution of the thesis is also demonstrated in the scientific articles 
that investigate various aspects of biomass firing. Publication 1 presents a nov-
el dynamic mechanistic model of biomass combustion in a BioGrate boiler and 
investigates the effect of the main fuel parameters on biomass combustion. In 
Publication 2, the model is further developed and experimental information is 
incorporated into it. Subsequently, the publication investigates the dynamic 
response of the burning fuel bed to changes in the primary air flow to define 
the optimal location for the primary air feed. Publication 3 presents a detailed 
dynamic model of fixed-bed debarking residue pyrolysis. The model is used to 
estimate the pyrolysis reaction heats and investigate the effect of the fuel prop-
erties on biomass devolatilization. A simplified model of biomass firing in a 
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BioGrate boiler for on-line applications is developed and validated in Publica-
tion 4. 

Outside the scope of this thesis is the development of control and monitoring 
methods for a BioGrate boiler. 

1.4 Outline of the thesis 

Chapter 2 gives a detailed description of the process structure of a BioGrate 
boiler and its control strategy. The state of the art in combustion modeling is 
presented in Chapter 3. Chapter 4 describes the dynamic model of a BioGrate 
boiler and presents a study of the effect of fuel properties on biomass combus-
tion. Chapter 5 presents the improvements to the model through the inclusion 
of fuel specific pyrolysis rates and analyses the dynamic combustion phenom-
ena that occur in the burning fuel bed of a BioGrate boiler. Chapter 6 presents 
the development of a simplified combustion model, including the general ap-
proach for model simplification, the mathematical formulation, parameter 
estimation for the model and its validation. In Chapter 7, the simplified model 
is compared with the enhanced model and a linear model. Chapter 8 discusses 
the perspectives on the use of the developed models for efficiency improve-
ments to BioGrate boiler operations and considerations of their industrial im-
plementation. Chapter 9 presents the conclusions from this work. 
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nozzles at the top of the combustion chamber (tertiary air) and in the boiler 
walls.  

Burning produces heat that is absorbed in several steps. First, the saturated 
water evaporator and water-tube walls of the boiler absorb energy from the 
flue gases. Next, part of the flue gas energy is transferred to steam superheat-
ers. In the third phase, heat is transferred to the convective evaporator. Final-
ly, economizers remove the remaining flue gas energy. However, to prevent 
condensation of sulfuric acid, the flue gas temperature must be maintained 
above its dew point. An overall flow chart of the boiler process is presented in 
Figure 2.2. 

The control strategy of a power plant aims to ensure that the demand for the 
energy production is met at all times. Stable energy generation requires the 
steam pressure and temperature to be within the specified limits. The temper-
ature of the steam is regulated with attemperators situated in the superheaters 
that spray water to decrease excessively high steam temperatures. The steam 
pressure is regulated by adjusting the drum pressure, which is determined by 
the combustion intensity of the fuel in the furnace. The combustion intensity is 
adjusted with the primary air flow rate by regulating the primary air fan. At the 
same time, to ensure a sufficient amount of fuel on the grate, the stoker speed 
is increased or decreased according to the primary air feed rate. The stoker 
rotation speed is determined from a look-up table value specified for each air 
flow rate. A constant water level in the drum is maintained by feeding water 
according to the level height setpoint. 

To maintain clean combustion and minimize possible energy losses, the sec-
ondary air flow rate is altered based on the flue gas oxygen content and prima-
ry air flow rate, such that the residual oxygen content in the flue gas remains at 
a desired value. However, as the additional air affects the biomass combustion 
rate, the stoker speed is consequently corrected by a predetermined amount.  

The flue gas formed by combustion is removed from the boiler unit with a 
flue gas fan, so that a small constant negative pressure is maintained inside the 
furnace to avoid flue gas leakages to the plant environment. In addition, to 
regulate the furnace temperature, the flue gas can be recirculated back to the 
furnace by adjusting the recirculation channel valve opening and recirculation 
fan rotation speed according to the desired temperature.  
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3. State-of-the-Art in Modeling of a Boil-
er Process  

The inherent properties of biomass have a significant influence on the com-
bustion behavior of the material, and this influence has been widely re-
searched by the scientific community. One of the groundbreaking models de-
veloped to investigate the combustion properties of biomass was presented by 
Shin and Choi (2000a). The authors utilized modeling to determine the effect 
of different parameters on the combustion of municipal waste. With the mod-
el, the authors identified three air supply-dependent combustion regimes, 
namely, oxygen-limited and reaction limited combustion, as well as flame ex-
tinction by convection, which occurs at high flow rates. Goh et al. (2001) de-
veloped a model to predict waste combustion in a grate boiler and validated it 
using laboratory experiments. The model demonstrated satisfactory agree-
ment with the experimental measurements. The model allowed a more de-
tailed investigation of phenomena including drying and pyrolysis as the exper-
iments provided only limited possibilities for investigating these processes. 
The first two-dimensional model of solid fuel combustion on the grate, which 
considered gradients in not only the vertical, but also the horizontal direction, 
was developed by Yang et al. (2002). In contrast to the previously developed 
models, this model also included the mixing effect of volatiles and oxygen in 
the fuel layer. The simulations revealed that the width of the reaction fronts, 
including combustion and moisture evaporation, was limited to approximately 
60 mm. The mass loss from the fuel bed mainly occurred due to moisture 
evaporation and devolatilization reactions. In addition, the authors found that 
discrepancies between measured and predicted combustion behavior were due 
to channeling of air through the fuel bed and the resultant poor mixing of vola-
tiles with air.  

A study by Kær (2004) on the modeling of a straw-fired boiler suggested that 
poor mixing of flue gases and secondary air results in high CO concentrations 
and unburnt carbon in fly ash. The combustion of simulated fuel was charac-
terized by two fronts: a devolatilization front moving from the top towards the 
grate and a char oxidation zone proceeding in the opposite direction. Similarly, 
Ashtana et al. (2010) developed a static model to describe grate combustion in 
an MSW boiler. The modeling work revealed the presence of two combustion 
fronts, above which char reduction reactions occur. Furthermore, it was shown 
that in an oxygen free environment, char gasification reactions can play a sig-
nificant role. Girgis and Hallett (2010) used a mathematical model and exper-
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iments to analyze combustion in an overfed packed bed of wood. The study 
demonstrated that the rate equation and product yields for pyrolysis have to be 
fitted to the experiments to obtain results with satisfactory accuracy. It was 
found that the higher the rate of pyrolysis, the wider the pyrolysis front.  

The issue of air channeling has been identified as one of the most important 
problems in biomass combustion (Yang et al., 2002). Channeling greatly de-
creases the efficiency of a combustion process because of poor mixing of the 
material on the grate with air. This issue has been investigated by several au-
thors, including Yang et al. (2003), who simulated channel growth in a fuel 
bed to investigate overall combustion behavior in the presence of a channel. 
The channeling effect causes fast propagation of the combustion front in the 
center of the bed; however, owing to poor mixing of fuel and air, the total 
combustion of the fuel bed occurs significantly later (t = 60 min) compared 
with the case of a uniform air distribution (t = 41 min). Hermansson and 
Thunman (2011) investigated channeling phenomena in a bed of char particle; 
however, in contrast to the study by Yang et al. (2003), they also modeled fuel 
bed collapse due to fuel consumption. As a solution to air channeling in the 
fuel bed, the authors suggested improving the mixing of the materials with a 
sufficient spread of the fuel on a grate. As another solution to the channeling 
problem, Duffy and Eaton (2013) proposed using grate plates that improve the 
distribution of primary air, thus avoiding channeling. Yang et al. (2005a) pro-
posed a statistical model analogous to the Markov chain to describe material 
mixing on the grate. The modeling and experimental results indicated that 
grate mixing can be mathematically modeled with a procedure based on swap 
probability, e.g., the probability for a particle to swap places with adjacent par-
ticles. The probability of particle swapping in the center of the grate was higher 
than that at locations near the walls.  

Several studies explored the effect of various variables on combustion. These 
studies investigated the effect of modeling parameters, including fuel moisture 
content, combustion air feed, and particle size. Van der Lans et al. (2000) de-
scribed straw combustion in a moving bed with a two-dimensional homogene-
ous (temperature of solid and gas are assumed equal) steady-state model, and 
studied the effect of the combustion parameters, including particle size, heat 
capacities of straw and volatiles, and bed porosity on the burning of the fuel 
bed. The authors found that with a twofold increase in the straw char outer 
surface area, the thermal conductivity of the bed or the mass transfer coeffi-
cient increases the ignition rate by approximately 30% and results in ~100 K 
lower bed temperatures. A 10% increase in heat capacity decreases the ignition 
rate by 10%; however, a 10% increase in combustion front propagation velocity 
can be achieved by decreasing the bed porosity from 0.58 to 0.48.  

Johansson et al. (2007) conducted a sensitivity analysis of biomass combus-
tion in a fixed-bed with a mathematical model. The sensitivity analysis re-
vealed that the hydrogen fraction in volatile gases strongly influences the igni-
tion rate. It was also observed that no parameters, with the exception of the 
mixing rate of gaseous species and the heat and mass transfer coefficients, 
influence the solid and gas temperatures by more than 10%. In addition, a 
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comparison of alternative values of the model parameters, including the vola-
tile mixing rate, heat and mass transfer coefficients, and the effective area of a 
char surface, showed a difference of up to 25% in the released gas concentra-
tions. Zhou et al. (2005) investigated the combustion of a straw bed using a 
mathematical model. Their work suggested that variables, including the effec-
tive heat conductivity of the bed, straw heat capacity, and bed packing, have 
the most influence on the model predictions. 

Yang et al. (2004b) investigated the effect of moisture content and air flow 
on the burning behavior of biomass. The following trends were established: 
First, the higher the moisture content, the lower the combustion rate. For ex-
ample, a decrease in moisture from 50 to 10 wt% resulted in a four-fold in-
crease in the biomass combustion rate. A similar effect is observed for the de-
volatilization rate, which increased three-fold with a four-fold decrease in the 
moisture content. Second, an increase in the air flow rate increases the evapo-
ration rate; however, an increase beyond a critical point decreases the rate of 
drying. Finally, char combustion is affected by both the moisture content and 
primary air flow. An increase in the air flow increases the char burning rate by 
a similar amount for all moisture contents; however, drier fuel can sustain 
combustion at higher air flow rates than wetter ones.  

The investigations of the effect of fuel particle size were based on models in 
which particles are modeled separately in the fuel bed for an accurate descrip-
tion of the underlying processes. Peters (2002) proposed a discrete particle 
model (DPM) to simulate combustion of biomass fuel in packed beds. The ap-
proach of describing the fuel as an ensemble of separate particles demonstrat-
ed high accuracy in the prediction of temperature and gas evolution. Further-
more, this approach did not need any empirical correlations. Thunman and 
Leckner (2002) investigated fixed-bed combustion of thermally large particles, 
e.g., particles with significant internal temperature gradients with a model. 
The results suggest that the continuous media approximation for large parti-
cles yields poor accuracy in combustion modeling. Bruch et al. (2003) modeled 
fixed-bed combustion of wood as an ensemble of single particles, which were 
modeled separately. This approach demonstrated acceptable accuracy in mod-
eling the overall mass loss rate of the fuel bed. An investigation of the effect of 
particle size on combustion was conducted by Yang et al. (2005b) using a 
model where fuel particles were resolved separately. The study indicated that 
an increase in particle size decreases the combustion rate, shifts the combus-
tion from fuel lean to fuel reach combustion, and increases burning tempera-
tures. Similarly, Thunman et al. (2002) proposed a simplified model of a parti-
cle for comprehensive fuel bed modeling. The results implied that drying and 
devolatilization significantly reduce the size of the particle, and combined with 
char combustion on the surface of the particle, greatly reduce the time of com-
plete drying and devolatilization.  

Studies considering the whole boiler, including a furnace and a convective 
section, have focused on the analysis of overall boiler operation. Yang et al. 
(2007) modeled straw combustion in a 38 MW grate boiler using a solid bio-
mass model coupled with a FLUENT model of the convective section of the 
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boiler. The results demonstrated that most NO formed above the fuel bed. In 
addition, the radiation shaft was not efficiently used, and a large part of the 
shaft was occupied by weak flows. Full-scale boiler modeling was used by Yin 
et al. (2008) to investigate combustion in a 108 MW grate boiler. The re-
searchers suggested that a more reliable fuel bed model is required to match 
the experimental data with the model predictions. Nevertheless, the model was 
a good tool for process design and optimization. Based on the model predic-
tions, the authors suggested attenuation of high-speed, high-oxygen flow at the 
front wall of the boiler and increased mixing in the burnout zone. Combustion 
in a small-scale boiler with a moving grate was modeled by Zhang et al. (2010). 
The study found that although secondary air jets provide adequate mixing of 
volatiles with oxygen, high temperature zones form in close vicinity to the sec-
ondary air jets. Simsek et al. (2009) employed the discrete element method 
(DEM) to model wood combustion in a grate boiler. The model was coupled 
with a computational fluid dynamics (CFD) model to simulate the whole boiler 
process. The results indicated the feasibility of such an approach. Yu et al. 
(2010) used the model previously developed by Yang et al. (2002) to simulate 
straw combustion in an oxygen-enriched atmosphere and found that the NO 
concentration increased because of the higher oxygen concentration. Similarly, 
Liang and Ma (2010) used the model of Yang et al. (2002) and observed re-
sults similar to those of Yu et al. (2010). Kurz et al. (2012) modeled the com-
bustion of wood chips in a 240 kW boiler, and the combustion of wood chips 
and volatiles in the convective section of the boiler was described with a single 
three-dimensional steady-state model that demonstrated good agreement with 
the measurements. The researchers suggested, based on a comparison of the 
measurements with model predictions, that unsteady process phenomena, 
including the formation and collapse of channels in the fuel bed as well as air 
leaking into the boiler, can cause disturbances in the process operation. 

Although the aforementioned models provide valuable information on com-
bustion process phenomena and allow investigations of the effects of various 
process parameters on biomass firing, these complex and computationally 
demanding models are not suitable for applications such as process control 
and monitoring. Consequently, several computationally light models have 
been presented in the literature.  

Gray-box modeling, which comprises ordinary differential equations (ODEs) 
with parameters identified in order to fit a particular boiler system, is a rather 
popular modeling technique for on-line applications. For instance, Hogg and 
El-Rabaie (1991) utilized a gray-box coal combustion model to develop a gen-
eralized predictive control strategy for a 200 MW boiler. Similarly, the most 
recent applications of this technique discuss modeling of boilers of various 
scales. Gölles et al. (2014) modeled combustion in a 30 kW boiler using a gray-
box model to describe the key states present in the boiler. Similarly, Kortela 
and Jämsä-Jounela (2014) used gray-box modeling to model biomass firing in 
a 16 MW BioGrate boiler. On the other hand, Flynn and O’Malley (1999) con-
structed a model based on air/mass flows and adiabatic flame temperature to 
predict the key process variables.  
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Fuzzy logic–neural networks have also been proposed for modeling of energy 
boilers (Liu et al., 2013). For instance, Peng et al. (2007) used a Gaussian radi-
al basis function (RBF) autoregressive model with exogenous inputs (ARX) to 
describe combustion in a coal-fired boiler and develop a nonlinear model pre-
dictive control strategy for efficiency improvement of the de-NOx reaction. 
This approach proved to be effective in minimizing ammonia consumption in 
the de-NOx reaction. The main approach of describing fuel combustion in 
ARX models relates fuel and air flows to boiler power output (Havlena and 
Findejs, 2005) or to steam production (Leskens et al., 2002;Leskens et al., 
2005).  

The computationally light models can be divided into two categories based 
on the degree of involvement of the identification methods: 1) fully data-based 
methods, e.g., ARX, ANN-ARX, and ANN-Fuzzy, and 2) models based on 
ODEs with identified parameter functions. Nevertheless, models in both of 
these categories suffer from limitations such as data-overfitting and insuffi-
cient reproducibility of nonlinear process behavior. In addition, industrial pro-
cesses tend to operate in a limited number of regimes; thus, the identification 
of less common operational conditions is inherently difficult. Moreover, these 
models lack variables such as gas and solid temperatures and fuel composition 
on the grate, which are the key parameters for predicting pollutant emissions 
and the ability of the boiler to react to rapidly changing power demand.  

Modern energy systems utilize a combination of various energy sources for 
energy productions and, thus, a deep understanding of the underlying com-
bustion phenomena and the effect of fuel properties on the firing efficiency of 
renewable fuel is essential for further development of these systems. Further-
more, the development of energy systems will rely on smart coordination of 
various sources and thus will require fast transitions between various opera-
tion regimes of a boiler process. Therefore, model-aided boiler design, opera-
tion, and control offer an opportunity in the development and efficient opera-
tion of sophisticated smart energy systems.  
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4. Dynamic Modeling of a BioGrate 
Boiler 

This chapter presents modeling of biomass combustion in a BioGrate boiler. 
First, the mechanistic model developed by the author, along with the assump-
tions and the solving algorithm are presented. Next, the results on the effects 
of the fuel variables on biomass combustion are presented and discussed.  

4.1 Dynamic model of a BioGrate boiler 

In a BioGrate boiler, biomass reacts through the three main reactions that oc-
cur either in parallel or sequentially: drying, pyrolysis, and char conversion. 
The mechanistic modeling of the BioGrate boiler considers these three stages 
of biomass combustion. The model accounts for mass and energy conservation 
and considers a solid and a gaseous phase. The burning fuel bed in a BioGrate 
boiler is modeled in one dimension using the walking grate concept. The walk-
ing grate approach divides the fuel layer into vertical one-dimensional sec-
tions; thus, this concept assumes that fuel movement on the grate resembles 
that on a traveling grate. The structure of the model is presented in Figure 4.1 
and that of the simulated fuel layer is presented in Figure 4.2. 
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4.1.1 Modeling of solid phase mass conservation 

The solid phase reactions considered by the model include drying and 
pyrolysis, as well as char oxidation and gasification, which, in general, can be 
described by Equation (4.1). The reactions considered in the solid phase are 
presented in Table 4.1 

js
js r
t ,

,  (4.1) 

where s,j and rs,j are the mass concentration and the reaction rate of solid 

component j, respectively. 
 

Table  4.1. Solid phase reactions  

)()( 22 gOHlOH  

CharTarGasWood ,,  

)()12()()1(2)()( 22 gCOgCOgOsC  

)(2)()( 2 gCOgCOsC  

)()()()( 22 gHgCOgOHsC  

The rate of drying, Equation (4.2), is defined by the energy available for evapo-
ration.  

 

where rs,H2O and H2O are the drying rate and the mass concentration of water 
in fuel, respectively, Cp is the heat capacity of fuel, Ts is the temperature of fuel, 

Hvap is the heat of vaporization and t is the time step. 

 
The pyrolysis reaction rates are described by an Arrhenius expression 
(Equation (4.3) and (4.4)).  

 

where p,i and rp,i are the mass concentration and the reaction rate of volatile 

component i = 1, 2, respectively 
 

vap

ss

OH

OH
OHs Ht

KTCr )378(
)max(

,0max
2

2
2,  (4.2) 
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1, ))/(/146exp(102 pp RTmolkJr  (4.3) 
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2, ))/(/83exp(107 pp RTmolkJr  (4.4) 
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The rates for the char reactions are calculated using Equation (4.5). In this 
work, it is assumed that the rate of char oxidation only depends on the 
concentration of oxygen, as suggested by Pomerantsev (1986).  

 
igieffjs kr ,,,  (4.5) 

where g,i is the mass concentration of gaseous reactant in a heterogeneous 
reaction with char and keff,i is the effective reaction rate. 

 
For each heterogeneous reaction between char and O2, H2O, or CO2, an 

effective reaction constant, - given by Equation (4.6), - is then calculated as 
follows:  

 

where S is the density number (the particle surface area per unit volume, 
Equation (4.7)), km,i is the mass transfer coefficient (Equation (4.8)) (Wakao et 
al., 1979), and kr,i is the reaction constant. 

 

p

b

d
S 16  (4.7) 

where b is the fuel bed void fraction and dp is the particle diameter  

3121
,, Re2 ScdDk pigim  (4.8) 

where Dg,i is the diffusion coefficient of component i in air, Re is Reynolds and 

Sc is the Schmidt number 
 

The reaction constants, kr, are computed for oxidation (Equation (4.9)) (Bran-
ca and Di Blasi, 2003), with the associated CO/CO2 ratio (Equation (4.10)) 
(Evans and Emmons, 1977), and reduction with H2O, Equation (4.11) (Matsu-
moto et al., 2009), and CO2 (Equation (4.12)) (Matsumoto et al., 2009) . In the 
case of the reactions with H2O and CO2, a random pore model is used that also 

depends on the conversion degree of char because, unlike to the oxidation re-
action, the slow rates of these reactions allow reactants to enter the pores. 

 

sCr TRmolkJk ///5.114exp101.1 6
,  (4.9) 

)/3390exp(3.4/ 2 sTCOCO  (4.10) 

)1ln(1011///136exp1099.9 4
, 2

XXTRmolkJk sOHr  (4.11) 

XTRmolkJk sCOr ///260exp101.1 9
, 2

 (4.12) 

where X is the conversion degree of char 
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4.1.2 Modeling of gas phase mass conservation 

The gaseous components considered by the model include water vapor, tar, 
oxygen, carbon monoxide, carbon dioxide, nitrogen, methane, and hydrogen. 
The concentration of each component is modeled considering gas convection 
(Equation (4.13)) and relevant reactions, including combustion of carbon 
monoxide, methane, and hydrogen, as well as gas formation in the pyrolysis 
reaction. 

 

where rs,pyr is the pyrolysis reaction rate and Yg,i is the mass fraction of the gas-

eous pyrolysis product. 
The reaction rates for the combustion of carbon monoxide, methane, and hy-
drogen are presented in Equations (4.14)–(4.16) (Babushok and Dakdancha, 
1993;Pomerantsev, 1986): 

 

The momentum equation is omitted because the Ergun equation only predicts 
a 2.5% velocity increase owing to the pressure loss over a 1 m high fuel layer 
with 0.6 porosity and packed with particles 20 mm in diameter. Similarly, the 
effect of gas diffusion was considered negligible compared with convection.  

4.1.3  Modeling of solid phase energy conservation 

The energy conservation equation for the solid phase (Equation (4.17)) consid-
ers heat conduction, heat exchange between the phases, energy consumed in 
the drying and pyrolysis, and energy received during char combustion. In ad-
dition, the radiative heat transfer is included in the continuity equation. 
 

4
,, )()( saaissgconv

s
effsss

s TkIIkQTTS
x
T

x
C

t
T

 (4.17) 

where Cs and s are the heat capacity and mass concentration of fuel, respec-
tively. s,eff is the effective heat conductivity inside fuel particles, conv is the 
convective heat transfer coefficient. Qs,i is the energy generated in a solid phase 
reaction. ka is the heat radiation absorption coefficient, I+ and I- are the radia-

tive heat fluxes towards the grate and towards the fuel layer surface,  is Stef-
an-Boltzmann constant. 

 
 

pyrsigigbiggbig rYrv
xt ,,,,, )()(  (4.13) 

5.05.014
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Heat conduction in solid particles is described by Equations (4.18) - (4.22). 
Equation (4.18) describes the effective heat conductivity of wood (Janssens, 
2004), Equation (4.21) describes radiative heat transfer within the wood 
pores. Equation (4.22) correlates the particle porosity to the pore diameter.  

 

where p is the particle void fraction, kmin and kmax are the heat conductivities 
of wood across and along the fiber, respectively. ks,rad is the radiative heat con-

ductivity inside a particle. 
 

Equations (4.19) and (4.20) define the heat conductivity of wood across and 
along the fiber, respectively (Janssens, 2004). 

 

kg is the heat conductivity of the gas in the particle voids, kfiber is the heat con-

ductivity of wood fiber 
 

where dcavity is the size of particle voids 

 
The particle porosity is calculated according to Equation (4.23), which is a 
function of the mass concentrations of wood, char, and moisture (Bryden and 
Hagge, 2003).  

 

where v is the mass concentration of volatiles, c is the mass concentration of 
char and w mass concentration of water in fuel. 

 
At combustion temperatures, the radiative heat transfer becomes significant, 
and in the model, it is considered using the two-flux model given by Equations 
(4.24) and (4.25).  

 

 
The absorption and scattering coefficients are calculated according to Equa-
tion (4.26). The heat radiation from the freeboard is included in the two-flux 
model as a boundary condition equal to 7.8 × 104 (W·m-2). 
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4.1.4 Modeling of gas phase energy conservation 

The energy continuity equation for the gas phase (Equation (4.27)) includes 
heat exchange between the gas and solid phases, energy received through gas 
convection, and energy gained from carbon monoxide, methane, and hydrogen 
oxidation. 

 

where Hg and g are the enthalpy and the density of the gas phase, vg is the 
fluid velocity, Qg,i is the reaction heat of gas phase reaction i 

4.1.5 Numerical methods for solving the model and the description of 
the simulation environment 

The conservation equations were solved using numerical methods which were 
selected based on the properties of each equation (as summarized in Figure 
4.1.). The equations can be divided into three categories based on the order of 
the spatial derivative, for example the solid phase continuity equation belongs 
to the category that is independent of the spatial coordinate. Category two de-
scribes equations with convection like the gas phase mass and energy continui-
ty equations. The last category comprises the solid phase energy continuity 
equation that includes the heat conduction term. 

The solid mass continuity equations were discretized with implicit and semi-
implicit Euler methods. The implicit method was utilized for the case related 
to the water and the volatile components. In contrast, the semi-implicit meth-
od was used to discretize the equation describing the evolution of the char con-
tent, since its reaction rate depends on the oxygen, water vapor and carbon 
dioxide contents. The equations for the gas phase concentrations and the en-
thalpy were spatially discretized using the three-point upwind finite difference 
method (linear upwind difference scheme) while the time discretization was 
obtained with the explicit Euler method. 

The solid energy continuity equation was discretized spatially with the cen-
tral difference scheme, whereas, the time derivative was discretized via the 
implicit Euler method.  In general, the methods selected for the spatial dis-
cretization were second-order accurate, however, it should be noted that the 
discretization of the time derivative was performed with first order-accurate 
methods. This was carried out in order to avoid non-physical oscillations at 
discontinuities and once fully discretized the model was implemented in 
MATLAB.  
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4.2 Results of the Dynamic Modeling of a BioGrate Boiler: Effects 
of the operation parameters on biomass firing 

The simulation results show that the bed comprising the smallest particle size 
ignites most rapidly. The ignition time increases as the particle size increases 
(Table 4.2), and the largest particles take twice as long to ignite compared with 
smaller diameter particles; however, smaller particles are more prone to cool-
ing by the primary air. In contrast, large particles resist cooling more efficient-
ly owing to their smaller heat transfer area. Larger particles enhance heat 
transfer inside the bed and allow the heat to spread more efficiently across the 
bed. This phenomenon results in lower temperature gradients in the bed. Con-
sequently, the improved heat transfer increases moisture evaporation inside 
the fuel bed but due to lower temperatures inside the fuel layer, the pyrolysis 
and char combustion times increase.  

 
Table 4.2. Mean combustion front propagation rates for different particle sizes 

Particle diameter, mm Mean front propagation rate kg/m2/s 
15 0.0224 
25 0.0218 
30 0.0209 
40 0.0202 
50 0.0197 

 
The simulation concerning the moisture content effect, Figure 4.3, shows 

that fuels with 60 and 70 wt% moisture content exhibit a rapid increase in gas 
production after being subjected to the furnace environment. The fuels with 
the two highest moisture contents show noticeably larger initial gas produc-
tion rates. Subsequently, after the fuel layer surface has achieved a stable dry-
ing rate, the production rate of combustibles begins to increase, suggesting 
that the fuel has ignited. The results suggest that drier fuel ignites much more 
rapidly than wet fuel. However, the fuel with the highest moisture content, 70 
wt%, does not seem to burn properly, as it demonstrates a rather low increase 
in the gas production rate. However, after ignition, all the fuels achieve a rela-
tively constant combustion front propagation rate: 0.03 kg/m2 s for the driest 
fuel (40 wt%) and 0.02 kg/m2 s for the wettest one (70 wt%), with the values 
for the other fuels in between. A more detailed analysis on the effect of fuel 
parameters on biomass combustion is presented in Publication 1. 
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5. Enhanced Dynamic Model of a Bi-
oGrate Boiler and Analysis of the 
Fuel Bed Combustion Dynamics 

The dynamic model provides a valuable insight into the phenomena occurring 
inside the burning fuel layer. However, the biomass combustion is susceptible 
to variations in fuel composition and primary air flow. The dynamic behavior 
of the dry fuel thermal decomposition is mainly determined by pyrolysis kinet-
ics. Thus, a higher model accuracy with respect to biomass pyrolysis is espe-
cially beneficial in the evaluation of combustion dynamics. In the enhanced 
model, the kinetic parameters used in the original model (Equations (4.3) and 
(4.4)) are replaced with the parameters estimated here. The kinetic parameters 
are estimated from the experimental data on the devolatilization of Norway 
spruce debarking residue. After the estimation, the model with the estimated 
parameters is validated. Finally, the results on the analysis of dynamic fuel 
combustion phenomena are presented and discussed. 

5.1 Estimation of the pyrolysis kinetic parameters for the en-
hanced model 

The kinetic parameters are approximated by fitting the estimated mass loss 
curve to the mass loss curve measured in the thermogravimetric experiments 
of debarking residue pyrolysis. Firstly, this section presents the material used 
in the experiments and its pretreatment. Secondly, the thermogravimetric 
(TG) experiments of debarking residue pyrolysis are described. Thirdly, math-
ematical methods used for the parameter estimation are presented and the 
parameters are estimated. 

5.1.1 Material 

The fuel samples used in the experiments were a mixture of spruce bark and 
wood residue with an approximate ratio of spruce stem wood residue to wood 
bark of 3:7. The particles were thin with irregular shapes and had the following 
approximate size range: 0.1 – 4 cm x 0.5 – 2 cm x 0.01 – 0.03 cm. The materi-
al was collected from Metsä Wood Sawmill in Vilppula, Finland and dried pri-
or to the experiments. Composition of fuel samples from the same sawmill site 
was analyzed by the accredited (EN ISO/IEC 17025) laboratory ENAS LTD, 
Finland, and the reported material properties are presented. 
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5.1.2 Description of the experimental setup 

Reaction rates were determined by thermogravimetry, with a Perkin Elmer 
TGA 4000. The thermogravimetric analysis (TGA) was performed on samples 
air-dried overnight at room temperature and on ones that were dried in an 
oven at 90 °C for two weeks.  The air-dried material which included wood and 
bark samples were cut into small pieces prior to the TGA tests, whereas, the 
oven-dried samples were crushed in a Retsch PM100 ball mill and the powder 
obtained was sieved.  Oven-dried material was screened and separated into 
two batches, one with particles smaller than 500 μm and another with parti-
cles larger than 500 μm. The batch with particles > 500 μm consisted of nee-
dle-shaped pure wood particles while the other batch contained both bark and 
wood powder. TGA was then performed on both batches and on a mixture of 
them with a 2:5 ratio, in addition, TGA was also run on the air-dried wood and 
bark samples. For the analysis, 8-12 mg of a sample was loaded in to a ceramic 
crucible and heated at a rate of 80 °C/min in a nitrogen atmosphere (20 
ml/min).  

5.1.3 Mathematical method for kinetic parameter estimation 

The estimation of the parameters is formulated as an optimization problem 
which is solved with a sequential quadratic programming (SQP) algorithm. 
The problem is defined by the objective function, Equation (5.1) which is min-
imized with respect to the kinetic parameters. The objective function expresses 
the sums of squares (RSS), between the measured and the calculated mass loss 
curve. The calculated mass loss curve - which is modelled with Arrhenius 
equations - is assumed to comprise two parallel reactions with the respective 
pre-exponential factors and activation energies: A1, A2, E1 and E2. Pomerantsev 
(1986) has demonstrated that a satisfactory accuracy can be achieved in ap-
proximating the overall pyrolysis reaction by dividing it in to two parallel sub-
reactions. Each subreaction describes the pyrolysis of volatile components 
with distinct reaction kinetics, for instance, holocellulose and lignin. Neverthe-
less, it is likely that each subreaction will capture pyrolysis characteristics of 
various wood constituents, but in different proportions. To account for the two 
separate wood components and their respective reactions a parameter , 
which defines the initial mass fraction of these components, is estimated along 
with the kinetic parameters. 

 
where m1 and m2 is the mass of volatile component 1 and 2, mmeas is the meas-

ured sample mass, respectively, k is the discretized time step,  is the mass 
fraction of a volatile component 
 
In the objective function, the mass of a sample at each time step is given as the 
sum of masses of volatile component one, Equation (5.2), and two, Equation 

2
22,211,1

1
21 ))(),,,(),,,((),,( kmeaskkkk

N

k
meas tmtEAmtEAmmmmF (5.1) 
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(5.4). For both components, the reaction rate constant, ki, is defined by Equa-

tion (5.3). 

 where m1,k and m2,k is the predicted sample weight at time instance k 

 
where ki, Ai and Ei are the reaction rate constant, pre-exponential factor and 

activation energy, respectively for a volatile component i pyrolysis  
 
The initial conditions for the optimization are given by Equations (5.5) and 
(5.6) which define the mass fraction of each volatile component through pa-
rameter . 

 

 
where  Ai, [1/s], i = 1,2 and the temperature is a function of time.  

 
The estimated kinetic parameters and R2 are summarized in Table 5.1. The 
results indicate that the parameter estimation was successful as the R2 index is 
above 99%. 

 
Table 5.1. Comparison between the measured combustion front propagation velocities and the 
ones predicted by the model 

 
The set of kinetic parameters estimated for “Mixture” was substituted into the 
model (Equation (4.3)) and the model was validated. 

5.2 Validation of the enhanced model  

The model was validated against the ignition front propagation velocities re-
ported by Saastamoinen et al. (2000) for the fixed-bed combustion of spruce 
wood chips. Secondly, the simulated gas compositions were compared to the 

))(exp( 111,1,1 kkkk ttkmm (5.2) 

))(exp( RTEAk iii (5.3) 

))(exp( 121,2´,2 kkkk ttkmm (5.4) 

)( 0,0,1 ashchartmeask mmm (5.5) 

))(1( 0,0´,2 ashchartmeask mmm (5.6) 

 A1, 1/s A2 E1, J/mol E2  R2 

Spruce Bark 0.2739 1.109e+03 2.586e+04 6.208e+04 0.2982 99.98% 
Spruce Wood 4.4355e+04 1.681e+05 1.145e+05 8.907e+04 0.0743 99.96% 

< 500 μm 0.4409 2.087e+05 2.905e+04 8.990e+04 0.2454 99.91% 
>500 μm 5.637e+05 2.295e+05 1.369e+05 9.273e+04 0.0708 99.94% 
Mixture 3.156e+02 2.205e+04 8.008e+04 7.838e+04 0.1539 99.92% 
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values reported by Girgis and Hallett (2010). The parameters used for the vali-
dation are given in Table 5.2 and the results of the model validation in Table 
5.3. 

The overall model performance is acceptable, and the predicted values corre-
spond to those acquired experimentally. The model also predicts satisfactorily 
the propagation velocities for all combinations of moisture content and air 
flow. 

Table 5.2. Parameters for the mechanistic model validation 

 Saastamoinen et al. (2000) This study 
Particle size 5-20 mm 20 mm/12.5 mm 

Bed densities 

moisture content, wt% bed density, 
kg/m3 

moisture con-
tent, wt% 

bed density, 
kg/m3 

10.8 157 10.8 157 
18.8 145 18.8 145 
33.4 140 33.4 140 

Table 5.3. Comparison between the measured combustion front propagation velocities and the 
ones predicted by the model 

Moisture content Air flow Saastamoinen et al. (2000) 
mm/s 

Model prediction mm/s 
20 mm/ 12.5 mm 

10.8 
0.07 0.42 0.468/0.476 
0.15 0.58 0.519/0.571 
0.23 0.47 0.476/0.529 

18.8 
0.07 0.34 0.380/0.391 
0.15 0.47 0.420/0.484 
0.23 0.39 0.414/0.426 

33.4 
0.07 0.28 0.257/0.244 
0.15 0.25 0.268/0.292 
0.23 0.27 0.277/0.260 

The comparison was performed for a simulated reaction front propagating 
approximately 10 cm above the grate. The following parameters were used for 
the simulation: air flow, 108 kg/(m2h); overall bed density, 150 kg/m3; gas 
temperature above the fuel bed, 900 °C; particle diameter, 2.8 cm; and bed 
porosity, 0.6. The simulated gas profile of the fixed-bed combustion is pre-
sented in Figure 5.1.  

As demonstrated by the results presented in Figure 5.1, the model is able to 
reproduce satisfactorily the measured gas evolution profile in the burning fuel 
bed. The model predicted the gas formation during the char combustion 
phase, which occurs between 0 and 4 cm above the grate particularly well. 
Nevertheless, due to the differences in the compositions of material used in the 
experiments and the simulated one, some discrepancies are noticeable in the 
gas formation from the pyrolysis reaction. Moreover, the variations in gas for-
mation were also significant between different experiments. Nevertheless, the 
qualitative trend of tar and CO observed in the results matches the measured 
one satisfactorily. 
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Figure 5.1. Simulated countercurrent combustion of a fuel bed comprising spruce debarking 
material 

5.3 Analysis of fuel bed combustion dynamics 

The efficiency of a boiler largely depends on the combustion dynamics, as the 
burning fuel bed is the source of energy for plant operation. Thus, the combus-
tion dynamics were analyzed with the mechanistic model by varying the rate of 
the primary air flow fed into the burning fuel bed and observing the effects on 
moisture evaporation, devolatilization, and char consumption. The flows and 
the responses are presented in Figures 5.2–5.5. In the simulations, the fuel bed 
density was assumed as 150 kg/m3 on a dry basis, the moisture content was 
kept at 55 wt%, the initial fuel layer height was 0.5 m, the freeboard tempera-
ture was 900 °C, and the fuel speed was 1.5 mm/s. The air flow was varied be-
tween 3 m3/s (0.039 m/s) and 5 m3/s (0.064 m/s), which is the typical air flow 
range for BioGrate boiler operation. 

 

0 4 8 12 16 20
0

0.05

0.1

0.15

0.2

0.25

0.3

M
as

s 
fra

ct
io

n 
(d

ry
 g

as
)

Height above grate (cm)

 O2

CO2  

CO  

Tar  

H2  
CH4  

 

 
Measured O2

Measured CO
Measured CO2
Measured Tar
Measured CH4



Enhanced Dynamic Model of a BioGrate Boiler and Analysis of the Fuel Bed Combustion Dy-
namics 

30

Figure 5.2. Gas phase composition during the simulation with a constant air flow 

Figure 5.3. Gas phase composition during the simulation with large steps in the air flow 
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Figure 5.4. Gas phase composition during the simulation with small steps in the air flow 

Figure 5.5. Gas phase composition during the simulation with a gradual increase in the air 
flow  
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drying is demonstrated by the reaction rates presented in Figures 5.6–5.9 (the 
air flows used are presented in Figures 5.2–5.5), as the drying rate shown in 
Figures 5.6 and 5.8 has an observable effect from the induced air flow changes. 
The time of complete moisture evaporation depends on the average air flow 
rate. For instance, the drying times for varying and constant air flows were the 
same because the average air flow rate was the same. The simulation with a 
gradual increase in the air flow indicated a significantly shorter drying time 
due to a larger average air flow. The larger air flow resulted in more intensive 
char combustion and thus increased energy transfer to the drying fuel, which 
increased the drying rate.  

In a similar fashion, the pyrolysis reaction rates also showed a dependence 
on the air flow; however, the influence was slightly smaller than that for the 
drying rate. Changes in the pyrolysis rate also affect the calorific value of the 
released gas (Figure 5.10), as the release of CO, H2, and CH4 is proportional to 
the devolatilization rate. Furthermore, the calorific value also depends on the 
location of the fuel on the grate and consequently its stage of conversion. Close 
to the grate center, the effect of air flow on the calorific value was minor; the 
change in the air flow velocity, which occurred between 0.5 and 1 m, increased 
the heat content by 20%, while the step changes, which occurred between 1.5 
and 2 m from the center, resulted in a 70% increase in the gas calorific value. 
The step changes during the char combustion phase, between 3.5 and 4 m 
from the center, increased the energy release by 90%. In contrast to the calo-
rific value, the temperature of the gas leaving the bed was not affected by the 
air flow because all excessive energy was absorbed by the drying fuel. Howev-
er, among all the reactions, char combustion (Figure 5.11) demonstrated the 
highest dependence on the air flow.  

The simulations suggest that moisture evaporation controls the pyrolysis 
rate by absorbing the energy produced by char combustion. Due to this phe-
nomenon, the pyrolysis rate has a lower dependence on primary air flow com-
pared with moisture evaporation.  

The results indicate that the fuel bed has rapid combustion dynamics. Fig-
ures 5.12 and 5.13 demonstrate the normalized (mean removed and scaled by 
standard deviation) drying and pyrolysis rates and air flows, respectively. As 
can be observed, the air flow instantly affects the drying and pyrolysis rates. 
After the change in the flow rate, the reaction rate stabilizes after 30 s, but the 
rate only becomes constant after ~500 s. At the char combustion stage, the 
increase in the air flow rate also dramatically increased the content of carbon 
monoxide in the released gas. The simulated gas profiles in Figures 5.2–5.5 
clearly follow this trend. 

 The simulations suggest that different fuels have different combustion dy-
namics, and the most prominent differences between the fuels are observed 
during the pyrolysis phase. Furthermore, bark showed a more rapid drying 
rate compared with the other fuels, which is a result of its lower devolatiliza-
tion temperature. The results from the analysis are discussed in more detail in 
Publication 2. 
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Figure 5.6. Reaction dynamics during the simulation with a constant air flow; ( ) wood, ( ) 
bark, ( ) mixture 

Figure 5.7. Reaction dynamics during the simulation with large steps in the air flow; ( ) wood, 
( ) bark, ( ) mixture 
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Figure 5.8. Reaction dynamics during the simulation with small steps in the air flow; ( ) wood, 
( ) bark, ( ) mixture 

Figure 5.9. Reaction dynamics during the simulation with a gradual increase in the air flow; ( ) 
wood, ( ) bark, ( ) mixture 
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Figure 5.10. Calorific values of gas under different air flows 
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Figure 5.11. Rate of char combustion under different air flows 
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Figure 5.12. Normalized drying rate and air flow 

Figure 5.13. Normalized pyrolysis rate and air flow 
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6. Dynamic Model Development for On-
line Computations through Simplifi-
cation of the Enhanced Mechanistic 
Model 

The efficiency of advanced process control methods, for instance, model pre-
dictive control (MPC), requires high accuracy of dynamic modeling, which can 
be achieved through mechanistic modeling. However, the full enhanced model 
developed in this thesis for a BioGrate boiler cannot be utilized due to its com-
plexity. Therefore, this chapter proposes a simplification of the mechanistic 
model suitable for these tasks. The purpose of the simplified model develop-
ment is to minimize the computational time but, at the same time, to retain 
sufficient accuracy in describing combustion phenomena.  

The main idea of the simplification is to divide the fuel layer into zones locat-
ed between the reaction fronts and to assume uniform conditions within each 
zone. This strategy is based on the observation that large temperature and 
composition gradients exist at the reaction fronts, whereas the degree of varia-
tion is limited between the fronts. Such an approach allows to significantly 
reduce the number of variables by neglecting those that are not critical in the 
mathematical description of a combustion process.  

This chapter is structured as follows: First, the simplification approach is 
presented. Second, the mathematical formulation of the model is introduced. 
Third, the parameters required for the successful implementation of the model 
are estimated. Finally, the model with the estimated parameters is validated.  

6.1 General approach for simplification of the enhanced model 

The simplification of the model developed in this thesis involves three main 
phases. The purpose of the first phase is to divide the fuel layer into zones to 
reduce computational burden. This is performed based on the simulation re-
sults from the enhanced model by identifying largest gradients with respect to 
the char, volatile and moisture content which indicate the end of each respec-
tive zone.  

In the second phase, the reaction-limiting factors are determined among ox-
ygen concentration, convective, radiative and conductive heat transfer, such 
that non-restrictive factors can be omitted from the model. This is done by 
comparing the magnitude of each heat transfer mechanism with respect to 
each other and by removing the least significant ones. The char oxidation reac-
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tion is generally known to be limited by the primary air feed, since almost all 
oxygen is consumed close to the grate (as shown in Figure 5.1) and hence the 
propagation of the front is limited by oxygen supply. The area on top of the 
fuel layer is not included into the consideration, since it does not receive oxy-
gen from below. With the absence of oxygen, the low heat conductivity of char 
can be assumed to prevent the heat flux downwards and to effectively stop the 
front from propagating. In case of pyrolysis and drying, the front propagation 
of these reactions is limited by heat transfer from hotter areas as these reac-
tions require sufficient temperature to become active. Thus, the identification 
of the reaction limiting factors can be done based on the gradients in the tem-
perature profile as well as on the radiative heat flux profile.  

These considerations result in a significant simplification of the temperature 
profile as only the temperature of the char layer is assumed to be a variable. 
Instead, concentration wise the fuel layer is divided into three zones.  

Finally, the detailed description of the third phase of the simplification ap-
proach, namely, the mathematical formulation of the model, is provided in the 
following. 

6.2 Mathematical formulation of the simplified model 

This section presents the development of a simplified dynamic model for on-
line computations. First, based on the simulation results from the enhanced 
model, the reaction-limiting factors are identified (Section (6.2.1)). Then, the 
equations of the enhanced model are simplified by considering these factors. 
In Section (6.2.2), the parameters required for the successful implementation 
of the model are determined and in Section (6.3) the model is validated. The 
simplified model was implemented in the MATLAB computation environment 
and solved with the implicit Euler method. An overview of the model structure 
is presented in Figure 6.1.  
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Figure 6.1. Overview of the model structure 

6.2.1 Mathematical formulation of the dynamic model for on-line com-
putations 

In the first phase, the reaction-limiting factors have to be identified, which is 
done based on simulations of the enhanced mechanistic model. The results 
from the enhanced model (Figure 6.2) suggest the presence of three reaction 
fronts corresponding to each major reaction: char combustion, pyrolysis, and 
evaporation zones. This means that the walking grate concept, which described 
fuel movement on the grate as well as temperature and concentration gradi-
ents in the horizontal direction in the dynamic model, has to be omitted be-
cause of the assumption of uniform conditions inside each zone.  

In the second phase, the reaction-limiting factors are identified from the 
simulation results presented in Figure 6.2 starting from char oxidation zone. 
In that zone, oxygen is consumed almost completely by the reaction. However, 
the primary air flow initially decreases the temperature of char as it enters the 
furnace. This effect is shown in Figure 6.2 as a decrease in temperature which 
becomes more significant towards the surface of the grate. Thus, in addition to 
the oxidation reaction also the heat exchange between char and the primary air 
is significant and can be up to 1000 C close to the grate.   

The pyrolysis zone, which lies above the char oxidation zone, is rather thin 
and, thus, the temperature of the reacting fuel is close to the char combustion 
temperature. The simulation results in Figure 6.2 indicate that the char oxida-
tion and pyrolysis zones overlap since char forms during the devolatilization 
reaction. Thus, it is assumed that the temperature of the pyrolysis zone equals 
that of the char oxidation zone. 

Equation (6.17)

Equations (6.22)(6.12)

Equation (6.1)

Equation (6.28)

Equation (6.27)

Equation (6.23)

Equation (6.26)

Equation (6.25)

Equation (6.29)

Equation (6.30)

Equation (6.8)

Equation (6.11)
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Moisture evaporation, being an endothermic reaction, is limited by the ra-
diative as well as by the convective heat transfer from the char combustion 
zone. Heat conduction is neglected due to its low contribution since, the con-
ductive heat flux over one char particle and 100 C temperature gradient is 670 
W/m2 while in case of radiative heat transfer it is nine times higher (calculated 
by differentiating the heat flux over the interface between the drying and py-
rolysis zones over one particle diameter). In addition, conduction contributes 
only slightly to the evaporation due to low heat conductivity of char and thus 
its effect is neglected. The contribution of the radiative heat transfer mecha-
nism is significant at the interface of the pyrolysis and the drying zones where 
temperature exceeds 500 C. Another significant mechanism is convection, as 
it facilitates drying by allowing heat transfer from the hot gas from the oxida-
tion zone to the colder fuel layer. Thus, both the radiative and the convective 
heat transfer mechanisms can be assumed to contribute significantly to the 
moisture evaporation. Next, mathematical equations based on these consider-
ations are presented for each zone, in accordance with the phase three of the 
approach. 

Figure 6.2. Simulation results from the enhanced model 
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6.2.1.1 Char combustion zone 

In char combustion zone, both the mass and energy are considered in accord-
ance with the general simplification approach. 

 
Mass conservation 
Char forms during the pyrolysis phase and is subsequently consumed by the 
oxidation reaction: 

 

where mC is the amount of char on the grate, XC is the char yield from wood 
pyrolysis and rC is the char reaction rate. 

The effective char consumption rate is described by Equation (6.2) and, de-
pending on the conditions, char oxidation is kinetically or mass transfer con-
trolled. Owing to the omission of the spatial coordinates, the term hCSV was 

introduced to model the effect of the char layer thickness on the consumption 
of oxygen. Thus, Equation (4.6), which describes the effective rate constant of 
char combustion in the enhanced model, is modified as:  
 

where keff,C is the effective reaction rate of char, V is the fuel layer volume, kO2 is 
the mass transfer coefficient of oxygen onto the surface of char particle, hC is 
the mass fraction of char on the grate 

 
where the mass transfer coefficient is calculated from the Sherwood number: 
 

where Dg is the oxygen diffusivity in air and dp is the particle size 

 
The volume of the fuel layer is defined by Equation (6.4): 
 

fuel bed dry is the density of dry fuel, char bed is the density of char bed 

 
Parameter S is the density number: 
 

where b is the porosity of fuel bed 

 
and hC is the mass fraction of char: 

where mC, mfuel and mH2O,l are the amounts of char, fuel and water.  
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The char combustion kinetics are defined by Equation (6.7) (Branca et al., 
2005): 
 

 
Char has a large impact on both mass and energy balances, therefore, the yield 
of char from pyrolysis must also be properly defined. Furthermore, the calorif-
ic value of char has to be determined to define whether the residual volatiles 
affect the energy balance. 
 
Energy conservation 
The energy balance of the solid phase, as outlined in Equation (6.8), mainly 
includes energy stored in char and minute amounts of volatile components. A 
fraction of the energy of the solid phase is transferred with the gases formed in 
pyrolysis and oxidation reactions. Moreover, the enthalpy of the solid phase is 
affected by oxidation reactions and the heat released or consumed by pyrolysis 
reactions. As the air is supplied from under the grate, it is heated by the burn-
ing char layer, such that: 
 

where Qin is the energy contained in primary air and Qout is the energy of the 
gas out flow, Hs is the enthalpy of the solid phase, Hp,i is the pyrolysis heat 
of wood component i, Cp,w is the heat capacity of wood, QC is the energy form 

char combustion. A is the total outer surface of the fuel and h is the heat trans-
fer coefficient. 

 
It is evident from the Equation (6.9) that depending on the intensity of ther-
mal decomposition, the effect of pyrolysis heat can have a significant effect on 
the energy balance and thus needs to be estimated.   

 

where HCO  and HCO2 is the reaction enthalpy of char oxidation to carbon 
monoxide and carbon dioxide, respectively, Cp,c is the heat capacity of char,  

is the stoichiometric coefficient defined as follows (Evans and Emmons, 1977): 
 

 
The temperature of the gas phase can be calculated by dividing the energy con-
tent of the char by its enthalpy: 
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6.2.1.2 Fuel pyrolysis zone 

 
For each volatile component of the fuel (cellulose, hemicellulose, and lignin), 
the following mass conservation equation is devised:   

 
where Xp,i is the fraction of cellulose, hemicellulose and lignin, Xm, the mois-

ture content of the fuel in the furnace, is defined by Equation (6.13). 
Fuel moisture content is calculated as follows: 

 
Wood pyrolysis (Equation (6.14)) consists of the individual devolatilization 

reactions of cellulose, lignin, and hemicellulose. Thus, for the modelling of 
pyrolysis it is important to determine the content of each wood polymer (Xp,i) 

in the fuel.   
 

 

where Ts is the temperature of pyrolysis, according to the simplification ap-

proach it is assumed to be equal to the char combustion temperature. 
Due to partial overlapping between char and pyrolysis zones, char combus-

tion and volatile gas combustion might compete if the temperature in char 
oxidation zone will become excessively low: 

 

 

6.2.1.3 Fuel drying zone 

Evaporation of moisture is most active at temperatures exceeding 100 C. 
However, according to the simplification approach, the temperature profile 
described by Equation (4.17) is omitted and the heat flux becomes the deter-
minant factor of moisture evaporation rather than local temperature. There-
fore, instead of temperature, the evaporation rate (Equation (6.17)) is now 
determined by radiative heat transfer from burning char (Equation (6.18)) and 
by convective heat transfer from the gas phase (Equation (6.19)).  
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Walking grate concept which described fuel movement on the grate is replaced 
with a continuous fuel input, the term XmmIn, which describes the moisture 
content in the fuel feed. revap, conv and revap,rad are the drying rates due to convec-

tive (Equation (6.18)) and radiative heat transfer (Equation (6.19)), respective-
ly 

 

where  is the Stefan-Boltzmann constant and Hevap is the heat of evapora-

tion 
 

 
where h is the heat transfer coefficient (Wakao et al., 1979): 

 

where Dp is the particle diameter. 

 
Amoist is the area of moist fuel: 

 

 
The amount of wet fuel (Equation (6.22)) depends on the fuel drying and py-
rolysis rates, as described by Equation (6.12). However, since walking grate 
concept is omitted, a variable, mIn, describing fuel feeding rate has to be intro-

duced.   
 

where mfuel is the amount of dry fuel on the grate, XH2O is the moisture content 
of fuel, mIn is the feed of the dry fuel, rp,i is the reaction rate of the individual 

wood component (cellulose, hemicellulose and lignin). 

6.2.1.4 Mass conservation equations in the gas phase  

The amount of oxygen in the fuel layer comprises the oxygen supplied by the 
primary and secondary air flows, as well as the char reaction rate and the flow 
of oxygen out of the layer: 

 

where Air is the density of air at normal pressure at 20 oC, FIn and FOut are the 

flows into and from the furnace, respectively 
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It is assumed that the gas density depends only on the temperature. Therefore, 
the outflow of gas from the fuel layer depends on the gas expansion, as out-
lined in Equation (6.24): 

 

where G(TG) is the gas density at the temperature of gas, TG and G(Tin) is the 

gas density at 20 oC 
 

The amount of carbon monoxide, dioxide and pyrolytic gas are described by 
Equations (6.25), (6.26) and (6.27), respectively: 

 

 
The transport equations of the pyrolytic components (Equation (4.13)) were 
combined into one equation to describe the evolution of volatiles - Equation 
(6.27): 

 

where pyr is the stoichiometric coefficient of pyrolytic gas combustion 

6.2.1.5 Energy conservation equations in the gas phase  

The enthalpy of the gas phase, defined by Equation (6.29), is affected by the 
flow of the primary air and the flow of the reacted gas out of the fuel layer. In 
addition, the energy is consumed to heat the inflowing primary air and in the 
heat transfer between the gas and the drying fuel. The enthalpy is increased by 
evaporated moisture, gases formed in the oxidation reaction, and energy 
gained by heat transfer between gas and char: 
 

where Qin is the enthalpy of the primary air, Qout is the enthalpy of gas flowing 

out of the fuel layer. 
The temperature of the gas phase is calculated as follows: 
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The successful implementation of the model requires the following infor-
mation: the content of volatile components, Xp,i, the respective devolatilization 
heats, Hp,i, the char yield from pyrolysis XC, the calorific value of char. 

6.2.2 The experimental set-up and methods for determination of the re-
quired modelling parameters 

This section presents the estimation of pyrolysis reaction heats, mass fractions 
of wood constituents, char yield from pyrolysis and its calorific value.  

The pyrolysis heats are determined by fitting the temperature predicted by 
the model to the measured temperature profile obtained during the fixed-bed 
pyrolysis experiments. Char yield from pyrolysis is determined from TGA, 
which is conducted on the solid product obtained at the end of the fixed-bed 
pyrolysis experiments. Calorific values for char are determined by analyzing 
the pyrolysis residue from fixed-bed experiments with a bomb calorimeter. In 
the following, the experiments, the experimental procedure, and the equip-
ment for the fixed-bed and TGA experiments are described. Then mathemati-
cal model used in the determination of pyrolysis heats is presented and reac-
tion heats are determined.  

6.2.2.1 Experimental set-up 

The parameters for the rate equations and reaction heats were determined by 
fitting the temperature profiles measured in fixed-bed pyrolysis experiments 
to the model predictions. Fixed-bed experiments were also used to determine 
the solid, liquid, and gaseous product yields from debarking residue pyrolysis. 
Thermogravimetric (TGA) experiments were used to analyze the composition 
of solid residue from fixed-bed pyrolysis experiments. Fixed-bed and TGA ex-
periments are discussed in the following section. 

6.2.2.2 Fixed-bed experiments 

Prior to the fixed-bed experiments, the material was dried for two weeks at 
room temperature. In each experiment, approximately 100 g of material was 
used. The sample was loaded into a sample basket, which was then inserted 
into the reactor comprising a metal cylinder surrounded by a temperature-
controlled furnace. The temperature measurements were obtained inside the 
fuel bed using three M-type thermocouples located 11, 15, and 20 cm from the 
top of the reactor with data logged every 4–5 s.  

In the first two experiments, the samples were heated to a target tempera-
ture of 500 C, in the third and fourth to 700 C, and in the final to 600 C. All 
samples were heated at a pre-programmed wall heating rate of 6 C/min, and 
the material was held for 1 h at the specified temperature with the exception of 
the first sample, which was held at the final temperature for 3 h prior to 
switching off the furnace. To collect the condensable gases, the products from 
the pyrolysis reaction were directed into a water-cooled condenser with an exit 
connected to a glass flask immersed in ice water. This set-up allowed liquid 
phase samples to be collected in a glass bottle throughout the experiment. The 
hose from the bottle outlet was connected to a diverter T valve, and its two 
other outlets were connected to an extraction hood and a gas collection bottle. 
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approximately 10 mg of material used in each experiment. After the fixed-bed 
experiments, the pyrolytic residue was collected and its volatile and fixed car-
bon fractions were determined. The char, volatile, and ash contents of the py-
rolytic residue from experiments conducted at different temperatures are pre-
sented in Figure 6.5. 

6.2.2.4 Determination of char and volatile fractions 

The experimental results indicate a strong dependence of the liquid yield on 
temperature, namely, the higher the temperature, the lower the yield (Figure 
6.4). This behavior suggests that at higher temperatures, the magnitude of 
volatile cracking reactions increases, which further decomposes tar fractions 
that are unreactive at lower temperatures. The solid yield, which comprises 
char and residual volatile matter, as presented in Figure 6.5, demonstrates a 
weaker dependence on temperature. The char yield is independent of tempera-
ture, and the weight fraction of fixed carbon is approximately 0.26 in all exper-
iments.  
 

Figure 6.5. Volatile content of the pyrolyzed residue 

6.2.2.5 Calorific value determination 

For the determination of calorific value (CV), a Parr 6200 bomb calorimeter 
was used. In each analysis of CV, approximately 1 g of material was used. The 
sample was loaded in a holder and a wire for the ignition of material was ad-
justed to touch the surface of the sample to ensure proper combustion of the 
material in the bomb. The bomb was pressurized with pure oxygen at 40 bar. 
The amount of water into which the bomb was immersed was carefully quanti-
fied. The calorific value was calculated according to Equation (6.31). 
 

where T is the measured temperature rise in water, lwire is the wire length and 
msample is the sample mass. 
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6.2.2.6 Calorific values of the virgin wood and pyrolyzed samples  

The main trend observed in the calorific analysis of the samples implied the 
dependence of the higher heating value on the stem wood and bark content 
and Table 6.1 compares the calorific values for the pyrolyzed solids and the 
virgin wood samples. The samples containing more bark had lower calorific 
values than the ones containing more stem wood; such tendency was also ob-
served by Ingram et al. (2008) for pine wood and bark. As a result, the > 500 
μm sample had the highest calorific value, despite having the highest moisture 
content among the three milled samples. The mixture of the two milled sam-
ples had the second largest calorific content while the sample comprising the 
finest particles had the lowest. As expected, moisture content had a significant 
effect on the heating values: the samples with 7 wt% moisture content had the 
lowest calorific values, 15-17 MJ/kg, while the samples with 2 wt% moisture 
had an energy density of approximately 20 MJ/kg. 

 
Table 6.1. Calorific values of the pyrolysis residues and virgin wood samples 

Sample 
 

Bark 
 

Wood 
 

Wood < 
500 μm 

Wood > 500 
μm 

Mix-
ture 

EXP1/ 
500 C 

EXP2/ 
500 C 

EXP3/ 
700 C 

EXP4/ 
700 C 

EXP5/ 
600 C 

HHV 
(MJ/kg) 16,9 19,0 19,8 21,1 20,5 31,3 30,5 32,2 31,6 32,2 

 
Compared to the virgin wood, the pyrolyzed samples had higher calorific val-
ues (31–32 MJ/kg) which are similar to the calorific value of pure carbon, 
graphite. Despite the differences in the volatile content among pyrolyzed resi-
due, depicted in Figure 6.5, the difference in calorific content were rather in-
significant. Thus, it can be assumed that pyrolysis of fuel which occurred above 
500 C produces char whose calorific value is very similar to carbon. 

6.2.2.7 Mathematical model and determination of reaction enthalpies and 
associated reaction rates 

In this work, the pyrolysis reaction enthalpies and associated reaction rates 
and are determined by fitting the predictions for temperature profile from a 
model to the temperature profile measured in the fixed-bed experiments 
(Grieco and Baldi, 2011;Park et al., 2010). However, since the model of wood 
pyrolysis is complex and requires long computational times the fitting cannot 
be done directly. This problem is circumvented by defining combinations of 
the following reaction heats: for hemicellulose 0, -100 and -200 kJ/kg, for 
cellulose 0 and -100 kJ/kg and for lignin -400, -600 and -1000 kJ/kg and then 
selecting the combination producing the best prediction of the temperature 
profile. Therefore, this section is divided into two parts: the first presents the 
model fixed-bed pyrolysis  used to predict temperature profile; the second pre-
sents the determination of the reaction rates and enthalpies.    

6.2.2.8 Mathematical model of debarking residue pyrolysis 

The fixed-bed pyrolysis model describes the mass loss rate of the fuel in a 
small-scale cylindrical pyrolysis reactor. It was shown in Publication 3 that 
fuel used in a BioGrate boiler is thermally thin and the pyrolysis is kinetically 
controlled (Biot number << 1 and pyrolysis numbers (PyI and PyII) >> 1). 
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Therefore, it is assumed that pyrolysis of the debarking residue can be approx-
imated by a continuous media approach, i.e., treating the fuel layer as a porous 
media. In the model, the heat and mass transfer are governed by mass, energy, 
and momentum continuity equations, while the overall pyrolysis reaction is 
divided into pseudo-components that capture the pyrolysis kinetics of hemi-
cellulose, cellulose, and lignin. The model parameters are given in Table 6.2 
while the main equations of the model are presented in Table 6.3. These in-
clude mass and energy conservation equations for the solid phase, described 
by Equations (6.32) and (6.33), and for the gas phase, described by Equations 
(6.43) and (6.50). In the gas phase, momentum conservation is described by 
Equation (6.42). The density of the gas phase only depends on temperature, as 
shown by Equation (6.48), whereas the mass fractions of nitrogen and the gas-
eous pyrolysis products are dependent on the rate of wood decomposition and 
tar cracking (Equation (6.44)).  

 
Table 6.2. Parameters used in the model 

Wood heat capacity 2400 kJ/kg/K (Shin and Choi, 2000) 
Char heat capacity -0.0038T2 + 5.98T - 795.28 (Gupta et al., 2003) 

Wood heat conductivity 0.35 W/m/K (Grønli and Melaaen, 2000) 
Char heat conductivity 0.1 W/m/K (Grønli and Melaaen, 2000) 

Bed porosity 0.82  
Wood emissivity 0.7 (Corbetta et al., 2014) 
Char emissivity 0.92 (Corbetta et al., 2014) 

c 0.01  
 15  

 
The overall heat conductivity of the bed is described by a function proposed 

by Yagi and Kunii (1957), which includes heat conduction between particles 
(Equation (6.35)), heat radiation between voids and particles (Equation 
(6.36)), and void-to-void heat radiation (Equation (6.37)). The heat conductiv-
ity of the solid phase (Equation (6.35)) is assumed to comprise heat conduc-
tion (Equations (6.37) and (6.39)), and heat radiation (Equations (6.40)). 

Based on studies by Garcìa-Pérez et al. (2007)  and Oasmaa et al. (2003) and 
by assuming that fuel comprises bark and wood in 3:7 proportion, the follow-
ing composition of the material was calculated: cellulose 36 wt%, hemicellu-
lose 24 wt% and lignin 40 wt% A more detailed description of the model is 
presented in Publication 3. 

The model, based on the finite element method, was implemented in the 
COMSOL 5.0 software package, and the time dependent kinetic and continuity 
equations were solved using the backward difference method (BDF). 
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Table 6.3. Modeling equations of fixed-bed pyrolysis 
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Mass continuity equation 

isis
is k
t ,,

,
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Gas phase 
Momentum conservation in the packed bed 
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Gas phase mass continuity equation 
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, 2006) 

6.2.2.9 Selection of reaction rates and the determination of reaction heats 

During devolatilization, wood is decomposed through thermal conversion of 
its constituents, namely cellulose, hemicellulose, and lignin. The literature 
reports considerably different values for the activation energies of the wood 
constituents. For instance, Roberts (1971) reported values for the activation 
energies of the pyrolysis reaction under practical conditions (cellulose: 126 
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kJ/mol and lignin: 38 kJ/mol). Grønli et al. (2002) reported markedly differ-
ent values (cellulose: 236 kJ/mol and lignin: 46 kJ/mol). Values reported by 
Grønli et al. (2002) for cellulose are supported by a large number of studies, 
for instance Várhegyi et al. (1994), obtained an activation energy of 238 
kJ/mol by using ash free cellulose.  

A large spread in the kinetic parameters is common for other wood constitu-
ents, although values of 80–100 kJ/mol (Rao and Sharma, 1998) for hemicel-
lulose are most commonly reported in the literature. A wider range of values 
are commonly reported for the activation energy of lignin estimated from the 
TGA curves of wood samples: 20 kJ/mol (Orfão et al., 1999)), 30 kJ/mol 
(Várhegyi et al., 1994), 19–40 kJ/mol (Domínguez et al., 2008), 46 kJ/mol 
(Butterman and Castaldi, 2010; Grønli et al., 2002), 35–65 kJ/mol (Várhegyi 
et al., 1997), and 70–80 kJ/mol (Barneto et al., 2009; Rao and Sharma, 1998). 

Based on the literature values for devolatilization, two sets of kinetic parame-
ters were selected to describe the pyrolysis kinetics of the spruce debarking 
residue (Table 6.4). The first set was measured for softwood bark and the sec-
ond for spruce stem wood. As can be observed from the parameters of these 
sets, the kinetics of bark and stem wood are similar. However, the simulations 
with the fixed-bed pyrolysis model indicated that reaction set one better de-
scribes the debarking residue decomposition at higher temperatures and, 
therefore, this was selected for the model.  
 
Table 6.4. Kinetic parameters used in the model 

Parameter 
set Reaction  A E (kJ/kg) n  

1 

Cellulose pyrol-
ysis 

kcell 8.75x1018 (min-1) 233 1 (Garcìa-Pérez et al., 
2007) 

Hemicellulose 
pyrolysis 

khcell 5x108 (min-1) 105 1 (Garcìa-Pérez et al., 
2007) 

Lignin pyrolysis klignin 25 (min-1) 30 1.12 (Garcìa-Pérez et al., 
2007) 

2 

Cellulose pyrol-
ysis 

kcell 4.17x1015 (s-1) 213.1 1 (Broström et al., 2012) 

Hemicellulose 
pyrolysis 

khcell 3.6x106 (s-1) 100.6 1 (Broström et al., 2012) 

Lignin pyrolysis klignin 1 (s-1) 38.6 1 (Broström et al., 2012) 

 
The selection of the reaction heat ranges for individual wood components was 
based on findings according to which pyrolysis of unmilled wood samples is an 
exothermic process. For instance, Beall (1971) determined that at tempera-
tures exceeding 400 C, wood pyrolysis becomes an exothermic reaction with 
overall exothermic reaction heats of 446 and 254 J/g for the unextracted soft-
wood and hardwood samples, respectively. Similarly, Roberts (1971) reported 
typical heats of reactions in the range between -160 and -240 J/g for wood 
samples heated to temperatures higher than 320 C. Arseneau (1971) investi-
gated the heat of pyrolysis of cellulose and noted that the pyrolysis of thick 
cellulose samples and cellulose samples overlaid with Al2O3 were character-
ized by an exothermic reaction whereas pyrolysis of thin cellulose samples 
resulted in an endothermic reaction heats. Roberts (1971) also concluded that 
the exothermic reaction heat can be explained solely by primary pyrolysis 
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and particle re-orientation. To demonstrate the effect of flow patterns, addi-
tional gas temperatures, located one particle diameter away from the T3, were 
included in Figure 6.7 (b). 

6.2.4 Summary of the parameters for the simplified dynamic model 

Based on the results from this section the following values were determined 
for the model. Pyrolysis heats for cellulose, hemicellulose and lignin were es-
timated to be -100, -200 and -600 kJ/kg, respectively. Wood composition was 
calculated to be: 36 wt% cellulose, 24 wt% hemicellulose and 40 wt% lignin. 
Kinetic parameters presented in Table 6.4 as Set 1 were found appropriate for 
describing pyrolysis of the debarking residue. Char yield from pyrolysis 26 
wt% and its composition is assumed to be pure carbon, because residual vola-
tiles had only a slight effect on the calorific value. 

 

Figure 6.7. a) Measured and predicted temperature profiles of the fixed-bed experiments, ex-
periment at 500 C (solid), 600 C (dash-dot) and 700 C (dashed line), measurements TC3 (+), 
TC2 (o) and TC1 no marker. Simulated TC3 (x), TC2 ( ) and TC1 solid thick line. b) The com-
parison of measured temperatures TC3, (500, 600 and 700 C) and simulated gas temperatures 
at the coordinates of TC3  1Dp. 

6.3 Validation of the simplified model with industrial data from a 
BioGrate boiler 

The parameters values estimated in the previous section were included into 
the simplified model. In addition, the fuel-feeding rate was resolved in order to 
convert the stoker rotation speed (%) to material flow (kg/s) by calculating the 
conversion constant from plant data. This constant was determined by using 
approximately two-thirds of the data while the final third was used for valida-
tion. The model was implemented in MathWorks MATLAB (2014b), solved 
with the implicit Euler scheme and validated. 

The validation was performed against industrial data obtained during full-
scale plant experiments at Biopower 5 16 MW CHP (an energy boiler based on 
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the BioGrate boiler technology) located at Mänttä-Vilppula, Finland. The aim 
of the experiments was to analyze the effect of variations in fuel moisture con-
tent on the combustion behavior of the boiler. For this purpose, three changes 
in the fuel moisture content of different magnitudes were induced by switching 
the fuel feed to an auxiliary fuel bunker loaded with 5, 10, or 25 m3 wood chips 
with approximately 22 wt% moisture content. After the bunker contents were 
fully discharged, the fuel feed was switched back to the typical fuel, which has 
55 wt% moisture content. The data were collected with a 1 s sampling interval 
during this period, and then utilized for validation purposes along with the 
measured primary and secondary air flow rates, stoker speed, and moisture 
content.  

The model inputs used for the validation were the same as in the experi-
ments, and are presented in Figures 6.8. In the beginning of the simulation, it 
was assumed that furnace contained 2000 kg of moist fuel and 400 kg of burn-
ing char, particle diameter was assumed to be 2 cm and the heat exchange area 
between the char and the fuel was calculated to be 30 m2. The model predic-
tions are presented in Figure 6.9.   

The comparison of the simulated and measured fuel burning and moisture 
evaporation rate suggested a good ability of the model to predict biomass 
combustion. The effects of step changes in the moisture content on the com-
bustion of biomass are well described by the model. Furthermore, the model 
also described well the smaller variations caused by primary and secondary air 
flow disturbances. The results indicate that the primary air did not affect the 
combustion rate alone, but that there is also a contribution from the secondary 
air. This is shown particularly well at the time instance at 90000th sample, 
where a large increase in the secondary air flow increased the combustion rate.  

Figure 6.8. Inputs: fuel feed, fuel moisture, primary air, secondary air 
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Figure 6.9. Measured and predicted outputs: moisture evaporation rate, fuel burning rate and 
flue gas content 
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7. Performance Evaluation of the Sim-
plified Model against the Enhanced 
Model and an Autoregressive Model 
with Exogenous Inputs  

In this chapter, the performance of the simplified dynamic model is evaluated 
by comparing the predicted fuel combustion rates against the rates calculated 
from the enhanced dynamic model. The simplified model is also compared 
against an ARX model to demonstrate the benefits of including mechanistic 
description of process phenomena into the model 

7.1 Comparison of the simplified dynamic model against the en-
hanced model 

For the performance evaluation of the simplified dynamic model, a compari-
son of the model predictions against the predictions from the enhanced model 
was performed. Both models were simulated using primary air, fuel moisture 
content and fuel feed rate measured during the industrial experiments which 
were described in Section 6.3.  

The results indicated that the decrease in the fuel combustion rate caused by 
the fuel moisture content decrease was equally well reproduced by both mod-
els: the predicted combustion rate started decreasing with the increased con-
tent of drier fuel on the grate. Similarly, as the moisture content of the fuel 
begun increasing, the predicted combustion rate increased due to the increase 
in the moisture evaporation rate of the fuel. This is visible in the period that 
occurred at the time instance of 800 seconds from the beginning of the simula-
tion.  

In conclusion, the simplified model reacted sufficiently well to changes in the 
primary air; however, the prediction of the simplified model was smoother as 
it reacted less significantly to the variations in fuel properties than the en-
hanced model. Nevertheless, the computational time for simulation of the 
simplified model was 38000 times shorter than that for the full model. Thus, it 
can be concluded that the simplified model is sufficiently accurate and fast for 
on-line computations of biomass combustion. The comparison is presented in 
Figure 7.1.  
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Figure 7.1. Comparison of the predictions from the enhanced and simplified models 

7.2 Comparison of the simplified dynamic model against a linear 
ARX model 

To compare the performance of the simplified model against a linear data-
based model, which is widely used for on-line computations, a comparison 
with a linear ARX model was performed. For the comparison, two ARX sub-
models were identified: one for the moisture evaporation rate and the other for 
predicting the fuel burning rate. The same inputs were used for ARX model 
identification as for the simplified model simulation, including both the pri-
mary and secondary air flows, stoker speed and fuel moisture content as 
shown in Figure 6.8. The data, measured   at one-second intervals, provided 
the required amount of information for the models. The first two experiments 
enabled model identification, while the data from the third experiment al-
lowed validation. All model predictions outlined in the thesis were obtained 
using pure or open-loop simulation and thus none of the models require 
measured outputs. The residuals from ARX models were tested for autocorre-
lation, as well as for cross-correlation with model inputs, to ensure that the 
model order was sufficient: both models were of the fourth order with respect 
to both the inputs and the output. Although, the autocorrelation of residuals 
for fuel combustion rate violated limits, increasing or decreasing model orders 
from order four only worsened the violation. Nevertheless, for the purpose of 
simulating combustion rate, the model was found sufficient as the absolute 
values of the autocorrelation were rather low.  Autocorrelations of residuals 
and the highest cross-correlation of residuals and inputs for both models are 

3
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presented in Figure 7.2. In both models, the highest cross-correlation values 
were observed between the primary air flow (u1) and the output residual.  

 

 
Figure 7.2. Autocorrelation and cross correlation of residuals for ARX models predicting mois-
ture evaporation and fuel combustion rates 

 
The comparison indicated that both models are able to predict the fuel com-

bustion rate due to a linear relation between fuel consumption and the prima-
ry and secondary air flow. In contrast to the fuel burning rate (Figure 7.3), the 
evaporation rate, presented in Figure 7.4, was predicted sufficiently well only 
by the simplified dynamic model. The ARX model demonstrated only a minor 
ability to follow the steady-state variations observed in the evaporation rate.  

The comparison of the mean square prediction error of the model predic-
tions, presented in Table 7.1 suggest a similar trend as was previously observed 
in Figure 7.3 and 7.4. The comparison indicates that the moisture evaporation 
rate predicted by the simplified model is closer to the measured value when 
compared to that of the ARX model. In the case of the fuel burning rate predic-
tion, both models demonstrate a minor prediction error, although, the predic-
tion by the ARX model is slightly more accurate. 

 Table 7.1. Mean square prediction error of the ARX and of the simplified model 

Model Variable Mean squared error 

ARX Fuel burning rate 0.0052 
Moisture evaporation 0.0572 

Simplified model Fuel burning rate 0.0078 
Moisture evaporation 0.0449 
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In summary, the ARX model was able to predict the combustion rate which 
was directly proportional to the air feed, however, the prediction of the drying 
rate was less accurate since it is controlled by nonlinear phenomena such as 
heat radiation. Moreover, the possibility for the identification of such data-
based models is limited due to lack of required measurements, for example, for 
the moisture content of the flue gas. Thus, mechanistic model offers an attrac-
tive alternative for on-line computations of combustion processes as it not only 
predicts the reaction rates but also the internal states such as fuel bed compo-
sition.  Publication 4 provides more information on the identification of data-
based models for predicting the fuel combustion and drying rate. 

Figure 7.3. Comparison of burning rates predicted by the simplified dynamic model and the 
ARX model 
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Figure 7.4. Comparison of evaporation rates predicted by the simplified dynamic model and the 
ARX model 

The models - including the mechanistic model, simplified model and ARX 
models - were compared in terms of their run times and the results are pre-
sented in Table 7.2 while the associated computer configurations are shown in 
Table 7.3. The computational times of the mechanistic model largely benefit 
from the parallel computations in Matlab versions below R2015b and both 
clock frequency and the number of CPU cores. A larger number of processor 
cores and higher clock frequencies allowed Desktop-1 to perform almost three 
times faster compared to the laptop computer. On these two computers, com-
putational times of ARX and the simplified model benefitted less from a larger 
core number and higher clock frequencies. Matlab version R2015b demon-
strated significantly longer computational times for the mechanistic model and 
were almost six times longer when compared to the simulation time obtained 
on computer Desktop-1 running R2014b, possibly due to some deficiencies in 
the parallel computing toolbox. Nevertheless, the computational times of the 
simplified model on the newer Matlab version on Desktop-1 were almost two 
times faster than on Desktop-1 running an older version. Furthermore, the 
Desktop-2 demonstrated even further improvements in computational times 
due to the upgrades in the CPU architecture and these advancements resulted 
in faster computational times of the ARX model. 



Performance Evaluation of the Simplified Model against the Enhanced Model and an Auto-
regressive Model with Exogenous Inputs 

62

Table 7.2. Run times of different models on different computer configurations 

 
Mechanistic (s / simu-

lated second) Simplified ARX 

Computer 

Laptop 14.173497 6.23E-04 7.21E-07 

Desktop-1 (R2014b) 5.403695 5.34E-04 6.477E-07 

Desktop-1 (R2015b) 31.443311 2.81E-04 7.066E-07 

Desktop-2 28.240536 2.11E-04 5.927E-07 

Table 7.3. Computer configurations 

Computer Matlab version RAM 
(GB) CPU Model Frequency 

(GHz) 
# of 

Cores 
# of 

Threads 
Laptop R2015a 8 Intel i5-3340M 2.7 2 4 

Desktop-1 R2014b 12 Intel i7 920 3.6 4 8 

Desktop-2 R2015b 8 Intel Xeon E3-
1230 3.2 4 8 
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8. Perspectives on the use of the devel-
oped models for efficiency improve-
ments to BioGrate boiler operations 
and considerations of their industrial 
implementation 

Bio-power plants are increasingly shifting their role from providing base-load 
power to dispatchable, highly flexible power generation. Such a shift implies 
that power plants are able to operate over wide load ranges with rapid changes 
in load levels.  Thus, flexible power generation requires determining the high-
est and the lowest load at which power plant remains operational and the max-
imum rate of changes allowed. The determination of the aforementioned oper-
ational parameters is largely affected by inherently variant fuel properties, 
such as moisture, volatile and ash content, particle size distribution as well as 
the material type.  

Fuel properties are strongly related to both, the range of the load change and 
to the transition rates between the power production levels. The results pre-
sented in Section 5 demonstrated that the rate of response of the burning fuel 
bed is material dependent and suggest that material type has to be considered 
via process control during the transition. As suggested by the results from Sec-
tion 4, fuel moisture content is another variable which largely affects the com-
bustion behavior as a high moisture content leads to increased fuel ignition 
delays. Nevertheless, the beneficial effect of flue gas recirculation on fuel dry-
ing was ascertained in Section 4, hence, the full mechanistic model can be em-
ployed to evaluate the ability of the flue gas recirculation to facilitate the igni-
tion of very wet fuels. Furthermore, the model allows the evaluation of the 
forming combustible gases and thus presents a possibility to prevent any ex-
cessive pollution caused by the load changes. 

Wide operational load range and fast transition rates require optimal com-
bustion conditions and in this regard, the primary air flow and its distribution 
between the grate rings are the most important parameters to consider. The 
results from Section 4 indicate that the primary air has the strongest impact on 
the combustion process, as an inappropriate air flow slows down burning 
through the insufficient supply of oxygen or excessive cooling of the fuel layer. 
The full mechanistic model can be employed to determine the combustion in-
tensity in the fuel layer located on different rings and to optimize the primary 
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air distribution, as demonstrated in Section 5. Next, the secondary air, which 
completes the combustion of pyrolytic gases released by the burning fuel layer, 
has to be directed to the area with intensive formation of the pyrolytic gases. 
Therefore, the formation of the pyrolytic gases predicted by the full mechanis-
tic models allows for the optimization of their combustion.   

At maximum power production, incomplete fuel combustion becomes a ma-
jor limiting factor, since the fuel feed to the furnace has to be increased and 
that can lead to some material leaving the grate unburnt. In addition, as was 
shown by the results in Publication 1, the temperature of the combustion can 
also become a critical factor and in order to avoid any equipment damage, it 
has to be investigated with the model as well. 

Model based control such as model predictive control (MPC) is an excellent 
technique to achieve optimal load transitions. This technique, however, re-
quires that the underlying model is able to describe the combustion phenome-
na. As a result, the implementation of the simplified model for improved con-
trol has several benefits for power production flexibility, which stem from its 
ability to describe combustion phenomena and to predict variable values that 
are otherwise unavailable. Furthermore, the simplified model allows the moni-
toring of the state of the furnace, more specifically, fuel amount and composi-
tion, temperatures as well as the composition of the forming flue gas. Addi-
tionally, the deep insights into the process conditions provided by the model 
ensure that prerequisites such as a sufficient amount of fuel required for the 
load transition are fulfilled. Thus, based on these model predictions, the min-
imum and maximum load and the transition rate between these two can be 
established online for flexible control of power generation.  

The successful implementation of the simplified model in an industrial envi-
ronment requires the determination of power plant dependent variables, such 
as fuel feed rate as well as surface area and volume of the fuel layer. However, 
the accuracy of the simplified model is essentially dependent on the rate of 
pyrolysis gas combustion, which competes for the available oxygen with the 
char combustion reaction at the interface of the char burning zone. Publication 
4 explores the possibility of including an adaptive coefficient in the model to 
account for the uncertainties associated with the competitive nature of char 
and pyrolytic gas combustion. This is done by including a PI controller that 
adjusts the value of Equation (6.49) in the following way, as presented in 
Equation (8.1) : 

 

 
where u(t) is the controller output. The error used as the controller input is 

calculated as a difference between the measured and predicted flue gas oxygen 
content. This arrangement allows for an improvement in the model accuracy 
by predicting both fuel burning rate and moisture evaporation. 

Next, the simplified model, which comprises differential-algebraic equations 
(DAEs), has to be linearized and converted to a state-space form. This is due to 
the fact that a state-space model allows for the most straightforward imple-

Csgcombpyr kTTtuk /)(, (8.1) 
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mentation of MPC and Kalman filter. The linearization of the model can be 
performed in two ways: In the first alternative, the linearized model is ob-
tained by approximating the nonlinear terms, such as evaporation rate due to 
heat radiation, in the model by using Taylor series. However, obtaining the 
analytical derivatives of the model functions is time consuming, which in some 
cases, is infeasible. The second method involves the numerical linearization of 
the model.  The major advantage of numerical differentiation is its simplicity, 
as it does not require any special considerations for the algebraic part of the 
model, which is otherwise compulsory for the implementation of the control 
methods. The disadvantage of this method is somewhat lower accuracy of the 
approximation when compared to that obtained in the first alternative. 

In conclusion, the utilization of the simplified model in MPC presents an ex-
cellent opportunity to achieve highly flexible power production through the 
ability of the model to describe the internal combustion phenomena. Such a 
detailed description of the biomass combustion not only allows to establish the 
efficient transition trajectory between different loads but it also allows to ex-
pand the operational limits of a power plant. 
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9. Conclusions 

This thesis presented dynamic modeling of a BioGrate boiler for process phe-
nomena investigation and for on-line computations. The process phenomena 
investigation was based on the enhanced mechanistic model that comprised 
mass and energy continuity equations for the solid and gaseous phases and 
considered drying, pyrolysis, char combustion, and gasification, which are the 
main reactions observed during biomass combustion. Similarly, the simplified 
model considered the gaseous and solid phases and the major combustion re-
actions, including drying, pyrolysis, and char oxidation. 

The results of the work demonstrated that the model provides important in-
sight into the thermal conversion of biomass. The simulations indicated that 
particle size has a major effect on both heat and mass transfer and consequent-
ly on the chemical reactions. Small particle sizes tend to increase mass transfer 
of gaseous compounds out of particles and consequently decrease the residual 
volatile content in the solid phase. Furthermore, smaller particles result in 
higher temperatures in the fuel layer, which increase solid phase reaction 
rates. However, these particles are more affected by the cooling effect from the 
primary air compared with larger particles, which may lead to combustion 
extinction. Similarly, moisture content is another important variable that af-
fects the calorific value and the ignition time.  

The investigation of the effect of combustion air demonstrated that the fuel 
layer combustion dynamics are rather quick, especially the response of char 
combustion, which is instantaneous. The changes in char combustion also ma-
jorly affect the drying rate and, to some extent, the devolatilization reaction. 
The results indicated that the magnitude of the gas formation response in-
creases with its calorific value towards the outer rings of the grate.  

Moist fuel consisting of small particles is more prone to flame extinction and, 
therefore, the primary air flow has to be regulated accurately. In addition, 
small particles require less primary air because the small size decreases the 
amount of volatile components in the solid phase, and more secondary air has 
to be used to improve volatile burnout. Nevertheless, primary air can be used 
for fast and efficient regulation of the burning process, as the fuel bed combus-
tion dynamics are fast. However, to achieve more significant changes in the 
combustion process, air has to be directed to the fuel on the outer rings of the 
grate. 

A simplified model was successfully developed and validated. This model 
demonstrated acceptable accuracy in describing the behavior of the burning 
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fuel layer. The computational time of the simplified model was significantly 
faster than that of the enhanced model and allowed faster than real time simu-
lations. As a result, the simplified dynamic model can be utilized in the devel-
opment of model-based methods that require fast computation times. 

The results obtained in this thesis successfully prove the hypothesis present-
ed in Chapter 1, as the model was able to provide essential information on the 
combustion phenomena. The effects of the most important fuel properties, as 
well as a varying primary air flow, were studied and improvements were pro-
posed. Furthermore, the simplified model demonstrated satisfactory accuracy 
in describing biomass combustion in a BioGrate boiler and superior accuracy 
compared with an ARX model.  

This thesis provides valuable information for the development of smart en-
ergy systems. The share of these systems in energy production will inevitably 
increase due to challenges imposed by climate change, diminishing reserves of 
fossil fuels, and demands for increased flexibility of energy production. In par-
ticular, the flexibility of future energy production can be increased by utilizing 
the understanding of combustion reactions and the underlying phenomena in 
the design of novel processes. In addition, the enhanced mechanistic model 
allows further improvements in process operation through personnel training 
and plant auditing. Furthermore, the proposed simplified model allows the 
development of advanced model-based control and monitoring methods for 
efficient operation of future energy systems. 

Future work includes the development and implementation of advanced pro-
cess control and monitoring methods and process optimization for efficient 
and flexible power production. Furthermore, both models allow for the devel-
opment of a simulator that is especially useful for the operator training.
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