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RESUMO

Integration of a Model for Volatile Release in the CFD Simulation of an Industrial Biomass
Boiler

Motivada por sua disponibilidade, abundancia generalizada e preocupacfes ambientais, a biomassa
sélida tornou-se uma opcao competitiva para diversificar a producao de eletricidade entre os recursos de
energia renovavel. Este trabalho tem como objetivo caraterizar o comportamento da combustao de
espécies de biomassa frequentemente utilizadas em centrais termoelétricas para suportar o
desenvolvimento de um modelo numérico para modelacao eficiente e precisa da conversao de biomassa
numa caldeira industrial a grelha. A eficiéncia da caldeira numa central de 35 MWth foi calculada como
sendo aproximadamente 80%.

Amostras selecionadas de biomassa de eucalipto, pinheiro, acacia e oliveira foram testadas com o
analisador térmico Hot Disk TPS 2500S. A condutividade térmica ficou compreendida entre 0,239 e
0,404 W/mK. Além disso, a capacidade calorifica apresentou uma variacao entre 0,855 e 2,442
MJ/meK, e a difusividade térmica entre 0,187 e 0,258 mmz/s. Para a analise final e aproximada foram
utilizados os equipamentos LECO TruSpec CHN Macro e LECO CS-200 e uma mufla, respetivamente.
Os dados revelaram uma maior reatividade do eucalipto, cerca de 2 vezes superior aos outros
combustiveis, e a propensao da acacia a produzir emissdes poluentes (principalmente a base de azoto)
e problemas de deposicao de cinzas devido a sua composicao quimica.

Amostras de pequenas dimensoes (cerca de 10 mg) foram usadas para medir a perda de massa e a sua
reatividade num analisador termogravimétrico (TGA) da TA Instruments, modelo SDT 2960. Os testes
foram realizados em atmosfera oxidante, a uma taxa de aquecimento entre 5 e 100 °C/min, até 900 °C.
Observou-se que numa ampla faixa de temperaturas, a conversao do combustivel segue uma sequéncia
de secagem, desvolatilizacdo e combustao do residuo carbonoso.

Amostras de maiores dimensdes foram testadas num reator construido para esse fim, e que simula o
processo de desvolatilizacdo de forma controlavel. Neste, a perda de massa foi medida continuamente
ao longo do tempo enquanto os compostos da fase gasosa foram recolhidos em sacos para posterior
analise num cromatdgrafo gasoso da Bruker Scion 456-GC equipado com um detetor de condutividade
térmica. Ao contrario dos dados do TGA, concluiu-se que na oxidacao de biomassas, utilizando particulas
maiores, nao ¢é possivel distinguir as sucessivas etapas de conversao, devido a maior resisténcia interna
de difusdo. Avaliando a influéncia da esbelteza da amostra (racio comprimento/espessura), concluiu-se
que a taxa de desvolatilizacao depende apenas da sua espessura e nao do volume. Além disso, para
temperaturas mais altas do reator, a taxa de perda de massa é independente do tipo de biomassa. Os
compostos gasosos libertados durante a conversdo térmica do eucalipto apresentaram forte correlacéo
com a temperatura do reator, sendo CO, e CO sempre os principais produtos de desvolatilizacao. A
dependéncia da temperatura de ambos os compostos apresentam, para o CO, um aumento de 8 a 13%
entre 600 e 800°C, enquanto o de CO, aumenta apenas ligeiramente de 11 a 12%.

0O modelo eXtended Discrete Element Method foi usado para descrever a desvolatilizacao no reator. Os
resultados foram comparados com os dados experimentais e, embora tenha sido observada uma boa
concordancia, concluiu-se que a oxidacao do residuo carbonoso necessita de um modelo de difusao.

A simulacao do escoamento no interior da caldeira foi feita utilizando o software ANSYS Fluent. Neste,
um modelo empirico externo para prever a conversao de biomassa ao longo da grelha é acoplado a um
modelo CFD para prever o escoamento reativo dentro da caldeira. Os resultados destacaram a
contribuicdo da contracdo na secao intermédia da fornalha, e a necessidade de um maior caudal de ar
secundario para reduzir as emissdes de CO. Os resultados mostram que modificando a razao entre o ar
primario e secundario de 79/21 para 40/60, obteve-se uma reducdo da fracdo massica de CO de 0.009
para 0.0003.

Palavras-chave: Biomassa, Caldeira de grelha, CFD, Combustdo, Modelacdo, Residuos Florestais.



ABSTRACT

Integration of a Model for Volatile Release in the CFD Simulation of an Industrial Biomass
Boiler

Motivated by their availability, widespread abundance, and environmental concerns, solid biomass has
become a competitive option to diversify electricity production amongst the renewable energy resources.
This work aims to characterize the combustion behavior of solid biomass species frequently used in power
plants as a route to support the development of a numerical model for efficient and accurate modeling of
biomass conversion in an industrial grate-fired boiler. The boiler efficiency of a power plant rated at 35
MWth was calculated as approximately 80%.

Selected samples of biomass (eucalyptus, pine, acacia, and olive) were tested with a Hot Disk Thermal
Constants Analyzer TPS 2500S. The thermal conductivity, varied in the range of 0.239 to 0.404 W/mK.
In addition, the heat capacity is within 0.855 to 2.442 MJ/m:K, and the thermal diffusivity is between
0.187 and 0.258 mmz/s. The ultimate and proximity analysis was carried out on the fuel samples using
LECO TruSpec CHN Macro and LECO CS-200 equipment and a muffle furnace, respectively. The data
revealed a higher reactivity of eucalyptus, which is around 2 times higher than that of other fuels, and
the propensity of the acacia to produce pollutant emissions (mostly Nitrogen based) and ash deposition
problems due to their chemical composition.

Small size samples (around 10 mg each) were used to measure the mass loss and their reactivity in a
thermogravimetric analyzer (TGA) from TA Instruments, model SDT 2960. The tests were carried out on
an oxidizing atmosphere at a heating rate between 5 and 100 °C/min up to 900 °C. It was observed that
over a wide range of temperatures, fuel conversion follows a sequence of drying, devolatilization, and
char combustion.

Larger samples of heartwood were tested in a purpose built reactor that simulates the devolatilization
process under a controllable manner. In this, the mass loss was continuously measured along the time
while the gas phase compounds were collected in bags for subsequent analysis in a gas chromatograph
Bruker Scion 456-GC equipped with a thermal conductivity detector. As opposed to the TGA data, it was
concluded that all fuels show that the combustion of large particles does not exhibit separate consecutive
conversion stages, due to internal diffusion resistance. This was further highlighted by varying the sample
aspect ratio. It was concluded that the devolatilization rate depends on the smallest dimension and not
on the bulk size. Furthermore, at higher reactor temperatures, the mass loss profile is independent of the
biomass. The gas compounds released with eucalyptus presented a strong correlation with the reactor
temperature, being CO, and CO always the main devolatilization products. The temperature dependence
of both compounds shows, for CO, an increase from 8 to 13% between 600 and 800 °C, while the CO,
yield is only slightly increasing from 11 to 12%.

The eXtended Discrete Element Method model was implemented to describe the devolatilization inside
the reactor. The results were compared with the experimental data and, while a good agreement was
observed, it was concluded that the char oxidation needs to be also represented by a diffusion model.
The numerical model was developed using the ANSYS Fluent software. In this, a user defined empirical
model to predict the biomass conversion along the grate was coupled with a freeboard model to predict
reactive flow inside the boiler. The results highlighted the contribution of the converging sections in the
middle section of the furnace and the need for a higher secondary air flow rate to reduce CO emissions.
The results show that a reduction of the CO mass fraction from 0.009 to 0.0003 was possible with a
modification of the primary to secondary air split ratio from 79/21 to 40/60.

Keywords: Biomass, CFD, Combustion, Forest residues, Grate-fired boiler, Modeling.
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Chapter 1 - Introduction

CHAPTER 1

INTRODUCTION

Currently, the energy sector is facing a strong regulatory pressure, higher competition, and a demand to
provide greater flexibility and environmentally friendly solutions. Due to this, at this time, it is necessary
to respond effectively, and rapidly, to the fast-changing context of the electricity market. The energy
transition is in fact on top of the agenda, and computer-aided methods from the field of Computational
Fluid Dynamics (CFD) have been, in part, one of the cornerstones enabling such a paradigm shift.
Concerning electricity production using biomass, grate firing is currently the most common technology,
as well as for the incineration of household residual wastes and household-type commercial wastes. Thus,
CFD is increasingly being used in its development and design. The development and application of CFD

for further optimization of grate firing systems is the subject of this work.
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1.1 Contextualization and Motivation

The energy demand has increased over the years due to population growth, and industrial and socio-
economic developments, cornerstones of human civilization. As fossil fuels have been the cornerstone of
energy supply worldwide, they are linked with climate change and global warming. Besides the protection
of the environment, the depletion of fossil fuels resources is an important aspect that needs to be
overcome. Consequently, using alternative energy sources to reduce environmental problems and limited

reservoirs is a primary concern nowadays.

The European Union (EU) aims to be climate-neutral by 2050 with an economy with net zero Green House
Gas (GHG) emissions [1]. To achieve this objective, which is the essence of the European Green Deal
ambitions and in line with the Paris Agreement, Europe needs to deploy a wide range of low carbon
technologies and solutions in the different sectors of the economy in order to reduce the global
temperature rise below 2 °C, considering the pre-industrial levels [2]. The EU has been progressively
reducing GHG with the targets defined for climate and energy to 2020 and the new targets defined for
2030. In this latest iteration at least 55% reduction in GHG emissions, compared to 1990 levels, and at
least 32% share for renewable energy and improvement in energy efficiency are expected [3]. Regarding
the total GHG emissions, the energy sector is responsible for 78% of the EU’s emissions, where transport
and heat and electricity production are the major contributors (46%) [4]. Despite these initiatives and
considering the most recent data on the renewable energy sector contribution in the European Union in
gross final consumption in 2020, your share is already 2% above the target for this year (20%) [5]. Portugal
ranked fifth among the 27 Member States, with a share of 34%.

As an alternative clean energy source, biomass appears a very interesting option as it is considered a
sustainable, renewable, and CO, neutral energy source [6], even though this has been seriously debated
recently [7-11]. Furthermore, its abundance and availability not depending on weather conditions make
this resource an attractive and valuable alternative for energy supply in both domestic and industrial
sectors. The utilization of biomass in the industrial sector has been a strong incentive as it allows the
reduction of the amount of fuel in woodlands and lowers the risk of forest fires which brings extra benefits
to society, the environment, and the economy [12,13]. These are essential aspects mentioned in a
particular recent bibliometric analysis from 1998 to 2017 performed by Mao et al. [14]. In this recent
survey, it was found that energy production and consumption and a sustainable energy system that can
effectively promote the development of the national economy and strengthen the protection of the

environment can be achieved using biomass. Banja et al. [15] noted that biomass is the main contributor
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to EU renewable energy markets and, due to the lower carbon footprint, has a significant contribution to
a low carbon economy which results in a key role within the EU policy in the support for renewable energy
sources. Furthermore, the International Energy Agency Roadmap - Net Zero Emissions by 2050 - identifies
bioenergy as an important source of energy, representing 18% of the total energy supply in 2050, and
playing a key role in the transition toward a carbon-neutral society [16]. This number considers either
through the direct replacement of fossil fuels or to counterbalance emissions indirectly through the
combined use of bioenergy with carbon capture and storage. In 2019, the replacement of fossil fuels by
biomass avoided 290 MtCO,eq emissions, equivalent to approximately 8% of the EU27 GHG emissions

[17].

Portugal recently faced the urgent need to prevent wildfires and the Portuguese government introduced
a scheme to support biomass energy installations and coerce the forest owners to clean their properties
and use the forest residues to produce biomass energy [18]. There are already some municipal areas
implementing a system for local harvesting and storage of biomass, which can be further used for energy
valorization. This strategy involved the concession of an additional 60 MWe for residual forest biomass
power plants. Since 2017, when devastating wildfires reached the central and northern regions of
Portugal, new dedicated biomass power plants were built with a total capacity of around 100 MW and
there are currently more than 20 solid biomass power plants delivering over 600 MW to the national
power grid. The main owners that contribute to this installed power are the pulp and paper companies

(Altri and The Navigator).

In 2020, according to the last data published by the Portuguese Direcdo Geral de Energia e Geologia
(DGEG) [19,20], the contribution of biomass to renewable energy production was approximately 50%.
However, although 64% of biomass has been converted into other forms of energy, specifically in
dedicated thermal power plants and cogeneration plants, only about 10% of solid biomass energy
contributes to the total renewable electricity production. In addition, despite the decrease in energy
consumption in 2020 due to the COVID-19 pandemic, there was an increase in the consumption of
primary energy in biomass in 2020, which is fundamentally due to a rise in biomass use for the production
of electricity (+11%). This fact reveals the increased importance of the use of biomass in the national
energy mix. Figure 1 presents the evolution of electricity production and power from biomass power plants
in Portugal from 2000 to 2021. In 2000, the electricity production was marginal, only 1,037 GWh and,
after 20 years, the production is 3,243 GWh. During this period, there was a significant increase of
approximately 215 times of electricity production from dedicated biomass power plants. This evolution

was made in different ways along this period, starting slowly until 2007 and faster until 2012. This rapid

3
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increase was mainly due to 9 new dedicated biomass power plants that started operation with more 90

MW (see Figure 1 b)). Between 2012 and 2017 the production stabilized, reaching 2,574 GWh.

More recently, from 2017 to 2021, the electricity production from biomass, mainly from forest biomass,
increased again due to the Portuguese government incentives above mentioned. Currently, in Portugal,

the total installed solid biomass capacity is approximately 5% of the total renewable power.
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Figure 1: Biomass power plants (dedicated and co-generation) evolution in Portugal from 2000 to 2021: a) Annual
production of electricity and b) Installed power. Data source: DGEG [20].
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It is important to point out that in Portugal, approximately 6.2 million hectares of land are covered by
forestry areas (36.19% of the national territory), making Portugal a country with great potential for the
exploitation of forest biomass [21]. Viana et al. [22] estimated that in Portugal the total amount of available
biomass averages around 1.097 million dry tons/year, with 579.91 thousand dry tons/year from
maritime pine and 517.23 thousand dry tons/year from eucalyptus resulting from forest logging. Figure
2 a) presents an overview of the distribution of land use, and Figure 2 b) the occupation of the different
species in the Portuguese forest in 2015 [21]. Regarding the occupation of the forest area by the different
species, eucalyptus is in fact the most common species in Portugal. The interest in this material in the
paper and pulp industry, along with its invasive character and fast growth, explains the interest in this

fuel.

Other hardwoods
and conifers
7.53%

Urban Area

Acacia and Carob

2.54% Maritime
S P Pine
Agriculture o S 22.16%

23.49%

Inland

a) b)

Figure 2: Portuguese mainland: a) distribution of land use and b) percentage of forest area by species.
Data source: ICNF [21].

Regarding the European context, Figure 3 presents the status of the biomass energy sector.
In 2020, the different EU countries presented different contributions of biomass energy in the renewable
energy mix. The total biomass installed capacity in 2020 in the EU-27 Member States amounts to 15,560
MW, and the electricity generated was approximately 82.953 TWh [23]. According to the latest data from
2020, the three EU-27 countries with the largest amounts of installed biomass capacity are Sweden
(2,942 MW), Finland (2,442 MW), and Germany (1,597 MW). The share of the national renewable
electricity generation in different EU countries varies greatly from almost 66% (Estonia) to O (Cyprus and

Malta).
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Figure 3: Overview of the solid biomass contribution in terms of biomass capacity (power) in the EU-27 Member States in
2020 including the share in renewable electricity generation (%). Data source: Eurostat [23].

Furthermore, there are countries like the United States of America, India, Brazil, and China where solid
biomass energy has a major role in renewable energy production. The last two counties are becoming
progressively important producers, benefiting from national support programs for biomass electricity
generation [12,24]. In its turn, India was the country where the installed solid biomass power increased
more, around 27 times from 2000 to 2019 [25]. At the same time, in the United States of America, no
significant investments in this sector have been identified except for the conversion of 545 MW from coal
plants to biomass [12]. Table 1 summarizes the solid biomass contribution to the renewable electricity
production of these main countries and its installed power. The contribution in Europe as well in the World

is also provided.

Table 1: Overview of the solid biomass contribution worldwide in 2019. Data source: IRENA [25].

USA Brazil China India Europe World
Installed Power (MW) 9,841 14,981 15,738 10,212 25,501 102,055
Share in RE (%) 6.54 10.40 3.95 7.37 11.74 6.57
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After the first ambitious climate and energy targets of the EU in 2007 (Directive 2009/28/EC), recent
climate targets for 2020, 2030, and 2050 have been set to progressively reduce gas emissions up to
80% by increasing the share of renewable energy in the energy mix [26]. Taking into account this policy,
the Portuguese Government in a recent report that defines the climate and energy strategy between 2020
and 2030 states that only small co-generation biomass plants (up to 15 MW [27]) will be promoted.
Furthermore, the evolution of dedicated biomass power plants capacity (including biogas and urban solid
wastes) is expected to be 500 MW in 2030 (currently there is 407 MW) [28]. Furthermore, the strategy
of carbon neutrality only predicts an increase in the installed capacity of biomass (including biogas, urban
solid wastes, and co-generation plants) up to 1.8 GW in 2050 [29]. At this time there are already 891
MW and, therefore, significant developments in this sector are expected [30]. The reason to disregard

projects of new dedicated biomass power plants could be due to its quite low efficiency.

The low efficiency is related to the complexity of the biomass combustion process, its instability, and due
to non-utilization of the available thermal energy for other purposes. Biomass combustion involves
simultaneous multiphase fluid flow, chemical reactions, heat (convection and radiation), and mass
transfer [31]. Due to this complex and irregular process, there are various operational problems inside
an industrial boiler. Besides, the pollutant emission limit is often exceeded. Figure 4 presents the
combustion process inside a grate-fired boiler, the main technology that is currently used for heat and

power generation from biomass combustion [32].
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Figure 4: Representation of the different reaction zones in a grate-fired boiler burning biomass. PA: primary air; SA:
secondary air; OFA: over fire air. Adapted from Yin et al. [32].
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The fuel enters from the left side typically fed in by a traveling grate. Then, the moist fuel falls to the grate,
where it is moved to the right by grate movements. The fuel undergoes a thermal conversion process

initiated by a drying process and followed by devolatilization and char burning.

In this regard, in order to give scientific explanations to this identified phenomenon, CFD modeling is a
powerful tool for predicting flow and biomass conversion, being possible to anticipate problems that can
occur during the combustion phase. The comprehension of the processes in the bed area is rather limited,
as it is difficult to obtain information through measurements because of the limited physical and optical
accessibility inside a grate-fired boiler. Therefore, CFD modeling of the entire process inside a boiler is a
promising alternative to meet economic and environmental demands on the operation of grate furnaces

allowing a better understanding of the combustion process.

1.2 Objectives

This project aims to understand and predict the biomass combustion inside an industrial grate-fired boiler.
In a power plant that uses biomass as fuel, it is important to control the efficiency of the combustion
process since the combustion process is very unstable. The general purpose of this work is to develop a
numerical model to simulate the biomass combustion behavior in industrial boilers that use forest

residues as fuel. To achieve this general purpose two specific objectives were defined:

1) Characterization of the combustion behavior of the main forest residues used in the thermal
power plants of Portugal. The kinetic parameters (activation energy, and pre-exponential
factor) will be determined as they are necessary to calculate the reaction rates that occur

during the conversion of the biomass particles.

2) Development of a numerical model for the combustion of biomass particles on the grate
considering the experimental results. This numerical model will be integrated with a CFD
model that could be used to optimize the combustion in industrial boilers using forest

residues.

Following the contextualization, the research opportunity previously detailed, and the main specific

objectives, the research question of this project can be formulated as follows:

“How is it possible to model, in a realistic way, the biomass combustion in an industrial boiler?”
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In order to answer effectively to this issue, it is necessary to break down the problem and define which
steps should be followed. For this, auxiliary questions are defined that lead to the answer to the research

question formulated. These are:

e How can biomass combustion analysis be carried out efficiently and realistically in an industrial

boiler?
e Which methodologies currently exist to predict biomass combustion?
e How to properly define biomass combustion inside an industrial boiler?
e What is the combustion behavior of the different main forest residues?

e What are the main difficulties in solving the solid phase conversion problem and its combination

with the gas phase?
o What technologies/models currently exist to solve the proposed problem?

The combination of the answers to each question presented here leads to a response to the research
question, which is more comprehensive, and its solution does not correspond to a simple exercise. With
this deconstruction of the research question, the researcher can more easily understand if the topic

proposed contains the necessary attributes.

1.3 Research Methodology

This project intends to be an added value not just for the power industry but also for the academic
community. In this way, to develop an outstanding research project, it is essential to develop the design
research that is a general plan that ensures to answer the research question. Figure 5 presents an
overview of the methodological approach framed under the MIT Portugal PhD Program in Leaders for

Technical Industries (LTI).

Throughout the last years, the MIT Portugal Program has supported new mechanisms to drive innovative
research and foster academic-industry collaboration at an international and national level. Most of the
knowledge leaves the University for different contexts but, there is also the knowledge that is provided by
the outside and that is not learned at the University. This ultimately results in knowledge-based
manufacturing and competitive product design, delivering high-level research in engineering systems with

an emphasis on the promotion of interactive collaboration with industry.
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Figure 5: Overview of the methodological research approach to be used in this work.

This is a research-based doctoral program, aimed to explore solutions for complex industrial problems
through problem-oriented and project-based activities, and it is strongly anchored in an engineering
system approach that couples education and research. In that sense, the LTI will provide the knowledge
and methods necessary to combine the research and advanced processes, in order to obtain results

worthy to be implemented in technologically advanced industries like the power plant in Mortagua.

The research design reflects the organization of all the ideas and thoughts related to the project and
presents all the research decisions. In order to answer the research questions, the investigation will follow
two essential methodologies, experimentation, and numerical modeling coupled with field research in a
biomass power plant. These methodologies are complementary, and the main results of the
experimentation will be used in the numerical model which, in its turn, is developed considering the
knowledge obtained in the industry and the limitations in the numerical modeling. Furthermore, this
methodology is oriented to provide the answer to the main research question: “How is it possible to
model, in a realistic way, the biomass combustion in an industrial boiler?” To achieve the answer to this
question, the eXtended Discrete Element Method (XDEM), a code developed at the University of
Luxembourg, is used together with the parameters determined by the experimentation work to first
address the conversion of particles in similar conditions to the environment inside industrial power plants.
Then, a CFD model, based on the conditions provided by an empirical bed conversion model, of the
industrial boiler of Mortagua Power Plant is developed to predict the gas flow and combustion. Then, after

a previous calibration and validation of the numerical model with data collected in the boiler, parametric
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studies to investigate the influence of some relevant parameters in the combustion process are performed

in order to understand how it is possible to improve the combustion efficiency.

The project aims to eliminate the industrial paradigms around the energy conversion by combustion of
biomass, giving scientific explanations to the phenomena identified in the process, being possible to
anticipate errors and defects that can occur during the combustion inside an industrial boiler. Through
the combination between experimental research and numerical simulation tools, one is expected to
reduce pollutant emissions and costs, leading to the improvement of the process that is used in biomass

power plants.

1.4 Contributions of this Work

The application of computer simulation approaches to the design and improvement of combustion
systems has grown during the past two decades. The market competitiveness highly demands the
optimization of processes and products in order to minimize the invested resources, time, financial or
human. This philosophy comprises a broad range of areas, particularly in the power energy field, where

CFD plays a crucial role in the development of new technologies and products.

This PhD work provides a comprehensive methodology, from experimentation and numerical modeling
to field research in a power plant, to model the biomass combustion in the context of the grate-fired
boilers simulation. Consequently, several aspects relevant to biomass combustion modeling in an
industrial boiler are investigated, namely its composition, thermophysical properties, combustion behavior
of small particles, the kinetics of the reaction, and gaseous emissions which their knowledge are
fundamental to the accuracy, reliability, and efficiency of the model. In this way, this study helps to
understand and develop knowledge underlying biomass combustion and its implementation in a vibrating
grate-fired boiler by providing a numerical model calibrated using the experimental and operational

experience.

Although some investigations have been published in this area, it is observed a need for studies in
biomass combustion involving thermal conversion analysis, kinetics, and gaseous emissions. Until now,
few works have been succeeded in analyzing these three issues from micro to macro scales. In that
sense, this work addresses the biomass conversion process on the grate of industrial boilers with the
main objective to properly represent the biomass decomposition and release of volatiles. To fulfill, with

success, this requirement, a one-step scheme for the devolatilization with kinetic data obtained from a

11
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traditional thermogravimetric analysis (TGA) is proposed, and the volatiles released are investigated using

a purpose-built small-scale reactor.

This is an ambitious project, framed under the MIT Portugal PhD Program, that, even though it will focus
on a specific industry, it is also expected to provide relevant answers for other applications that use
biomass as fuel to produce energy. In that sense, the knowledge obtained with the numerical tool
developed in this project will be implemented in technically advanced industries like the power plant in
Mortagua (Portugal). Apart from the contribution to the enhancement of scientific knowledge, the result
of the application of this tool enables to reveal comprehensively the fundamental phenomena occurring
inside an industrial grate-fired boiler, the reduction of pollutant emissions, and the improvement of the

combustion efficiency.

1.5 Thesis Outline

This PhD thesis aims to present the framework for the development of a computational tool for trustworthy
simulation of biomass combustion in industrial grate-fired boilers, in which the main focus relies on fuel

conversion. To achieve this aim, this Thesis was divided into ten chapters.

Chapter 1 presents the contextualization of this work within the current challenges of biomass combustion
in industrial grate-fired boilers to produce energy. The main motivation and contributions of this PhD work
are also addressed. The research questions and the objectives of this investigation are established as
well as the context of this proposal from the LTI perspective is explained. To fulfill the objectives proposed

in this thesis plan, the research design and methodology are detailed.

Chapter 2 summarizes a literature review on the research subject, and also the most important issues
related to the biomass combustion modeling in industrial grate-fired boilers. Firstly, biomass as a fuel is
introduced, exploring its physicochemical properties, the conversion process, and its characterization.
Then, an analysis of the existing CFD modeling methodologies is presented and discussed. In addition to
the different modeling approaches, the different mathematical models used to model the different
phenomena occurring inside the combustion system are described. This literature review establishes the

comprehensiveness and significance and credibility of this research work.

In Chapter 3, the object of study, the biomass power plant of Mortagua, and the main results obtained
from an experimental campaign to evaluate the combustion performance are presented. Initially, the

power production process at the power plant is described, compromising mainly details of the fuel and
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the conversion process. Regarding the experimental campaign, an investigation through an analysis of
the historical and monitored data, and a set of experiments to study the influence of some key parameters
are presented. Furthermore, the study of the possibility to reduce the flue gas temperature, as a measure

to increase the efficiency, is analyzed.

Chapter 4 introduces the research methods used to perform the experimental work involved in this thesis.
The main forest residues that are being used as fuel in biomass power plants are presented and, the
preparation procedures for the experiments using the thermogravimetric and macro thermogravimetric
reactors are presented. Detailed features, as well as the operation procedure of both equipment, are

described.

Chapter 5 is devoted to the numerical methodology implemented to develop two numerical models. The
first one represents the conversion of the biomass particles in the setup designed for macro
thermogravimetric experiments, and the second one is the grate-fired boiler from the Mortagua Power
Plant. The main theory and methodology behind the numerical model are described, from the governing
equations to the gas-phase models applied to describe the fluid flow and chemical reactions. All the
details regarding the numerical domain, boundary conditions, mesh, and solver configuration are

presented in this chapter.

The next four chapters are dedicated to the presentation of the experimental and numerical results.
Chapter 6 presents an assessment of the physicochemical properties of the fuels selected for this work.
Each fuel is fully characterized in terms of chemical composition by proximate and ultimate analysis and
its calorific value. Furthermore, this chapter examines the variation in terms of the thermal properties
(thermal conductivity, thermal diffusivity, and heat capacity) and ash elements of the different types of

biomass fuel.

In Chapter 7, a comprehensive analysis of the thermal decomposition behavior of different forest biomass
samples using a thermal analysis technique. This technique is extremely useful and essential to study
combustion behavior under controlled conditions. Posteriorly, an analysis of the reaction kinetics using
different mathematical models is presented in order to further propose a mathematical model to describe

the main reactions during the combustion process.

In Chapter 8, and in contrast to those presented in the previous chapter, the results of the experiments
in a purpose-built small-scale reactor using larger particles are presented. These experiments are
complementary since the transport phenomena have an influence on heat and mass transfer, and the

gas emissions during the devolatilization are collected. Consequently, the thermal decomposition behavior
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and gas emissions are evaluated using different reactor temperatures. This chapter is further
complemented with the comparison between the experimental results and the predictions obtained from

the mathematical model presented in Chapter 5 to compute the mass loss of biomass particles.

Chapter 9 focuses on the presentation and discussion of the numerical results obtained through the CFD
simulations. The knowledge acquired by the experimental work performed in this research (Chapters 6,
7, and 8) is used to recognize fundamental aspects for obtaining an appropriate grate conversion of the
biomass and this information is used to define the baseline case considering the nominal operating
conditions of the Mortagua power plant. This model provides the basis for parametric studies that are
also presented to investigate the influence of the combustion air system and the temperature of primary

air.

Finally, Chapter 10 presents the most significant conclusions of the present work. A suggestion of selected
research lines for future investigation on the main subject of biomass combustion, and CFD simulation,

are also presented.
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CHAPTER 2

BACKGROUND AND LITERATURE REVIEW

To understand the phenomena concerned in this work, it is necessary not only to understand the biomass
combustion process but also to understand specifically what CFD is, and how it can be applied to study
and to predict the biomass combustion process inside an industrial grate-fired boiler. The following
sections present an overview of the existing literature on several topics related to the biomass combustion
process, its characterization, as well as the strategies to develop a CFD model to predict the biomass
combustion process inside an industrial scale boiler. Since the focus of this work is the development of a
numerical model, a summary and identification of the different model assumptions and problems involved
in particles/bed modeling are presented. This literature review establishes the significance and credibility
of the research work, providing an overview of the main theories with a critique comment on their validity.

Furthermore, the main contributions of the present work to the literature are highlighted.
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2.1 Biomass as Fuel

Biomass is generally defined as any type of organic substance whose origin is due to a biological process.
According to Directive 2009/28/EC of the European Parliament of 23 April 2009, on the promotion of
the use of energy from renewable sources [33], biomass is defined as "the biodegradable fraction of
products, waste, and waste of biological origin from agricultural activities (including substances of plant
and animal origin), forestry and related industries, including fishing and aquaculture, as well as the
biodegradable fraction of industrial and municipal waste”. As it can be seen, biomass is included within
the Directives for the promotion of the use of renewable energies. The reason is the closed carbon cycle
where biomass is inserted, i.e., despite the emission of pollutant gases to the atmosphere during the
conversion of biomass, the carbon content of these emissions has been previously removed from the
same atmosphere by the photosynthesis process while the tree/plant grows, hence net carbon emissions

are considered zero [34,35].

Thus, there are several types of biomass fuels available ranging from woody to municipal wastes
materials. Due to this variability, biomass fuels can be classified into three categories depending on their
origin [36]. The first one, primary residues, includes biomass fuels obtained from by-products of forest
materials and food crops such as wood, straw, and cereals. The second one, secondary residues, are
derived from processing materials for industrial and food production, including for instance paper mills,
food and beverage industries, and apricot seed. Finally, in the third category, there are tertiary residues
which include waste and demolition wood derived from other used biomass materials. Furthermore, from
another point of view, biomass fuels can be classified into five categories based on the knowledge of their
properties: woody biomass, herbaceous and agricultural biomass, aquatic biomass, animal and human

wastes, and contaminated and industrial biomass wastes [37].

This makes for a significant variability in terms of properties. Considering the main product of biomass in
this work (power/heat generation), and that amongst the different options for energy conversion, the most
usual, and also inexpensive, combustion, requires a thorough understanding of the fuel properties
(physical, chemical, and thermal) [38]. The composition of biomass is usually obtained by proximate,
ultimate, and structural analysis techniques. The first two analyses are fundamental to determine the
chemical properties for combustion. It is particularly important because the composition of biomass is
considered a unique fundamental information that characterizes and determines its properties, quality,
potential applications, and environmental problems [37]. Regarding the physical properties, values may

vary significantly and there are properties that depend on the fuel preparation methods, such as particle
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size, shape, and bulk density, and other properties that are intrinsically dependent on the biomass fuel
(density and porosity) [39]. In its turn, thermal properties have an important role to play the biomass
thermal degradation. This group of fuel properties includes heat capacity, thermal conductivity, and
emissivity. These properties are dependent on the temperature, moisture content, and the degree of
thermal degradation of biomass [40]. Moisture, volatiles, char, and ash are products of the thermal
degradation of biomass, and as its formation and/or consumption vary with time, this conversion process

will define the thermal properties.

One of the most important deciding factors is the moisture content of the fuel since it provides information
concerning the applicability in a combustion process and its storability [41]. The moisture content of
biomass fuels can reach 60% (wet basis), which is a major disadvantage compared with other solid fuels
like peat and coal which have a more narrow range, close to 20% [42]. Although difficulties in the
preparation and grinding of the biomass are associated with high moisture contents, the major problem
is related to the decreasing of the heating value, a critical property of biomass fuels, which is frequently
expressed either as a Higher Heating Value (HHV) or Lower Heating Value (LHV). The difference between
LHV and HHV is related to the contribution or not of the heat of evaporation of the water from the moisture
and hydrogen from the fuel. Because of the low heating values, biomass is accompanied by poor ignition,
flame stability problems, lower combustion temperature, delayed release of volatiles, and, consequently,
longer residence time in combustion units, and therefore, reduced combustion efficiency [42]. This is
why Jenkins et al. [43] state that for most biomass fuels the autothermal limit is around 65% (wet basis)
which means that above this value, insufficient energy is released during the combustion to fulfill the
energy necessary for heating and evaporation. To overcome this problem, it is recommended the

installation of a storage facility next to the place where biomass is converted [6].

The volatile matter content is the part of the fuel that is released as combustible gases due to heating.
Various hydrocarbons, hydrogen, oxygen, carbon monoxide, and carbon dioxide are the main composition
of the volatile gas [44]. The amount of volatile matter released is strongly dependent on the material and
the conversion conditions (temperature and heating rate) [45-47]. Vassilev et al. [37] analyzed the
chemical composition of 86 varieties of biomass and, typically, the volatile fraction varies between 48 to

86% (dry basis), which is significative higher than peat and coal (12-68%).

After the volatile release, the remaining part of the fuel is the fixed carbon, and after the fuel is completely
burned, ash is the remaining inorganic residue. Generally, biomass has a ratio of volatile matter to fixed

carbon (VM/FC) higher than 4 while, for instance, coal is always lower than 1. Consequently, when
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biomass facilities are designed, it is required a higher volume to achieve complete combustion [42].
Furthermore, during the design phase, the knowledge about the ash composition, mainly information
about the ash forming elements, is important since phenomena like fouling, slagging and deposits are
related to the ash composition [6,48]. Some elements and their compounds, like potassium, sodium,
sulfur, and chlorine need attention due to their association with corrosion problems in biomass

combustion devices [48].

In addition to these minor elements, the principal component of biomass is carbon, oxygen, and hydrogen,
in decreasing order of abundance. Comparing the variation of these three elements in biomass fuels with
their content in peat and coal, the carbon and hydrogen content are approximately in the same range,
although biomass fuels have a wider range with a lowest lower limit, while the oxygen content is higher.
This means that biomass fuels have a higher thermal reactivity [49]. Nitrogen and sulfur might also be
found in biomass fuels, but in small quantities, usually around 1% or lower. Nonetheless, these elements
are of special relevance concerning NOx and SOx emissions [41]. Therefore, in general, biomass fuels
when compared with coal have a lower bulk density, higher volatile content, lower calorific value, and
higher moisture content. Furthermore, its chemical composition is more variable [6]. Table 2 presents
the results of proximate and ultimate analyses of some of the most relevant solid fuels used for heat and
power generation, from a large database on the properties of conventional fuels. The values are on a dry

basis to avoid large variations due to the different moisture content of the fuels.

Table 2: Typical proximate and ultimate analyses (wt%, dry basis) and higher heating values (MJ/kg, dry basis) for different
biomass types. Source: Phyllis2 database [50].

Eucalyptus Bagasse Wheat Fo_r est RDF MSW Peat Coal
straw  residues

Proximate Analysis

Carbon 48.80 45.90 43.92 50.31 40.75 49.23 53.30 63.54
Oxygen* 44,41 4291 44.36 39.95 38.59 23.73 33.15 28.95
Nitrogen 0.17 1.73 0.80 1.03 0.28 1.82 1.43 0.70
Hydrogen 6.00 5.68 6.07 4.59 7.57 8.15 5.60 4,52
Sulfur 0.02 - 0.25 0.11 0.53 0.25 0.16 0.31

Ultimate Analysis
Volatile matter 86.00 84.22 73.40 82.41 76.00 72.60 68.10 49.20
Fixed Carbon 13.20 12.00 17.65 13.62 12.25 10.58 25.60 46.97
Ash Content 0.80 3.78 8.95 3.97 11.75 16.82 6.30 3.83
VM/FC 6.52 7.02 4.16 6.05 6.20 6.86 2.66 1.05

Heating Value
HHV 19.62 18.23 17.65 20.17 20.22 20.48 21.22 24.63
LHV 18.31 16.99 16.45 19.16 18.57 18.70 20.00 23.64
MSW - Municipal Solid Wastes RDF - Refuse-Derived Fuel
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As referred before biomass includes a wide range of materials, but only a few types are appropriated for
use in heat and power production. In this work, the term biomass is used to refer to biomass that comes

from the forest.

2.2 Biomass Combustion for Power Generation

2.2.1 Combustion Phenomenon at the Particle Scale

Nowadays, the oldest and most mature technology for the production of heat and power, and the main
source for providing renewable heat is solid biomass combustion. The applications of biomass
combustion involve a wide range from domestic equipment with dozens of kW to district heating,

dedicated, or combined heat and power plants up to hundreds of MW of installed capacity.

Biomass combustion involves several decomposition reactions that present an important role in overall
performance in grate-fired boilers, and also in domestic boilers, like for instance: pollutant emissions,
unburnt formation, and formation of high amounts of fly ash [51]. According to the literature, the process
of biomass combustion may be divided into four successive or overlapping sub-processes: heating and
evaporation of moisture, volatile release to the freeboard due to thermal decomposition and char
formation, combustion of volatiles in the freeboard, and char oxidation [52]. All processes, heating,
devolatilization, and char combustion, are governed essentially by heat and mass transfer. Figure 6
presents a schematic representation of the different conversion steps and the relevant heat and mass

fluxes for a biomass particle.
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Figure 6: Representation of the biomass combustion stages.
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It is generally assumed that the combustion starts with the ignition on the surface. When a fuel particle
is inserted in a furnace, it dries, and devolatilizes, firstly mainly through thermal radiation heat transfer
from the environment to the particle surface followed by internal transfer of heat inside the particle. Drying
is considered when the temperature of the particles reaches approximately 100 °C and, in its turn,
devolatilization only starts after the moisture evaporation is completed [53]. The devolatilization process
is the fundamental process of combustion because biomass contains a large proportion of volatile matter.
Once the volatiles leaves the fuel through the pores of the particle and mix with the surrounding air,
combustion occurs in the gas phase. This step is usually quite fast but depends always on the
environment outside of the particle which will impose the total conversion as well as the emissions [43].
Finally, the char is oxidized, and at the end, only ash remains on the grate. Here, during this stage, the
combustion starts occurring heterogeneously in the solid phase. Factors such as the final temperature
and the heating rate are parameters that influence the char concentration [54]. It should also be
mentioned that volatile gases after the first mix with the primary air or surrounding air, usually, in

combustion equipment, will further react with secondary air to promote complete combustion.

In the past decades, a considerable advance was achieved in understanding the homogenous reactions
that take place above the particle conversion, whereas investigations and knowledge have been
progressing concerning the particle conversion and the heterogeneous reactions of solid-gas. Based on
the previous principle of particle conversion, heat and mass transfer play a key role in the combustion
process. The heat transfer to the particle leads to a chain of sequential physical and chemical
transformations of the particle due to the conversion processes described previously. In parallel to the
heat transfer to the particle, an external and intraparticle mass transfer of oxygen to the surface occurs
as well as the release of volatiles out from the particle occurs. The rate of convective and radiative heat
transfer to the particle will impose which mechanism occurs first. If the radiative and convective terms
are high enough to heat the surface to the ignition temperature and swept away the volatiles, the ignition
will start at the surface by the heat transfer mechanism. In contrast, if the heat transfer is low, the volatiles
may ignite and form a flame around the particle and the ignition will start due to the mass transfer
mechanism. However, the chain of conversion processes may overlap in space and time, and their
mechanism depends largely on the thermal and physical properties of the biomass particles and on the
heat and mass transfer conditions. Hence, the thermal behavior and the conversion of the particle can
be assessed by the thermal thickness of the particle. This judgment can be based on the Biot number
which defines if the particle is thermally thin or thick if it is lower or higher than 0.1, respectively [55].

The first hypothesis means that temperature gradients in the particle are negligible and, consequently,
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the reactions occur sequentially. On the other hand, if the particle is thermally thick, the reactions occur
simultaneously, and it is important, mainly for mathematical models that describe the particle conversion,
to differentiate the regions where the different processes take place [56]. Therefore, the Biot number
identifies the uniformity of the temperature distribution inside a particle based on the heat transfer

resistance inside and on the surface of the particle. The Biot number (Bi) is usually defined as Equation

(1):

. hD
Bi=—— (1)

where D represents the characteristic length considering a sphere particle, h the effective heat transfer

coefficient also considering the radiative effect and k the thermal conductivity of the particle.

These two different thermal regimes appear due to the fundamental heat transfer theories earlier
introduced by Cengel and Incropera for the study of transient heat transfer [57,58]. In biomass
combustion systems the Biot number is usually higher than 0.1 [59]. The literature suggests that in a
packed bed, particles undergoing heating by convection and radiation can be considered as thermally
thin if their diameter is lower than 30 mm [60]. Furthermore, Bryden et al. [61] studied the pyrolysis of
a thermally thick particle, and suggested that instead of two thermal regimes there should be considered
a third separate regime, called a thermal wave, for Biot numbers higher than 10. Here drying and pyrolysis
regions move through the particle like a wave where pyrolysis and char exist simultaneously. Since most
of the facilities of biomass combustion involve particles of larger sizes, this regime is of particular
importance. Still considering larger particles, Johansson et al. [62] studied the impact of neglecting the
intra-particle gradients in the combustion modeling. Differences between thermally thin and thermally
thick models in the prediction of the flue gas release and temperature profiles for particles larger than 5
mm were observed by the authors. However, the ignition rate and maximum temperature in the bed

predictions are not significant, even for particles with 40 mm.

2.2.2 Large-Scale Conversion Technologies of Biomass

This is the fundamental process that occurs at the particle level in specific facilities to produce heat and
power. In Portugal, fluidized bed and grate furnaces are the main technologies used for forest biomass
combustion. It should also be mentioned that there is also another technology, suspension, or pulverized
fuel combustion. However, is not so common in biomass combustion facilities because it is compromised

due to the difficulty in grinding biomass fuels to sufficiently fine particle sizes that are required by this
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technology [63]. Therefore, pulverized fuel boilers are the most commonly built systems to burn coal [64].

A precise record of the existing biomass power plants is presented in Annex A [65,66].

In the fluidized bed technology, the biomass is fed to a hot turbulent bed composed mostly of sand and
the primary combustion air and is introduced from the bottom of the furnace in order to promote the bed
fluidization (Figure 7 a)). This technology can be characterized as either Bubbling Fluidized Bed (BFB) or
Circulating Fluidized Bed (CFB) combustion systems. In the former, the material remains in the bubbling

bed while in the CFB it entrains in the flow and circulates in the equipment.

Regarding the grate furnace technology (Figure 7 b)), this has been used for forest biomass combustion
for heat and electricity production for several years [32]. Basically, the biomass is fed from the top of the
furnace, and it is burned and moved from one side (inlet) to the other of the furnace (ashtray). Grate-fired
boilers are known for their flexibility to burn a wide range of fuels in terms of moisture, ash content, and

particle size, and require less fuel preparation and handling [32].
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Figure 7: The different conversion technologies of biomass to energy: a) fluidized bed and b) grate furnace. Source:
Costa et al. [67].
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Furthermore, this technology is an attractive system thanks to its low investment cost, simplicity, and
capability to efficiently burn wet and untreated fuels of different qualities. Grate furnaces are one of the
most deployed technologies in the world, even if Costa et al. [67] had demonstrated that a fluidized bed
presents a smaller environmental impact than a grate furnace. However, to meet the stringent legislation
on pollutant emissions, the design of grate-fired biomass furnaces and their operating conditions have
been the subject of several investigations. Table 3 presents a summary of the solid biomass combustion
technologies considering the main differences in their fuel specifications, the characteristics of each boiler

type, gas flow conditions, temperatures, and environmental as well as economic aspects.

Table 3: Overview of the main parameters of the Grate and Fluidized bed technologies for solid fuels combustion. Source:
Adapted from [63,64,68].

Parameter Grate-fired Fluidized bed
Capacity/Size (MWel) 5-100 30-350
Fuel Biomass, MSW, Straw Biomass, RDF, Coal
Ash content (%) <10 <10
Moisture content (%) 10-60 5-60
Particle Size (mm) >10 1-10
Excess O, (%) 5-8% 3-4%
Gas velocity (m/s) 2-8 4-12
Heating rate (K/s) 1-100 1,000-10,000
Devolatilization time (s) ~100 10-50
Char combustion time (s) >1,000 100-500
Temperature, Turbulence, Intermediate temperature, poor mixing, Low temperature, very good mixing, long
and Time very long residence time residence time

) ) Low NOx emissions need special o
Environmental impacts , Low NOx emissions due to low temperature
technology or advanced air systems

Economics Low investment and operation cost High investment and operation cost

2.2.3 Combustion Phenomenon at the Bed Scale

In grate-fired boilers, because of the four sub-processes above mentioned, the thermo-chemical
conversion of biomass on the grate is considered a complex process as it involves various aspects of
thermodynamics, fluid dynamics, chemistry, and physics [69]. Solid biomass is fed periodically mainly
as a function of fuel quality and power. Uniform load is required to ensure homogeneous combustion
conditions over the grate area as fuel-rich combustion leads to incomplete combustion [70]. Usually,
grates are divided into different zones in order to provide different primary air mass flow rates that will
allow complete combustion on the grate. This is an important point together with the grate movement

because it affects significantly the air-fuel mixing and biomass conversion [32]. The combustion gases
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leaving the fuel bed will be further oxidized by the secondary air. Proper mixing between the flue gases
and the air is also a crucial point to ensure complete combustion and, therefore, higher thermal efficiency

and reduced pollutant emissions.

Peters and Raupenstrauch [71] analyzed the phenomenological description of the main processes during
biomass combustion in a grate-fired boiler, and considered that a comprehensive analysis can be focused

on the following three major processes:
1. Thermo-chemical conversion of biomass particles.
2. The flow of the flue gas between the particles.
3. The overall motion of an ensemble of particles.

The understanding of the entire process is challenging and needs a description of the relevant physical
mechanisms of these sub-processes and establishing relations between them. Hence, due to the complex
nature of the thermo and fluid dynamic processes involved inside the furnace, there are different time
and length scales that can be differentiated during the bed conversion [72]. The reaction process of the
bed can be analyzed by the reactants available and their conversion. However, the presence of a reactant
depends on the transport rate, either diffusive or convective. Thus, the time scales of the overall process
are determined by the slowest of transport and reaction rates. If there is a significant difference between
both rates, a kinetically controlled reaction regime is introduced, which may prevail for a single particle
and a bed. Peters [73] analyzed the combustion regimes of a single particle and a packed bed,
representing its conversion as a sum of the conversion of all the particles in the packed bed. The analysis
introduced two dimensionless parameters, the Damkohler number (Da), and the Thiele modulus (Th).
The first is introduced to evaluate if the bed can be modeled as a well-stirred reactor (Da < 1) or as a
stratified bed (Da > 1). In the first case, the reacting agents are present everywhere, where all particles
have the same reaction conditions, and reactions occur in any place of the bed at the same time.
However, if Da > 1, the combustion moves along the bed as the reacting agents are available and flow
through the particles being consumed during the reactions. The Th number is employed to subdivide
the previous two regimes taking into account if the conversion is dominated by a reaction kinetics or
diffusion on particle scale. In poor transport of the reacting agents compared to the reactive terms within
the particle, where Th > 1, the shrinking core approach prevails, and the conversion front achieved the
center of the particle. In contrast, when Th < 1, the entire particle reacts, and the increased conversion

leads to the reacting core approach.
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2.2.4 Strategies for Combustion Performance Improvement

Even though grate-fired boilers are a mature technology, there are still some problems associated with
this technology. For instance, the mixing between the volatile gas and the air in the freeboard and the
pollutant formation should be analyzed for a better understanding and improvement. This, along with the
tightening of the environmental regulations, has motivated in the last decades the improvement of
accurate design techniques to optimize the combustion process, and simultaneously include new
technologies to control pollutant emissions to the environment. Increasing the efficiency of the combustion
process leads to savings on fuel costs, and cheaper production of sustainable energy, with successful
reduction of pollutant emissions due to a good combustion performance. Additionally, and taking into
account that a significant fraction of the costs in grate-fired plants is related to the operation, it is obvious
that a thorough understanding of the combustion process is required for reducing costs without relying
on empirical rules of thumb. In this sense, the requirement for the implementation of strategies to keep
flue gas emissions as low as possible resulted in the development of primary emission reduction
techniques, which are only concerned with combustion modifications. Therefore, these measures aim to
modify the operational or design parameters of the combustion equipment in such a way that the

formation of pollutants is reduced at the source.

In this regard, combustion air systems are an essential aspect of the performance of the industrial boiler,
and they are being increasingly used to reduce emissions [74]. Generally, as stated by Nussbaumer et
al. [75] and Yin et al. [76] improvements in boiler performance and emissions can be achieved by
modifying the air system. Air systems are used to provide oxidants to the fuel and control the combustion
process inside the combustion equipment. In this way, an improperly designed combustion air system
results in poor mixing of air and fuel. As a result, boilers operate with a high excess of air, particularly
with a high airflow under the grate leading to an increase in the number of particles transported into the
equipment, as well as an increase in the emission of pollutants. Recent developments modified the air
system in terms of the split ratio of secondary air to primary air by increasing the secondary air to more

than 40% of the total air, when compared to older facilities [63].

In modern grate-fired boilers, biomass combustion in the fuel bed occurs in sub-stoichiometric conditions,
rich in fuel, because biomass fuels have a higher content of volatile matter on a dry basis. Therefore, it
also means a slower conversion of the fuel, which results in a lower combustion temperature on the grate
and, therefore, longer fuel residence time. On the other hand, a smaller amount of primary air reduces

the number of fuel particles blown out of the grate, and, in this way, the amount of unburned material
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dragged from the grate is reduced. Consequently, there is a certain minimum primary air ratio, and if it
is decreased, stable combustion cannot be maintained. This minimum value depends on several factors,
such as fuel moisture, combustion air temperature, and excess air ratio [77]. The excess air for moist
biomass fuel is set to 25% [78]. However, a low excess air ratio is the key to burn biomass at high boiler
efficiency and low CO and NOx emissions. In addition, the grate movement significantly affects the
conversion and distribution of biomass in the fuel bed, avoiding fuel piles. The fuel characteristics are
determinant properties to adjust the vibration and dwell time. Furthermore, it is essential to point out that
periodic oscillations increase fly ash emissions and higher CO emissions due to incomplete oxidation
resulting from a decrease in oxygen supply during the vibration period. These findings were also reported

by Yang et al. [79] in analyzing the operation of a 12 t/h MSW incinerator.

The optimization of the overfire air system concerns the injection location and velocity as the two main
design parameters for the secondary air system. This air system must oxidize all CO released over the
grate [76-78]. To date, there are some investigations on the literature reporting the influence of air
systems on biomass combustion behavior. Yin and Li [80] presented an overview of all the key
technologies currently used to improve efficiency and reduce the environmental impacts of direct biomass
combustion. Amongst the various technologies, the possibility to use advanced secondary air systems to
optimize mixing, temperature, residence time, and local stoichiometry in the freeboard is an attractive
option. The flue gas recirculation (FGR) is another technique to reduce NOx emissions. However, the
resulting lower temperature inside the combustion chamber promotes ash agglomeration on the wall of
the boiler [81]. Although up to 80%, or more, of the NOx emissions, are generated due to the fuel
mechanism [82], there are some investigations that prove this approach effective in reducing NOx

emissions [81,83-85].

Other interesting options to improve the combustion performance are the adjustment of the frequency
and amplitude of the grate, a better undergrate primary air distribution, and the preheat of the primary
air. Yang et al. [79] investigated the influence of the grate movement and concluded that fluctuations in
the gas emissions are related to this parameter. The influence of the primary air supply was studied by
different authors considering different firing systems and their influence on various phenomena. For
instance, Lamberg et al. [86] showed that reduction of the gas emissions can be achieved when the
amount of the primary air is reduced. Wiinika and Gebart [87] studied the influence of the primary air on
the fine particle emissions, and the authors achieved a reduction of the particle emissions with lower
primary air flow rates. However, the reduction of the primary air flow rate is limited by the fuel quality

(mainly its moisture content) as stated by Staiger et al. [88]. In experiments carried out in a large firing
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system, as reported, for instance, by Markovic et al. [89], it was verified that an increase in the primary
air intensifies the volatile release, as well as char burning up to a critical point. After that, a further increase
in the primary air results in slowing down the combustion process and reduces the char burned.
Furthermore, Jorgensen et al. [90] demonstrated the benefits of using numerical simulation to design
new concepts for air systems and analyze and optimize an existing air system. Considering three case
studies, the authors proved that numerical simulation is a cost-effective method of evaluating air systems

and design improved modifications.

Concerning the preheat of the primary air, this technique can optimize the drying and devolatilization of
the bed [91]. Saidur et al. [92] and Barma et al. [93] suggested that the high temperature of the flue gas
stream can be used as the source of the heat energy to transfer the energy in a heat exchanger to the
primary air. The combustion air will gain a large portion of sensible heat required to accelerate the
combustion process rather than only drying the fuel. This approach proved to be effective to evaporate
moisture while keeping within limits the local maximum temperature in the furnace [94]. Examples of
investigations focusing the air preheating include the works from van Kessel et al. [95] and Van Der Lans
et al. [96]. Table 4 synthesizes the studies assessed to evaluate the biomass combustion process based

on the various strategies used to improve the combustion performance.

However, although this technique allows the improvement of the combustion performance and also the
increase of the overall efficiency of a biomass-fired boiler since heat losses via the chimney will be
reduced, problems related to corrosion can occur [30]. The corrosion in air preheaters is due to the acid
condensation present in the flue gas composition [97]. Since failures due to corrosion will cause a
reduction in the heat exchangers lifetime, to prevent this problem, it is essential to study the lowest
admissible temperature limit. There are two different possibilities reported in the literature to study the
reduction of the flue gas temperature. The first one is the use of empirical relations available to calculate
the dew point of some acids. This approach was recently used by Brandelet et al. [98] to estimate the
dew point temperature in a biomass grate-fired boiler. The other possibility is the utilization of probes
inserted into the flue gas stream at different controlled temperatures. Then, on the probe, the morphology,
and composition of the deposits can be analyzed through different microscopic techniques. For instance,
Frandsen et al. [99] used the scanning electron microscopic, while Zhang et al. [100] used X-ray
diffraction, and X-ray fluorescence techniques. Table 5 presents more details about the state of the art to

evaluate the lower temperature limits that the flue gas can achieve without condensation.
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Table 4: A review of the studies assessing the influence of the air system on the biomass combustion process.

Main Results
Higher flame propagation and mass burning rate with
a higher flow rate or temperature.
Air excess has the main influence on emissions.
Air split ratio control the combustion.
50% CO reduction and lower particle emissions than
non staged combustion.

Author Type of work Fuel Firing system Parameter evaluated
Laboratory fixed bed furnace, Air flow rate, preheating,

~10 kW ignition, and burning rate
Pine and chestnut Commercial fixed bed boiler,

woodchips 140 kW
15 kW Laboratory boiler

Meng et al. [101] 2019 Experimental Pine woodchips

Caposciutti and Antonelli [102]
2018

Khodaei et al. [53, 54] 2012

Experimental Air staging and air excess

Experimental Wood pellets Air staging

Air flow rate, fuel moisture,
and inert content
Excess air, FGR, and air

Markovic et al. [89] 2014
Houshfar et al. [82,83,105,106]

Experimental MSW Laboratory fixed bed furnace An increase in the primary air speed leads to higher conversion rates.

Primary excess air ratio of 0.8-0.95 minimize NOx emissions. FGR

9012 and 2011 Experimental Wood pellets Laboratory reactor staging reduces NOX emissions.
Lamberg et al. [86] 2011 Experimental Wood pellets Small-scale pellet boiler Air staging and load operation Lower emissions with low primary air flow.
Zhao et al. [107] 2008 Experimental Corn stalks Laboratory fixed bed furnace Preheating and fuel moisture For higher fuel m0|stu-re, burnmg ratg and |gn|t|on propagation
content decreased. Opposite trend with higher air temperature.
Strempek and Numerical Biomass Industrial grate-fired boiler Air suppl New overfire air system reduced CO and NOx
Jorgensen [108] 2008 g i Y
. . . Grate-fired boiler, N CO emission is a function of fuel quality.
Staiger et al. [88] 2005 Experimental Woodchips 450 KW Thermal load, Excess air ratio The fuel quality limits the primary air reduction,
Wiinika and Gebart [87] 2005 Experimental Wood pellets Laboratory reactor, 10 kW Air supply Fine particles decrease with lower air supply.
Yang et al. [109] 2004 Experimental MSW Laboratory fixed bed furnace | mary air flow rate and fuel Same as Zhao et al. [107]
and Numerical moisture content
Primary air flow rate, fuel
Experimental ) ) moisture content, Fluctuations have a significant impact on emissions.
Yang et al. [79] 2004 and Numerical MSW Grate-fired boiler, 12 t/h devolatilization, channeling, Shorter grate movement reduces O,.
and transient behavior
Preheating of the pri i lyst for th
van Kessel et al. [95] 2004 Experimental Biomass Laboratory fixed bed furnace Primary air preheating e eatmgg t 'e primaty air acts as a Fata ystfor the
ignition rather than only drying.
. . . ) . ) More effective mixing with a low number of parts and higher flow is

Jorgensen et al. [90] 2002 Numerical Biomass Industrial grate-fired boiler Air supply obtained. Staging the combustion reduces NOx emissions.

. . Laboratory furnace and Grate- . . The ignition propagation depends on the fuel moisture
Thunman [110] 2001 Experimental Woodchips fired boiler, 31 MW Ignition and propagation and air flow rate.
Saastammoinen et al. [78, 79]  Experimental Biomass Laboratory fixed bed furnace lgnition front propagation Higher fuel moisture decreases ignition velocity, volatiles, and power.

2001 and 2000

and Numerical

Less amount of air is required to achieve the maximum rate.

Van Der Lans et al. [96] 2000

Experimental
and Numerical

Wheat straw

Laboratory fixed bed furnace

Air flow rate and preheating

Higher air temperature resulted in lower maximum bed
temperatures. NO emission decreased with higher air flow during

ignition.
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empirical correlations.
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Species tested

Author Type of work Fuel Firing system / Experimental  Limit temperature
technique
Zhang et al. ) Grate-fired boiler, 65 °C (inlet water
[100] 2020 Experimental MSW 400 t/h EDS, SEM, XRD temperature)
Brandelet et al. . ) Grate-fired boiler, .
(98] 2020 Numerical Biomass 180 KW Ashes and H,0 <75°C
Wei etal [113] . > 80 °C (material
2017 Numerical Coal - H.SO, temperature)
Chen et al. Experimental and Coal Grate-fired boiler, EZSSASEI?A H;((;é 101.4°C / > 80-90 °C
[114] 2017 Numerical 29 MW ' ! (material temperature)
and XRF

Xiang et al.
[115] and [116] Numerical - H,SO, and H,0 20-120°C
2016
Vainio et al. ) Biomass BFB boiler, 107 100 °C (material
[117] 2016 Numerical and RDF MW SEN-EDX and XRF temperature)

) H.O0 / 52.3°C/>90°C
Wang et al Experimental and g e CFB boiler, 65t/h  SEM, XRD, and (inlet water
[118] 2016 Numerical

XRF temperature)
Retschitzegger . . . - HCI, HNO,, H.SO., 7.5—110 C
etal. [119] Numerical Biomass Grate-fired boiler (inlet water
and H,SO,

2015 temperature)
Frandsen et al. . ) Grate-fired boiler, > 60 °C (material
[99] 2002 Experimental Biomass 33 MW SEM temperature)

XRD - X-ray Diffraction
XRF - X-ray Fluorescence Spectroscopy

EDS - Energy Dispersive Spectrometer
SEM - Scanning Electron Microscope

2.3 Characterization of Biomass Combustion

As it is impossible to maintain repeatable and fully controlled environments, and to monitor all the
dynamics involved in field-scale experiments, it becomes necessary to perform investigations at a small
scale. This should be sufficient to provide a controlled environment, and large enough to define realistic
conditions. Moreover, biomass combustion in grate-fired boilers can be described as a series of reactions,
which begins at a relatively small scale. Furthermore, from the design and operation of industrial biomass
boilers, there is a need to model the combustion to further determine their key operating and design
parameters. As represented in Figure 8, a comprehensive understanding of the devolatilization is
fundamental to the conversion process. In order to completely characterize this stage, the kinetics of the
reaction and the determination of the volatiles released are essential. The study of the biomass
combustion behavior and the kinetics of the solid-state reactions have been developed through
fundamental thermal analysis methods. According to the International Confederation for Thermal Analysis
and Calorimetry (ICTAC), thermal analysis is addressed as a group of techniques where a property of the

sample is monitored against time and/or temperature and, consequently, the change of the sample in
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terms of its weight is measured as a result of an imposed temperature program in a specified atmosphere
[120]. In the literature, TGA is the most usual thermoanalytical technique used for solid-phase thermal
degradation studies and for kinetic measurements [121,122], while the gaseous release process analysis
and the heat and mass transfer effects can be evaluated using the same technique but at a larger scale

which is commonly known as Macro TGA [123].

Combustion of Biomass - Phenomena

Volatiles Release and Reactions
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Figure 8: An overview of the phenomena occurring during the multi-scale biomass combustion process.

2.3.1 Thermogravimetric Analysis

As biomass combustion is a complex process [124], it is important to understand the physical and
chemical processes involved at the particle level to enable proper understanding [125,126]. TGA is a
powerful tool to study the devolatilization rate during the biomass combustion process and obtain
important parameters which are essential in characterizing and understanding its behavior [127,128].
TGA is widely implemented to investigate and compare thermal degradation events and kinetics during
the combustion of solid materials such as coal and biomass [129]. The decrease in mass is measured
under controlled conditions while the thermal process is taking place, as the temperature increases with
time. Consequently, information about the thermal conversion dependency with temperature will be
obtained at the particle scale. According to the search results from the Web of Science Database
considering the keywords “thermogravimetric analysis” and “biomass”, there is a growing trend about

biomass and the application of TGA to biomass in scientific journals since 2000. Figure 9 presents the
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annual number of publications from 2000 to 2021, which highlights the use and importance of TGA to

investigate the thermal decomposition of biomass.
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Figure 9: Number of annual publications from 2000 to present on thermogravimetric analysis, TGA, and biomass: Data
Source: Results from Web of Knowledge Database.

A thermogravimetric analyzer consists of a sample pan that is supported by a precision balance placed
in a furnace where the heating rate and environment can be controlled. Time, temperature, and weight
are the three variables continuously measured and recorded during the TGA experiment. Taking the first

derivative of such recorded data, known as derivative thermogravimetry (DTG), important parameters to

thermal behavior characterization are provided. These key parameters are initial decomposition (T;, ),
peak (Tax ), and (T,) burnout temperatures. T,, corresponds to the beginning of the weight loss, and

it is defined as the temperature at which the rate of weight loss reaches 1%/min after the initial moisture

loss peak in the DTG profile. T, is the point at which the maximum reaction rate occurs. T, is identified

when the last peak comes to the end and the temperature at which the sample is completely oxidized. It
is taken as the point immediately before the reaction ceases when the rate of weight loss is down to
1%/min [130]. All this information allows the thermal decomposition characterization of biomass samples
and, in particular, the last two characteristic temperatures are important to fuel parameters, especially in
establishing the residence time in the combustion chamber. The experimental procedure and the most

important points are illustrated in Figure 10.
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Figure 10: Mass loss as a function of time (above) and temperature (below) during the combustion of biomass [131].

The shape of the thermogravimetric curves (TG) and DTG curves is dependent on several factors,
including the type of biomass, atmosphere and its flow rate, the heating program which includes the
heating rate and the final temperature, initial mass, and the particle size of the fuel [43]. These constitute
several factors that affect the TG, and that will determine the characteristic thermal decomposition
behavior. The initial mass and particle size should be as small as possible to avoid the effect of heat and
mass transfer limitations [132,133]. Regarding the atmosphere, two options can be considered, oxidative
or inert. An oxidative atmosphere greatly affects the devolatilization behavior [134]. The final temperature
must be enough for the complete decomposition of the carbonaceous materials. Finally, the heating rate
is an important parameter as it greatly affects the rate of release of volatiles due to the thermal inertia of
the particles and, in this way, different heating rates should be applied in order to study its influence

[135].

Non-isothermal experiments are generally adopted for the determination of kinetic parameters as they
are considered more reliable and less time-consuming when compared with isothermal experiments
[136]. Moreover, TGA is very useful in studying the kinetics of biomass combustion because it is a simple
and effective way to obtain information on the processes taking place for determining the kinetic

parameters [137-140]. In this way, non-isothermal experiments include information on the temperature
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dependence of the reaction rate, and it is commonly believed that would be sufficient to derive Arrhenius
parameters and the reaction model of a process [141]. Consequently, the heating rate is one of the most
relevant parameters in TGA as it affects thermal decomposition and, usually, experiments need to be
performed with several heating rates to solve possible compensation effects [142]. In this way, the
Kinetics Committee of the ICTAC recommends that no less than three different temperature programs

should be applied to obtain quality kinetic data [143].

The TGA results depend on several factors, but studies with a low heating rate are privileged to determine
more precisely the temperatures from which the pyrolytic reactions start and to avoid transport effects
[144]. In addition to factors such as final temperature and heating rate, first stated by Williams et al.
[145] as parameters that influence thermal decomposition and the composition of the final products, the
atmosphere is also a factor that influences the thermal behavior of biomass. According to Vamvuka et al.
[146], decreasing the oxygen concentration and increasing the particle size and moisture content will
cause the ignition and burnout temperature to increase. Consequently, these variations will increase the
residence time in the combustion chamber. Furthermore, Vamvuka et al. [146] reported that the
composition of the gases, tars, and chars derived from biomass combustion depends on the heating rate
and final temperature among other factors. Mani et al. [147] also investigated the influence of different
parameters and found that the curves corresponding to the third stage of pyrolysis differ for variations in
the particle size, initial weight, and heating rate of the pyrolysis process. Furthermore, an increase in the
particle size and heating rate increases the char yield at the end of the experiments. Boriouchkine et al.
[148] investigated the combustion of different particle sizes of spruce bark and wood residues. This study
revealed that larger particles produced the highest mass loss rate when compared to smaller particles.
Regarding the heating rate effect, Yorulmaz et al. [149] analyzed the combustion kinetics of treated and
untreated waste wood using TGA under three different heating rates. This study revealed that by
increasing the heating rate, the peak and burnout temperatures for all the samples were also increased,
and higher temperatures were detected for the same weight loss. Shen et al. [150] examined the effect
of the heating rate of four different biomass species, and the experimental results were used to develop
a two-step reaction kinetic scheme with activation energy values from different heating rate experiments.
Some studies have also analyzed the effect of different heating rates on biomass decomposition under
inert atmospheres [136,151-156]. However, as reported by Shen et al. [157] and Anca-Couce et al.
[158], the presence of oxygen enhances biomass decomposition and promotes char combustion.
Furthermore, the kinetic parameters derived from oxidative environments differ remarkably from

experiments in the absence of oxygen [71]. Therefore, in order to simulate combustion conditions, it is
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important to study thermal behavior and kinetics in an oxygen atmosphere. In this sense, Kok and Ozgiir
[159], Garcia-Maraver et al. [142], and Alvarez et al. [160] have studied the combustion behavior and

kinetics of agricultural residues.

Furthermore, in a real application of biomass combustion to produce power, for instance in an industrial
grate-fired boiler, the temperature of the biomass increases and volatiles are released quickly due to the
high heating rate that they are exposed (around 1 to 100 K/s) [64]. This fast reaction results in insufficient
air diffusing into biomass, and ambient oxygen concentration varies along the time which means that the
reaction will change from pyrolysis to combustion [161]. Nevertheless, although modern boilers operate
in oxygen-limited combustion under a low primary air flow rate, it is important to point out that most of
the time this equipment operates in reaction-limited combustion due to a high primary air supply [76].
However, most of the studies in the literature have investigated pyrolysis using inert atmospheres
[147,151,168-170,153,154,162-167]. This is due to the fact that pyrolysis is the first process in

thermochemical processes such as combustion and gasification [171].

Few results have been generated from experiments with air [149,150,172-176]. Shen et al. [157] and
Anca-Couce et al. [158] reported that the presence of oxygen enhances biomass decomposition and
promotes char combustion. Furthermore, the kinetic parameters resulting from oxidative atmospheres
differ significantly from experiments in the absence of oxygen [158]. Therefore, to simulate combustion
conditions, it is important to study thermal behavior and kinetics in an oxygen atmosphere. In this way,
in order to understand these differences, the influence of both oxidative and non-oxidative atmospheres
on the biomass thermal conversion have been studied by different authors [157,177-179]. Munir et al.
[177] analyze the thermal characteristics of four waste biomass materials and the results showed that it
is a complex phenomenon due to different microstructural and elemental characteristics along with the
type of atmosphere. The authors found that the weight loss rate in an inert atmosphere was slower, and
its reactivity is 52% to 77% less than in oxidative conditions. Similar results were reported more recently
by Sher et al. [179] who assessed the thermal and kinetics of diverse biomass fuels to provide valuable

information for the power generation industry.

Yuzbasi et al. [178] compared the pyrolysis and combustion of co-firing biomass and coal with the
individual behavior of each solid material. Regarding pyrolysis, a similar trend was obtained up to
700 °C. Furthermore, the oxygen levels shift the combustion profile to lower temperatures and an

increase in the weight loss rate.
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Shen et al. [157] investigated the thermal degradation of pine and birch and applied a new kinetic model,
the distributed activation energy model (DAEM). DAEM was found not suitable to describe the thermal
decomposition of biomass under oxidative conditions due to the capacity of oxygen to accelerate the mass
loss in the first stage and promote complex reactions in the second stage. Furthermore, some works
analyzed the influence of the effect of the oxidative and non-oxidative environment through experiments

with different oxygen concentrations [134,161,180-182].

Fangetal. [161] studied the effects of oxygen concentration on the mass loss rate and kinetics of pyrolysis
and combustion of wood. The author stated that the mass loss rates of wood were independent of oxygen
concentration when the temperature was below 250 °C. Furthermore, it was found that the activation
energy varied linearly with oxygen concentration at the first stage. Moreno et al. [182] also studied the
kinetics of wood wastes and solid wood under different conditions considering three or four reactions
depending if the reaction occurs under oxidative or non-oxidative conditions. In its turn, Amutio et al.

[181] proposed a kinetic model consisting of six simultaneous reactions.

Chouchene et al. [180] studied the effect of three different atmospheres with different oxygen content on
the thermal degradation of solid waste. It was verified that pyrolysis under inert conditions takes place
according to two different stages (drying and devolatilization) while under oxidative conditions a third
stage, char oxidation, occurs. On the other hand, Su et al. [134] analyzed the effect of oxygen content on
the thermal degradation of pine and similar results were obtained. The oxygen promoted the degradation

of biomass, and a third stage was observed.

As the previous literature has thrown light on the TGA under different conditions, only a few works have
succeeded in analyzing thermal conversion, and determining all the kinetic parameters of experiments
covering the possibility of oxidative and non-oxidative conditions with different flow rates. To date, several
studies have considered these different parameters, including particle size [146-148] and heating rate
[136,142,157-159,183-188,149-156], to study their influence on thermal degradation behavior and
kinetics. Additionally, in the literature, there are several kinetic data derived from the weight loss curves
of biomass fuels in inert [135,147,189-195,148,152-154,156,163,164,166] and air
[133,142,174,175,196-199] atmospheres. There are also other investigations that studied the influence
of the atmosphere and applied both atmospheres [130,134,157,161,177,179,182]. This extensive
literature review culminated with the selection and analysis of works that analyzed the same fuels

(eucalyptus, acacia, and pine) considered in the present work, which is summarized in Table 6.
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Hence, considering the current state-of-the-art in this subject, many factors can affect the kinetic
parameters, including not only the process conditions, heterogeneity of the sample, heat and mass
transfer limitations, and systematic errors, but also the processing and method for the analysis of the
TGA results [122]. Consequently, a wide range of kinetic parameters has been reported in the literature

and, therefore, direct comparisons are not possible. As evidence of this inconsistency, Figure 11 presents

250

the different activation energy values reported in the literature for Pine devolatilization and char oxidation.
B Devolatilization
m Char Oxidation

Figure 11: Activation Energy values reported in the literature for Pine devolatilization and char oxidation using two-
step sequential models. The red bars are results considering a global reaction. Data Source:
[149,150,157,160,181,200-203].
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Table 6: Literature review of experimental works that used pine, acacia, and eucalyptus samples.

Chapter 2 — Background and Literature Review

Surroundin Mass Size Final Heating
Author Country  Reactor Model Biomass Type . g Temperature Rate Kinetic Method
Environment (mg) (um) .
(K) (K/min)
) 2-stage mechanism
ég; al 204 oping SDTAS51E Pine 60 mAL';mm NA <200 873 5,10,15,40  and OFW, Starink,
DAEM, and CR
Chen et al. . i Air 3-stage mechanism
[201] 2020 China SDTA851E Pine needle 100 mL/min 1.6 75-150 870 5, 10, 20, 40 and OFW, KAS, and CR
Fu et al. [205] . TA Instrument N, 10, 15, 20, -
2019 China SDT 0600 Eucalyptus bark 100 mL/min 5-10 150-300 1073 95 and 30 Model-fitting
mesh 30
Vega et al. . LINSEIS, STA PT- . . N./O, mixture
[206] 2019 Colombia 1600 Pine and Acacia 50/13 mL/min 10 and6n3esh 1173 5, 10, and 15 OFW
Mishra et al. ) , ) Pine and sal sawdust and N, 5, 10, 15, 20, 1-global, KAS, OFW,
[136] 2018 India —Hitachi, TA~7000 areca nut husk 50 mL/min 8 < 1000 173 and 25 CR, FR and DAEM
5,7.5,10
Wadhwani et al. . Mettler Toledo . N, o
[168] 2017 Australia TGA/DSC 1 Pine and eucalyptus 20 mL/min 7.5 1-4000 1173 20, lfjé)oand 1-global, KAS and OFW
Cai et al. ) NETZSCH STA Eucalyptus and paper mill Air 10, 20 and .
[207] 2016 China 409 PC sludge 200 ml/min 6 <200 1223 40 KAS and Starink
Alvarez et al. ) Perkin EImer STA 28 different biomass Air 5,10, 15 and 2-stage reaction and
[160] 2016 Spain 6000 samples 40 mL/min 10 250-500 173 20 KAS, OFW, CR
Yu et al. [184] . TA Instruments, Air 10, 15 and 2-stage reaction and
2016 China SDT 0-600 Eucalyptus bark 100 mL/min 10 200-600 1223 20 OFW and CR
Soria-Verdugo . . . 10, 13, 16,
et al. [185] Spain TA '”S_tg‘(’;ge”ts P'rf‘li’w‘zr’ear'jzrsslr’n t!;'zt'e 60 m'\'LZ/min 10 <100 1073 19, 22, 25, DAEM
2015 ' 30, 35 or 40
OFW, KAS, FR,
Mishra et al. . ) . N, 5, 10, 15, 20, Vlyazovkin, Vyazovkin
[155] 2015 India DTG-60 unit Pine 100 mL/min 10 50 73 30and 40 AIC, and z(a) master
plots
Chen et al. . Pyris1 TGA Eucalyptus leaves, bark, Ar 5, 10, 15, 25,
[186] 2015 China instrument and sawdust 100 mL/min 5 74 1073 and 50 DAEM
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Table 6: (continued).
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Final
. Surrounding Mass Size Heating Rate Kinetic
Author Country Reactor Model Biomass Type Environment (mg) (um) Temp(t:(r)ature (K/min) Method, Model
3, 5,10, 15,20
Saldarriaga et al. . TA Instruments . N, LT
[167] 2015 Spain 0500 Pine 60 mL/min 10 <100 873 30, 50, 80, 100, DAEM
150, 200
. 3,5, 10, 15, 20,
:r’r['?;’;]“;‘gglof Spain ™ 'r(‘;_tggg“e”ts Pine o m'\bmm 10 <100 873 30, 50, 80, 100, DAEM
: 150 and 200
Fang et al. [203] . Mettler Toledo . Air
2013 China TGA/SDTA851 Pine 60 mL/min 10 <2000 773 30 1-global, CR
Anca-Couce et al. Linseis Thermal . FR, KAS, and Fitting
[158] 2012 Germany Analysis, L81/1000 Pine N,and O, 2-4 200 873 2.5,5and 10 algorithm
Amutio et al. . . N.and O, o
[181] 2012 Spain TA Instruments Q5000 Pine 100 mL/min 10 <200 1073 15 Optimization model
Shen et al. [157] pnlted TGA Mettler Toledo Pine N,/Air . <5 <300 1173 5, 10, 20, and 1-global, CR and
2011 Kingdom TGA/SDTA 8951E 50 mL/min 30 DAEM
Kim et al. [151] Republic TA Instruments, ) N, 600 and 5, 10, 25 and . )
2010 of Korea 050 Pine 20 mL/min 25 850 1073 50 Differential method
Shen et al. [150] United TGA Mettler Toledo . Air 5, 10, 15, 25, .
2009 Kingdom _ TGA/SDTA 8951F Pine 60 mL/min <O 500 1073 and 50 2-stage reaction, CR
Lapuerta et al. . TGA Seiko Instruments ) N, 5, 10, 20, 30 . )
[208] 2007 Spain 6200 Pine 100 mL/min 10 <50 1100 and 40 Fitting algorithm
Lapuerta et al. . TGA Seiko Instruments ) N, 10, 30, 40, 50 . )
[209] 2004 Spain 6200 Pine 50 mL/min 10 <500 1100 and 60 Fitting algorithm
Gronli et al. [210] TA Instruments SDT . N, o
2002 Norway 2960 Pine 150 mL/min 5 NA 773 5 Optimization model
Bilbao et al. [172] , . Air _
1997 Spain SETARAM 92 Pine 100 mL/min 3and 20 630 1023 7 and 12 NA

CR - Coats Redfern

DAEM - Discrete Activation Energy Model
KAS - Kissinger-Akahira-Sunose

NA - Not Available

OFW - Ozawa-Flynn-Wall

TA - Thermogravimetric Analyzer
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2.3.2 Devolatilization Mechanism and Reaction Kinetic

As biomass contains a high content of volatile matter, the description of the devolatilization process
is essential. Devolatilization often referred to as pyrolysis is a complex chemical process in which
the particles decompose into different products including permanent gaseous compounds, tar, and
char. Therefore, currently, there are two major issues in describing the devolatilization process.
The first one is concerned with how the progress of the biomass conversion can be represented,
and the second one is related to how to properly determine the permanent gas released during the

devolatilization.

Regarding the first issue, there are different methods in the literature for describing this step of
biomass combustion. The kinetics of biomass combustion depends on many different factors, but
the reaction mechanism/kinetic model influences the final result and the way the conversion of
the biomass is considered to take place. According to the earlier studies from Di Blasi [211] the
kinetics of biomass conversion can be classified into three groups: /) one-step global models, 7/
one-stage, multi-reaction models, and /i) two-stage, semi-global models. However, in the last
decades, as plenty of research has been published in the field of biomass combustion and
pyrolysis, a kinetic description of the devolatilization mechanism has been provided for a better
understanding. Thus, for the sake of simplicity and clarity, devolatilization and pyrolysis
mechanisms can be classified basically into four groups:
1. One-step global mechanism;
Multi-component parallel single reaction mechanism;

One-component competitive mechanism;

~ wn

Detailed mechanisms.

These mechanisms assume two particular initial conditions, if biomass is considered as one
component or a mixture of components, and if the devolatilization reaction is considered as a single
reaction or a set of multiple competitive reactions. Consequently, the group is arranged from the
simplest, the one-step global mechanism, to the more sophisticated and complex, the detailed
mechanisms. The number of steps in each model refers to the number of kinetic pathways that

the reaction can take.

The one-step global mechanism is the simplest decomposition mechanism, acceptable for most

engineering applications requiring only mass loss rate predictions [107, 133, 128, 176], and can
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be easily obtained from traditional TGA analysis [212]. Secondary reactions are not included and
the reaction products, as considered by most of the researchers [122], only consist of char and
volatiles. Due to their simplicity, it is used in CFD models to represent and describe the coupled
chemical kinetic and physical phenomena of the devolatilization process [175]. Equation (2)
presents the form of the single-step mechanism. A second step is commonly added for char

oxidation, as referred in [151,154,155,160].
Biomass — Volatiles + Char (2)

The multi-component parallel single reaction mechanism represents biomass by its intrinsic
components, and the devolatilization reaction is described as the sum of the contributions of each
macromolecule decomposition. Equation (3) shows the main mechanism used in this category.
Gronli et al. [210] is one example of the works where the devolatilization of different biomass
species was predicted using this mechanism, which is considered more precise to predict the mass
loss rate [46].

Cellulose — Volatiles + Char

Hemicellulose — Volatiles + Char (3)
Lignin — Volatiles + Char

In order to overcome the limitation of the first mechanism, the one-component competitive
mechanism was introduced, and biomass produces competitively volatiles, tar, and char, as
represented in Equation (4). As reviewed by Di Blasi [211], Shafizadeh and Chin [213] were the
authors who introduced this model, and it is usually applied in fuel bed models [214]. This is a
more comprehensive mechanism and requires deeper knowledge of the decomposition of biomass
in the different products.

Biomass — Volatiles

Biomass — Tar

Biomass — Char (4)

Tar — Volatiles
Tar — Char

Detailed mechanisms, e.g., Ranzi Model [215], and Shafizadeh and Bradbury Model [216], are
more comprehensive as these models consider competitive and parallel reactions for multiple or
intermediate components. In addition, these four types of different reaction schemes are classified

as empirical or kinetic models [217]. Kinetic models are global devolatilization models and,
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essentially, the mass loss rate is correlated with the temperature of the particle to determine the
reaction rate which is expressed by an Arrhenius equation. The reaction rates are only valid for
conditions with specific parameters, limiting their general applicability. A detailed description of
these and other models used in the literature to describe biomass devolatilization is provided by

White et al. [122], Branca et al. [218], and Varhegyi [219].

In addition to this category, there are network models which are very accurate in their predictions
of devolatilization behavior, although they are computationally complex. The computational
complexity of these network models, as it is considered the physicochemical description of the fuel,
directly impacts the amount of time required to run complex simulations [7]. Hence some
simulations use simple global devolatilization models instead of complex ones. However, global
models generally do not apply to a range of coal types, heating rates, and temperatures as broad
as network models, and therefore need to be optimized using trusted data or predictions. Although
their origins lie in coal combustion, biomass devolatilization can be considered analogous to the
same stage during the coal conversion, the models have been adapted to biomass fuels. Models
like the CPD (Chemical Percolation Devolatilization) [220], Bio-FLASHCHAIN [221], FG-DVC
(Functional Group Depolymerization Vaporization Crosslinking) [222], and Kobayashi [223] are
examples of models developed for coal combustion which were subsequently converted to biomass

(Bio-FG-DVC [224], Bio-FLASHCHAIN [225], and Bio-CPD [226]).

The fundamental basis of the kinetic models, that is essential for understanding and modeling the
biomass combustion in furnaces, the solid-state transformation rate from biomass to volatile

products is generally described by Equation (5):

do

where t is the time, f(Ol) is a function called the reaction model which describes the

dependence of the reaction model on the conversion rate (& ), and K is the thermal dependence

term that can be defined by the following Arrhenius Equation (6):

k=A exp(—%j (6)

where E is the activation energy (J/mol), T is the absolute temperature (K), R is the universal
gas constant (J/mol.K), and A is the pre-exponential factor (s). The former parameter means

the minimum energy barrier required to break the bonds and change the chemical structure to
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another, while A is based on the collision theory and represents the number of collisions per unit

of time occurring in the reaction.

Regarding the conversion rate, this term can be defined as a relation between the initial (M, ),
final (M;), and instantaneous (IM;) sample mass. It can be obtained from each
thermogravimetric experiment, and it is defined by Equation (7):

m, —m
0[2# (7)
My — My

For non-isothermal experiments, at a constant heating rate (,B:dT /dt), Equation (5) can be
expressed as a function of temperature at a constant heating rate, yielding Equation (8):

da 1
d_T_k f(a)E (8)

The experimental conditions and the reaction stage considered influence the reaction model.
Generally, it is considered a first-order reaction, and this function can be expressed as (1-«)

[133,227]. Other functions commonly used if another reaction model is required are presented in

Table 7. After all these considerations, Equation (8) can be simplified as:

da A E

The left side of Equation (9) is a function of the conversion rate, and the right side is a function of

the temperature. Integrating both sides of Equation (9), the following equation is obtained:

< d A -E
g(a)zl(l_O;) =E-Jexp(ﬁj-dT (10)

Equation (10) has no exact solution and, there are two main mathematical approaches to solve
this equation and obtain the kinetics data from the thermogravimetric analysis:
1) model-free methods (isoconversional) and 2) model-based methods [142]. In order to avoid
modeling complex reactions, model-free methods can be preferable since the chemical parameters

are determined without using any specific reaction model [133].

42



Chapter 2 — Background and Literature Review

Table 7: Solid-state rate expressions for the most common reaction mechanism [122].

Model — Name of functions f(a) 9(a)

Zero-order 1 o
Reaction order | ;i qer (1-a) —In (1— a)
controlled : ;

nth-order (1-a) (n-1)" (1-a)*

1-D 1/ 2a ol

-1
2D -In(1-a) (1-a)in(l-a)+a
ep s 1 2
Diffusion Jander, 3D 15(1-a)"|1-(-a)"| | [1-(1-a)"]
- a
Ginstiling-Brounshtein, 3-D 0.5[(1—0{) v —1} 1—%a—(1—a)2/3
n a(l_nil) a"
Power law
n=2/3,1,22314 n=3/2,1,1/2,1/3,1/4
i Ina
Nucleation ixpone.zr;tla; law o o
vrami-Erofeev Lt o

(n=1.2.3,4) n(l—a)[—ln(l—a)] —In(l—a)

Prout-Tompkins a(l-a) In [a(l—a)’l}rca
Geometrical Contracting area (n=2) (1— a)(l’”’ ) 1— (1_ a)“’
contraction Contracting volume (n=3) (1- a)(lfnil) 1-(1- a)nil

:Integration constant

There are many isoconversional kinetic methods including Friedman (FR) [228], Ozawa-Flynn-Wall
(OFW) [229,230], Kissinger-Akahira-Sunose (KAS) [231-233], Starink [234], and Vyazovkin
methods [235,236]. The corresponding equations and advantages and disadvantages can be
found in Table 8. In model-fitting, different models such as Coats-Redfern (CR) [237], Freeman and
Carroll [238], Duwvuri et al. [239], and differential models, can be fitted to the experimental data
and which gives the best statistical fit is selected to evaluate the kinetic parameters. An overview
of the biomass characterization process to obtain the kinetic parameters is represented in

Figure 12.

However, the determination of the kinetic parameters for biomass thermal degradation is
particularly complicated considering the presence of complex components and their consecutive
and/or parallel reactions. The model-free generates unique kinetic parameters as a function of the
conversion rate since they are based on the principle that at each constant conversion, the reaction

rate is a function only of the temperature such that [240]:
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(11)

where & and f(«) are constant and, therefore, the second term on the right hand side of

Equation (11) is zero. Hence, Equation (11) can be simplified Equation (12):

o) -

-E,
R

(12)

Table 8: Different kinetics methods used in the literature — Equation and advantages and disadvantages. Adapted

from: [241,242].

E, determination

Advantages and

Method Equation .
d (slope of the plots) Disadvantages
da -1 Simple and Accurate;
FR j A f(a) In| B, (d_Tj Vs RT . Numerically unstable and
“v' al ai  sensitive to data noise
orw g = [ AE, } 5.331-1.052 In B vs 2052 Oversimplified temperature
Rg(a) i RT,; integral
" n i i A R E, n B v~ OMore. accl.l;.raée than OFW;
T2 E g(a) RT . T2 RT verS|mp‘| ied temperature
! “ ! il &l integral
B B —1.0008
Starink I o In S |vs Mgre accurate temperature
P i T, RT,; integral approximation
— g (a) AR SRT E r g (a) 1 Forcib!e fittin.g to reaction
CR In = =In JE 1—? T In = VS T mechanism; Single values of
- P -« ¢ E are obtained
-~ Model-fitting ] Differential
A 4 - Freeman-Carroll
Experimental Computational
Methods Methods Kissinger-Akahira-Sunose
s h 4 OFW
il Model-free Friedman
Vyazovkin

Figure 12: An overview of the methods for solid-state kinetics study [243].

Hence, this kinetic is based on the evaluation of the dependence of the effective E on conversion

rate according to the TGA data from multiple heating rates, such as suggested by the ICTAC [143].
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The term effective is applied to emphasize a consequence of this dependency, and since in solid-
state reactions the kinetic parameters may vary during the reaction progress, it is highly
recommended to evaluate if the E values remain constant to rule out the multi-step kinetic
mechanism [243]. If E is vary significantly, it means that the reaction process has more than one
dominant reaction and a model-free type cannot be used for kinetic analysis. To overcome this
problem, the CR method, a model-based method, is frequently applied by different researchers
and produces similar E values to those calculated by model-free methods but depending on the
selected reaction model considered [142]. The CR model uses the asymptotic series expansion for
approximating the exponential integral in Equation (10) According to this model, the kinetic
parameters can be determined by the Equation presented in Table 8 and neglecting the term
2RT / E, which can be considered much lower than one. The A value is then determined from
the interception of the plot indicated in Table 8 [244], with the possibility to make this analysis at
different stages of the conversion process. Otherwise, to complete the determination of the kinetic

parameters A and f (), usually, the Kissinger or compensation factor methods, and master

plots methods have been used to obtain both parameters, respectively [190].

Furthermore, post-processing TGA data is particularly important to obtain correct E values [242].
Consequently, there is a set of steps that should be considered, assessed, and implemented before
the kinetic evaluation. Removal of the drying stage, floating points, and smoothing of the derivative
conversion rate from the raw TGA data are common practice procedures, in particular, if the FR
method will be used. This method is different from the other isoconversional methods since the
author uses the differential form of the Arrhenius equation, Equation (9), for the kinetic analysis.
In this way, since no approximations or assumptions are used to solve the equation, it is considered
more accurate than the other isoconversional methods which are known as integral methods [241].
However, Mishra et al. [155] compared the E values from different isoconversional methods and
it was observed higher values at the end of the conversion from the FR method. This means that
the FR method is more dependent on the instantaneous conversion rate and more prone to

experimental noise. This statement is in line with the Starink finding [245].

2.3.3 Macro TGA and Gas Release Quantification

A devolatilization mechanism and a mass loss kinetic model describes the reaction that occurs

during this stage but does not predict the gases released from the particles. Precisely in this regard,
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less attention has been paid to predict the gaseous products. Therefore, regarding the second issue
of the devolatilization mechanism and description of the devolatilization process, the composition
of the volatiles in biomass combustion modeling are often determined from proximate and ultimate
analysis data, like the model proposed by Thunman et al. [246] or Neves et al. [247], or based on
elemental species and enthalpy conservation equation (e.g. [46]). Thunman et al. [246]. used a
chemical balance of the main elements of biomass fuels — carbon, hydrogen, and oxygen elements
- to achieve the composition of the products released during the devolatilization. An empirical
model composed of three mass balance equations and one energy balance equation, together with
two empirical ratios, are proposed to obtain the mass fractions of six chemical compounds (C.H;,
CO, CO,, H,0, H,, CH,). Neves et al. [247] present a comprehensive review of the pyrolysis process
and the development of an empirical model for the volatiles composition. The focus of this review
was on the secondary pyrolysis of gases and the product distribution and composition and the
factors influencing them. The permanent gas compounds include a broad range of different species
and compounds and can be lumped, mainly, into CO, CO,, H,, and CH,, as well as other light
hydrocarbons. This composition is influenced by the heating rate and the main compounds show
similar temperature dependencies, although the formation of CO, with respect to temperature
changes deviates from what is observed in the case of the other compounds [247]. Furthermore,
it was found that at temperatures above 500 °C the yields of gaseous products strongly become
temperature-dependent, leading to a substantial increase in the CO mass fractions. This was
considered a result of secondary reactions, which resulted in the decrease in the tar mass fraction
also due to the conversion to CH,. Furthermore, it is highlighted no significant dependency on CO,,
which means that it is the main product of primary reactions. The same behavior was described
by Mehrabian et al. [46] based on dedicated experiments and data collected from the literature.
Secondary reactions of the volatiles are negligible at low temperatures, and most of the permanent
gases result from biomass thermal degradation. Within the low temperature range, gases like CO,
CO,, and H,0 are the main permanent gas compounds with low quantities of CH,. As the
temperature increases, secondary reactions occur and an increase in CO and CH, are attributed
to the decrease of tar. Here, due to higher temperatures, the yields of the volatiles have a strong

correlation with the temperature, and CO results from the conversion of 2/3 of the tar.

However, the results of this type of approach can produce unrealistic results [248-251], and
experimental measurements in a lab-scale reactor are an interesting alternative to address this

problem, and also to provide complementary knowledge to the TGA results about the kinetics of
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the reaction in the thermal biomass decomposition. This is also particularly interesting because
the conditions in biomass industrial boilers are different, and it is important to investigate the
thermal decomposition of larger particles and higher biomass quantities than those possible with
TGA experiments. This possibility will allow to take into consideration the heat and mass diffusion
in the reaction mechanism. Furthermore, using larger samples, the effects of secondary reactions
together with the possibility to have higher heating rates can also affect the reaction kinetics.
Consequently, due to the complexity of the combustion process inside industrial boilers, together
with the motion of the fuel bed, there are several authors that report works in a batch reactor to
describe the entire process in a traveling or vibrating grate boiler [89,252-256]. These experiments
often include the combustion of a large amount of biomass (in the range of some kilograms).
Experiments using batch reactors are also performed to quantify the differences in fuel properties,
to study the implications of fuel properties, and to investigate the propagation of a combustion
front, i.e., drying, pyrolysis, and char combustion process, in a bed of biomass particles. These
types of experiments are useful to develop parametric studies with different operating conditions
(primary and secondary air flow rate and temperature) and different fuel properties (moisture
content, volatile matter, ash content, chemical composition, heating values, and particle size).
Ignition front velocity, ignition rate, conversion rate, and temperature of the reaction zone are the

parameters most commonly obtained to evaluate combustion behavior.

Unlike this type of experiment, Macro TGA experiments are a simple and effective technique that
allows to study particularly a higher biomass quantity with a particle size representative of the fuel
used in industrial facilities in a small reactor. The reactors are then connected to a system to
provide insight into the devolatilization products. The volatiles from thermochemical conversion
could be detected mainly using gas chromatographs and spectrometers [257]. Gas
chromatography (GC) is a novel technique for studying the compounds released and the principle
of operation consists of the separation of the individual components of the mixture so that each
component can individually be identified and quantified through a detector. First, the sample is
inserted into the equipment where it is transported by a carrier gas through a column and,
depending on the physical properties of the compounds, the time the sample takes to reach the
detector varies. Then an electronic signal is generated based on the interaction with the compound.
The main detectors for GC instruments are thermal conductivity detectors (TCD) which are non-
destructive and are usually incorporated before another common detector, flame ionizing detectors

(FID). Another highly specific GC detector used is the chemiluminescence detector (CLD). More
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details about the performance and characteristics of the common GC detectors can be found in Li
et al. [258] and in Regmi and Agah [259]. Regarding the other technique, spectrophotometry, it is
an analytical technique that also allows to separate, detection and quantify gaseous compounds,
but it is based on the absorption of light of the different compounds or on the mass to charge ratio
of an ionized molecule. In this technique, there are two different types of spectrometers [260]. The
first is referred to as the Infrared Spectroscopy, and Fourier Transform Infrared Spectroscopic
(FTIR) and Nondispersive Infrared Sensor (NDIR) are the most common spectroscopic sensors
used as a gas detector. The difference lies in the range of wavelengths bands that can be measured
[261]. The second technique, Mass Spectrometry, is known in the literature as a sensitive detection
technique [262] and the most suitable [263] for gas analysis. In addition, it can overcome the
limitation of FTIR in measuring homodiatomic species like H,[260]. Table 9 presents an overview
of the Macro TGA studies presented in the literature. Only investigations considering combustion
and pyrolysis experiments at isothermal conditions were considered in order to approximate to
typical operating conditions of a grate furnace. Becidan et al. [264] present the application of
chromatography and spectrophotometry to study the gases released during the combustion of
biomass residues. A fraction of the exhaust gases is collected and analyzed by an FTIR analyzer
and a micro GC. The FTIR was used to quantify CO,, CO, CH,, C.H,, C,H.. The gas samples were
also quantified online using a micro-gas chromatograph equipped with two TCD detectors and a
double injector connected to two columns to separate and quantify CO, and hydrocarbons (CH.,
C.H.,, C,H,, and C.H;) and the remaining gases H,, O,, CH,, CO and N, in another column. Brunner
et al. [265] and Gauthier et al. [266] also applied both techniques to analyze the NOx emissions,
the release of ash, and the main gaseous species and tar, respectively. Additionally, Weissinger et
al. [267] described the release of nitrogen compounds using FTIR spectroscopy. Both works refer
to the importance of the determination of nitrogen gaseous compounds and that may serve as
input profiles for CFD simulations. Bennadji et al. [268] and Nikku et al. [269] measured the
fractions of light species from pyrolysis at low temperature and compared the reactivity of MSW
with biomass and coal samples through the FTIR technique, respectively. Hu et al. [270] analyzed

the influence of different atmospheres in the gaseous conversion using a mass spectrometer.
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Author Fuel Temperature Flow Rate Mass Particle Gas
(2C) (L/min) (2) Size (mm) Analysis
Hu et al. [270] Pellets 600 to 900 Different 0.4 8 MS
atmospheres, 0.1

Nikkuetal. [269]  MSW, biomass -4, g0 900 Reduced 0,3 0.1 4 FTIR
2019 and coal
Baumgarten et al. Oak and . Not
[271] 2019 Spruce 25010 450 Air, NA ! <2 measured
Samuelsson et al 0.16- Not
272] 2017 Spruce 300 to 400 N,, 7 0.69 15-24 measured
Orang et al. Cedar, Pine, ) Not
[273] 2015 Poplar, and Oak 10 10800 Air, 1 ! 15 measured
Brunner et al. Beech, Spruce, . FTIR, NDIR,
[265] 2013 Poplar and Wilow 20720 Air, 30 1474 Random g o1
Gauthier et al. [266] Micro-GC
2013 Beech 450 to 1050 N,, 2 NA 20x 30 and a FTIR
qugad" etal [2681  pjar 375, 418 N,, NA 5.5 19 x 40 FTIR
Becidan et al. [264] Biomass 75 Micro-GC
2007 Residues 600 to 900 N, 40 80-120 and a FTIR
Becidan et al. [274] Biomass Not
2007 Residues 600 to 900 N, 40 75 80-120 measured
Welssinger etal Foreboard 3000800 AW ~2000  NA NA FTIR
[267] waste
Bruch etal. [275] Beech 500 N,, NA NA 8 12and17  NA

2003

CLD - Chemiluminescence Detector
FID - Flame lonization Detector
FTIR - Fourier-transform infrared spectroscopy

GC - Gas Chromatography
MS - Mass Spectrometry
NDIR - Nondispersive Infrared Sensor

Although the quantification of the gaseous compounds released during the thermal conversion of

biomass is not addressed, there are works in the literature where the conversion of biomass was

analyzed separately through the Macro TGA technique. Baumgarten et al. [271] and Samuelson et

al. [272] analyzed the combustion behavior under typical isothermal conditions in the start-up of

furnaces. Orang et al. [273] observed the effect of moisture content on combustion behavior. The

author highlighted the higher drying and the ignition times due to the increase of the moisture

content.

Thus, Macro TGA experiments provide the possibility to control and maintain external heat fluxes,

in order to better represent at small-scale the conditions from industrial boilers when compared

with horizontal or lamp tube reactors presented in the literature [266].
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2.4 CFD Modeling of Biomass Combustion in Industrial Grate-Fired

Boilers

2.4.1 Strategies for CFD Modeling

CFD is the science of heat transfer, chemical reactions, and other related phenomena simulation
by solving the mathematical equations which govern these processes using a numerical method
[276]. All commercial CFD packages include sophisticated user interfaces to input important
parameters and to present results. In this sense, basically, all CFD codes contain a pre-processor,
a solver, and a post-processor [276]. Unquestionably, CFD simulations are a powerful and cost-
effective tool for research, conceptual studies of new designs, detailed product development,
troubleshooting, and redesign. However, the reliability of the results is highly dependent on the
accuracy of the physical models adopted, as well as the boundary conditions considered. In this
way, the numerical results must be carefully evaluated and, when possible, experimental

validations should be performed.

In the specific case of combustion applications, CFD simulations allow a deeper analysis of the
sub-processes occurring, by computing the local velocity, temperature, gas species concentration,
and pressure losses, among other parameters. This analysis enhances the knowledge of sub-
processes and allows the design and optimization of boilers, avoiding the trial and error approach
usually applied by the power plant operator that offers no guarantee of success and it is time and
cost consuming. The outcome of the improved combustion can be lower pollutant emissions,

improved efficiency, increased plant capacity or/and reduced maintenance costs.

However, biomass combustion modeling in a boiler is a very complex process and suitable models
are required because most of the CFD commercial packages are limited in handling the conversion
of biomass as they are mainly designed to simulate the combustion of gaseous fuels. Thus, in most
cases, the commercial software has to be complemented by self-written code for the fuel bed
conversion. In this sense, CFD-based modeling approaches for biomass combustion systems are
mainly composed of a bed model and the gas-phase simulation. Even though various studies
concerning numerical investigations of biomass combustion systems are available in the literature,
this makes CFD simulations of biomass combustion a niche application. This is why successful

biomass combustion modeling in a boiler is considered a challenging task.
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Nevertheless, over the last decades, CFD tools have been increasingly used for optimizing the
combustion process, and they become essential in the boiler design and operation troubleshooting.
Furthermore, CFD modeling can also be helpful to analyze different working conditions and to
estimate a multitude of variables inside the whole domain, in particular, the pollutant emissions

[277,278].

The bed model describes the thermochemical conversion of the biomass in the fuel bed of the
combustion system, and it provides inlet information for the gas-phase simulation in the freeboard.
This model includes aspects such as:

= Fuel properties (physical, chemical, and thermal).

= Bjomass conversion process (drying, devolatilization, and char combustion).

= (Gas-phase reactions inside the fuel bed.

= Physical changes (shrinking, collapsing, and channeling).

=  Movement of the particles in the bed model for increased accuracy.

Fuel bed modeling is challenging because solid biomass is a heterogeneous fuel with regard to its
properties (mainly its chemical composition, moisture, size, and shape). Therefore, there is no
general approach that can be used for a biomass type as well as the combustion system. However,
the objective of the simulation and the firing system has a crucial role in the bed model selection,
since the products of solid fuel thermo-chemical conversion which have to be predicted by the bed

model, will be used as the inlet boundary condition for the gas-phase simulation.

An overview of comprehensive simulations of biomass grate-fired boilers using moving grates is
summarized in Table 10. This review was focused on large and industrial-scale biomass
combustion boilers over a wide range of power and fuel. The type of biomass mostly used are
woodchips, straw, and municipal solid wastes, and the thermal power ranges between 140 kW and
108 MW, including both pilot-scale and industrial firing systems. Different methodologies were used
to describe the biomass conversion on the grate. The choice of the methodology for the CFD
simulation depends mainly on the research question, the available computational resources, and
available information about the process. Therefore, it is difficult to draw a general conclusion about

which strategy or models are the most appropriate for biomass combustion simulation [214].
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Table 10: Literature review of the numerical models used to model the biomass combustion systems in moving grates.

Chapter 2 — Background and Literature Review

Methodology Gas-Phase
Auth Firi t Bi i - i iti Validati
uthor iring system |oma?s Turbulence Combusfnon Turbu.lence C!lemlstry Radiation Additional Software alidation
conversion mechanism interaction models

Ruckert et al. G tefied boiler  Eulerian Model ke 2-step global reaction or 4 EDC DOM No OpenFOAM Yes
[279] 2021 1280] P
Yan et al. [281] 2D bed model Simplified mechanism Heat

' MSW Standard A€ p . FR-ED DOM exchanger ANSYS Fluent Yes
2021 (FLIC) with 4 reactions

model
Mousavi et al. . External model Detailed reaction .
[282] 2021 Lab-scale boiler 283] k€ mechanism EDC P1 NOx formation OpenFOAM Yes
Xia et al. MSW incinerator
[284,285] 2021 ' 2D bed model RNG A< 2-step global reaction FR-ED P1 - ANSYS Fluent Yes
750 t/d

and 2020
Zhou et al. 1D Dynamic
[286,287] 2021 Grate-fired boiler mgdel Standard A€ 2-step global reaction FR-ED P1, WSGGM  NOx formation ~ ANSYS Fluent Yes
and 2020
Karim et al. [288] 4. MW grate-fired Porous medium Standard ke Slmpllﬂed mechanlsm EBU DTRM i AVL Fire 2014 Yes
2020 biomass furnace model with 5 reactions
Netzer et al. 230 kWth grate 0D stochastic Detailed reaction
[289] 2020 boiler reactor model Standard k< mechanism EDC Pl i OpenFOAM ves
Zadravec et al. 13 MWth grate 1D Empirical . . FR-ED DOM,
[290] 2020 boiler model Realizable A< 2-step global reaction (A=0.6 and B=0.5) WSGGM - ANSYS Fluent Yes
Bermudez et al. 4 MW grate-fired Porous medium Realizable A€ Simplified mechanism FR-ED DOM i ANSYS Fluent Yes
[291] 2020 biomass furnace model with EWT with 6 reactions (A=2.0 and B=0.5) [292] (modified)
Jiang et al. [293] WTE plant 1D Walking- RNG ke Simplified mechanism ED P1 model ANSYS Fluent Yes
2020 column model with 3 reactions
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Table 10: (continued)

Methodology Gas-Phase
Auth Firi t Bi i - i iiti Validati
uthor iring system |oma?s Turbulence COmbusfnon Turbullence C!lemlstry Radiation Additional Software alidation
conversion mechanism interaction models
Somwangt- . . )
hanaroj et al. 67 le\;enfower Particle model Rea!ﬁagﬁkf De::!iﬁ;ﬁi;t'on . DOM forr'ig:ion ANSYS Fluent Yes
[294] 2019 P W
Zhou et al. [295- . Simplified
207]2019and  Gratedired boller > DY1AMICMOUEl  grnard ke mechanism vith 4 FRED P1 model - MFAX [299) and Yes
[298] . ANSYS Fluent
2018 reactions
) Simplified
Rezeau et al. . Porous medium . X ) P1 model,
[300] 2018 250 kWth boiler model Realizable A< mechamsm with 4 FR-ED WSGGM - ANSYS Fluent Yes
reactions
Tu et al. Simplified DOM NOX
[301,302] 2018 Grate-fired boiler 1D Empirical model Standard &&=  mechanism with 3 FR-ED ! ) ANSYS Fluent Yes
. WSGGM formation
and 2017 reactions
. . Perfectly stirred
Patroneli et al. 140 kW f|xed-bed reactor and Porous Standard A< 2-step global EDM P1 model - ANSYS Fluent Yes
[303] 2018 boiler . reaction
medium model
Caposciutti etal. 140 kW fixed-bed o o edia model  Standard #¢ 2-step global EDM P1 model - ANSYS Fluent Yes
[304] 2018 boiler reaction
. Pilot-scale grate Simplified
Matzing et al. 1D reactor cascade Standard A< ) , FR-ED
[305] 2018 combustor and model and SWT mechamsm with 6 (A=1.0 and B=0.5) P1 model - ANSYS Fluent Yes
WTE plant reactions
Rajh et al. 13 MWth grate 2D steady model Realizable 2-step global FRED
[306,3071 2018 boiler [308] ke with EWT mechanism (A=0.6 and B=0.5) DOM ; ANSYS Fluent Yes
and 2016
Ahn et al. 230 kWth grate . . 2-step global
[309,310] 2018 boiler Empirical conversion Standard A€ mechanism FR-ED DOM - ANSYS Fluent Yes
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Methodology Gas-Phase
Auth Firi t Bi i - i iti Validati
uthor iring system |oma?s Turbulence COmbusfnon Turbu.lence C!lemlstry Radiation Additional Software alidation
conversion mechanism interaction models
. . Simplified
Karim etal. [311] 2018+ MW moving  Porous medium i a4 ke mechanism with 5 EBU DTRM : AVL Fire 2014 Yes
grate boiler model .
reactions
Costa et al. [312,313] o Empirical 0D .
9018 and 2016 RDF incinerator model SST kw 2-step global reaction EDC P1 model - ANSYS Fluent Yes
Costa et al. [314-316] Waste-to-energy 2D bed model .
2015, 2012 and 2009 plant (FLIC) [317] k€ 2-step global reaction EDM - - ANSYS Fluent Yes
Wissing et al. [318] In-house DEM
2017 MSW plant code [319,320] SST kw EDM P1 model - ANSYS Fluent Yes
Mechanism of
Duffy et al. [321,322] Grate furnace ZD_ porous Standard A Westbrook and Dryer EDM Not included ANSYS Fluent Yes
2016 and 2013 medium model 303]
Mahmoudi et al. [324] Forward acting DEM model Not specified OpenFOAM Yes
2016 grate
.y Standard and
, . Empirical bed . :
Galleti et al. [325] 2016 Moving grate model Realizable k-&,  2-step global reaction EDM P1, WSGGM - ANSYS Fluent Yes
and A-w model
. 2D bed model .
Chen et al. [326] 2015 500 kW boiler (FLIC) [317] Not specified ANSYS Fluent No
Cordiner et al. [327] 50 MWth 3D bed model Standard ke i Partially Stirred Reactor P NOx- OpenFOAM Yes
2014 furnace model formation
. . 180 kWth . Simplified
Shiehnejadhesar et al. moving grate 1D Empirical Realizable A€ mechanism with 3 EDM DOM ANSYS Fluent Yes
[328] 2013 model .
furnace reactions
. . Simplified
Kurz et al. [329,330] 240 kW moving  Porous medium Standard A< mechanism with 3 EDM DOM - AIOLOS Yes

2013 and 2012

grate

model

reactions
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Methodology Gas-Phase
Auth Firi t Bi i - i iiti Validati
uthor iring system |oma?s Turbulence Combusfnon Turbu.lence C!lemlstry Radiation Additional Software alidation
conversion mechanism interaction models
Yin et al. [331] Vibrating grate, . 2-step global FR-ED
) _
2012 88 MW Empirical bed model Standard A€ reaction (A=0.6 and B0.5) DOM ANSYS Fluent Yes
Jordan et al. 1.5 MW Porous medium Mechanism with 30 P1
T & ! -
[332] 2010 pilot-scale unit model SST kw reactions [333] EDC WSGGM FLUENT ves
Zhang et al. [334] . 2D bed model (FLIC) NOx
2010 Moving grate 317] Standard A< - P1 model formation FLUENT Yes
Yu et al. [335] . 2D bed model (FLIC) NOx Data from
RNG 4 -
2010 Vibrating grate 317) £ DTRM formation FLUENT Kaer [336]
Particle
Venturini et al 2D bed model based Low Reynolds A€  Detailed reaction transport and Data from
[337] 2010 Moving grate on [338] model mechanism Flamelet approach deposit XENIOS++ Shm[ggg]Chm
formation
Simsek et al. . In-house DEM code .
339] 2009 Moving grate (319,320] Not specified ANSYS CFX No
Yin et al. [340] Vibrating grate Empirical bed model Standard and 2-step global DOM,
2008 108 MWth and 2D model [341]  Realizable ke reaction FRED WSGGM ’ ANSYS Fluent ves
Klason et al. . . Simplified Own
[342,343] 2008 ESeLVIXl\J/rﬁ;act: Seml-enr?g(ljzclzal bed k€ mechanism with 6 EDC DTRM emli\lsSiZns numerical Yes
and 2006 reactions code [344]
Yang et al. 2007 Moving grate, 2D bed model (FLIC) Simplified mechanism
Standard A -
[345] 25 MWe [317] andard € with 3 reactions DOM FLUENT No
Yang et al. [346] Vibrating grate 2D bed model (FLIC) 2-step global Data from
k _
2007 25 MWe [317] Standard ke reaction EBU DOM FLUENT Kaer [336]
" . Deposit
Keer et al. [347] Vibrating grate 2D walking-column 2-step global DOM, )
2006 33 MWth model [348] RNG ke reaction EBU WSGGM fo;:gzt;’” FLUENT ves
MSW pilot
Goerner et al. . . - . 2-step global
[349] 2006 installation and Empirical bed model Realizable A< reaction EBU P1 model - FLUENT Yes

industrial boiler
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Methodology Gas-Phase
Auth Firi t Bi i - i it Validati
uthor iring system |oma?s Turbulence Combusfnon Turbullence C!lemlstry Radiation Additional Software alidation
conversion mechanism interaction models
Goddard et al Forward: 2D bed model Simplified mechanism DOM
. . . T /( ! -
[350] 2005 reciprocating (FLIC) [317] SST kw with 3 reactions EDC WSGGM FLUENT Yes
grate, 25 MWe
Huttunen et al. Moving bed, 2-step simplified DOM,
k _
351] 2004 1 MW 1D bed model Standard A€ reaction EDC WSGGM FLUENT No
Keer et al. [336] Vibrating grate 2D bed model, 2-step simplified
2004 33 MWth stand-alone code RNG ke reaction EBU DTRM i CFX ves
. . Experimental
Frey et al. [352] Reciprocating
2003 arate, 500 kW measulrements as ke EBU - FLUENT Yes
input
Scharler et al. Travelling erate Global methane three- FRED
[353,354] 2003 £8 Empirical model Realizable A< step reaction DOM - FLUENT Yes
furnace . (A=0.6 and B=0.5)
and 2000 mechanism
Ryu et al. [355] . Simplified mechanism DOM,
2002 Moving bed 1D bed model RNG A< with 3 reactions EDC WSGGM - FLUENT No
Empirical bed own
Griselin et al. 40 MW grate fired modgl and ke Slmpllfled mechamsm EDC DTRM Partlc!e numerical Yes
[356] 2000 boiler experimental with 4 reactions dynamics
code [344]
measurements
Kimetal. [357] visw incinerator | rOPeties from ke model Not modeled Not modeled DTRM - FLUENT No
1996 measurements

FLIC - FLuid Incinerator Code

FR-ED - Finite Rate-Eddy Dissipation model
RNG - Re-Normalization Group

SST - Shear Stress Transport

SWT - Standard Wall Treatment

WSGGM - Weight-Sum-of-Gray-Gases Model

DEM - Discrete Element Method

DOM - Discrete Ordinates Model

DTRM - Discrete Transfer Radiation Model
EDC - Eddy Dissipation Concept

EDM - Eddy Dissipation Model

EBU - Eddy Break-Up model

EWT - Enhanced Wall Treatment
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After this careful scientific literature review it was found that the current approaches to solid biomass
combustion modeling on industrial grate-fired boilers can be assigned to the following groups:

1. Results from experimental measurements defining the boundary conditions to the CFD model

[352,356,357].

2. External bed model computing the boundary conditions to the CFD model.

3. Incorporation of a bed model in the CFD model.
The external bed model can be classified as Empirical (e.g.
[301,302,360,312,342,343,353,354,356,358,359]), which means that often are experience-based on
conversion rates along the grate, or Separate (e.g. [306,307,361-
366,315,326,327,337,346,350,351,358]) when there is a mathematical model describing the biomass
conversion dependent or not the freeboard conditions. In its turn, the inclusion of the bed model can
follow two different categories: Discrete particle method (DPM) based bed models (e.g.
[294,324,339,367]) or Eulerian/Porous medium bed models (e.g.
[291,300,303,311,321,329,330,368,369]). Thus, the computational effort of the bed model is a
challenging issue when a comprehensive simulation of biomass combustion in grate-fired boilers is
required, as a gas-phase simulation already demands significant resources. The level of detail of the bed
model tends to be lower, and empirical or separate bed models are preferred. However, with the rapid
development of computer hardware and numerical methods, the level of detail of bed models increased
significantly over the last few years. Consequently, the inclusion of the bed model into the computational
domain of the gas-phase simulation has become more common allowing for a significant improvement
in the description of chemical and physical processes involved in the grate. A high percentage, around
three-quarters, of the literature reviewed used an external bed model to compute the boundary conditions
necessary to perform the CFD simulation (e.g. [353,354,361]), and the remaining works used a CFD

model with an internal bed model.

Additionally, taking into account the previous groups, from the implementation point of view, there are
two main approaches commonly followed in CFD simulation of fixed-bed biomass boilers to account for
the conversion of the solid particles in the bed [277,278]. The first approach is to develop a model that
predicts the evolution of the thermal conversion of the bed and, in doing so, the inlet conditions for the
gas phase modeling in CFD simulations will be computed (e.g. [353,354,361]). With this approach, the
combustion process in the bed and in the gas-phase is treated separately. However, due to the empirical

nature of these models, they do not allow full capture of important aspects and the influence of physical
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phenomena occurring in the boiler, in particular in the bed, cannot be considered. Figure 13 presents

two different models used from this first approach.

FLUENT

to solve gas flow in freeboard:
Momentum/energy/species conservation FLUENT
+ Turbulence/radiation/reaction models
(Gas Flow Model)

1N

_| Combustion gas Radiative heat
T(x), V{x), Yi(x) flux, Qua(x)

MGAS’ TGAS' VGAS

Q
t CHON,SCly \;AD
k BED model
LHV FLIC
! (Model for Biomass Bed)
x=0 t Grate length
PA
a) b)

Figure 13: Schematic representation of different modeling methodology for biomass grate-fired boilers: a) One-
dimensional “walking-column” transient model [358] and b) FLuid Incinerator Code - 2D bed modeling program
[366].

In contrast, the second approach fully integrates the bed region in the CFD simulations (e.g.
[291,311,329,368]). This method avoids the separation of the bed and the gas-phase, allowing for the
treatment of the interactions between the gas and solid phases on the surface of individual particles and
the movement of the bed particles is treated in the same software or separately using a discrete element
method [294,324,339,367]. In general, this is the most complex approach and, the solid phase is
integrated through the use of User Defined Functions (UDFs), compiled in the CFD codes, which
essentially characterize the thermal conversion of the solid particles and the interactions between solid

and gas phase within the fuel bed.

Such UDFs describe the drying, devolatilization, and char combustion processes. Figure 14 presents two
case studies using the second approach. In Figure 14 a) the aim is to represent every single particle
present on the grate, whereas in the other approach, Figure 14 b), the ensemble of particles in the bed
region is treated only in average terms [72,370]. The first one, Figure 14 a), is generally referred to as
the DPM approach, where the Discrete Element Method (DEM) is extended to predict the particle
movement, conversion, and the heat and mass exchange between the solid- and gas-phase. This can be

directly obtained from the individual contributions of each particle present in the computational cell. In
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the other approach, denoted as the Eulerian model, the exchange between the phases has to be modeled
for a representative particle [46,255]. Hence, according to the literature, the simulation of multiphase
flow phenomena can be addressed by one of these two different categories which can be defined as pure

Eulerian models and the coupling of Eulerian and Lagrangian models.

Gas Temperature [K]
1500

secondary air e o k 1300
. -

CFD-model

900

=

DEM-model

700

500

IRIRIRIRIN]]

primary air

300
a) b)

Figure 14: Diagram of a) DEM/CFD coupling [367] and b) Bed model fully integrated into the CFD simulation domain
methodology applied by Bérmudez et al. [291].

Therefore, the first category, like the model presented in Figure 14 b), treats all phases as a continuum
on a macroscopic level and they are suited for computational efficiency. However, due to the averaging
of data as the size, shape, and material properties of individual particles are lost. Furthermore, it avoids
the representation of gas streaks since the flow is homogenized [292]. The methods of the second
category, in which the model in Figure 14 a) is one this example, include engineering applications where
dense beds are presented, such as packed beds from the thermal conversion processes where there is
a complex interaction process between the fluid and solid phases due to the thermochemical conversion.

This interaction is combined by mass, momentum, and energy transfer between the different phases.

2.4.2 Gas-phase Modeling

For the gas-phase simulation, already well-established by CFD methods, includes turbulence, combustion
(chemical reactions and mechanism), and radiation models. Moreover, in many cases, the objective of
CFD simulations is the pollutant emissions modeling and additional models need to be added to the CFD
simulation. These additional models include mainly NOx formation and particulate emissions models. A

majority of the CFD models reported in the literature were developed in the ANSYS Fluent software. Figure
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15 presents the overall structure and the key modules of CFD modeling of biomass combustion in grate-

fired boilers.

____________________

] Experimental

I
! measurements for
1
\

. modeling gzl!i_d_a_titzl_l .

Homogeneous
motion module

chemical L Particle
reaction module

Biomass Combustion in
Grate-Fired Boiler

(Fluid transport module — mass, momentum,
energy and species conservation equations)

Particle
Turbulence .
conversion

module [ Radiative heat } module

transfer module

Figure 15: An overview of the basic modules used in CFD modeling of biomass combustion in a grate-fired boiler.

Hence, models for turbulence, radiation, reaction mechanism, and the turbulence-chemistry interaction
are included to simulate the all gas-phase phenomenon within the full geometry of the industrial grate-

fired boiler.

As with the great majority of flows in industrial processes, turbulence plays an important role in industrial
boilers due to their influence on the transport and mixing of the fuel and oxidizer. Although it can be very
arguable which turbulence model better handles a real problem, under the Reynolds-Average Navier-
Stokes (RANS) modeling framework, the two-equation standard A< model is the most commonly used in
the literature. In this model, proposed by Launder and Spalding [371], the turbulent velocity and length
scales are independently determined with a low computational cost, reasonable accuracy, and robustness
when compared with the other two-equation models [214]. Kurz et al. [329,330] and Venturini et al.
[337] are examples of works in the literature that modified the standard A< model to account for the

influence of particles on turbulence and low turbulence regions.

Regarding the radiation, it is often the dominant heat transfer mechanism in industrial furnaces due to
the high temperatures present, and, therefore, the radiative intensity should be computed. The Discrete
Ordinates and P1 models are widely applied in grate-fired boilers simulation to solve the radiative transfer
equation. The former is computationally expensive but applies to all optical thickness whereas P1 is less

demanding but only applicable to optically participating medium [214]. However, in the literature, there
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are some authors that neglect the effect of thermal radiation. This simplification leads to saving
computational costs since the radiation models are computationally costly. Examples of this simplification
are common in the simulation of gasifiers. For instance, Lu et al. [372] demonstrated that temperature
and volatiles composition predictions with no radiation model are very similar to the results of the

simulation with P1 and Discrete Ordinates model.

In addition to the two previous phenomena, in biomass combustion, as already mentioned, volatiles play
an important role in the conversion process and pollutant formation. Thus, the accuracy of the CFD model
also relies on the details of the combustion mechanism. A usual assumption in the gas-phase combustion
modeling is that the reactions are kinetically fast just above the fuel bed, where the temperature is typically
high in some parts of the grate and the reactions are fast. Consequently, the combustion is only controlled
by the mixing rate of the oxidizer and the volatiles. However, there are areas where the temperature is
lower and, the kinetics of gas-phase reactions will become the restricting mechanism. This phenomenon
can be addressed by employing the Finite Rate model, where the minimum value between kinetics and
mixing is the factor that limits the reaction rate [340,373]. This model is frequently used together with
the Eddy Dissipation model, which was developed by Magnussen and Hjertager [374,375] to compute
the limiting chemical reaction rate. This model was developed and validated for combustion with strong
turbulence. However, as inside industrial boilers, there are some regions with low turbulence, mainly near
the bed, the chemical reactions are influenced by the turbulent mixing of the flue gas since due to the
high temperatures, kinetic limitations are less significant [376]. Therefore, as the bed affects the gas flow,
damping the turbulence, there are some authors that modified the Magnussen parameter to account for
the effect of the particles over the turbulence and, consequently, obtain a better turbulence—chemistry

interaction [305,306,331,353,377-379].

Considering the combustion reactions, they are highly complex and are commonly simplified into a series
of global reactions. There are only a few publications considering detailed chemical reactions. Thus, the
most applied reaction scheme is the 2 global reactions. An example is the 2 step hydrocarbon oxidation

(Equation (13) and (14)) from Westbrook and Dryer [323].

CH,+150,—-C0O+2H,0 (13)
CO+050, < CO, (14)

Another alternative commonly applied is a 4 reaction scheme, and a popular mechanism is from Jones

and Lindstedt [280] taking methane as the hydrocarbon (Equation (15) to (18)).
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CH, +050,5>CO+H, (15)

H, +0.50, <> H,0 (16)
CH,+H,0 - CO +3H, 17)
CO +H,0 > CO,+H, (18)

These gas-phase reactions can be easily modeled in CFD using the species transport model.

2.5 Overview and General Comment of the Research Status

Biomass combustion for heat and power has seen rapid progress in both research initiatives and in
market oriented applications. In the previous sections, details regarding the major issues and
achievements in biomass combustion, their characterization, and the current state-of-the-art for the
modeling of large-scale grate-fired boilers were explored and presented. As it was noticed, grate firing
systems are widely used in combustion due to their capability to burn a broad range of fuels and with the
main principle to transport the fuel along the full length of the grate provided by grate movements and
being able to have enough space for burning the particles. The difficulties and costs in performing
experiments highlight the increase in the interest and necessity for a CFD analysis. Furthermore, the
advances and constant improvement of computer performance also contributed to an increased role of
CFD applications. Despite this significant attention in this field, improvements are still needed to make
large-scale grate-fired boilers modeling affordable. Since various simplifications and assumptions have to
be made to simulate a complete combustion system, some recommendations can be identified based on
this comprehensive review. Biomass conversion on the grate plays a key role in the overall performance
of grate-fired boilers (for instance: combustion efficiency, pollutant emissions, and deposition) and several
simplifications are necessary to keep the model numerically efficient. For this purpose, a set of equations
describing the heat and mass transfer, and chemical reactions in the fuel bed on the grate, is required.
To develop a reliable CFD model for grate-fired boilers, the quality of the inlet boundary conditions, mesh,
models, and the numerical methods all play important parts and must be correctly accounted for. The
numerical results should be always validated with experimental data. Experimental measurements are an
important aspect as they can provide the operating conditions, which cannot deviate from the normal
state, and will be important to validate the numerical model [248]. Despite these facts, some details of

the grate-firing systems are not readily accessible and uncertainties with the details in biomass-fired grate
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boilers challenge the modeling, operation, optimization, and mainly, the validation of the numerical
model. Phenomena such as combustion instabilities in the fuel bed (local burnouts, channeling formation,
and spatially uneven fuel-bed thickness); non-continuous biomass feeding and grate movement, and
irregular deposits on the furnace walls and air nozzles have to be considered when experimental

measurements are being conducted to validate the numerical model.

Unquestionably, simplifying premises cannot be avoided due to the computational resources when a
reliable model should be obtained, and, consequently, has to include the most important phenomena
taking place in an industrial grate-fired boiler. The bed conversion defines the central key problem that
should be explored and studied in detail since it plays a key role in the overall performance of a grate-
fired boiler. However, there is a strong dependency on the particles conversion, combustion, and their
motion on the grate. Due to the complexity of the entire process as there are different and many physical
and chemical phenomena occurring at the same time, considering the previous literature survey, further

research is required to better understand the complexity of biomass conversion on a vibrating grate.

The main process occurring during the particle conversion is the devolatilization, and it is specifically in
this stage where there is the main drawback and stiffness of the main CFD models. It is necessary to
know the composition, the amount of pyrolysis products in different thermal conditions of the reactor,
and the reaction rate of the particles. A recent investigation mentioned that numerical prediction inside a
grate-fired boiler depend on the devolatilization kinetics mechanism and that can significantly affect the
outputs from the bed model [293]. Most of the CFD models usually employed biomass elemental
composition and enthalpy conservation equation or models like the proposed by Thunman et al. [246]
and Neves et al. [380] to determine the composition of pyrolysis products (e.g. [46]). However, the results
of this type of approach can produce unrealistic results. Therefore, there is a clear need to use TGA and
macro-TGA techniques to gain a full insight into the devolatilization behavior of biomass. Both techniques
provide complementary information about kinetic mechanisms involved in the thermal decomposition
and volatiles composition. Another alternative to define the composition of the flue gas can be based on
the experimental measurements. However, experiments during the operation of industrial boilers are
difficult and expensive to carry out and the alternative is to conduct experiments at certain temperatures

in a small reactor and use these results for the simulations [267,381,382].

In addition to the contents presented in this chapter, there are five important review articles discussing
the state-of-the-art status of process simulations of biomass thermochemical conversion. Dernbecher et

al. [214] gave a comprehensive overview of simulations of biomass combustion systems focusing on
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systems with fixed bed, and covers various technologies (moving bed, pellet boilers, wood log stoves).
Rahdar et al. [248] reviewed the current state-of-the-art literature dealing with numerical modeling and
experimental analysis of moving grate biomass combustors. Haberle et al. [53] reviewed the state-of-the-
art of numerical models used for thermochemical degradation and combustion of thermally thick woody
biomass particles. The focus is on their implementation in numerical simulation tools. Khodaei et al.
[383] provided a fundamental overview of the methodologies employed in the modeling of laboratory-
scale fixed-bed combustors. The paper also includes treatment of the fundamental thermo-physical fuel
characteristics which need to be considered when undertaking macro-scale (bed-level) modeling. Yin et
al. [32] summarized the state-of-the-art knowledge on grate-fired boilers burning biomass: the key
elements in the firing system and the development, the important combustion mechanism, the recent
breakthrough in the technology, the most pressing issues, the current research and development

activities, and the critical future problems to be resolved.

In conclusion, from this literature analysis, it can be stated that by having a proper model describing the
different phenomena associated with the conversion on the grate, an accurate numerical model can be

achieved.

64



Chapter 3 - Industrial Grate-Fired Boiler: Case Study

CHAPTER 3

INDUSTRIAL GRATE-FIRED BOILER: CASE STUDY

In this chapter, the object of study, the biomass power plant, and the main results from an experimental
campaign to evaluate the combustion performance are presented. The power production process at the
power plant is described from the reception of biomass to the combustion gases leaving the chimney.
The experimental campaign took place during a 12 days period, and included an analysis of the historical
data. During such activity, a detailed physical and chemical analysis of the biomass as well as the
monitoring of the flue gas emissions with the boiler control analytical instruments were carried out.
Additionally, a set of experiments to study the influence of the primary air distribution on the grate and
the time between grate vibrations were performed. This analysis mainly covers the combustion process
on the grate. Furthermore, the results of this industry-academic collaboration, with the purpose to
understand and improve the power generation led to the analysis of one strategy to increase the overall
efficiency of the power plant unity: the identification of the flue gas lower limit temperature. Consequently,
the operating conditions and the possibility to reduce the flue gas temperature were explored with

promising results to improve the power plant efficiency.
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3.1 Plant Description

The fulfillment of energy targets in relation to the use of renewable energy has been a strong incentive
for the development of thermal plants that use biomass. Since these facilities operate with low-value
waste, this orientation has also received a strong incentive to remove the excess of fuel in the forest and
reduce the risk of fire. Although initially, the number of plants planned for Portugal was very large, the
actual number of units in operation is small. The first plant of this type entering into production in Portugal
was the Mortagua power plant (Figure 16) that uses mainly forest residues. This plant is embedded in
the forest, which is an advantage, keeping low the shipping costs of the fuel. Its installed capacity is rated
at 10 MW, and it was designed to operate 7,800 h/y and deliver approximately 60 GWh/y to the mains

electric power. Fuel is supplied from various sources within approximately a 50 km radius.

This power plant operates according to the Regenerative Rankine Cycle (Figure 17). This thermodynamic
cycle is made up of a boiler, a turbine/generator (turbine type: C634AR), a condenser, a deaerator
besides various pumps that allow the fluid to move along the thermodynamic cycle. The cycle operates

at a pressure of 42 bar and 422 °C superheat, and the condensation pressure is 0.0798 bar.

Figure 16: The Power Plant of Mortagua [384].
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Figure 17: Schematic diagram of the power plant: a) Rankine cycle and b) Temperature-Entropy diagram.

In this plant, firstly, the biomass received is shredded and stored in a specific area where there is a
weighing station. Then, the fuel is transported by conveyor belts to a moving grate. Subsequently, the fuel
is introduced into the boiler, more specifically, on a vibrating grate, where the conversion of chemical
energy of the biomass into heat energy takes place. Furthermore, the ashes, unburnt, and silica
agglomerates, with great hardness, are formed during the biomass combustion process, and they are

collected in a wet ashtray.

In the boiler, high-pressure steam is generated which is then fed into the condensation turbine (with
extractions), directly coupled to a generator (97% efficiency). The boiler also has auxiliary natural gas

burners, which are used in start-up situations or if there is a break in the biomass supply.

Flue gases released from the combustion chamber have high temperatures of approximately
1,000 °C. On its way to being released through the chimney to the outside, its energy will be transferred

to the water/steam circulating inside the boiler heat exchangers (Figure 18). In brief, the combustion
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gases generate the steam through three different heat transfer surfaces before being released into the
atmosphere. Preheating before the boiler is carried out in three preheaters (PH) (that draw energy steam
from the small streams of steam used in the turbine sealing and drains and form a direct bleed from the
turbine at 0.4 bar) and the deaerator (direct bleed turbine at 4 bar). The preheating raises the temperature

from the condensing temperature to 143 °C.

The turbine expands the steam to the condenser pressure (0.0798 bar), and just upstream of the turbine,
the superheated steam is throttled from 46 down to 42 bar. The steam is then entirely condensed in a
condenser, transferring the heat to a cooling tower through a closed water loop. In the turbine, there are
two extractions. In the first one, the steam is directed to the deaerator (4 bar, 1.226 kg/s) and, in the
second extraction, the steam is used to heat the previously condensed water (0.4 bar; 0.498 kg/s). These

values refer to the nominal thermal load.
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Figure 18: Schematic diagram of the interaction of flue gases and water/steam.

3.2 Experimental Characterization

In addition to the fuel characterization, the boiler's operating conditions, temperatures at the different
heat exchangers, and flue gas emissions were monitored for a period of 12 days. This information is
available on the plant’s computer system, where the operators can view and control any part of the

process. The main operating conditions were recorded using this system.

In this regard, to obtain information about the plant’s performance, data from meters installed on the
combustion chamber and other positions, along with the flue gas and water/steam circuit, were collected.

Detailed physical and chemical analysis results on the biomass fed to the power plant in the winter
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(February) and summer (June and August) seasons have been carried out. Additionally, the oxygen level,
carbon monoxide, and nitrogen oxide concentrations in the flue gases were also measured with the boiler

control analytical instruments and recorded by the plant’s computer system.

The plant’s computer system, where plant information and controls are displayed on graphics screens,
consists of programmable logic controllers containing all software to manage and regulate the entire
power plant. The plant’ operators can view and control any part of the process from the computer screens
while retaining a plant overview. This system was used to record the main operating conditions. Tables
11 and 12 present the information about the equipment used to assess the combustion performance
and the methodology applied to characterize the fuel composition. The moisture of the fuel was evaluated

using the moisture analyzer KERN DBS 60-3 (repeatability — 0.02%).

Table 11: Information about the equipment used to perform the characterization of the combustion performance.

Measurement Equipment Range Accuracy
Gas Emissions ABB Endura AZ20 0,Analyzer 0.01t0 100 % O, <+0.75%
ABB URAS 14 Analyzer (Another flue gas) 20 to 100 liters/h <1%
Temperature K Thermocouple Max: 1200 °C +0.004 °C
Air Flowmeter ITABAR Flow Sensor - IBR-26 Max: = 10,040 m:/h
(primary air fan)

+1%
ITABAR Flow Sensor - IBR-26 Max: = 6, 336 m:/h

(secondary air fan)

Table 12: Methods used to characterize the fuel.

Parameter Standard/Methodology
Physical characterization Moisture ISO 18134-1:2015
Ash ISO 18122:2015
Particle Size ISO 17827-1:2016
Chemical characterization Carbon ISO 16948:2015
Hydrogen I1SO 16948:2015
Nitrogen ISO 16948:2015
Oxygen ISO 16993:2016
Sulfur ISO 16994:2016
Chlorine ISO 16994:2016
Heating Value I1SO 18125:2017

In addition to the experimental data analysis, a set of experiments to study the influence of some

parameters were performed. Typically, in industrial grate-fired boilers, the grate, where the combustion
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occurs, is composed of multiple under grate air compartments with separate dampers for the operator
to bias the primary air in the area of the furnace where the fuel is concentrated. In this way, the amount
of direct air can be adjusted to promote the drying of the fuel, the release of the volatiles, and provide the
oxygen necessary for the combustion of the remaining char on the grate. A conventional opening
percentage of the dampers in the three different grate sections (60-80-0%) was first assessed. Then, the
influence of the supply more air in the first and last part of the grate was evaluated using the configurations

of 90-90-0% and 50-90-30%.

The time between grate vibrations is another parameter that the operators can adjust to convey and
distribute the fuel evenly and a continuous discharge of fuel ash. Consequently, problems like channeling
flow and bed-level instabilities can be prevented with a proper grate vibration cycle. Therefore, these two
parameters were studied to understand their influence on combustion behavior. It is also important to
point out that the boiler manufacturer recommends the typical cycle of intermittent vibration between
approximately 5 to 20 seconds of vibrating up to 30 minutes intervals. This interval depends on the fuel
and the thermal load of the grate. Consequently, three different intervals (3, 10, and 15 minutes) between
vibration periods are evaluated to understand their influence on combustion performance. Regarding the
primary air dampers, since typically more air is supplied in the first sections of the grate, three different
configurations of the valve opening percentage are evaluated to understand the influence of the supply

less and/or more air in the first and last section of the grate.

3.3 Fuel Characterization

Biomass procurement deals with various forest operators and, consequently, the fuel burnt, and its quality
varies enormously through the year. The fuel used consists of approximately 80% of forest residues
(mainly eucalyptus) and 20% of non-contaminated wood wastes such as residues from pine and acacia
woods. Table 13 presents the composition of the main species, including the moisture content (on a
mass basis), used in the power plant. The actual elemental analysis is from a particular batch of fuel that

is feeding the plant is also presented.

The fuel used in the power plant is, therefore, highly heterogeneous, being eucalyptus the dominant
specie, and the heating value is strongly affected by its moisture content. For this reason, the moisture
content and the inert quantity are monitored continuously to adjust the real fuel heating value.
Furthermore, natural gas is used as a start-up and a regulation fuel in a co-combustion process with

biomass.
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The biomass feeding system in the boiler is performed by gravity, from a small silo fed by a hopper. Inside
the boiler, a movable grate receives biomass, providing the vibrating grate where combustion takes place.
The vibration cycles and their duration are manually fixed, with typical values of 2 minutes and 2.5
seconds. It should also be mentioned that biomass feed control is carried out by two controllers, one for
the fuel delivery rate and another for the feed grate speed. The boiler has a thermal power of
approximately 35 MW, and its minimum efficiency is 81%. The maximum reference flow of biomass rate
is 12.2 t/h for the full load and 40% moisture. The main combustion parameters are presented in Table

14.

Table 13: Composition of the main fuels used in the power plant.

Parameter Acacia dealbata Pine Eucalyptus
Chips* Branches Chips* Branches Chips* Branches

Moisture (%) 29.40 28.50 51.10 60.40 47.80 41.40
Ashes (% db) 0.60 2.30 0.30 2.20 3.20 0.50
Carbon (%) 48.61 52.33 50.89 51.69 53.49 48.68
Hydrogen (%) 7.06 7.32 7.59 6.90 7.06 6.91
Nitrogen (%) 0.44 2.04 0.27 0.87 1.11 0.26
Sulphur (ppm) <100
HHV (MJ/kg) 18.98 21.85 19.81 20.89 22.74 19.06
LHV (MJ/kg, db) 17.45 20.27 18.17 19.40 21.21 17.55
LHV (MJ/kg, ar) 11.60 13.79 7.65 6.20 11.42 7.99

* without bark HHV - Higher Heating Value

ar - as received LHV - Lower Heating Value

db - dry basis

Table 14: Nominal operating conditions.

Parameter Value
Fuel flow rate (kg/h) 12,200
Primary air flow rate (m:/h) 33,150
Secondary air flow rate (m:/h) 13,250
Excess air (%) 40

The monitoring and control of fuel particle size distribution is essential to achieve complete and efficient
combustion. Thus, two samples, with around 1 kg and 0.4 kg, were collected to characterize the physical
dimension of the biomass. Figure 19 a) and b) present the particle size distribution from the two samples
collected. As it is possible to verify, a large percentage of the fuel has more than 100 mm. Bonefacic et

al. [385] presented that large particle size implies an ignition delay, and, as investigated by Mason et al.
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[386] and Riaza et al. [387], increased the burnout time. The total burnout time is decisive information

for the design of grate furnaces since it defines the grate length and the size of the entire furnace [255].

Furthermore, larger particles establish the potential for large internal temperature and composition
gradients [388]. Nevertheless, Caposciutti et al. [389] investigated the effect of woodchip size distribution
on combustion in a 140 kW underfeed stoker boiler. A more uniform spatial distribution of volatiles was
observed when employing larger woodchips. Therefore, since fine particles lead to localized emission of
volatiles [386], larger particles can be a more interesting option because their combustion will occur

further from the feeding point.
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Figure 19: The physical dimension of the biomass used in the power plant: a) sample with 1 kg and b) sample with 0.4
kg of biomass.

In addition to the particle size distribution, moisture and ash content are essential parameters regarding
the decision concerning the type of furnace, its design, and its operating conditions [255]. Biomass has
a highly variable moisture content and will vary in moisture when in contact with air of variable humidity.
Equilibrium moisture in biomass ranges typically above 25% on a wet basis when the ambient relative
humidity exceeds 90-95% [390]. In a boiler, the energy efficiency can be increased by 5 to 15% with
increased combustion temperature and reduced flue gas temperature using the dried instead of wet
biomass [391]. Regarding the ash content, this parameter has to be considered as a higher ash content
leads to higher entrainment of ash particles from the fuel bed with the flue gas and, consequently,

increased deposits on the furnace wall, erosion of the heat exchanger, and airborne particulate matter
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emissions [41]. The ash content can be interpreted as a guiding parameter to the level of ash related
operational problems. In this way, several samples from a particular batch of fuel fed the plant, in different
seasons, were analyzed. Figure 20 presents the variation of the moisture and ash content of the biomass

investigated in the winter (Figure 20 a)) and summer seasons (Figure 20 b)).
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Figure 20: Moisture and ash content of the fuel used at the power plant in different seasons samples: a) from February

and b) from June and August.

As the plant fuel is highly heterogeneous, moisture content and inerts quantity monitoring are essential
to adjust the operating conditions of the power plant to the fuel quality. The moisture content ranges from
an average of 41.64% in February and 23.26% in August. The ash content was higher in February, with

an average of 16.02%, and a lower of 7.07% in June. This variation highlights the influence of the time of
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year on the physical properties of the fuel. Consequently, the plant operators should pay attention to this

information to control the power plant.

Regarding the chemical composition of the biomass, it can also vary concerning both the concentrations
of the main elements: Carbon (C), Hydrogen (H), Oxygen (0), and Nitrogen (N). Table 15 presents the
chemical properties of the biomass relevant to combustion. These results correspond to the samples
collected during the winter season. In addition to the main element analysis, the contents of sulfur (S)
and chlorine (Cl) and the heating value were also determined. S and Cl contents are essential to
understand the possibility of corrosion. The heating value refers to the energy that can be obtained by

burning this type of biomass.

Furthermore, as mentioned by Hupa et al. [392], the fuel's N content is of particular relevance since it is
related to NOx emissions when biomass is burned. In this way, considering the values reported by
Obernberger et al. [41], NOx emissions are reduced for N content lower than 0.1%. Consequently,
considering the average N content presented in Table 15, NOx emissions will not be very significant, and

this finding is supported by the NOx level measured.

Table 15: Chemical composition of the biomass and heating value.

Elemental analysis (%) Heating Value (MJ/kg)
C H N 0 S Cl HHV LHV,. LHV,
Average Value 4796 592 050 3937 0.03 0.14 19.08 17.79 10.67
Standard Deviation 1.12 0.25 0.08 1.35 0 0.06 0.47 0.42 1.65

ar — as received

db - dry basis

According to Sommersacher et al. [393], a possible relation to describe the corrosion risk is the molar
2S/Cl ratio. Only minor corrosion risks must be expected when this ratio is higher than 4. Also according
to Symonds et al. [394], fuels that have a CI/S molar ratio higher than 2, where the absence of S
enhances the formation of chlorides, have a catalytic effect on the corrosion. In this way, analyzing these
two parameters, it was observed that all present samples had a 2S/Cl ratio lower than 4, and only two
samples presented values of CI/S ratio lower than 2. Therefore, according to these indexes, burning this
biomass, there are corrosion risks. Figure 21 presents the variation of the fuel indexes for the different

samples.
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Figure 21: Variation of the fuel indexes to assess the corrosion risk.

3.4 Analysis of the Combustion Process

As far as the combustion performance of the power plant is concerned, the air system has a significant
contribution. The primary air, supplied through the moving and vibrating grate, is dependent on the
moving grate velocity according to an air stoichiometric operational curve provided by the manufacturer
to adjust the primary air according to the emissions. Based on biomass with 35 to 40% moisture content,
the operators can modify this curve through the offset level. It is important to note that only a small part
of the total primary air flow rate is preheated and delivered through the moving grate. Therefore, a
significant amount of the primary air flow rate is supplied through the vibrating grate, which is divided
into three sections. The first two parts are where the air is provided for the combustion, with the highest
air flow rate for the second section. In the third section, no air is supplied, or only a small amount,
because all the fuel has been consumed, and adding air would be harmful to the combustion process.
Furthermore, the air flow rate, primary and secondary, is automatically regulated by the boiler control

system, but it can also be adjustably manually.

The secondary air system is also controlled based on the grate velocity and oxygen content in the flue
gases. The secondary air flow rate, supplied by 117 nozzles located at different height levels, is computed
considering these two parameters, and its value will be between 5,000 and 22,000 m:/h. This value can
also be adjusted manually by the operators. Figure 22 presents the primary and secondary air system

design to understand its path, division, and location in the boiler.

To improve the combustion performance, there is the possibility for flue gas recycling through 4 holes

located on the opposite wall of the biomass feeding. However, problems related to air leakage and particle
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accumulation on the valves caused this system to be inactive. Nevertheless, the gaseous emissions of
the plant, fundamentally particles, nitrogen oxides (NO,), and carbon monoxide (CO), are below the
emission limits. Table 16 details the flue gas emissions (on a volume basis) obtained during a mandatory

measurement.

Table 17 presents the operational parameters that were monitored for one week where the power plant
operated under normal conditions. These parameters, temperature, emissions, and flow rate were
recorded to support a numerical model that will allow the characterization and optimization of the

combustion process.
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Figure 22: Schematic diagram of the air system and the feeding and vibrating grate.

Table 16: Gaseous emissions and corresponding legal limits.

Parameter Emissions (mg/m?) Limit values (mg/m?)
Particles 25 150
co 120 500
SO, 5 500
NO, 125 650
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Table 17: Operating parameters recorded for one week of regular operation.

Average Minimum Maximum

Temperature (2C)

Primary and Secondary air 19.90 12.41 27.34

Furnace 829.52 705.59 916.57

Superheater 516.56 460.52 550.37

Evaporator 304.91 288.16 322.40

Economizer 199.99 174.08 211.23

Stack 193 184 203
Emissions

Oxygen (%) 10 6 15

Carbon monoxide (mg/m?) 516 180 562

Nitrogen oxide (mg/m?) 170 109 250
Air Flow Rate (m:/h)

Primary 49,470 34,970 54,140

Secondary 18,140 10,850 26,000

Due to the highly heterogeneous composition and properties of the fuel, the conversion process is subject
to many disturbances, and it is considered unsteady. These disturbances are reflected in process
instabilities. This issue can be observed in Figure 23, where the instantaneous value of the flue gas
emissions and air flow rate are presented. In this Figure, a 9-h data record had been collected from the
control room and shows the O,concentration, carbon monoxide emission, and air flow rate during the
normal operation of the power plant. It is possible to observe that one of the main characteristics of the
recorded data is the fluctuation of O,and primary air flow rate values. O,varied from 7% to around 10%
and the primary air flow rate was between 35,000 to 50,000 m:/h. This is an interesting point since the
fluctuation of the O,is also in line with the vibration cycle of the grate, as demonstrated by Yang et al.
[395], and also related to the quantity of primary air supplied inside the boiler which appears as a

controlling mechanism of the fuel burning on the grate.

3.4.1 Influence of the Primary Air Distribution

Since the vibrating grate has three different sections where the primary air supply can be controlled by
opening the valves, three different combinations of the openings were tested for approximately 30 minutes

each. During the experimental campaign, the grate vibration cycle was kept for 10 minutes.

Initially, the power plant was operating with an opening percentage in the first, second and third sections
of the grate of 60, 80, and 0% respectively. Then, it was modified to 90% in the first two thirds and, in the

last third of the grate, remained at 0%. Due to these modifications, there was a slight increase in CO
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emissions. The average value of 257.93 mg/m? was obtained, which increases by 1.8 mg/m:compared

with the previous configuration.
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Figure 23: Data collected for one day at the maximum power.

Therefore, the valve opening configuration was changed to 50, 90, and 30%. With this configuration, small
flames were observed because of the air supply at the last third of the grate. However, despite the average
CO emission were reduced by around 2%, the opening of the previous valve is considered unnecessary
since only a small amount of biomass was burned. Furthermore, as the supply of primary air in the last
zone reduces the flow in the other zones, it was found that the power generated decreased when

compared to the other configurations.

Therefore, with this set of experiments, it was proved that it is unnecessary to supply air to the last section
of the grate and, consequently, it was decided to close the valve in the previous third and maintain the
percentage of the opening of the valves in the other two-thirds of the grate. With this configuration, an
increase in power was possible since more biomass was burned. This happens mainly because there is
less fuel in the third part of the grate and the biomass conversion takes place in the first two-thirds. As
Markovic et al. [396] stated, if the primary air speed is increased, higher biomass conversion rates will
be obtained, and, consequently, more power will be achieved. This explains why the power was higher in

the first two set-ups. The result of the tests performed can be observed in Figure 24.
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Figure 24: Variation of the carbon monoxide emissions during different primary air supply conditions: a) 60/80/0%, b)

90/90/0%, and c) 50/90/30%.

3.4.2 Influence of the Grate Vibration

Regarding the influence of the grate vibration cycles, different time intervals between grate vibrations were
analyzed. Initially, the time interval between the vibration periods of the grate was defined as 3 minutes
and with a vibration period of 3 seconds, which means that there was not enough time to stabilize the
combustion process on the grate. Given these circumstances, it was noticed that the time between the
vibration periods was insufficient because, when CO emissions reached their lowest level, the grate would
vibrate again and, therefore, CO emissions would return to their maximum value. The average CO

emission was 271.17 mg/ms.

Consequently, the combustion period on the grate was extended without vibration, going from 3 to 10
minutes. With this modification, it was possible to observe a long period in which CO emissions were
lower and only increased again when another cycle was initiated. This increase in time resulted in a

decrease of 6.4% of the average CO emission when compared to the first configuration.

Due to the success of the previous experiment, once again the time interval between grate vibrations to
15 minutes was increased. However, despite a 5% reduction in CO emission, it was noted that there was
an accumulation of biomass in the first section of the grate. This agglomeration could lead to the
interruption of the power plant. Consequently, it was defined to ensure the correct operation of the power
plant, that the maximum time intervals between grate vibration are 10 minutes. Figure 25 presents the

variation of the CO emissions during the tests performed with different grate vibration cycles.
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Figure 25: Variation of the carbon monoxide emissions during different grate vibration cycles.

This set of experiments was important since a very significant decrease in CO emissions was achieved.
This decrease is quite substantial because the emission of CO means energy that is wasted since there
was no oxidation of CO into CO, and, therefore, the energy that would be released in this reaction was

not used.

It should be noted that the vibration time and the time between vibration periods must be adjusted to suit
the fuel characteristics. The vibration action can help improve fuel distribution on the grate, avoiding the
formation of agglomerations on the grate and, therefore, exposing the fuel surface to heat and oxygen for
complete combustion to occur. The vibration period of the grate promotes the mixing between the fuel. It
was verified that with each cycle of grate movement, there is a drop in the oxygen concentration in the
flue gases and an increase in CO emissions. However, as investigated by Yang et al. [395] and Sabelstrom
[397], the recorded CO emission peaks can be partially avoided by adjusting the secondary air.
Furthermore, Yang et al. [395] suggested that during grate vibration, the primary air would be reduced

to avoid raising particles, which significantly affects the oxygen and furnace temperature.

An overview of the average results for the different monitored parameters is presented in

Table 18.
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Table 18: Average results of the monitored parameters during the experimental campaign.

o, co Primary Air Secondary Power
(%) (mg/m?) (m2/h) Air (m*/h) (Mw)
Different primary air supply
60-80-0% 8.57 256.13 43,111 18,598 9.228
90-90-0% 7.84 257.93 38,217 21,036 9.176
50-90-30% 9.06 253.84 41,975 18,985 9.069
Different grate vibration cycles
3 min. 7.76 271.17 43,026 20,228 9.233
10 min. 8.58 253.74 43,183 18,637 9.226
15 min. 8.78 240.21 41,528 20,163 9.217

In the furnace, the energy released from mixing fuel elements with oxygen depends on the final
combustion products. This does not depend on any intermediate combinations that may occur. For
instance, one kilogram of carbon reacts with oxygen to produce about 32.8 MJ of heat (Equation (19)).
The reaction can occur in one step (Equation 6) to form CO,, or, under certain conditions, it can occur in
two steps (Equations (20 and (21)). In this two-step process, CO is first formed, producing only 9.2 MJ
per kilogram of carbon. In the second step, CO reacts with additional oxygen to form CO, and releases

around 23.6 MJ per kilogram of carbon.

C+0, » CO, (19)
C+0.50, - CO (20)
C0+0.50, » CO, (21)

Therefore, if the CO oxidation reaction does not occur, 23.6 MJ per kilogram of carbon is wasted or

approximately 10.1 MJ per kilogram of carbon monoxide [78].

3.5 Evaluation of the Limit to Reduce the FGT

Air preheating is one of the most powerful techniques to improve boiler efficiency [91]. This can be done
by applying a heat exchanger for waste heat recovery since the exhaust gas temperatures are usually
high. However, to extract heat from the exhaust gas, particular attention to corrosion problems on the

heat exchanger is necessary.

When biomass fuels are burned, a small amount of SO, can be formed during the combustion process if
the sulfur content is significant. Then, this chemical compound can combine with water vapor forming
sulfuric acid vapor. Furthermore, other acids like H,SO,, H.SO,, HCI, HBr, and HNO, can also exist in

gaseous form in the flue gas. Subsequently, when the surface temperature of the heat exchanger is lower

81



Chapter 3 - Industrial Grate-Fired Boiler: Case Study

than the dewpoint temperature of an acid, or the flue gas is cooled to this limit, the acid vapor will
condense onto the surface, and corrosion problems will take place. Therefore, before designing a heat
exchanger for air preheating, it is necessary to determine the acid dew point temperature of the flue gas.
In this study, the empirical relations (Equations (22)-(26)), available in the literature for calculation of the

dew point of some acids, are used:

100% =3.7368—0.1591In(p,, ,) —0.0326 In(p,;) +0.00269In(p,, o) - IN(P,c;) (22)
DP
10002 =3.5639-0.135In(p,, ,) —0.0398IN(P,z, ) +0.00235IN(p,, o) - IN(Pyye,) (23)
TDP
100% = 3.9526 —0.1863In(p,, ;) +0.000867 In( g5, ) —0.00091IN( Py, o) - IN(Pss)) (24
DP
lOO%DP =2.276—0.02943In(p,, ,) —0.0858In( pys, ) +0.0062In(p,, ) - IN( Pso,) (25)

100%DP =3.664—0.1446In(py, ;) —0.0827In( Py, ) +0.00756 In( Py, o) - IN(Pyo, ) (26)

where TDP is the dew point [K], and P; is the partial pressure of the gaseous compound i [mmHg].

Equations (22) to (24), to compute the dew point of HCI, HBr, and H,S0,, are from Y.H. Kiang [398], and
Equation (25), for H,SO,and HNO,, is from Verhoff and Banchero [399]. Regarding the H,SO; and H,SO,
dew point temperature, according to Blanco and Pefa [400], SO, formation amounts from 1 to 2 vol.% of

the sulfur oxides formed in the flue gases.

The empirical correlations presented in Equations (22) to (26) are used since a detailed measurement of
the exhaust gases containing these chemical compounds was performed. Table 19 presents the results
from an experimental campaign carried out for one hour. This information will be sufficient to compute a
first approximation of the dew point temperature, defining the minimum operating temperature on the

flue gas heat recovery exchanger.

Table 19: The chemical composition of the main acids on the exhaust gas and operating conditions.

Emissions (mg/m?) Temperature Pressure Flow rate
H,0 (%) SO, HBr HCI HNO, (°C) (kPa) (m:/s)
Value 22.30 50.4 0.09 29.7 319 189 99.48 37.91
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Subsequently, considering the operating conditions of the power plant and the lower temperature that
can be achieved without reaching the lower dew point, an assessment of the waste heat recovery system
payback will be evaluated as a preliminary estimative of the viability to add an air preheating heat

exchanger.

Figure 26 shows the calculated dew points of the acids considered. As seen before, the moisture content
varies considerably according to the season. In this way, the acid dew points were computed as a function
of their value (Figure 26 a)). As SO, formation amounts to different percentages of SO,, to obtain the
range of variation of the acid dew point according to their percentage, Figure 26 b) presents the H,SO,
dew point temperature to the range of variations suggested in the literature and, to different SO,
concentrations. This was performed since the SO, concentrations in the flue gases of biomass combustion
plants firing low sulfur fuels such as wood chips and/or bark are below the detection limit so, the level of

confidence in the results of the measurements is low [119].

Considering these results, the limit to reduce the flue gas temperature should be up to 125 °C (Figure
26 b)) to ensure that H,SO, condenses if the biomass combustion plant burns fuels with a high amount
of sulfur. Considering this limit and the average flue gas temperature presented in Table 17, with a waste
heat recovery exchanger, it is possible to reduce around 70 °C in the flue gas temperature, which

represents a saving of 7% of the total energy input.
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Figure 26: Acid dew point temperature as a function of a) water vapor content and b) SO, to SO, conversion.
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In the literature, similar results were presented. For instance, Frandsen [401] reported a full-scale
measuring campaign on a straw-fired grate boiler and observed severe corrosion at 60 °C due to the
condensation of hydrochloric acid. This author suggests, to avoid Cl-corrosion, the surface temperature
should be kept above 80 °C. Furthermore, Retschitzegger et al. [119] also evaluated low temperature
corrosion through empirical correlations, and a calculated H,SO, dew point of 118 °C was obtained,

which is in line with the present.

Based on this temperature limit, the estimation of energy and cost savings for a boiler can be carried out.

The heat recovered by the heat exchanger can be estimated through Equation (27):
Q = C AT, (27)

where mfg is the mass flow rate of the flue gases for heat recovery, C_ is the specific heat at a constant

p

pressure of the flue gas, and Ang is the temperature drop of the flue gas.

Regarding the cost savings associated with energy and the payback period considering the investment in

a waste heat recovery exchanger, these can be determined by Equations (28) and (29):
Cost Saved = Annual Energy Saved x Price of Energy (28)

Incremental Cost
Payback= - (29)
Annual Cost Savings

To perform this analysis, Table 20 presents the parameters used. In this way, considering the average
stack temperature and the maximum dew point temperature, the heat recovered was estimated as around
0.91 MW. Then, considering the range of values of the lower heating value, the fuel price, and the number
of hours that boiler can operate, the fuel saving was estimated as 328.79 kg/h, and the cost saving was

around 51,291 €/y.

By estimating the investment in the waste heat recovery system at around 6,000 €, the payback period
is clearly less than 1 year. The heat recovery system was estimated based on the costs presented by
Shah and Sekulic [402]. In order to do this analysis, it was assumed that the primary air temperature
should be increased from its average value (presented in Table 10) to 100 °C using a plate heat
exchanger. This selection was defined based on the recommendations of Kilkovsky et al. [403].

Consequently, the cost factor was achieved taking into account these considerations.

The benefits calculated make the design of the waste heat recovery exchanger economically attractive,

and, therefore, more studies should be carried out to validate this first estimative.
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Table 20: Parameters considered to compute the payback period of a waste heat recovery exchanger.

Parameter Value
Co 1.1 ki/kg.K
P 0.7 kg/m¢
ATy, 70 °C
M 61,000 m/h
LHV 10 MJ/kg
Fuel price 0.02 €/kg
Number of operating hours 7800 h/y
Heat exchanger cost 6,000 €
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CHAPTER 4

EXPERIMENTAL MATERIALS AND METHODS

To improve the biomass combustion process, it is fundamental to understand and analyze the influence
of the main factors that govern the conversion process. Experimental research plays a key role to obtain
reliable details of the combustion developments in a biomass particle. In this sense, this chapter presents
and describes the main forest residues that are being used as fuel in biomass power plants. For this
purpose, the preparation procedures for the experiments using the thermogravimetric and macro
thermogravimetric reactor are presented and, detailed features, as well as the operation procedure of
both equipment, are described. Both techniques provide complementary information about the kinetic
mechanisms involved in thermal decomposition and gaseous emissions. Furthermore, this analysis is
also complemented by performing physical and chemical analyses, whose procedure is also described.
The combination of standard and advanced methods, including laboratory experiments, provides a
comprehensive knowledge to evaluate the combustion behavior of the fuels and acquire important

information to further improve CFD codes.
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4.1 Solid Biomass Samples

The selection of biomass was framed by the range of resources typically used in the power plant of
Mortagua and considering the main forest species in Portugal. Pine, eucalyptus, and acacia are
extensively used in Portugal as fuel for power generation. Pine, here referred to as Pinus pinaster, also
commonly known as maritime pine, along with Eucalyptus (Eucalyptus globulus) are the main Portuguese
forest species. The first resource is more abundant in the northern and central regions of the country
[21] and provides a significant amount of raw material for the wood-based industry (pellets production,
sawmills, paper and pulp, and panels) [404]. However, the impact of wildfires and climatic changes have
been reported as important issues reducing the pine forest area [405]. Consequently, an increase in the
feedstock price has been verified. The increase in the prices presented an opportunity for dedicated
energy crops such as acacia. Acacia — Acacia dealbata - is an invasive species, native from Australia,
and present in the southern regions of Europe. The weather in these areas favors its growth, which makes
this resource an interesting option for suppressing energy requirements. In its turn, eucalyptus is a fast-
growing tree species, also invasive, and extensively present in the seaboard region of Portugal. The large
extension of eucalyptus is the result of planting, and not of natural dispersion/invasive behavior. The
excellent adaption to the soil and national climate, the fast growth, and its wood properties contributed
to highlighting eucalyptus as a reference in Portugal, and also allowed an increase in the eucalyptus area
[406]. This is a particularly important material to meet the increasing demand for paper, pulp, and timber
industries, and its residues due to these activities are further collected to generate electricity and heat.
According to Duncker et al. [407], in Portugal, its growth is subject to one of the most intensive forest
management regimes in Europe, commonly 10 to 12-year intervals for three rotations. Additionally,
eucalyptus is a highly valued forest resource often connected to the fire phenomenon since it is in fire-
prone environments [408]. This concern, combined with the reduction of the pine availability, led to
looking for alternatives. Since Portugal is a reference in modern olive production, and it is expected that
during the next decade to be the third largest producer of olive oil in the world, olive tree pruning should
be a very interesting alternative for power generation. According to Nunes et al. [409], Portugal has 361
thousand hectares of olive groves. Hence, residues from olive grove maintenance or from the olive oil
production process can become an important energy resource. For instance, it was estimated that
approximately 50% of the biomass potential in Mediterranean regions where this agricultural residue is

available residues is from olive grove maintenance [142].

Therefore, these four distinct species were selected to study their combustion behavior. Furthermore,

considering the information collected in the Power Plant of Mortagua, presented in Chapter 3, different
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parts of the different species are used as fuel to produce energy. In this way, in order to understand the
influence of the different parts of the trees in the combustion, different parts of the species were taken
into account. Thus, all parts of the eucalyptus tree were collected, while pine and acacia branches and
the central part of the trees (trunk) were considered. From the olive trees, only the branches, without

leaves and olives, were harvested.

The biomass residues were collected in a local forest in the north region of Portugal. Figure 27 presents
the raw biomass samples at the collection time and the localization where the samples were harvested.
Then, the samples were stored in a closed room in the Mechanical Engineering Department of the
University of Minho. After being stored, the biomass residues were ground up to a specific particle size
distribution depending on the experiment it was used for. After this process, the residues were spread on
a room floor in order to be air-dried, and to achieve a moisture content that prevents organic

decomposition (10 to 15%).
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Figure 27: Localization of the collection point of the samples and the raw biomass samples selected.
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In the present work, the physicochemical properties, the mass loss rate, the thermal conversion kinetic,
and the volatiles composition are evaluated. By doing this, an effective strategy for evaluating combustion
behavior was developed. The methodology presented in the next subsections is useful to characterize the
thermal conversion of forest biomass samples taking into consideration the physical and chemical
characterization of the raw materials. These studies are decisive to obtain a deep and reliable knowledge
of the thermal conversion of the biomass particles in industrial furnaces. Consequently, experiments are
conducted in a controlled environment, providing repeatable conditions, precise measurements for the
different fuels, and ambient conditions to quantify the influence of different key parameters. Figure 28

presents an overview of the different analyses carried out in this work.

— Physicochemical and Thermal Analysis
* Proximate and ultimate analysis

* Heating value

* Ash Composition

* Thermal properties

Biomass —— Thermogravimetric Analysis

Samples « Mass loss data

* Caractheristic parameters

* Kinetic analysis

— Macro Thermogravimetric Analysis

* Mass loss data

e Gaseous emissions

Figure 28: Outline of the different analyses considered to characterize the biomass combustion behavior.

4.2 Physicochemical and Thermal Properties Analysis

The physicochemical characterization of the raw materials involves the development of the proximate and
chemical analysis, and the determination of its heating value. The proximate analysis is the determination
of fuel in terms of moisture, volatile matter, ash, and fixed carbon constituents. This analysis was carried

out using a scale and a muffle furnace. The ultimate analysis corresponds to the determination of the
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main elements in the composition of the samples. The analysis was performed in two complementary
equipment, to determine the relative amount of carbon, hydrogen, nitrogen, and sulfur, while the heating
value was measured by using a calorimetric bomb, LECO model AC500. In addition to the main chemical
elements previously mentioned, the elements present in the ash content of the samples were also
determined. Lastly, the thermal properties, thermal conductivity (K ), diffusivity (& ), and heat capacity
(C), were determined simultaneously using the Hot Disk Thermal Constants Analyzer. Table 21 presents
the technical details of the equipment used to measure the different parameters and the different methods
used to characterize the different properties. All properties were measured according to procedures

described in the standards, which are mentioned in the following sections.

Table 21: Equipment and methods used to characterize the different fuels.

Property Parameter Equipment Standard/Methodology
Proximate Moisture CEN/TS 15414:2006
Analysis Volatile matter Scale: KERN ABJ 220-4NM CEN/TS 15402:2006

Ash content Oven: Venticell 111 CEN/TS 15403:2006
Fixed Carbon Muffle furnace: Termolab MLR ~ Calculated as: (1- Volatile matter- Ash
content)
Ultimate Carbon
Analysis Hydrogen CEN/TS 15104:2005
Nitrogen LECO TruSpec CHN Macro
Oxygen and LECO CS-200 Calculated by difference
Sulfur CEN/TS 15408:2006
. LECO Automatic Calorimeter DIN-51900-2
Heating Value HHV and LHV AC500
Bruker D8 Discover XRD and
Ash Analysis Composition EDX - Pegasus X4M
(EDS/EBSD)

) Hot Disk Thermal Constant )
Thermal Properties k, a,and C Analyzer TPS 25003 ISO 22007-2:2015

4.2.1 Measurement Techniques

Physicochemical Properties

All analyses were processed according to specific standards and performed in the waste characterization
laboratory of CVR (Centro para a Valorizacdo de Residuos). The proximate analysis was performed
according to the procedures specified in the standards CEN/TS 15414:2006, CEN/TS 15402:2006, and
CEN/TS 15403:2006. These international standards specify the methods for the determination of

moisture, volatile matter, and ash content of milled samples of solid biofuels, respectively. The fixed
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carbon, referred to the quantity of material remaining in the sample, excluding the ash content, after the
devolatilization stage and is then computed based on the values previously determined. These methods
can be described as a gravimetric analysis where a quantitative procedure is defined. The moisture
content of the sample is determined after an extended period in the oven at 105 °C and the mass loss is
determined considering the initial and final mass. The method to determine the volatile matter already
entails rapid heating to 900 °C of the fuel in a furnace. Then, the volatile matter in the sample is obtained
through the mass loss adjusted to the moisture content. In its turn, the method to determine the ash
content also involves the heating of a sample in a furnace until 550 °C for a long period of time.
Subsequently, the mass of ash is then measured on a scale and represents the sample of the remaining

residue in the crucible.

The ultimate analysis was performed according to CEN/TS 15104 standard and the sulfur content was
measured according to CEN/TS 15408 standard. The composition of the main chemical elements is
derived from controlled combustion at 900 °C in an oxygen atmosphere to complete the reaction and
obtain products like CO,, H.,O, NO,, and SO,. Then, the gaseous compounds pass through a column and
the relative volume fraction of each is measured in the outlet based on the thermal conductivity of the
gas. The absolute masses of carbon, hydrogen, nitrogen, and sulfur in the original sample can then be
estimated. The remaining percentage to complete the 100% is estimated as the oxygen content in the

sample.

The heating value measurement was performed according to the procedures specified in the CEN/TS
14918:2005 standard. Its value is determined by the combustion of the samples in a controlled
environment. In the AC500 Automatic Calorimeter, the sample is placed in the combustion vessel, a high-
pressure oxygen rich atmospheric environment, which is surrounded by water. The temperature of the
water is measured by an electronic thermometer, and the difference in water temperature between pre-
fire and post-fire is processed by the software of the equipment in order to determine the heating value
of the fuel. The gross (HHV) and net calorific value (LHV) are then computed according to the DIN
standard 51900-2.

Regarding the ash analysis, the ash compounds, or the inorganic constituents, were determined using
X-ray Diffraction Spectroscopy (XRD) and Energy Dispersive X-ray spectroscopy (EDX) techniques. The
first technique is used for the analysis of the crystalline structure of the sample rather than the elemental
content present in the material. The interaction of the incident rays in the sample produces diffracted X-

rays that are then detected, processed, and counted. By scanning a specific range of the sample, all
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possible diffraction directions should be achieved, and they are then converted to identify the different
compounds. This identification is performed using EVA analytical software where the phase identifications
can be made by comparing the experimental pattern with the International Center for Diffraction Data
database, using a search matching algorithm. Based on the diffractograms obtained using a specific
sweep, and integration time, and with the knowledge of the expected compounds, it is possible to carry
out a structural characterization, although it is not always possible to carry out a precise and complete
identification of the crystalline phases. However, the chemical composition of the different elements in
the samples can be observed with a scanning electron microscope (SEM). The SEM is equipped with an
EDX spectroscopy detector that allows to quantify the required chemical elements. In this way, by
irradiating the sample with a ray of electrons each element in the sample can be identified by its

characteristic spectra and relative concentrations from their respective emission intensities.

Thermal Properties Characterization

The thermal properties of the samples are determined using the Transient Plane Source (TPS) technique
to perform simultaneous measurements of thermal conductivity and diffusivity, in accordance with 1SO
22007-2. The TPS method is based on a transiently heated plane sensor hot disk which should be placed
between two pieces of the sample material to be tested. The Hot Disk sensor consists of an electrically
conducting pattern in a double spiral, which has been etched out of a 10 um thick Nickel foil. This spiral
is sandwiched between two thin sheets of insulating material. In this way, when performing a
measurement, a plane Hot Disk sensor is fitted between two pieces of identical samples, each with a
plane surface facing the sensor. By running an electrical current strong enough to increase the
temperature of the sensor between a fraction of a degree up to several degrees, and at the same time
recording the temperature increase as a function of time. Hence, the Hot Disk sensor is used both as a
heat source and as a dynamic temperature sensor. The solution of the thermal conductivity equation
assumes that the Hot Disk sensor is located in an infinite medium, which means that the transient
recording must be interrupted as soon as any influence from the outside boundaries of the two sample

pieces is recorded by the sensor [410].

The inexistence of the contact resistance during the analysis of the experimental data is considered the
main advantage of TPS when compared to the traditional steady-state thermal properties methods [411].
Table 22 presents the most important specifications and the operating parameters of the thermal analyzer

used in this work.
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To determine both the thermal conductivity and thermal diffusivity with good accuracy, the dimensions of
the sample and the operating conditions of the experiment (time and power) should follow the
recommendations presented in Table 23 [412]. A quick estimative of the sample dimensions, time, and
power, for materials with low thermal conductivity, such as wood materials, can be calculated using the
expressions presented in Table 23 and an optimum sample size (thickness and diameter) can be

estimated based on the sensor radius.

Table 22: Specification and operating parameters of the thermal analyzer.

Parameter Value
Temperature range Up to 300 °C
Sample size Depends on the diameter of the Disk elements
Thermal conductivity range 0.005 W/m/K to 1500 W/m/K
Thermal Conductivity +2%
Reproducibility Thermal Diffusivity +5%

Heat Capacity (per unit Volume) +7 %

Kapton sensor — 5501 model 6.4 mm radius

Table 23: Recommendations of the thermal analyzer operating conditions [412].

Parameter Value/Expression

Thickness: r <h <4r
Diameter: 4r <D <8r

Thickness and diameter of the sample (mm)

Time (s) t=

r
a
Power (W) P=50rk

4.2.2 Experimental Procedure

The different fuels were prepared using similar processing methods to provide consistent samples for
subsequent analyses by the methods described previously. For the proximate and ultimate analyses,
approximately 500 g of each fuel with specific granulometry is necessary. Hence, the raw materials were
milled in a knife mill into powdered samples until they achieve a size lower than 0.5 mm. After the milling
process, the samples were sieved in a vibratory sieve shaker to collect only particles with a size between
0.125 and 0.250 mm. Figure 29 presents both equipment used to prepare the samples while Figure 30
shows the samples obtained through this preparation process. As can be observed, there is a transition
in the color of the lighter trunk samples (inner part) to the darker bark and branches (outer part). This is

commonly associated with the increase of the extractive content in the outer part of the tree [206].
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a) - b

Figure 29: Equipment used to prepare the samples: a) Knife mill and b) Vibratory sieve shaker.

g h)

Figure 30: Samples used in the experiments: a) Pine trunk, b) Pine branches, c) Eucalyptus trunk, d) Eucalyptus bark, e)
Eucalyptus branches, f) Acacia trunk, g) Acacia branches, and h) Olive branches.
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Ash Composition Analysis

Since the results depend on the production method of the ash sample, (basically the combustion
temperature, heating rate, and atmosphere in the muffle will influence the final content of the sample), it
is important to maintain as much as possible the experimental conditions and for that, the EN
14775:2009 standard was followed. Hence, the samples for the ash composition analysis were derived
from the previous process using particles larger than 0.25 mm, were collected. Then, the raw materials
were further heated in a muffle using the heating program mentioned in the standard. Posteriorly, the
samples were introduced in the SEM and XRD equipment and three measurements in different places of
the sample and the final result is the average of the three measurements. Figure 31 presents the

equipment used to produce the ash.

Thermal Properties Determination

The samples for measuring the thermal properties were prepared according to the recommendations
provided by the Hot Disk Thermal Constants Analyzer. Consequently, to ensure good thermal contact, in
the experimental apparatus, the sensor is clamped between two identical cylinder-shaped samples, each
one with 40 mm in diameter and 20 mm in thickness. These dimensions were defined according to the

recommendations presented in Table 23.

Figure 31: Equipment used to produce the ash and the result after the heating program.
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In order to prepare similar samples, an experimental procedure was established. Figure 32 presents the

main operations necessary to produce the cylindrical samples, which consist of the following steps:
1. Machine the wood logs to obtain 40 mm diameter samples and sand the side;
2. Cut the sample into pieces of 23 mm thickness;
3. Mill all samples to obtain 20 mm thickness;

4. Sand the remaining faces again.

Figure 32: Procedure to obtain the cylindrical samples: a) machining, b) cutting, c) milling, and d) sanding.

After this process, a random sample of each fuel was measured to verify the moisture content. The
samples were placed in a muffle furnace at 105 °C for 24h, and the moisture content was found to be
very variable, from 10.30% to 51.56%. Since the moisture content of the samples is different, it was

decided to ensure a constant and equal moisture content in the different samples, in order to avoid the
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influence of the moisture content in the final result of the thermal properties. To achieve this requirement,
the samples were stored in a desiccator with a potassium sulfate solution for a minimum of two weeks,
with a known target relative humidity, in order to ensure 20% of moisture content in the samples. The
relative humidity inside the desiccators was continuously monitored by using humidity sensors, SHT31
Smart Gadget with an accuracy of + 2%, allowing to monitor its stability over time. The effectiveness of
this procedure was previously verified using the samples prepared for the Macro Thermogravimetric
experiments, and more details are presented in Annex B. Figure 33 presents the samples and their
storage container with the salt solution in the lower part. Then, after a minimum period of time in the
desiccator, the first part of the experiment involved the measurement of three thermal properties (thermal
conductivity, specific heat capacity, and diffusivity) at room temperature and for 20 % of moisture content.
Measurements were carried out for two samples of each test sample, and it was repeated three times for
each sample. Then, mean values of thermal conductivity were obtained by averaging. Once the
experiments have been completed, new experiments are performed but the samples are completely dried
after 24 h in a muffle furnace at approximately 105 °C. Figure 34 presents the experimental apparatus

for the thermal properties determination.

a) b)

Figure 33: Samples prepared for the thermal properties determination experiment (a)) and the desiccator where the
particles were stored (b)).

The heat capacity value resulting from the experiment is based on the volume of the sample. Hence, the

density of the sample is necessary to be determined to define the heat capacity on a mass basis.
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Figure 34: Experimental apparatus for the thermal properties determination.

The density was simply computed by dividing the mass of the sample by its volume. The former was
measured by a precision scale with a resolution of 0.001 g, and the volume was calculated once the
diameter, and thickness were measured of the sample by using a steel caliper with a resolution of 0.1

mm. Table 24 presents the average geometrical dimensions and the corresponding weight.

In addition, power and time were also calculated and inserted into the program that controls the test
based on the equations presented in Table 24. Furthermore, the isotropic measurement module was
selected to carry out each experiment. This module allows the measurement of the geometrical mean

value of the thermal properties in the sample volume.

Table 24: Geometric and physical characteristics of the samples.

Fuel Diameter (mm) Thickness (mm) Weight (g)
Eucalyptus 39.72 £ 0.14 19.49 + 0.60 16.54 + 0.66
Pine 40.05 £ 0.15 19.89 + 0.18 15.05 + 0.98
Acacia 39.62 +£0.14 19.96 + 0.89 13.51 +0.61
Olive 38.62 £+ 0.63 19.90 +0.14 23.94+0.19
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4.3 Thermogravimetric Analysis

To understand transport phenomena at the particle level, TGA is the most useful method. This is a thermo-
analytical method widely implemented to investigate and compare thermal degradation events and
kinetics during the combustion of solid materials, such as coal and biomass [129]. The decreasing of
mass is measured, under controlled conditions, while the thermal process is taking place, as the
temperature increases. A simultaneous TGA-DSC (Differential Scanning Calorimetry) equipment, shown
in Figure 35, from TA Instruments brand and model SDT 2960, was used to carry out the TGA
experiments in an oxidative atmosphere. This equipment combines two thermal analysis technigues. The
first one is TGA where the amount and rate of change of the sample mass as a function of temperature
and time is measured, and the second is calorimetry which corresponds to the measurement of the heat
flow as a sample is subject to a user defined temperature ramp. Hence, a simultaneous measurement
of temperature, time, mass, and heat flux of a sample in a controlled atmosphere is carried out. However,
two operating conditions are available to characterize any material that exhibits weight loss or phase
changes as a result of thermal decomposition, dehydration, and oxidation. The most usual operating
condition when biomass is studied is the dynamic behavior, in which the temperature is increased at a
linear rate. Additionally, the equipment allows the operation in an isothermal mode, in which the
temperature is kept constant during the experiment. Table 25 presents the specifications in terms of the
possible temperature and heating rate of operation as well as the precision and accuracy of the different

devices used. Heat flow and temperature accuracy, and validated with standard metal samples.

Figure 35: TGA-DSC equipment used to perform the thermogravimetric experiments.
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Table 25: Specification and Operating Parameters of the Thermogravimetric Equipment.

Parameter Value
Temperature range Ambient to 1,500 °C
Sample and reference control thermocouple Platinum-Platinum - 13% Rhodium Type R
Heating rate 100 °C/min to 1,000 °C
Heat Flow Accuracy Better than + 2%
Heat Flow Precision Better than + 2%
Temperature Accuracy +1°C
Temperature Precision +05°C
Weight Sensitivity 0.1 pg
Weight Accuracy +1%
Sample Cups 90 L Alumina
Furnace atmosphere purge gases Helium, Nitrogen, Oxygen, Air, Argon

4.3.1 Measurement Techniques

In the TGA, the sample is inserted into a sample pan. Inside the electric furnace, as the temperature is
increased, a reduction of the sample mass and the weight loss is measured using a microscale. This is
connected to the sample holder which is derived from a taut band meter movement located at the rear
of each balance arm. The scale arm is maintained by an optically activated servo loop in the horizontal
position by adjusting the zero position. Hence, the weight variation is indirectly measured by the amount

of restoring current necessary [413].

Figure 36 illustrates the various components of the TGA apparatus to measure the temperature and
weight. The DSC module is based on the principle that when a sample and an inert reference sample are
heated at a specific condition in a controlled environment, the increase in the temperature of the sample

and reference material will be the same unless a reaction occurs in the sample.

Sample cup
Platinum
sensor Sample holder
/ \ I_
\
Thermocouple Scale arm

Figure 36: The different components of the TGA equipment.
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4.3.2 Experimental Procedure

The raw materials previously milled for the physicochemical analysis were also used to perform the
thermogravimetric experiments. Then, the samples were stored in a desiccator, and before each
experiment, approximately 10 mg were measured on a high accuracy scale (precision of 0.0001 g).
Figure 37 presents both operations. Thereafter, the sample was introduced inside TG equipment, in the
crucible where it was properly spread to avoid diffusion problems. Non-isothermal heating with in situ
drying was defined as the heating program defined for the thermal decomposition analysis. Figure 38

shows the heating curve defined for all experiments.

a) b)

Figure 37: The different stages after the milling process of the raw materials: a) Storage in the desiccator, and b) weighing
of the sample before the thermogravimetric experiment.

Temperature
CC) »
900 ¢
5, 10, 20 and 100°C/min.
105°C 10°C/min. Devolatilization
and
Char oxidation
T,
» Time
(min.)

Figure 38: Heating program defined for the thermogravimetric experiments.
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Non-isothermal experiments are generally adopted for the determination of kinetic parameters as they
are considered more reliable and less time-consuming than isothermal analysis [136]. After the drying
stage, low heating rates were defined to avoid transport effects, and to ensure that reaction is only
temperature dependent and, consequently, the experiments are performed in a pure kinetic regime.
Table 26 summarizes the operating conditions defined to perform the thermogravimetric experiments. In

Annex C more details regarding the selection of these operating conditions are presented.

Table 26: Operating conditions of the thermogravimetric experiments.

Parameter Value
Initial mass (mg) 10
Particle size (mm) 0.125-0.250
Flow rate (mL/min) 100
Temperature (°C) Ambient to 900
Heating Rate (°C/min) 5, 10, 20, and 100

4.4 Macro Thermogravimetric Analysis

A small-scale reactor was developed with the purpose to study the mass loss and gas release
characteristics of intrinsic chemical reactions from the selected fuels. This in-house designed Macro TGA
equipment is essential to complement the knowledge acquired with the previous equipment. A
considerably higher quantity of biomass and larger particles can be used to analyze the heat and mass
transfer effects that affect the overall decomposition since the TGA experiments are performed in a
kinetically controlled condition. Because of the sample size, the TGA sample is at an uniform temperature

with no internal gradients.

The lab-scale reactor has been designed to mimic the combustion conditions (including drying,
devolatilization, and char combustion) of a layer of biomass particles inside a grate-fired boiler as well as
possible. During the design stage, some important constraints were addressed. The first issue is related
to the possible biomass quantity in each experiment and the easiness of access to the interior of the
reactor to introduce the sample. This is particularly important to consider secondary reactions in the fuel
bed appropriately, and also to consider high heating rates of the fuel comparable to real-scale grate-fired

boilers. Secondly, high flexibility regarding analytical equipment connected with the reactor, and easy
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handling during the experiment without any disturbances. Finally, the possibility of online recording of

relevant operation data.

The reactor can replicate the behavior of a fuel portion moving along the grate and, thereby, passing
through the different reaction zones (drying, devolatilization, and char combustion). The reactor is 200
mm in diameter and 350 mm in height, the walls are made of refractory material to reduce heat losses
and contain a 2 kW electrical heater. In the upper part of the reactor, there is a rotating lid with a rip of
10 mm to allow the support of the sample holder which is connected to a scale. Hence, the mass loss
during the experiment is measured along time. Figure 39 presents the 3D CAD model of the Macro TGA
reactor, and in Figure 40 is presented a schematic diagram of the air supply line to the reactor through

the valve on the lower left part of the equipment.

Figure 39: 3D Model developed of the Macro TGA equipment.

Compressed air service unit

Air (filter and presssure regulator)
Compressor Flowmeter
. =Y
— ! R _ tothe
m_”: 0.1 L/min :'—'\1:/ D " reactor
Ball Valve

Figure 40: Schematic representation of the setup used to control the volumetric flow rate supplied to the reactor.
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4.4.1 Measurement Techniques

The small-scale reactor has two type K thermocouples connected to a digital temperature controller,
Eurotherm brand, that controls its operation. The desired temperature can be defined as the setpoint
temperature but there is no possibility to monitor and acquire their variation over time. Furthermore,
there are other external devices necessary to develop the experiment. An external flowmeter was used to
control the gas flow rate supplied to the reactor and a digital scale to measure the mass loss variation of

the sample. Table 27 presents the main specifications of both equipment.

Table 27: Characteristics of the flowmeter and scale used in the experiments.

Equipment Specification
Flowmeter Max: 200 L/min
TSI 400series Model 4043 Precision: + 2%
Max: 62
Scale ax 620 g
Error: 0.01 g

Vibra AJ 620 CE o
Deviation: 0.001 g

To measure the weight, the sample is introduced into a perforated cylindrical basket of 60 mm in diameter
and 50 mm in height suspended from the scale inside the reactor by using a stainless steel wire, 2 mm
in diameter. An acquisition and monitoring program based on the LabVIEW platform was developed to
record continuously all the data from the three devices. Figure 41 presents an overview of the apparatus

involved in the Macro TGA experiments.

|
- Aquistion Digital Scale

"

Thermocouple

Compressed

Flowmeter

Temperature
Controller

Figure 41: Schematic diagram of Macro TGA system.
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4.4.2 Experimental Procedure

The whole idea behind the Macro Thermogravimetric experiments is to use larger particles whose
dimensions are close to those observed in biomass power plants. The methodology used to produce the
particles for the physicochemical characterization and the thermogravimetric experiments was
disregarded as only particles around 6 and 8 mm were obtained. Hence, the alternative technique was
to mill the particles in a knife chipper driven by an agricultural tractor. Particles with larger dimensions,
ranging from a few millimeters up to hundreds of millimeters can be obtained by this technique. The
particles were then spread in a room in order to be air-dried and to reduce the moisture content. After
this, the particles were then sieved, and the particle size distribution was assessed by horizontal screening
according to the standard EN 15149-1:2010 Part 2 using sieves with square holes apertures of 3.15, 8,
16, and 50 mm.

Figures 42, 43, and 44 present the two equipment used to produce the samples and the appearance of

the different particles with different sizes obtained with this procedure, respectively.

Moisture content analysis and Bulk density analysis

From each batch of the different particle sizes, three samples with approximately 100 g were collected
to obtain an estimation of their moisture content and bulk density. Figure 45 presents the experimental
apparatus used to measure the moisture content and the bulk density, respectively. The moisture content

in the different fuels was determined by using a muffle furnace with a temperature setpoint of 105 °C.

Figure 42: Knife chipper used to produce the woodchips.
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Figure 43: Vibratory sieve shaker and the sieves (8, 16, and 50 mm apertures) used to separate the particles according

to their size.

3.15-8mm 8 - 16 mm 16 - 50 mm

Figure 44: The appearance of the different particles produced with different sizes.

Figure 45: Apparatus used to measure the moisture content (a)) and the bulk density (b)).
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The maximum moisture content of 30 % was measured, and the samples were spread out again and left
in the room for more than two weeks. After this period, following the procedure used for the moisture
control of the particles prepared to determine the thermal properties, the samples were stored in a

desiccator with a potassium sulfate solution for a minimum of two weeks before being used.

Regarding the bulk density determination, a similar procedure to the EN 15103 standard was followed.
A set of particles are introduced in a container with a known volume, the filled container is then shock
exposed and subsequently, the weight of the filled container is measured on a scale. Finally, the bulk
density is calculated considering the volume of the container and the weight of the empty and filled

container.

Procedure

Before each experiment, the small-scale reactor, shown in Figure 46, is turned on and preheated up to a
specific temperature. In the interior, the walls radiate heat to the surface of the basket which is in the
middle of the reactor. The perforated basket (Figure 47) enables the gas (air or other) to interact with the
biomass particles and there is in the upper part a connection to the scale in order to continuously monitor
the mass loss of the particles. After reaching a steady temperature in the reactor, the basket is removed,

the sample is quickly introduced, and the basket is then introduced back into the reactor.

During each experiment, the air flow was controlled at 0.1 L/min and, because the air flow remains the
same during the whole experiment, the excess air ratios vary depending on the combustion stage. The
air-fuel equivalence ratio changes from high values during drying to under stoichiometric conditions during
the devolatilization and again to high values during the char oxidation stage. This approach is similar to
the different stoichiometric conditions in the different zones of an industrial boiler. Furthermore, this
process is similar to the conditions in a full-scale grate-fired boiler where the flames and the refractory
walls suddenly transfer heat to the fuel. In Annex D more details regarding the selection of these operating

conditions and the procedures and the results of the experimental debugging are presented.
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Figure 46: The small-scale reactor used for the macro thermogravimetric experiments.

Figure 47: The basket where the biomass particles are introduced for the macro thermogravimetric experiments.

Regarding the analysis of the gas compounds released during all the devolatilization stage, different
strategies were tested, but the most effective was using a probe with a heat exchanger connected to a
vacuum pump where a Tedlar sample bag is connected. To do this, a reduced air flow rate is necessary
in order to avoid any disturbance in the sample collection, and this is why the air flow was kept at
0.1 L/min. The gas sample was then analyzed in the gas chromatograph Bruker Scion 456-GC with a
thermal conductivity detector and equipped with two columns: a BR-QPLOT column (30 m length, 0.53
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mm internal diameter; film thickness, 20 um) and a Molsieve packed column (13 x 80/100, 2 m length,
2.1 mm internal diameter). The Molsieve column was used to measure H,, O,, N,, and CO, and argon
was used as carrier gas at a flow rate of 60 mL/min. The temperatures in the injector, oven, and detector
were 100, 35, and 130 °C, respectively. The BR-QPLOT was used to measure CO, and CH,, and helium
was used as a carrier gas at a flow rate of 4 mL/min. Here, the temperatures in the injector, oven, and
detector were 80, 35, and 130 °C, respectively. Three samples are removed from the bag and the final
composition is averaged. The experiments were run in triplicate and the average values were computed

and reported as well as the standard deviation.

4.5 Data Analysis

There is a significant amount of data either generated during the experiments or derived from their resuilts.
Data analysis appears as an important task to present the results. This section details the data collection
and treatment process, and the mathematical operations considered for subsequent presentation in the

results section. The different studies were performed using Microsoft Excel 2019 and MATLAB 2020b.

Regarding the physicochemical properties, the combustion performance is evaluated starting by analyzing
the chemical composition and the different proportions of the different biomass elements. This is essential
to understand the combustion behavior of the different fuels and establish a relationship between them.
The ratio between the volatile matter and fixed carbon, the hydrogen and carbon, and oxygen and carbon
content are three examples of useful indicators and characteristic parameters. In addition to the chemical
characterization, the heating value based on the experiment in the calorimeter is compared to

Equation (30), derived empirically with detailed statistical analysis and presented by Fried! et al. [414]:

HHV =355C?-232C-2230H+5120CxH+131N+20.600 (30)

To complete the chemical evaluation, the ash analyses from SEM and XRD are important to predict
phenomena like fouling and slagging. The fouling and slagging phenomena are of great importance for
the proper operation of biomass facilities. They are responsible for the generation of undesired material
deposits on the surfaces of the equipment and the main difference between both lies in the fact that
these deposits are subjected to radiant heat from combustion (slagging) or are given on the heat exchange
surfaces by convection (fouling). In large biomass combustion boilers slagging takes place on the main
walls of the combustion chamber. Meanwhile, the fouling phenomenon takes place in the first rows of

the economizers or preheaters. Usually, these phenomena are estimated for combustion systems using
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indexes based on the composition of the ash. They have been developed for the combustion of coal and
the composition of the ash is expressed in terms of the oxides for the correlations [415]. Table 28 presents
the main indexes that can be considered a predictive tool for the behavior of different fuels. These indexes
are generally regarded as a simple and effective method to estimate the ash deposition and agglomeration
tendency as demonstrated by Teixeira et al. [416] where the values are consistent with real observations

during the combustion of woody and agricultural waste.

Table 28: Ash predictive tendency indexes of slagging, fouling, and agglomeration based on the chemical compounds.

Index Parameter Equation Description Reference
Deposition  Base to Acid Fe203+CaO+MgO+KZO+NaZO <0.5 - low
oxides (Ry» ; ; 0.5-1 - medi
(R.) Si0,+Al,0,+TiO, medium
>1 - high

<0.17 kg/GJ - low

. K, O+Na,0 o n ety _ o
Alkali Index (Al) Ty, 0AS 0.17-0.34 kg/GJ - medium [417]

>0.34 kg/GJ - high

_ <0.3 - low
Total Alkalis K,O+Na,O 0.3-0.4 - medium
(TA >0.4 - high
<0.6 - low
Fouling Index R. xTA 0.6-1.6 - medium [416]
(FI) e 1.6-40 - high
>40 - extremely high
Slagein Slag viscosity Sio, <0.6 - low (415]
B8 ndex (s) Si0, +Fe,0,+MgO+Ca0 0.6-40 - high

>40 - extremely high

From TGA experiments, the TG and DTG curves allow the identification of different key parameters and
indexes. On this basis, the analysis consists of the identification of the ignition, peak, and burnout
temperature, the maximum, average, and mass loss rate in the different stages of the biomass
conversion, as well as the characteristic times where the biomass is ignited and completely oxidized.
Furthermore, also to assess the combustion performance of the different biomass samples, considering
the previous parameters, there are four indexes that can be calculated according to formulas presented
by Yu et al. [184]. Hence, indexes for each stage of the biomass conversion, i.e., for ignition, volatile
matter release, burnout, and also an overall index are calculated. All this information enables the thermal

decomposition characterization of the different fuels. Table 29 presents all the parameters considered for
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the characterization of the TGA experiments and a correspondent brief description of the meaning of each

one.

From the TGA experiments, it is possible to obtain the kinetic parameters. Computational tools to derive
this information are convenient, easier, and faster to better handle the large number of data acquired
during the experiments. In the present work, a MATLAB code was developed with mathematical functions
and inbuilt functions to easily smooth, filter, and fit the data. Figure 48 presents the main steps involved
in the determination of the kinetic triplet parameters using different isoconversional methods and the

Coats-Redfern equation.

Table 29: Characteristic parameters considered for thermal analysis evaluation and comparison.

Property Parameter Description
Temperature Tig Ignition temperature (°C). Corresponds to the beginning of the weight loss and
is defined as the temperature at which the rate of weight loss reaches 1%/min
after the initial moisture loss peak in the DTG profile.

T, Burnout temperature (°C). It is identified when the last peak comes to the end
and is the temperature at which the sample is completely oxidized. It is taken
as the point immediately before the reaction ceases when the rate of weight
loss is down to 1%/min.

T, Peak temperature in devolatilization (°C). It is the point at which the maximum
reaction rate occurs during devolatilization.
T, Peak temperature in char combustion (°C). It is the point at which the
maximum reaction rate occurs during char combustion.
T oax Temperature at the maximum weight loss (°C). It is the point at which the
maximum reaction rate occurs.
Mass Loss DTG, ., Average weight loss rate, wt.%/min
DTG, ., Maximum weight loss rate, wt.%/min
R, Weight loss during devolatilization, wt.%
R, Weight loss during char combustion, wt.%
m, Residual weight, mg
Time tiy Ignition time, min.
t, Burnout time, min.
|
ndexes | = DTGmax Indicates the ignition performance. This means how fast or slow the fuel gets
t, -tig ignited. wt.%/min:
DTG,
= Reflects the volatile matter release performance. wt.%/min.T>
TP 'Tig 'AT1/2
_ ATb Expresses the burnout performance. It is inversely proportional to how fast the
AT1/2 char burn. ()
C= M Presents the comprehensive characteristics. The higher the value, the more
T, igz significantly the samples are burned. wt.%/minz.T:
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Figure 48: Flowchart of the different stages involved in the kinetic analysis.

This set of stages is very important to obtain the effective kinetic parameters for the combustion of the
selected fuels. After each experiment, there are more than 3,000 data points and due to the sensitivity
of the devices, it is normal that some noise is present in the data. The noise causes a discontinuity in the
normal trend of the data and, consequently, leads to mathematical problems in the differentiation.
Additionally, during the heating of the biomass sample, there is an amount of water and volatiles that are
released and each data point in the curve of the mass versus time should be lower than the previous one.
Hence, these points are removed as well as the initial mass loss due to the drying of the fuel, where the
weight loss data before 150 °C was not considered. The problem of the noise is resolved using a local
regression applying a weighted linear least square method that smooths the data points and avoids points

of inflection in the mass loss curve. Subsequently, the conversion values and their numerical
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differentiation were easily computed in MATLAB and the number of data points was reduced according
to the ICTAC recommendations [143]. Then, the kinetic parameters are determined by the slope of the
numerical plots which is obtained by the different methods presented in Chapter 2.3 through an inbuilt

function for linear fitting

Regarding the Macro TGA experiments, a MATLAB code was developed for post-processing the results.
The mass loss curves are determined taking into account the average results from three separate
experiments at each temperature and the standard deviation for each time. To achieve this, firstly the
repeated data are deleted, and a cycle was developed to compute for each time an average mass value.
Then, the results are averaged considering the three different runs and the standard deviation is
computed. Subsequently, the conversion value is determined, and the means values are plotted with the
standard deviation as a shaded area to represent the variability of the mass loss. Figure 49 shows a

flowchart representing the different stages of the MATLAB code.

Macro TGA data
t. and m from
400 to 800 °C

Data
Reduction

Calculate
Average Values and
the Standard
Deviation

Diata
Manipulation -
Calculate a

Plot the Mass Loss and
the Standar Deviation

Figure 49: Flowchart of the different stages involved in the analysis of the Macro TGA experiments.
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CHAPTER S

DEVELOPMENT OF THE NUMERICAL MODEL

In the modern world, it is increasingly common to use computational power in research, as well as in
problem solving. The fast development of powerful computers and algorithms has made numerical
simulation less expensive and time-effective than experimental methods. In the last two decades, the
interest in the use of solid biomass as a fuel for power generation, together with the continuous tightening
of regulations, has motivated the improvement of accurate design techniques which are required to
optimize the combustion process, new technologies, and simultaneously control pollutant emissions to
the environment. A better understanding of the entire process occurring in the biomass furnace helps
designers to improve the conversion efficiency and better control the equipment. This chapter presents
the mathematical formulation behind a dense particle system to study and analyze in large detail the

highly multi-scale and interconnected phenomena.
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5.1 Software and Modeling Approach

The biomass combustion process in dedicated or cogeneration power plants is of an extremely complex
nature due to many involved physical and chemical phenomena. To meet environmental restrictions there
are different approaches to predict several phenomena and, therefore, prevent harmful emissions in a
cost effective manner. Since the different phenomena involve physical complexities, the mathematical
modeling of the gas flow, combustion, and a detailed description of the biomass particles conversion and
their movement have been a challenge in the past decades. Comprehensive models have the capability
to include the microscale phenomena to study and quantify interactions between particles, between
particles and fluid, and as well particle conversion phenomenon, up to macroscale phenomena which are
focused on the general theory to connect particles scale information (discrete) and the fluid flow
(continuum). Thus, the coupling of these features highly enhances the development of numerical

simulations of multiphase flow phenomena.

In this work, this type of overall model of the biomass conversion in a grate-fired boiler, as represented
in Figure 50, is decomposed into two different numerical models in order to thoroughly study the different
interconnected phenomena. The first one is a mathematical model developed to predict the biomass
particles conversion in the burning conditions of the boiler. This model was developed considering the
setup designed for Macro TGA experiments, in order to be analyzed previously its accuracy and further
be coupled with CFD models. The analysis of the particle conversion is performed through an in-house
simulation platform, called XDEM. This program is a multi-physics and multi-scale code developed at the

University of Luxembourg to establish an advanced simulation technology.

The second one is a CFD model where the gas flow and combustion are predicted based on an empirical
bed that is based on the biomass conversion into the different grate sections of the industrial boiler of
Mortagua Power Plant. CFD modeling is an effective tool able to indicate the most relevant phenomena
that occur inside an industrial boiler. The CFD analysis is here based on the ANSYS Fluent 2020 R1
software. This software is used for fluid flow and heat transfer problems and is structured with numerical
algorithms capable of solving them as well as chemical reactions that occur in the freeboard of the
equipment. In the following sections, more details about the two different tools and numerical models are

described.
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Figure 50: An overall model representing the multi-scale problem involved in the simulation of a biomass combustion
boiler.

Air Inlet

5.1.1 ANSYS Fluent

ANSYS Fluent is a leading commercial CFD software for the prediction of a wide variety of flows. This
simulation program solves the fundamental differential governing equations for the mass, momentum,
and energy conservation through the Finite Volume Method. With this method, the computational domain
is first split into a set of control volumes, which are known as cells, and convert a general scalar transport

equation to an algebraic equation that can be further solved numerically. The discrete values of any of
these variables, represented by a scalar quantity ¢ , are stored at the center of the grid cells [418]. On

a representative cell, after integrating the transport equation that expresses the conservation law in a cell
volume, the general form of the discretized equation solved by ANSYS Fluent, considering an unsteady

case, is expressed by Equation (31):

a Nfaces L = Nfaces .
%"5V+Z¢fpfvf A = T,V A +SV (31)
f f

where V represents the cell volume, N the number of faces of each cell, ¢f represents the value

faces

of ¢ convected through face f , P the density, V the velocity vector, t the time, A the area vector
offace | , F¢ the diffusion coefficient for ¢ V @, the gradient of ¢ atface f . Hence, the first term

op¢

of the equation, , is defined as the transient term which accounts for the accumulation of ¢ in
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the cell volume, and the second term represents the convection through the faces, where the product

p. V. A, is the mass flux through the face of the cell. On the right side of the equation, there is a
diffusion term, F¢V¢f Af which considers the gradient of ¢ and, at last, S¢ represents the source
term of ¢ per unit volume, which means any source or sink that either generates or consumes ¢ .

In this way, the discretization procedure allows to solve numerically Equation (31) ensuring the

conservation of the different physical parameters over the entire domain. Hence, as a result of the
discretization, the unknown scalar variable ¢ at the cell center as well as unknown values in the neighbor

cells, a linearized equation of the Equation (31) can be written using the form of Equation (32):
a,p=> a,d,+b (32)
nb

where the subscript Nb refers to neighbor cells, and a, and a,, variables are the linearized coefficients

for ¢ and ¢ . Depending on the number of cells, similar equations are solved for each cell, resulting

in a set of equations. Then, ANSYS Fluent solves this set of equations as a linear system using a Gauss-

Seidel linear equation solver in conjunction with an algebraic multigrid method [418].

For reactive flows such as combustion phenomena, ANSYS Fluent solves additional transport equations
for each species involved in the chemical reactions. However, while the fluid flow and gas-phase reaction
modeling are entirely computed by the built-in algorithms of ANSYS Fluent, this software presents a
drawback regarding the predictions of the biomass particles conversion. The heat and mass transfer in
and with the solid phase should be externally modeled. As already mentioned in the literature review in
Chapter 2, modeling combustion in biomass grate-fired boilers requires modeling the thermal
decomposition of biomass on the grate. Consequently, in this work, to study the performance of the grate-
fired boiler from Mortagua Power Plant, the domain to be simulated is divided into two main regions: the
bed (a set of biomass particles present in the vibrating grate of the boiler) and the freeboard (interior
region of the furnace above the bed). The bed model provides the temperature, the mass fraction of the
different species, and the velocity of the gas that leaves the fuel bed into the freeboard and, therefore,
defines the inlet conditions for the CFD simulation. Figure 51 presents an overview of the approach used
in this work. The next subsections present all the equations involved in the mathematical modeling

approach for the numerical model developed using ANSYS Fluent software.
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ANSYS Fluent Model

Gas Emissions, Temperature and Mass Flow Rate

Empirical Model

Figure 51: Overview of the strategy to develop the numerical model to simulate the combustion process.

5.1.2 XDEM Software

XDEM was developed for multiphysics simulation in which the dynamics of granular material or particles
can be described by the utilization of DEM with the extension of additional thermodynamic properties.
This platform combines the flexibility and versatility to address a wide range of problems in the most
different applications. For instance, biomass particles can be defined as discrete entities with an internal
temperature, composition, and the thermal conversion progress can be further estimated based on the
surrounding conditions. Additionally, the position and orientation in time and space are predicted for each
particle. Particles are assumed to be homogenous, and, inside each particle, associated transport
phenomena are modeled using a set of one-dimensional conservation equations in the radial direction.
As presented previously for ANSYS Fluent, a general form of the discretized equation solved by XDEM is

expressed by Equation (33):
op¢p o¢p _
—V = I'——pV ¢|A+SV 33
ot Z[ o ”}} ’ =

where ¢ represents a volume averaged quantity derived from the phase averaged quantity with the local

value of the particle porosity. Consequently, for each particle, a number of one-dimensional and transient
equations are solved to estimate temperature, the different phases that constitute the particles, and the
species released from the particle. Therefore, a detailed and suitable characterization of the reaction

progress in a set of particles can be obtained with this approach.
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This tool is commonly coupled with a CFD model to perform a comprehensive multi-phase approach
[419]. The model involves various phenomena from the different scales of the particle conversion to the
physics involved including the bed motion, turbulence, and chemical reactions. The movement of the
particles and the thermal conversion process predicted from XDEM are then coupled to open source
libraries from OpenFOAM-Extend 3.2 to solve the governing equations, species transport, and turbulence
equations of the gas phase. The coupling between CFD and DEM is a common strategy for addressing
relevant complex problems from the industrial sector. Figure 52 represents an overall outline to represent
and highlight the main idea behind XDEM. The details of the implementation of the model, as well as the
particulate and continuous phase governing equations, are presented in [254,420]. Peters [69] presents

also more details about the numeric resolution of the conservation equations.

CFD XDEM

v;
»
Dynamics
Force y e@
Coupling

< .
\ Conversion

’/ m,T,Yi

O

Figure 52: Representation of the XDEM application.

Heat and Mass Transfer

5.2 Mathematical Formulation

Considering the different programs used, this section aims to introduce the mathematical equations
solved by each tool, which govern the flow, gas phase reactions, and the conversion of biomass particles.
First, the mathematical formulation behind the CFD model is presented considering the nature of the flow

field studied in this work, an incompressible reactive and turbulent flow.

5.2.1 CFD Model

The general governing transport equation expressed in Equation (31) is applied to express the

conservation laws of mass, momentum, energy, and species.
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Mass conservation
A mass balance over a volume element implies that the mass entering is equal to mass flowing out.
Equation (34) expresses mathematically the general form of the mass conservation equation, or continuity

equation, valid in both compressible and incompressible flows.

%/)W-(pv) S, (34)

The source term, Sm , is the mass added to the continuous phase, for instance, through the reactions of

the discrete phase like vaporization of water, and from any user-defined sources or sinks. The term

V-(p\7) represents the mass flux rate per unit volume.

Momentum conservation
The equation of motion is derived by applying a momentum balance over a cell element. Momentum
conservation, also known as the Navier-Stokes equation, in an inertial reference frame, is given by

Equation (35):

() - () =5+ () pg &

where F represents the force resulting from the interaction of the continuous with external body force

which is accounted for when there is the interaction with the dispersed phase or a porous zone, g
corresponds to gravitational force and P the static pressure. In its turn, T identifies the stress tensor,

and its determination can be obtained through Equation (36):
T=u (v\7+v\7T)—3v.\7| (36)
3

where 4 is the molecular viscosity, | the unit tensor, and the second term on the right hand side of

the equation is the effect of volume dilation.

Energy conservation
Equation (37) represents mathematically the energy conservation and can be interpreted as the motion

of heat. The first three terms on the right-hand side represent the energy transfer due to conduction,
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species diffusion, and viscous dissipation, respectively. The source term S, includes the heat generated

by the chemical reactions and radiation.
%(pE)+V-(\7(pE +p)) :V-(keﬁVT —Zhjjj +(Zen -V)J+ S, (37)
]

where K is the effective thermal conductivity which means that the turbulent is added, according to

the turbulence model, J; is the diffusion flux of specie, h the sensible enthalpy, E the total energy
and can be obtained through Equation (38):

2
E=h+£+V? (38)
P

The enthalpy for an ideal incompressible flow is computed through Equation (39):

h=3Yh +L2 (39)
j P

where Yj is the mass fraction of species | and its enthalpy is obtained through
Equation (40):

.
h = [ c, T (40)

T

ref

T, was defined in this work as 298.15 K.

Species Transport

To predict the local mass fractions of the different chemical species involved in the gas-phase flow, the
conservation equation taking the general form of Equation (41) needs to be solved. Since the sum of the
mass fractions must be equal to the unity, to minimize numerical error, the local mass fraction of the

bulk specie N, (specie with the overall largest mass fraction) was assumed by subtraction.
0 -
a(,oYi)ﬁ-V-(pVYi):—V-Ji-I-Ri+Si (41)

It is important to see that Equation (41), Si is the rate of creation by addition from the dispersed phase

combined with any user-defined sources. In this work, this term was not considered. The term R

represents the production or consumption of species | due to chemical reactions.

121



Chapter 5 — Development of the Numerical Model

Turbulence Modeling
Apart from solving the fundamental transport equations described previously, there is the need to use
other submodels to fully describe the fluid flow inside the grate-fired hoiler. This requires the modeling of

turbulence, radiation, and combustion.

Turbulence occurs when the inertial forces controlling the fluid motion are higher than the damping effect
induced by the viscosity of the fluid that represents the viscous force. Hence, turbulent flows are
characterized by randomly fluctuating velocity values which affect the heat and mass transfer conditions
while laminar flows tend to be steady or to be less random. The Reynolds number, the ratio between the
inertia and viscous forces, has been used to identify if a flow is laminar or turbulent. Accordingly, a flow
is defined to be turbulent if the Reynolds number is higher than a critical value (typically 2,300 for a flow
inside a circular pipe), representing that the inertial forces are most significant when compared to the
viscous forces. In this sense, the issue of turbulence becomes important for numerical simulation since
the flow becomes unstable due to the random modification of velocity direction, generation of vortices,

and transitions from the steady to the transient state [421].

A large proportion of the flows that occur in nature and most of the engineering problems, including in
industrial furnaces, are turbulent. However, turbulence depends on the furnace geometry and the design
of the air supply. If all details of the fluid flow are necessary to be predicted, the previous unsteady Navier-
Stokes equations should be solved by applying a Direct Numerical Simulation (DNS) and, consequently,
any turbulence model is required. This allows to solve the whole range of temporal and spatial scales.
However, simulations following this strategy require a cell and a time step size smaller than the smallest
scales in a turbulent flow, denominated as the Kolmogorov microscale. Consequently, the computational
demand is very large for industrial scale problems, and a common engineering approach is to average
the unsteadiness of the turbulence. Hence, the governing equation is replaced by the time-averaged
equations, the so-called Reynolds-Averaged Navier-Stokes (RANS) equations, and to close the equation a
turbulence model should be introduced. With RANS formulation larger cells and time steps can be used,
since the length scales of the variations of the mean values are larger when compared to the
instantaneous ones. These advantages make the RANS equations more attractive for the study of
industrial flows and, therefore, the quality of the numerical results will be a function of the selected
turbulence model. Thus, the correct choice of the turbulence model is crucial to obtain accurate and

reliable results. Afterward, the basic approach employed to compute the turbulent flow is presented.
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Reynolds-Averaged Navier-Stokes Formulation

The turbulence, in this work, was modeled through the RANS approach, and using the two-equation
model, more specifically the K—& model. In Reynolds averaging approach, the instantaneous velocities
are composed by the mean velocity which is time averaged, and the fluctuating components, as

represented by Equation (42):
V, =V +V (42)

Hence, likewise, this formulation accounting for mean and fluctuating components is applicable for
pressure and the other scalar quantities considered in the previous conservation equations (pressure,
energy, and species concentration). Consequently, the final mathematical expressions for the
fundamental conservation equations are formulated by applying Equations (34), (35), (37), and (41), this
form for the flow variables into the instantaneous component. However, as a result of averaging, new
terms are added to the equations to represent the effects of turbulence. The new terms are the Reynolds
stresses tensor, in the momentum equation, and turbulent transport fluxes in the energy and species
equation and requires its modeling in order to close the fundamental conservation equations. ANSYS
Fluent uses a common method, the Boussinesq hypothesis to relate the Reynolds stresses to the mean
velocity gradients. Additional information regarding the numerical formulation behind the Boussinesq

hypothesis may be found in the manual provided by ANSYS Fluent [418].

Realizable k-¢ model

Within the RANS approach, ANSYS Fluent has several turbulence models, each one with its capabilities,
its own mathematical expressions, and near-wall options. The available options range from simpler
turbulence models, such as the Spalart-Allmaras, which is a one-equation model, to more advanced and
accurate turbulence models such as the five-equation Reynolds Stress model. The most popular RANS
models are the two-equation models where the solution of two different transport equations allows
independently the calculation of the turbulent velocity and length scales. According to the literature review
presented in Chapter 2, within the two-equation models, the k-& models are the most common, in
particular, the standard K-¢ and the realizable k-¢ models. The k-& models evaluate the transport

equations for the turbulent kinetic energy (K ) and its dissipation rate (& ).

The realizable k-& model is an improvement of the standard K - & model, the default model from Fluent

software. The realizable model was proposed by Shih et al. [422] with the intention to address the
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deficiencies of the traditional standard K -& model. Thus, the former model presents a reasonable
compromise between calculation accuracy and numerical effort, and, particularly, the spreading rate of
round jets is predicted more accurately than with the standard model. Hence, to model turbulence, it was
used the Realizable K —& model, in which K and & are obtained from the following transport

Equations (43) and (44):

0
a(pk)+v(pkuj):VH;HfJVk}Gk +G, — pe-Y,, +S, (43)
k

%(pg)+V(pguj):VHy+ﬂng}ﬂoCSg pC, +\/_+C C G, +S, (44)

8

where YM represents the contribution of the fluctuating dilatation incompressible turbulence to the overall
dissipation rate and is neglected in the modeling of incompressible flows. C2 and Clg are constants of
the model, 0, and O, are turbulent Prandtl numbers for K and & , respectively. S, and S, represents

the user-defined source terms, and the constant parameter C1 and the scalar that measure the

deformation tensor, S, are determined according to Equations (45) and (46), respectively:

Cl:rnax{a43,—ll—} (45)
n+5

S=25,5, (46)

where the parameter 17 is computed through Equation (47):

n=S8- (47)
&

The turbulent viscosity, 4, is computed by combining K and & as expressed in Equation (48):

2
u=pC, (48)
&

In its turn, Gk represents the generation of turbulence kinetic energy due to the mean velocity gradients

and is calculated as:
G, =—puu, — (48)
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Considering a non-zero gravity field and a non-zero temperature gradient, the effects of buoyancy on the

generation of K are included. Thus, the generation of turbulent kinetic energy due to the buoyancy Gb is

calculated through Equation (49) for ideal gases:

Gb =—g L@ (49)
pPr. ox

where F’Ft represents the turbulent Prandtl number for energy and § is the gravitational force vector in

the I direction.

The model constants, C,,, C,, 0,, and 0, have been established by Fluent software to ensure that

the model performs well for certain canonical flows. The model constants are defined as 1.44, 1.9, 1.0,

and 1.2, respectively. The coefficient Cﬂ, here, in contrast to the standard k-¢ is no longer a constant

value. Equation (50) expresses the proposed mathematical expression to determine the parameter C#:

1

Com X
A+AU =
&

"

(50)

A full description of the mathematical equations to compute the remaining constants

A,, A ,and U" can be found in the manual provided by ANSYS Fluent [418].

Wall Boundary Turbulence Treatment
Since turbulent flows are significantly affected by the presence of walls, and as the no-slip condition at
the walls has to be satisfied, particular attention should be addressed to correctly compute the velocity
gradient close to this region. Furthermore, the turbulence varies according to the distance to the wall.
When close to the wall region, viscous damping occurs reducing the tangential and normal velocities
fluctuations. In the opposite direction, as the distance from the wall increases, the turbulence rapidly

increases by the production of kinetic energy.

In ANSYS Fluent there is the possibility to select a wall function, which means that a set of semi-empirical
functions are used to connect the near-wall region to the fully turbulent region and model adequately the
wall influence. Consequently, turbulence models will receive modified terms due to the presence of the
wall. Hence, this approach requires only an adequate mesh with a reduced refinement in the wall region.

The Standard Wall Function, a logarithmic law to compute the mean velocity and temperature is applied
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in this work. This model has been widely used in industrial flows and is one of the main options used to
predict the fluid flow in a biomass grate-furnace, as indicated in Chapter 2. Further details of the model

are presented in the ANSYS Fluent theory guide [418].

Radiation Modeling

The heat transfer mechanism through radiation plays a significant role in the heat transfer analysis in
combustion processes. At high temperatures, as in combustion that occurs in biomass boilers, radiation
is the dominant heat transfer mechanism from the sidewalls of the boiler to the bed. Radiation is included
in the calculation through the source term in the energy equation, and ANSYS Fluent software disposes
of several Radiation models to describe heat transfer in CFD simulations. However, some radiation
models are more appropriate to solve certain phenomena than others and they differ significantly in their
accuracy and computational time requirements. Considering the phenomena inside an industrial biomass
boiler, the Discrete Ordinates Model (DOM) is suitable and allows an accurate solution for this problem.

Furthermore, this model is commonly applied to combustion cases as discussed in Chapter 2.

The DOM considers and solves the Radiative Transfer Equation (RTE) (Equation (51)) for a finite number
of discrete solid angles, each related with a vector direction S considering the global Cartesian system
(x, ¥, 2. Consequently, RTE is transformed into a transport equation for the radiation intensity in the

spatial coordinates whereby it is possible to control the fineness of the angular discretization.

4
V-(1(7.5)8)+(a+o,) 1 (F,5) =an® ——+ = [ 1(F,§) D (5,5 ) (51)
0
In Equation (51), | is the radiant intensity, I the position vector, & the gas absorption coefficient,
o, the scattering coefficient, I' the refractive index, ®@ the phase function, and Q' the solid angle.

Regarding the gas mixture absorption coefficient (@ ), this parameter is defined through the Weighted
Sum of Gray Gases Model (WSGGM), where for a distance (S) less or equal to 10*m @ is defined
according to Equation (52), and for S greater than 10*m according to Equation (53).

|
a=) a kp (52)
i=0

In(1-¢)

az_ (53)
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In the WSGGM the total emissivity over the distance S is calculated as in Equation (54):

&= 'zag,i (T)(1-e"") (54)

i=0
+th
where @_; is the emissivity weighting factor for the i’ fictitious gray gas, the bracketed quantity is the

:th :th

it fictitious gray gas emissivity, &; is the absorption coefficient of the it gray gas, P is the sum of
the partial pressures of all absorbing gases, and § is the path length. For @, ; and & the WSGGM uses
values from the literature, dependent on mixture gas composition and temperature.

By doing so, the DOM was applied to solve the RTE for four polar and azimuthal angles and considering

three pixels each as recommended in the ANSYS Fluent Theory Guide [418]

Turbulence-Chemistry Interaction Model

In ANSYS Fluent the mixing and transport of chemical species are modeled by solving conservation
equations describing convection, diffusion, and reaction sources for each one. Multiple and simultaneous
chemical reactions can be modeled, with reactions occurring in the fluid phase acting as a source of heat

and reaction products for the flow.

In fact, the combustion of volatiles compounds released during the biomass conversion produces heat
and, consequently, generates instabilities in the flow, due to the gas expansion and related buoyancy
effects. A transition to a turbulent regime is observed due to these instabilities. Consequently, turbulence
increases the mixing and, therefore, favors the combustion process and promotes the transport of heat
and mass. Accordingly, to compute the reaction rate of combustion species, it is necessary to take into
account the effects of turbulence. There are several methods to model this turbulence-chemistry
interaction, including the Eddy Dissipation Model (EDM), Eddy Dissipation Concept (EDC), and Finite Rate-
Eddy Dissipation Model (FR-ED).

The typical approach to gas-phase modeling is to assume that reactions in the gas phase are kinetically
fast just above the fuel bed, where the temperature is high and the reactions are fast, forcing combustion
to be controlled only by the mixing rate of oxidant and fuel. Nevertheless, in regions where the temperature
is lower (for instance, close to the sidewalls), the kinetics of the reactions may become more important
than the mixing phenomenon, requiring an alternative approach to accurately predict the temperature

dependence for the reaction rates. In ANSYS Fluent it is possible to account for the temperature-limiting
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effect through the utilization of the FR-ED model which computes both the Arrhenius and Eddy-Dissipation
reaction rates and provides the net reaction rate as the minimum of the two. This is a formulation that
values the prediction of gas temperature at a low computational cost. The mathematical formulation of

this model is explained in more detail below.

Combustion Model
The gases released during the thermal decomposition of the fuel react in the gaseous phase, releasing
most of the energy contained in the biomass. In general, one can express the various homogeneous
reactions through the general expression presented in Equation (55) considering only forward reactions

(irreversible reactions).

N, N,
>V, Reactant, L>Z:Vi'v'r|:’l‘0ducti (55)
i=1 i=1

where V/ and V[, represent the stoichiometric coefficients of the reactant and product i from the

reaction I', respectively. N, and N, are the number of reactants and Products while K;  is the forward

rate constant for reaction I'. Thus, for a reaction to take place, a premix is required from the macroscopic
scale of transport to the molecular level and then, reacts according to the chemical kinetics of the
particular reaction. Therefore, it is necessary to consider both processes, mixing (ED model) and reaction

kinetics (FR model) between the different species present in the fluid flow.

Eddy Dissipation Model
The biomass combustion process inside the grate-fired boiler can be defined as a non-premixed flame,
where the turbulence slowly mixes the volatiles that comes from biomass particles with the oxidizer.

Based on the work of Magnussen and Hijertager [374] the net rate of production of species 1 due to

reaction I, RLr is obtained through the smaller value computed through Equation (56):

Y
R, =min Vi'eriApfminm L ;Vi,eriABPENZ:# (56)
T ST

Ror " wR
I\/IW’i is the molecular weight of species I Yp is the mass fraction of any product species, P, while

Yy is the mass fraction of a particular reactant, R . Parameters A and B are empirical constants
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which should be conveniently tuned to account for abnormal mixing rates of the gas compounds that
leave the biomass particles. These parameters were empirically determined based on experimental data
for different flames. A represents a mixing parameter for the reactants and B is designed for the
simulation of combustion under premixed conditions. The former parameter should be tuned for different
conditions [353]. In general, with the ED model, the gas temperatures tend to be over-predicted due to
abnormal higher reaction rates and, consequently, the species concentrations are also often inaccurately
estimated [292]. Considering this issue, the value of A was modified to 0.6 for all reactions taking into

account the results presented in the literature [290,292,306,307,353,354,359].
In Equation (56), the chemical reaction rate is controlled by the large-eddy mixing time scale, % and

combustion takes place whenever turbulence is present (% >0 ).

Finite-Rate Model
Assuming that molecular-level mixing of the reactants has been achieved, the rate of reaction will depend
on the frequency of collisions between the reactant molecules. For this purpose, an Arrhenius-type
expression is applied to each reaction. The molar rate of creation/destruction of species | in the reaction
I' is given by Equation (57):
N,

ﬁi,r :(Vi’,,r _Vi,,r)kf,r]i[c?,i“rr (57)

j=1
where ijr is the molar concentration of species | in reaction I' and 77'i'r is the rate exponent for
reactant species | in the reaction I .

The Arrhenius expression, Equation (58), is used as a mathematical expression to calculate the reaction
rate in reaction I' in the forward direction, the source term in the individual species transport equation

since it is the easiest way to manipulate the combustion modeling phenomena.
ﬂ _E
ki, =AT" exp BT (58)

where £ is the temperature exponent.

Finally, the net source of chemical species | due to reaction is computed as the sum of the reaction

sources over the N_ reactions that the species participate in:
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N,

R=M,>R (59)
=1

w,i
r

,r

Reaction Mechanism
The combustion process is a set of chemical reaction equations that describe the oxidation of the fuel.
This mechanism is modeled with some simplification because, to represent a detailed set of chemical
reactions, it would be necessary to model a large number of chemical species and sub-reactions. This,
in large-scale models, is prohibitive and a non-common practice due to the time required for the
simulation. However, the combustion of biomass or any other fuel involves several different species and
chemical reactions. For instance, the combustion of methane involves more than a hundred reactions
and dozens of different species. Since it is not possible to use a detailed reaction mechanism and a large
number of species due to the computational requirement that would be required, the oxidation of the
volatiles is often modeled using a global reaction mechanism in which elementary reactions are
represented by a global reaction. In this sense, the homogeneous combustion reactions considered in

this work for modeling the volatiles combustion are the represented by Equations (60) to (62):

CH4+gOZ—>CO+2HZO (60)
1
Hz"'EOz—)HZO (61)
1
CO+502—>CO2 (62)

The values of the stoichiometric coefficients and reaction exponents, as well as the constants of the
various reactions considered in this work to form the combustion mechanism in the gas phase, are

presented in Table 30.

Table 30: Kinetic reaction rate data for the combustion mechanism.

Chemical Reaction Ash) B () E (J/ kg mol) Reaction order
Eq. (60) 5.012E11 0 2F8 [CH,T” +[0,]"
Eq. (61) 9.87E8 0 3.1E7 [H,T +[0,T
Eq. (62) 2.239E12 0 1.702E8 [co] +[0,]"*
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Equation of state for incompressible ideal gases
The velocity of the continuous phase inside the grate-fired boiler is much lower than the speed of sound,
i.e., the Mach number is less than 1.0, and, consequently, compressibility effects are negligible. Hence,
the variation of the gas density with pressure can be neglected and the density of the fluid is obtained
through the utilization of Equation (63):
pe o
R (63)

T
M

w

where Pop 1S the absolute operating pressure defined by the CFD software.

Bed Model

In the bed, where the biomass is converted, several decomposition reactions of the solid fuel take place.
According to the literature, the biomass combustion process in the bed can be divided into four successive
or overlapping subprocesses. Combustion in a grate-fired boiler can be seen as a fixed bed of fuel, which
interacts with the interior of the furnace (freeboard). Thus, it becomes important to determine the mass
flow rate of the gases released along the grate, as well as their temperature, and mass fraction of the
different chemical compounds. Volatiles released from biomass particles typically consist of hydrogen,
carbon monoxide, carbon dioxide, and methane, although their composition depends on the type of fuel

and their origin.

In this work, an empirical equilibrium model which describes the biomass conversion as a function of the
grate length is used to obtain the initial boundary conditions for the region above the grate. This
methodology has been successfully used in the literature for similar studies to predict a comprehensive
conversion behavior of the biomass combustion in fixed bed [290,301,306,307,358,359]. Moreover, its
performance and accuracy were comparable to some other models, and the equilibrium empirical model
addresses properly this engineering problem and provides a more reasonable correct boundary condition

for the CFD modeling [290,303,308,358].

Hence, taking into account that biomass conversion on the grate is exposed to a radiation heat flux from
the flame in the upper part of the boiler, to a primary air flux from beneath the grate. In addition, as the
biomass is being converted to water vapor, volatiles, carbon monoxide, and carbon dioxide from the char
oxidation are released. The operating conditions for each position on the grate are fuel feeding rate,

composition, the temperature of the fuel and air, incoming radiation flux, and biomass conversion rate.
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Taking into account those conditions, an overall mass and energy balance can be established to provide
the profiles of temperature, species concentrations, and velocity of the gas leaving the fuel bed into the
freeboard. Consequently, the bed model will provide an appropriate lengthwise profile of these parameters
along the grate and that is based on the experience and the design of the grate-fired boiler.

In this way, the mass flow rate released in each i (1, 2, or 3) section of the grate can be computed by
Equation (64):

rhi = rhHZO + rﬁvol + mchar + rhair (64)
where the terms on right hand side of Equation (64) represent the mass flow rate of moisture, volatiles,
char and air released. In its turn, an energy balance represented in Equation (65) is defined to compute

the gas temperature:

_ Qrad + mccho + mconco2 o mHZOQHZO B mvoI.Qvol n
rhi Cp,i

T

To (65)

where the terms Qrad, QHZO: and QVO| represent the radiative heat transfer from the freeboard region to

the ith zone of the grate, latent heat of water evaporation (2,250 kJ/kg), and the energy required to start
the devolatilization (418 kJ/kg), respectively. The net heat flux received by the fuel bed is assumed to be
constant and uniformly distributed in the first two sections of the grate. In the final part of the grate, since
most of this section is not exposed to the flame radiation, only a minor contribution of the radiation was

considered.
QCO2 and Q. are the heat released from char by a complete oxidation and partial oxidation, respectively.

Their values are 32,794 kJ/kg and 9,208 kJ/kg, respectively. The last terms, TO is the reference
temperature, mi the total mass flow rate released in each grate section, and Cpi the specific heat of the
flue gases.

The char reaction and its products in the fuel bed are assumed to be oxidized and produces either CO or
CO,, as expressed in Equation (66) To compute the split ratio between these two chemical compounds,
Equation (67) expresses a mathematical relation between their mass fractions and the temperature in the

grate.

7C(s)+0,——2(y-1)CO+(2-y)CO, (66)
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0] —6240
—— =2500exp| ——
CO p( T J (67)

2 i

Consequently, according to Equation (68) the mass flow rates of CO and CO, from char reaction in the

ith zone of the grate can be estimated by Equations (68) and (69), respectively.

2500exp [_61_24()}

rhCO = mchar (68)
1+ 2500exp {_6_'_24()}
. 1 .
mCO2 = mchar
1+ 2500exp (_GTZ“OJ (69)

In addition to the species released during the char conversion, an additional quantity of CO, CO,, CH,,
and H,, is considered to be released from the fuel bed into the freeboard due to the devolatilization
reaction. O, is also considered as input to the freeboard, but its amount is related to the remaining fraction

after its reaction with the char particles.

5.2.2 Particle Conversion and Motion Model

Motion
The discrete element method applied in the dynamic XDEM module is based on the soft sphere model
[419]. The translation movement of each particle is governed by the second law of Newton where the

force acting at the center of gravity of the particlel is expressed by Equation (70):
F=ma=m— 70
at (70)

where the particle velocity can be determined by:

_

=L 71
0= (71)

Contact, drag, and gravitational forces are examples of different sources that may act on the particle.
However, the drag force can be neglected due to the reduced velocity of the gas flow, and, in this way,

the total force can be calculated through Equation (72):

Fi = Ei,contact + Ei,gravity (72)
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In its turn, the contact force is the sum of all forces acting on the particle resultant from the contact with
other particles:

N

Ei,contact = z Eij (73)

J=1, j=i

The occurrence of contacts between the particles promotes the rotational motion and, for particle i this

term can be described by the second law of Euler, Equation (74):

fi,contact = |i5£| = i% (74)

where

L] (75)

(76)

T i,contact

I
M=
=
K
M=
o
x
J

The integration of Equations (70) and (74) over time and the particle position, orientations, and velocity
are updated accordingly during time integration. More information about the details of the model can be

found in the literature [423-425].

Particle Conversion

A discrete particle may be considered of different phases as solid, liquid, gas, and inerts in XDEM. At the
particle scale, it is important to note that thermodynamic and physical properties vary along with its
conversion. This is considered by a system of one-dimensional and transient conservation equations of
energy and mass transport within each particle. Considering the pore volume of a porous particle, the
gas mass conservation equation is expressed by Equation (77):

0 10,., _
a(gppg)+r—na(r 5pPgUg)=5mass (77)

where S is the sum of the individual mass production or consumption rates due to chemical reactions,
&, is the particle porosity, u, the advective velocity, and Py the intrinsic density of the fluid, which is

the result of partial densities of species present in the gas phase. The particle geometry is defined by the
radius, I, and can be chosen to be an infinite plane, cylinder, or sphere according to the definition of

the N parameter, which can be 0, 1, or 2, respectively.
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The transport of the different gas species that may form the fluid flow within the pore space is considered
using the Law of Darcy, Equation (78):

_6_p _ Hy&p u

a K ° 78

where p, Hy and K are the pressure, dynamic viscosity, and the permeability of the porous particle,

respectively. The balance of individual species, 1, within the pores can also be expressed by
Equation (79), where the concentration of each species in the gas mixtures depends on the convective

and diffusive flux and the chemical reactions:

0 10, N 1 o(., 0 :
a(gppi,g)Jrr_nE(r gppi,gug)zﬁg(r Dié, 5/%,9}%;% (79)

where D is the molecular diffusion coefficient and d)k,i is the source term which accounts for the

consumption or generation of the specie I from the reaction k.

For the conservation of solid and liquid fractions of the fuel, transport mechanisms are neglected. Hence,
the variation of these components is only dependent on the reaction source term as expressed in
Equation (80):

op;, .
o 80
81: a)k Rl ( )

The depletion of solid material has been taken into account by using a solid intrinsic density shrinking
approach in which a decreasing particle density and a reduction of particle size occur during the
devolatilization and consumption by the char combustion in the outermost cell. The latter causes a
decrease in the particle dimension. Hence, it was considered that the particle shrinks uniformly in the

radial direction, and its original shape remains unchanged.

To complete the model, the temperature variation in each particle needs to be computed. The dominant
heat transfer mechanisms in a set of particles are the conduction between particles in contact, radiative
heat transfer between neighboring particles, and also convective heat transfer to a fluid in the spaces
between the particles. Equation (81) represents the energy conservation equation used to determine the
temperature:

0 10, oT .
a(Ph):r—na(r Kt E}Q (81)
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keﬁ represents the effective thermal conductivity, T the temperature of each particle, and, in the case

of chemical reactions, the energy source, Q , Which can be determined by Equation (82):

. N
Q=> aH, 82)

k=1

where Hk is the reaction enthalpy of reaction K . The effective thermal conductivity considers the heat

transfer by conduction in the gas, solid, and radiation in the pore, and can be evaluated using
Equation (83):

k

Kt = &,K, + Zﬂi Ki sorig + Krag (83)

i=
The radiation term is determined by Equation (84):

K =—%° 54073 (84)

rad
1—6‘p

where O is the Stefan-Boltzmann constant (5.67x10¢ W/m2K4).

Considering a thermodynamic equilibrium between the particle and intra-particle fluid and the fluid as a

perfect gas, the gas density, and its enthalpy can be calculated using Equations (85) and (86):

p, :% 85)
RT, ZM
hg =CpgTg (86)

Regarding the thermal conversion stages considered in the mathematical model, it is assumed that the
conversion is composed of the following sub-processes: drying, devolatilization, and char burnout. The

conversion of each subprocess is governed and calculated by separate submodels.

Drying

The process of drying was approximated by an energy balance considering the energy available for
evaporation and the amount of water evaporated. An increase of the temperature above the temperature
defined for the evaporation means that the moisture fraction of the particle will be consumed by the

evaporation process. Hence, the source term for this submodel can be computed by the Equation (87):
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(T _Tevap )pcp

. if T>T
D0 = HevapAt o 87)
0 if T<T,

evap

where p, C,, T, and H,, are the density and the specific heat of biomass, the evaporation

temperature, and its evaporation enthalpy, respectively.

Devolatilization

Devolatilization occurs after the drying stage, and during the heating of the particle. This conversion
process leads to a decomposition of the biomass into char (solid) and volatiles (gases). Thus, the reaction
is described using a one-step global reaction expressing the decomposition of the biomass in these two
products and also considering the presence of ash as a final product. This is a common practice in the
literature to reduce the computational time without reducing the accuracy of the mathematical
predictions, as was recommended, for instance, by Blasi et al. [426]. Equation (89) presents the reaction
considered to express the devolatilization conversion. The gas fraction is represented by the chemical
species considered in this work. The presence of tar was not considered because, in addition to its
complex composition, it has been estimated that more than a hundred of different hydrocarbons are
released during the devolatilization [334], and are assumed to be fully converted into main secondary

products in the form of CO or CO,[247]

Biomass ——> y,CO+y,, CO, +7,, oH,0+y, H,+7¢,, CH, +Char+Ash (88)

In its turn, Equation (89) expresses the reaction rate of this stage using a simple Arrhenius equation:

-E
D, =A — | o 89
a)blomass exp( R T jpblomass ( )

Char

After the devolatilization, the remaining char was considered to react with oxygen, as represented by
Equation (90). This heterogeneous reaction was considered dependent only on the particle temperature,
and its reaction rate was calculated using the same mathematical expression defined for the
devolatilization reaction. The kinetic parameters were adapted to specifically reproduce the mass loss

during this conversion stage.
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C(S)+%O2 ——CO (90)

Initial and Boundary Conditions
To complete the mathematical model for every single particle, and solve the previous conservation
equations, boundary conditions are necessary. Considering that the particles are symmetric, a symmetry

boundary condition, Equation (91) and (92), is applied to the center of the particle.

-k, T o (91)
ar r=0

-D. % -0 (92)
or r=0

At the surface of the particle, the boundary conditions for heat and mass transfer are given by

Equation (93) and (94):

oT
k. —| =qd.+0G. +9 93
eff ar . qcv qrad ch ( )
op.
_Di% :ﬂi(pi,s_pi,oo)_'_mi,g (94)
r r=R

where ,Bi is the mass transfer coefficient, and 0, ,, is the gas partial density of species /in ambient

gas. 0 s is the partial density of species i at the surface of the particle, and mi'g represents the mass

fluxes from the environment. Moreover, 0,4 and O, account for radiative heat and conduction

transport through physical contact with the wall and/or particles. Convective heat transfer from the
environment to the particle is also considered. Equations (95), (96), and (97) express the way the

contribution of the different heat transfer mechanisms is taken into account.

d., =h(T, -T,) (95)
3 4
Gag = 2, Foli0(T, = T,) (96)
j=1
. N l Tp _Tj
Gog = (97)
i ; i_ki AXp,j
kp kJ'
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Where T, h, and Foi

j are the temperature of the particle, the heat transfer coefficient, and the view

factor between particle p and its neighbor |, respectively.

Concerning the transfer coefficients, a range of experiments has already been carried out by numerous
authors to determine appropriate laws for different particle geometries and flow conditions at the particle
surface [427,428]. Different regimes can be characterized by dimensionless numbers such as Nusselt,
Sherwood, Reynolds, Schmidt, and Prandtl. Hence, to determine the heat and mass transfer coefficients,
the experimental correlation of Wakao and Kaguei [429,430] are used to compute the Nusselt (Equation
(98)) and Sherwood (Equation (99)) numbers. The empirical correlations are valid for the heat and mass
transfer coefficients determination between particle and gas in a packed bed, and from low Reynolds

numbers up to 8,500 and 10,000, respectively.
Nu =2 +1.1(Pr”3 ReO-G) (98)
Sh= 2+1.1(Sc1’3 Re°'6) (99)

where the Re, Pr and Sc, are the Reynolds, Prandtl, and Schmidt numbers, defined by Equation (100),
(101), and (102), respectively.

pUd

Re = (100)
U
Co
Pr=——
K (101)
)7
Sc=—
D (102)

5.3 Numerical Models

As initially mentioned, two numerical models are developed in this thesis consisting in a CFD model of a
grate-fired boiler and a model representing a set of particles that are burned in a small-scale reactor. In

this section, the details of both models are presented.

5.3.1 Grate-Fired Boiler
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Geometry Definition

For the numerical simulations of the reactive gas phase flow in the ANSYS Fluent software, the first step
consists of the definition of the computational domain to be studied. The simulation concerns the grate-
fired boiler, presented in Figure 53, from the Mortagua power plant that was described in Chapter 3. The
geometric configuration of the boiler presents symmetry since the secondary air jets on the side walls are
equally spaced along its width. Thus, it is only necessary to model 1/13 of the full geometry, which
corresponds to a slice of 320 mm in thickness. This simplification allowed a significant reduction in the
complexity of the geometry modeling, and also for the subsequent mesh generation. The geometry of the
boiler was developed using the scripting language from Gmsh software, providing the possibility to
automate the generation of the model with a reduced interface for the user and an easy execution of
complex geometries. Figure 54 illustrates an overview of the commands applied to develop the 3D model
in Gmsh. This configuration was based on the technical drawing of the equipment, which is presented in

Annex E.

Figure 53: The grate-fired boiler.
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j// create the cylinders for intersection
InCylinder=12;

|start(y'|1nder 100;

For i In {0 : ncy'hnder}

| Cy1mder(start::y1mdarﬂ):[-u.n. 4.24, 0.03+i%0.32, 1, 0, 0, 0.019, 2*Pi};
EndFo

// create the wall with hol
f1Q = Entﬂeanmfference{Sur'fa(e(l?} }{volume{startCylinder:startCylinder+nCylinder};};
// create the cirles
f2()_= BooleanIntersection{Surface{17}; }{Vulume{startCyhnder startCylinder+nCylinder};Delete; };
|// clue wall with holes and circles toge
[BooleanUnion{ Surface{ f1() }; Delete; }( Surfa:e{ f2() }; Delete; }

|// create the cylinders for intersection
InCyTlinder=12;
[startCyTlinder=100;
For i In {0 : nCylinder}
Cylinder (startCylinder+i)={-0.75, 5.78081, 0.03+i%0.32, 1, 0, 0, 0.019, 2*Pi};

EndFor . .

[/ create the a1l with hotes Definition
f1() = BooleanDifference{Surface{17};}{Volume{startCylinder:startCylinder+nCylinder};};

// create the cirles Of the
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// clue wall with holes and circles together
BooleanUnion{ Surface{ f1() }; Delete; }{ Surface{ f2() }; Delete; }

Figure 54: An overview of the commands applied to develop the 3D model in Gmsh.

As can be seen in Figure 55, the grate region, in the lower part of the model, was divided into three
separate zones in the lengthwise xdirection according to the primary air supply division. Hence, it is
allowed the introduction of different boundary conditions to better reproduce the biomass thermal
conversion. The secondary air is supplied through nine side nozzles located above the grate. With regard
to the secondary air injectors, despite making the mesh construction difficult, it was decided to maintain
the circular section of 38 mm in diameter. The gases released from the bed will flow upwards and will
mix with the secondary air in order to ensure that the combustion of the gases is completed, and are sent

to the outside through the upper face of the model.
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Figure 55: Representation of the 3D model.

Mesh Generation

Time and effort were devoted to the development of the numerical mesh as its quality affects the accuracy
of the CFD results. This task required a lot of work since changing the domain division strategy, and
locations of the refinement to change the size of elements in the different zones of the domain. All this

work was carried out in order to increase the accuracy and reliability of the results.

The OpenFOAM algorithms, in particular, the cartesianMesh option was used to generate a mesh around
hexahedral cells, with refinements in specific zones to obtain a suitable resolution of the temperature and

velocity field in regions of strong gradients.

Three different meshes were developed to assess the influence of the discretization in the numerical
results. Figure 56 presents an outline of one of the meshes developed and focused on some areas where
it is possible to observe the refinement that took place in the central area of the furnace and next to the

secondary air injectors.
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The quality of the results is highly mesh-dependent, so a high-quality mesh is one of the key factors for
successful CFD analysis. Thus, Table 31 presents the main values of the parameters that allow the

evaluation of the mesh quality.

Table 31: General numerical mesh characteristics from the various meshes produced.

Parameter Value
Mesh Elements 200k - 900k
Minimum Element Size (mm) 10
Maximum Element Size (mm) 100 - 150
Maximum Skewness 1.25-1.44
Maximum Aspect Ratio 7.84 - 9.58
Average Non-Orthogonality 3.68 -4.84

Figure 56: Overview of the mesh and its details in the region of the secondary nozzles.
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Boundary Conditions
Boundary conditions describe the fluid flow and thermal variables at the boundaries of the geometric
model. These conditions are therefore a critical component of the numerical simulations, and it is

important that they are specified correctly.

In this way, the faces corresponding to sections 1, 2, and 3, to the outlet, and secondary air nozzles were
selected as boundary conditions. The sidewalls of the model were considered adiabatic and while the
front and back faces of the model were defined as a symmetry condition so that there was no influence

on the fluid flow.

The values used for the boundary conditions are based on the nominal operating conditions of the boiler
presented in Chapter 3, in particular in Tables 13 and 14, along with the results obtained through the

empirical bed model.

Regarding the fluid properties, it was considered that the fluid is an incompressible ideal gas.

Solver Configuration

For the CFD simulations performed with ANSYS Fluent software, an incompressible solver, the pressure-
based solver, was used. This solver guarantees the mass conservation of the velocity field by solving the
pressure equation. Basically, while enforcing mass conservation, the pressure equation is obtained by
derivation of the continuity and momentum equations by the pressure. Since the governing equations of
the CFD model are non-linear and are relations between them, the solution can only be obtained through
an iterative process. To solve these equations in a sequential way, one after the other, the Pressure-
Implicit with Splitting of Operators (PISO) algorithm is used in a segregated form. This algorithm was
preferred over the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) to solve the pressure-
velocity coupling since it is more efficient, requires a reduced number of iterations to converge, and is

useful for unsteady flow simulations, and presents better results for meshes with a reduced quality.

Regarding the spatial discretization, the convection terms of the different transport equations are solved
using first-order upwind methods, with the exception of the species transport equations that are solved
using second-order upwind method. For the gradient terms, to evaluate diffusive fluxes and velocity, the
least-squares cell-based method was selected. Both methods for spatial discretization were selected due
to their easier convergence and a less computationally intensive simulation. In addition to the previous
interpolation schemes, for pressure PRESTO! was selected due to their suitability for highly swirling flows

involving steep pressure gradients.
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Furthermore, regarding the transient formulation, the computational model was solved using a first-order
implicit method, and the convergence criterion for the iterative calculation was defined as 1E-3 for
continuity, momentum, and turbulence equations and 1E-6 for energy and the discrete ordinates
equation. An automated method was used to decide the fluid time step accordingly to the convergence
rate of the previous step. Nonetheless, the values were limited between 1E-6 seconds and to 0.01

seconds taking into consideration a Courant number of 1.

The contribution of the gravitational acceleration was implemented in a downwards direction along the y-

axis, with a magnitude of 9.81 m/s2.

After defining all models and solver parameters, it is necessary to initialize the simulation. The initialization
is necessary to fill the mesh cells with an initial value that is updated along the iterative simulation process.
This is perhaps the most critical step of the simulation since a correct initialization facilitates the
convergence of the solution, and reduces the computational time. In this way, the domain close to the
grate was initialized with 23% oxygen and 77% nitrogen (mass fractions) as an approximation of the air

composition and with a high temperature of 1500 K was defined to also promote combustion.

The simulations were computed in a twenty-core (logical) processor, with 128 GB of memory RAM. The

results are time-averaged after the boiler reaches a pseudo-steady-state.

5.3.2 Small-scale reactor

The case concerned with the small-scale reactor consists of a basket where the biomass particles are
placed with 60 mm diameter and 50 mm height. The number of particles was defined according to the
initial mass defined to make the simulations and where average particle size is defined, and automatically
the particles are generated in a position inside the basket and considering a variation of 10% in the size
dimension. In addition to this configuration, additional information regarding the particles composition in

terms of moisture, ash, and volatiles is required.

Figure 57 illustrates the basket geometry including a set of particles with different sizes distributed
randomly. The gas phase is specified as hot air that is in direct contact with the particles and although

its presence is not simulated, heat transfer conditions are derived to replicate those inside the reactor.
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Figure 57: Particles configuration in the basket from the small-scale reactor.

Regarding the boundary conditions necessary to predict the thermal degradation of the biomass particles,
an effective heat transfer coefficient has been introduced. In addition to the normal convective heat
transfer, as the particles are introduced into a hot environment, the radiative constituent needs to be
accounted for. Equations (103) to (105) present the mathematical expressions used to compute the
effective heat transfer coefficient. The convective parameter is derived from Equation (98) while the

radiation term is obtained by linearization of the Stefan-Boltzmann law for thermal radiation.

heff = hrad + hcv (103)
h 2K
D, (104)

hrad = EU(T\,fa" +Tp2)(Twall +TP )

(105)

The heat flux received for the particles, was estimated through the calculation of the heat flux provided

by the small-scale reactor as defined by Equation (106):

s = (Tok =T (106)
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CHAPTER 6

PHYSICOCHEMICAL CHARACTERIZATION

This chapter presents an assessment of the physicochemical properties of the fuels selected for this work
(ET, EB, EBA, PT, AT, AB, and OB). Each fuel is fully characterized in terms of chemical composition by
proximate and ultimate analysis and its calorific value. The assessment of the variability of the fuel
properties is important to understand the combustion behavior. Furthermore, this chapter examines the
variation in terms of the thermal properties and also the ash elements to evaluate the tendency for
slagging and fouling. For these experiments, the different parts of the fuels were not considered, and the
core of biomass was used. Larger particles of the previous samples were subsequently analyzed in terms
of their physical characteristics. All analytical results are presented alongside a discussion and

comparison between the fuels.
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6.1 Physicochemical Analysis

The results from the physical and chemical characterization of the fuels considered in this work are
summarized in Table 32. Based on these results, it is noteworthy that, on a dry basis, all solid biomass
samples contain a fixed carbon (FC) and ash content variable in the range of 6.2 to 21.6% and 0.6 to
4.2%, respectively, while the volatile matter (VM) content is considerably high (77.8 to 88.9%). Comparing
the different fuels, ET, EB, and EBA samples have the highest VM content along with the highest ash
content and lowest FC content. Additionally, from the core part of the fuel to the exterior part, bark, and
branches, considering the eucalyptus samples, the ash content increases, and the VM content although
does not have a clear trend, the VM content is lower. Saarela et al. [431] also found the same behavior
for pine samples and stated that the ash is mainly higher for bark than wood. However, for acacia
samples, the results follow the same trend for the VM content, but the ash content is similar. Regarding
the moisture content, it was found to range between 2.1 and 11.5%. The presence of water has a negative
influence on the combustion behavior and affects the physical properties of the samples. Even for fuels
collected at the same time from the same source, the moisture content can vary significantly. If there is
a higher moisture value, ignition of the fuel will be difficult, and the heating value will be reduced due to

the higher moisture content and the need for more heat to dry the fuel.

Table 32: Physicochemical properties and calorific value of the different biomass fuels.

Acacia Eucalyptus Pine Olive

Property Parameter
Trunk* Branches Bark Trunk* Branches Trunk* Branches
Physical Analysis Moisture (%) 5.0 62 34 21 67 115 112
Volatile matter (%, db) 818  77.8 89.6 889 829 837 81.5
Ashes (%, db) 1.1 0.7 42 1.0 32 08 1.8
Fixed Carbon (%, db)  17.1 215 62 101 139 155 16.7
Chemical Carbon (%, db) 4540 5240 4310 47.20 5590 47.30 49.40
Characterization Hydrogen (%, db)  6.88 738 646  7.03 755 640 6.95
Nitrogen (%, db) 077 321 025  0.11 144 013 0.24
Sulfur (%, do) 001 004 001 001 001  0.99 0.88
Oxygen (%, db) 4694 3697 50.18 4565 3510 45.18 42.53
Calorific Value HHV (MJ/kg) 17.14 2041 1520 17.56 2230 19.10 17.71
(dry basis) LHV (MJ/kg) 1566 1881 1381 1605  20.67 18.60 16.22

* without bark
db - dry basis
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From the analysis of the VM and FC content, as highlighted in other investigations, the reactivity of the
fuel, which means the reaction rate at which the fuel becomes gas, is proportional to the VM content
[42,432]. High VM indicates the generation of large amounts of gas (volatiles) during the conversion
process facilitating the devolatilization reaction to produce permanent gases. Furthermore, since the fuel
fraction that is subject to heterogeneous reactions is the fixed carbon, fuels with high FC content feature
a slow combustion condition. Consequently, a VM/FC ratio can be evaluated to establish the ease of
ignition or combustibility degree. A high ratio means that the biomass is an adequate fuel and more the
biomass is reactive, due to its high VM content. Hence, to allow visual comparison between the different
fuels and a better perception of the differences between them, Figure 58 represents the results of the
physical analysis. It is possible to state that EBA and ET are the samples more reactive and can be

considered more appropriate for combustion processes.

Ashes are closely associated with problems like corrosion, agglomeration, and incrustations, in particular
when they include a high content of alkaline oxides and salts [433,434]. From this perspective, despite
having a high VM content, the EBA sample may lead to disadvantageous results in the energy conversion

process.
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Figure 58: Reactivity of the samples. The arrow symbolizes the direction of the increase in the reactivity of the samples.
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The large variations in fuel properties are in line with the range of values presented in the literature and
presented in Chapter 2. Furthermore, the differences are important to establish which fuel is more
suitable. Regarding the chemical characterization presented in Table 32, it provides the weight percentage
of carbon, hydrogen, nitrogen, sulfur, and oxygen on a dry basis. The two chemical elements with higher
contributions are carbon and oxygen, ranging from 43.10 to 55.90% and 35.10 to 50.18%, respectively.
The content of hydrogen in the samples is very similar at approximately 7. In its turn, nitrogen and sulfur
are present in the samples in very low quantity, almost undetectable, and vary between 0.11 to 3.21%
and 0.01 to 0.99%. The presence of these two elements is linked to the formation of pollutants. Thus, it
is expected that the combustion of pine and olive, with a higher amount of sulfur, will result in higher
emissions of SO,, while acacia presents a significant amount of nitrogen, and NOx emissions are expected
to be higher compared with other fuels. A simple and useful approach to compare and classify the
different solid fuels is the van Krevelen diagram, which consists of the plot of the hydrogen to carbon ratio
(H/C) versus the oxygen to carbon ratio (O/C) [124]. Figure 59 presents the selected solid biomass fuels
plotted on a van Krevelen diagram. The premise of this classification method is that solid fuels that fall
within groups will have similar properties, regardless of their type. Biomass fuels, typically, presenta H/C
and O/C ratio between around 1.35 to 1.52 and 0.63 to 1.16, respectively [206]. Therefore, the fuels

considered in this work fall in this category.
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Figure 59: van Krevelen diagram of the selected solid biomass fuels. The arrow symbolizes the direction of increase of
the heating value.

150



Chapter 6 — Physicochemical Characterization

This type of information can be correlated to the fuel calorific value and extended to evaluate their
reactivity. Lower calorific values are obtained for higher proportions of oxygen and hydrogen, compared
with carbon, due to the lower energy contained in carbon-oxygen, and carbon-hydrogen bonds, than in
carbon-carbon bonds [432]. Hence, from this diagram, it is possible to verify that AB and EB are the fuels
with higher calorific values. Furthermore, taking into account the information presented in Figure 60,
these fuels are not so reactive as EBA and ET. Regarding the calorific value measured using the bomb
calorimeter equipment, an analysis was performed on a dry basis to make a clear comparison between
the different fuels, although, for practical engineering calculations, the dry basis is not useful since the
fuel is not supplied to the boiler dry. The measurements were also compared with the estimative given
by the correlation proposed by Friedl et al. [414]. As presented in Figure 61 there are discrepancies
between the measured values, converted for net calorific value considering the moisture content, and the
values predicted by the empirical correlation. The discrepancies vary between 3 and 31%, with an average
of 12%. The values from the Friedl equation suggest that there is no significant influence on the chemical
composition since the results are around 20.5 MJ/kg. However, it can be observed from Figure 61 that

between the measured and calculated values there is a correlation with a coefficient of determination,

Re=0.79.
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Figure 60: Variation of the volatile matter content of the different samples according to the different ratios: a) hydrogen to
carbon, and b) oxygen to carbon.
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Figure 61: Comparison of the measured and predicted gross calorific value.

6.2 Thermal Properties

Figure 62 presents the average value of three thermal properties as a function of density, resulting from
three runs for each sample. The experiments were carried out at an ambient temperature of 21 °C and
represent the geometrical mean value of the thermal properties in the probed sample volume.
Furthermore, all samples used in the experiments were submitted to the moisture control procedure
described in Annex C to achieve a 20% moisture content. As it is possible to observe, the thermal
conductivity is strongly correlated with the density. By examining the experimental results, a linear
function can represent the relationship between density and thermal conductivity for these fuels. This
correlation is the basis of modeling the thermal properties of some solid biomass fuels [40] and can be

used for deriving mathematical models used for heat transfer and thermal conversion studies.

The plot in Figure 62 can be used to compare the various solid biomass fuels considered in this study. It
is clear from this plot that Olive has a significantly higher thermal conductivity than the other materials.
The volumetric heat capacity, along with the thermal conductivity controls the rate of heat dissipation
within the bulk of the sample, Olive also presents a significantly high value, although the other fuels
present similar values. Mason et al. [435] analyzed the thermal conductivity of fifteen different solid

biomass materials, and olive was also the fuel with the highest value.
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Figure 62: Variation of the thermal properties with the density of the samples: a) thermal conductivity, b) heat capacity,
and c) thermal diffusivity.
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However, in its turn, the thermal diffusivity, Figure 62 c), present similar values for all fuels. This property
controls the transient response of the sample to a thermal perturbation, which may reveal the effect of
the structure on heat conduction in the material and the dynamics behind the conduction mechanisms
[436]. As reported by Kuznetsov et al. [40], the structure and composition of the samples are important
factors that contribute to the difference in the thermophysical properties, and this is why the first two
parameters present evident discrepancies. In particular, the density exerts a considerable influence on
the transmission of heat through the fibers of the samples [436]. Hence, the thermal conductivity of all
investigated fuels, according to the experimental measurements, corresponds to the range of 0.239 to
0.404 W/mK, and the heat capacity is within 0.855 to 2.442 MJ/m:K; and the thermal diffusivity is
between 0.187 and 0.258 mmz/s. These results are within the range of values presented in the literature
by Suleiman et al. [436], Guo et al. [437], and Mason et al. [435]. Additionally, a linear regression function
for the relation between the thermal conductivity and density can be derived from the results presented

in Figure 62 a):

k =0.0003p+0.0534 (107)

The mathematical expression presented in Equation (107) has a correlation coefficient of 0.992.

In addition to their dependency on density, k varies considerably with the moisture content. To account
for the effect of moisture content in the test samples, after the first experiments, a pair of samples were
dried in an oven at 105 °C, for over 24 h, in order to use dry samples in the experiments. Figure 62 also
presents the mean thermal properties values for dry samples, and the results show a linear reduction,

although the variations are not equal for all fuels.

Thus, several conclusions can be drawn from the analysis of the present results. First, the ranges of the
thermal conductivity, heat capacity, and thermal diffusivity for typical solid biomass fuels are particularly
wide, presenting values that can vary by a factor of 2. Second, the number of properties that significantly
affect the thermal properties results is relatively substantial and involves mainly the physical properties
of the samples, although the temperature of the samples is another property that influences the results.
In its turn, variation of internal temperatures and heating rates in the particle, which will affect the reaction
kinetics, are due to the differences in thermal conductivity [438]. Furthermore, it is important to point out
that through the results presented in Figure 62, the heat capacity and thermal diffusivity appear to be
dependent on the solid biomass material in terms of chemical properties and structural arrangement of

the fibers, while thermal conductivity varies almost linearly with the density of the biomass.
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6.3 Ash Composition Analysis

Regarding the ash composition, a preliminary assessment was performed by applying the XRD technique
in order to determine the phases that contained the main chemical compounds. For the eucalyptus
sample it was calcite, which means there is a significant amount of Calcium (Ca). However, for pine,
acacia, and olive samples, it was not possible to detect accurately the different compounds. It was only
possible to verify that Magnesium (Mg), Potassium (K), Ca, and Aluminum (Al) elements are constituents
of the three samples. In addition to these four chemical elements, Sodium (Na) is also present in olive

and acacia, while in the former fuel, Iron (Fe), Silicon (Si), and Titanium (Ti) are also present.

Since the XRD technique was unsuccessful to identify ash compounds, alternative techniques like EDX
and X-ray Fluorescence (XRF) were assessed to detect the chemical elements present in the ash samples.
Figure 63 presents the differences (in module) in the results of the chemical composition from both
experimental techniques. There is a significant difference in the percentage of Al, Si, Phosphorus (P), K,
Sulfur (S), and Ca, while the difference in the contents of Ti, Manganese (Mn), and Fe is minor.
Furthermore, with EDX it is possible to detect important elements like Carbon (C), Oxygen (O), Mg, and
Na but with XRF this was not possible. Table 33 presents the composition of these four elements for the
different fuels, and Figure 64 presents the EDX spectrum obtained from one of the three measurements

for each solid biomass sample.
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Figure 63: Difference between the results of the two experimental techniques used to determine the chemical composition
of the ash.
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Table 33: Other elements detected in the ashes using the EDX technique.

Eucalyptus Pine Acacia Olive
C 9.87 8.84 9.70 8.10
0 37.08 38.91 43.42 36.14
Na 0.43 2.05 8.23 0.32
Mg 5.93 11.11 5.03 1.95
K|Ka O[Ka
MgKa
K Ka
CaKa
0 Ka
eLl
KJIJ
MgKa CaKa

2.00 4.00 6.00 keV

a) b)

KKa

CaKa

NaKa

200 4000 keV 2.00 400 6.00 keV

c) d)
Figure 64: EDX spectrum of one measurement for samples of: a) eucalyptus, b) pine, c) acacia and d) olive.
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From Table 33 it is possible to observe that O is the most relevant element in the ash composition, which
means that the ash content is composed of oxides. In order to assess the occurrence of undesirable
phenomena related to the ash content, an estimative of the ash compounds can be found through an
element-to-stoichiometric oxide conversion considering the molecular weight of the element and the
compound. Consequently, considering the main elements present in the ash samples, the relative content
of the nine main oxides in the ash for the different samples was calculated and is presented in Table 34.
The data show a clear contribution of Ca, Mg, Na, K oxides, and compounds like phosphorus pentoxide
(P.,Os). These results are in line with the results from the XRD technique although, in addition to the
indications, K,O and P,O, present a significant presence in eucalyptus and olive ashes, respectively.
Furthermore, this data presents some similarities to other reported in the literature. For instance, Vassilev
et al. [439] presented an extended overview of the chemical ash composition of 141 varieties of biomass,
including eucalyptus and olive samples. The authors identified the Si, Ca, and K oxides as the main
compounds present in both samples. Despite fuels having different origins, and the magnitude of the
contribution of each compound being different, the samples clearly present the same principal
compounds. Additionally, Vassilev et al. [37] in another extended overview, presented data of the chemical
ash composition from pine. Nunes et al. [434] analyzed the characteristics of the ashes derived from the
combustion of biomass and presented the ash composition of pine samples. In both studies, there is a
similarity in the main compounds. Nunes et al. [434] highlighted the contribution of a significant quantity
of oxides with low melting points, particularly K, which is associated to critical issues when biomass is

burned. This is verified in the four different fuels analyzed in this work.

Table 34: Estimative of the ash compounds based on the results from the EDX technique.

Compounds Eucalyptus Pine Acacia Olive
Fe,0, 0.00 4.54 0.00 3.98
Ca0 28.29 21.47 14.60 40.28
MgO 9.83 25.89 11.71 4.55
K.0 22.85 32.64 38.78 37.45
Na,0 0.58 3.88 15.59 0.61
Si0, 2.03 2.52 1.18 4.23
ALO, 0.58 2.43 0.69 431
TiO, 0.00 1.89 0.00 0.00
P.0, 7.03 8.81 3.00 18.00
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Furthermore, as discussed in Chapter 2, deposition and slagging indexes can be determined to help to
predict potential problems in boilers. Taking into account the results presented in Table 34, the slagging
and fouling propensity can be evaluated for each biomass fuel and, along with the measurements of the
heating value and ash content, the alkali index is also evaluated. The results of this analysis are presented
in Table 35 and Figure 65. These indexes provide only an indication of the probability of these problems

occurring and do not evaluate the melting behavior of the ash samples.

The results presented by the different indexes show that all solid biomass fuels considered in this work
have a higher propensity for of ash deposition. Hence, it is clear from the Fouling index, Figure 8, and R,,.
index, that there is a tendency for fouling problems for all biomass fuels, in particular for acacia since
their value is substantially higher than that for the other fuels. The occurrence of slagging is estimated
through the Slagging index. The data suggests there is no tendency to generate slagging for all the fuels
selected. The formula used to compute this index uses, the most important compound to promote
agglomeration, silica contribution (SiO,). Silica, at low combustion temperature, ranging from 700 to
1,000 °C, may easily agglomerate. However, for the four fuels analyzed, their contribution may be

negligible.

Table 35: Results of the deposition and slagging predictive indexes based on the chemical compounds.

Indexes Eucalyptus Pine Acacia Olive
R.. 23.43 (h) 12.91 (h) 43.10 (h) 10.18 (h)
Al 0.19 (m) 0.12 () 0.35 (h) 0.39 (h)
TA 0.33 (m) 0.37 (m) 0.54 (h) 0.38 (m)

Propensity: eh: extremely high, h: high, m: medium, I: low.
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Figure 65: Slagging and fouling propensity for the different fuel samples.
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6.4 Physical Properties of Larger Particles

Physical properties of the larger particles produced in this work, which include bulk density and particle
size, were determined after the moisture control procedure in order to have a consistent moisture content
of 20% for all particles. This procedure had to be performed since the density varies with the moisture
content and the accuracy of the measurements is affected by the density differences or inconsistent
moisture contents [440]. According to Ragland and Aerts [381], their value and the volume can increase
up to the fiber saturation point which is at approximately 30% of moisture. To ensure the accuracy of
each measurement, the experiment was repeated three times, and the average and standard deviation
values are presented in Table 36 for each particle size class. The different classes of particles were
obtained by sieving of eucalyptus particles. It is important to note that woodchips size and shape depend
on the chipper equipment use and biomass quality. For this analysis, a large trunk of eucalyptus was
used to produce long and narrow chips and, thereby, to obtain particles similar in size to those used in
industrial biomass power plants. Particles between 8 and 16 mm were the class more representative.
The average bulk density for eucalyptus particles ranges from 185 to 253 kg/m:. The lower limit was
obtained for larger particles since the void volume increases due to the irregular shape of the particles
and the thin structure. This analysis is valuable data since information regarding the properties of milled
wood provides an estimative of the energy density and is also one of the key parameters for designing
boilers and feeding systems. Kuptz et al. [441] and Shrivastava et al. [442] assessed the bulk density of
woodchips and similar values were reported. Furthermore, both values, particle size, and density, are a

characteristic of the biomass species and type of chipper used [443].

Table 36: Bulk density of the different classes of particles.

Particle Class Average Bulk Standard

Size (mm) Density (kg/m?) Deviation
3.15-8 253.35 6.28
8-16 228.50 6.31
16 - 50 185.29 4.64

It is important to note that particle size determination is not a straightforward procedure due to the

irregular shape of the chip. The chips can pass through the sieves if there are two dimensions smaller
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than the aperture. Consequently, narrow woodchips can pass the sieve if the with and thickness are
smaller than the aperture diameter of the different sieves used in the sieving process. This is an important
limitation of the screening method since elongated particles can pass the sieve and thereafter the particle
size distribution or the particles contained in particle class size does not correspond to the class limits.
Figure 66 presents a batch of the class of particles more representative after the milling process (8 to 16
mm). From this batch of particles, 10 particles were collected, and the three characteristic dimensions
were measured with a steel caliper in order to characterize the equivalent diameter of the particle. The
average length, height, and thickness are 42.47, 13.48, and 4.32 mm, respectively. Considering these
dimensions, the equivalent diameter of a spherical particle was determined, and its value is 16.78 mm.
This dimension and the bulk density are important parameters for the development of mathematical

models to describe particle conversion.
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Figure 66: Eucalyptus particles that were obtained from the sieving process for the class 8 to 16 mm.

160



Chapter 7 — Thermogravimetric Analysis of Different Fuels

CHAPTER 7

THERMOGRAVIMETRIC ANALYSIS OF DIFFERENT FUELS

This chapter presents a comprehensive analysis of the thermal decomposition and kinetic of eight
biomass fuels (ET, EB, EBA, PT, PB, AT, AB, and OB) in terms of combustion behavior through the TGA
technique. The development of experiments in a controlled environment, and repeatable conditions,
provide accurate measurements for different fuels and ambient conditions, to quantify the influence of
different key parameters. This is fundamental to understand the transport phenomena at the particle level
in order to obtain reliable results and information for further proper biomass combustion modeling of
large-scale equipment. For this purpose, a global model is evaluated to compute the conversion rate and,
consequently, describe the main biomass reactions during the combustion process. Hence, the

complexity of the kinetic study is addressed in this chapter.
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7.1. Test Conditions

The thermal conversion behavior of the solid biomass fuels considered in this work was analyzed by using
the TGA in non-isothermal conditions up to a maximum temperature of 900 °C. The first period of /n-situ
drying was performed to ensure the complete dehydration of the samples. Then, a dynamic heating run,
with a steady heat rate from 100 to 900 °C was carried out. But before this, as presented in Annex C, a
set of preliminary experiments was developed to guarantee that biomass combustion is only temperature
dependent, neglecting transport effects and, therefore, the experiments are performed in a pure kinetic
regime. There are several factors affecting thermogravimetric data and, consequently, the kinetic results.
Aspects such as the fuel type (physical and chemical composition) and its initial conditions (particle size
and weight), reaction conditions (heating rate and atmosphere), as well as the experimental data analysis
methodology for post-processing the results are important factors that should be considered before the

development of the experiments.

Hence, a parametric analysis was initially developed to understand the influence of the atmosphere, its
flow rate, the particle size, and also to evaluate the heating rate [176,244]. These were important
experiments to help identify proper conditions for the development of further thermogravimetric
experiments. Furthermore, a strategy to avoid the differences in the conversion process due to the
different moisture contents of the samples was designed, where a heating program considering an initial
drying stage was defined. Moreover, blank experiments were carried out to understand the effect of the
gas density variation in the weight measurement, which is commonly denominated as the buoyancy
effect. Although the variation of the weight measurement can be reduced, it is important to quantify since

the experiments are performed with a small amount of biomass.

Thus, based on the previous experiments, the TGA experiments were developed with particles with a size
between 0.125 and 0.25 mm, an initial weight of 10 mg, and an air flow rate of 100 mL/min. Additionally,
after the drying stage, heating rates of 5, 10, 20, and 100 °C/min up to 900 °C were considered.

7.2. Thermal Decomposition

The evaluation of combustion performance at the particle scale is important for understanding the
phenomena and acquiring accurate data to determine the kinetics of the different reactions. Since the
heating rate is one of the significant factors in the thermal decomposition, its influence is firstly analyzed.

Then, to deeply understand the conversion of these types of solid fuels, the differences between each
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type of fuel and their different parts are analyzed. During each thermogravimetric experiment, the values

of the temperature (°C), and weight of the sample (mg) were registered at 1 Hz rate.

7.2.1 Influence of the Heating Rate

Figure 67 presents for each fuel the influence of the heating rate on the variation of the normalized weight
loss by the thermogravimetric (TG) curve and shows the first derivative of the TG curve — known as the
derivative thermogravimetric (DTG) curve — representing the rate of weight loss profile. All the experiments
were carried out in an oxidant atmosphere. The dashed lines represent the DTG curves while the solid
lines correspond to the TG profiles. Looking at the different TG and DTG profiles, the conversion of all
biomass fuels takes place over a wide range of temperatures and can be divided into three different
zones. The first one is related to the drying stage, which during the experiments was performed at
100 °C for 20 minutes mainly to ensure that a large amount of moisture is removed from the sample.
Then, there is a progressive mass loss as the temperature increases. In this stage is where the highest
amount of matter is released. Hence, the range from around 150 °C to 400 °C is denominated as
devolatilization and is due to the decomposition of hemicellulose and cellulose fractions that are present
in the biomass fuels [136]. After devolatilization, there is another reaction that can be observed as the
slope of the TG curve changes. This third stage occurs at a higher temperature, is associated with the
char conversion, and can last up to approximately 680 °C. In this temperature interval, the reaction is
endothermic and is due to the decomposition of another polymer present in the biomass, the lignin [190].
The DTG curves help to indicate the components present in the biomass and to distinguish the three
different stages of biomass conversion by observing the three different peaks present in these plots. The
first peak, not as significant as the other two due to the low moisture content of the samples, takes place
due to the moisture release. Subsequently, a second narrow peak is observed within the previously
mentioned range of temperatures for devolatilization. However, there are fuels where the conversion
shows more than one visible peak in this stage. The last peak appears in a wider range of temperatures
and is associated with the slow conversion of lignin. The present results confirm the evidence already

reported in the literature [146,160,190,206].
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Figure 67: TG and DTG curves of: a)ET, b) EB, c) EBA, d) PT, e) PB, f) AT, g) AB, h)OB.
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From Figure 67, it can be observed that the trend is the same for all heating rates, although a shift to
higher temperatures is observed when the heating rate is increased. Consequently, the DTG curves also
present a similar shift to the right, consequently an increase in the temperature at each peak occurs as
higher DTG peaks are associated with higher combustion reactivity associated with the combustion of

volatiles. Hence, increasing the heating rate affects the heat transfer in the particle.

According to Chen et al. [186]. this is mainly due to the limitation in the rate of heat conduction into the
sample since the thermal conductivity of biomass is reduced which means that higher temperatures are
required to set off the decomposition process as the heating rate is increased. Additionally, in agreement
with Siddiqi et al. [190], the shifting of the peaks to higher temperatures with higher decomposition rates
is due to the increase of heat for the particles and the improvement of transport processes. However,
lower heating rates lead to almost complete decomposition, while for higher heating rates, due to the

thermal lag in the biomass particles, the residual weight increases.

Another important observation is that the second stage, corresponding to the volatile matter conversion,
is significantly enhanced by the increase in the heating rate. Nevertheless, the same phenomenon does
not occur in the third stage even though the peak at which it occurs increases with the heating rate.
Consequently, the char conversion is higher at lower heating rates, which suggests that due to the higher

residence time in the reactor, there are reactions that favor a near complete reaction.

The present results are in agreement with previous works reported in the literature
[136,160,186,190,444]. However, some of these works address the biomass conversion in an inert
atmosphere, and differ particularly in the last conversion stage due to the presence of oxygen that
enhances the conversion of the solid residue by at least in 15% [244]. Mishra et al. [136] also described
an effect of an increase of the peak temperature of around 30 °C for pine and more than 1% of volatile
matter released when heating rates of 5 and 20 °C/min are compared. Siddiqgi et al [190] also described
the same findings for waste biomass pyrolysis. In its turn, Alvarez et al. [160] studied the combustion of
twenty-eight biomass samples using four different heating rates and it was found the temperature at
maximum DTG of the second stage can occur at lower values, while the last stage can occur up to

627 °C.

Thus, the different characteristic parameters like T,,, T,, T,, T,, or m, are a function of the heating rate

ig ?
at which the particle is exposed. Considering the results from the present work, for instance, T, was
reduced from 4 °C up to around 90 °C when TG results from lower and higher heating rates are compared.

t, is also substantially reduced as the heating rate is increased, achieving values 3 times lower than those
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for 5 °C/min. Figure 68 presents an example of the variation of these characteristic parameters, which

are not directly observed in TG and DTG curves T, , T,, and T,, for the different parts of eucalyptus fuel.

Through these data, it is possible to observe that T, , t,, and t, reduced as the heating rate increased,

ig 1 tig?
while the opposite effect was observed for T, . These findings support the previously mentioned findings,
where the higher heating rates are responsible for shifting the TG and DTG profile towards higher

combustion temperatures.
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Figure 68: Comparison of the different parts of eucalyptus fuel in terms of characteristic parameters: a) ignition and
burnout temperature, b) ignition and burnout time, c¢) weight loss during devolatilization and char combustion, and d)
indexes of volatile matter release and burnout performance.
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However, R, and R, not present a clear influence on the heating rate. Nonetheless, if the small

fluctuations observed at intermediate heating rates are neglected, there is an inverse effect of the heating

rate in both parameters. As already verified, the weight loss during devolatilization, R,, tends to increase
up to 3%, while the weight loss during the char conversion, R,, tends to decrease, in particular for EBA,

which showed a reduction of 7%. Regarding the volatile matter release (V ) and burnout (B)
performance indexes, they present a strong correlation with the heating rate since the second and third
stages are substantially affected by this parameter. All characteristic parameters for every fuel, at the
different heating rates, are summarized in Table 43 in Annex C. Additionally, considering the patterns of
the TG and DTG curves between the different fuels, and the characteristic parameters, there are
significant differences between the three samples of eucalyptus. For the inner part of the eucalyptus, the
trunk sample, a higher mass loss was observed as well as a more effective conversion of the second
reaction. Consequently, the combustion of ET is more reactive. According to Vega et al. [206], the thermal
conversion of the inner part of biomass fuels is more evident due to their rich cellulosic structure, whereas
the outer part is rich in lignin. This is why EBA and EB fuels present a higher conversion of char. EBA
conversion in the last region still differs from the other fuels conversion as presents a small peak at lower
and higher temperatures, around 180 °C, and 725 °C, respectively. A reduced amount of other

constituents like extractives may be responsible for these variations [122,444].

7.2.2 Influence of the Type of Fuel

As previously referred, there are significant differences in the thermal conversion behavior of all different
fuels considered in this work, and also between their different parts. It is evident that the discrepancies
are related to the intrinsic differences in the chemical and physical composition as well as in the structures
and their thermal stability. The different contents of hemicellulose, cellulose, and lignin are important to
justify the differences between the TG and DTG curves. For instance, the differences in residual weight at
the end of the TGA experiments could be justified by the different contents of lignin, which are also
dependent on the fixed carbon content of the different samples. Figure 69 presents the conversion of the
biomass samples from the trunk part of the different fuels (ET, PT, and AT), for the lowest and highest
heating rates. As demonstrated in Table 32 (Chapter 6) AT has the highest fixed carbon content and at
lower heating rates this was the fuel with the higher residual weight. However, for higher heating rates AT

presented the lower m, since the char conversion increased, as opposed to the behavior presented by

the other fuels. Furthermore, it is important to point out that the ET conversion in the third stage presents
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a high reactivity since there is a higher mass loss rate represented by a slender peak in the DTG
thermogram. This feature is observed for lower heating rates, although at the higher heating rate the
differences between the fuels in this region are not significant. In contrast, differences in the second stage
can be observed. This is another important aspect that should be mentioned as both DTG thermograms
present large variations. At 5 °C/min the hemicellulose and cellulose, which should be converted in the
range of temperatures of the second zone, are converted at different temperatures while for higher heating
rates their degradation overlaps and only one peak is visible. The results presented in Figure 69 a) suggest
that hemicellulose reacts at lower temperatures, and the cellulose conversion occurs at a slightly higher
temperature [122]. Moreover, the differences between the three fuels could be explained by looking to
the volatile matter, but the cellulose content in these samples is another important factor that affects the

maximum weight loss rate.
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Figure 69: TG and DTG curves for the trunk part of the different samples at: a) lower heating rate — 5°C/min, and b)
higher heating rate - 100°C/min.
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Figure 70: TG and DTG curves for the branch part of the different samples at: a) lower heating rate — 5°C/min, and b)
higher heating rate - 100°C/min.
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Figure 70 compares the weight loss from the branch part (EB, PB, AB, and OB) of the four biomass
samples. For these fuels, there is no separation of the hemicellulose and cellulose conversion in the
second stage and the reactivity is lower than in the trunk samples. However, in the third zone, a higher
mass loss rate was observed as well as a degradation over a wider range of temperatures. Figure 71
presents a comparison of the characteristic parameters for the different fuels. In agreement with the
previous discussion, there are differences between fuels. The OB fuel shows a higher T but has the
highest value of V' since it is the fuel with higher R,. Regarding the performance in the last stage, EB
presents higher R, and B for lower heating rates, while at 100 °C/min PB degradation presented higher

values. As demonstrated before for the eucalyptus samples, t and t_ present the same trend but the

differences are reduced when the four fuels are compared, in particular at higher heating rates. This is

an indication that thermal conversion is more dependent on the heating rate than the type of fuel.
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Figure 71: Comparison of the different biomass fuels (from the same part of the tree — branches) in terms of characteristic
parameters: a) ignition and burnout temperature, b) ignition and burnout time, c) weight loss during devolatilization and
char combustion, and d) indexes of volatile matter release and burnout performance.
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7.3. Kinetic Analysis

Based on the data generated from the TGA with the low heating rates, 5, 10, and 20 °C/min, the kinetic
parameters for the eight fuels were determined. However, taking into account the comments of Conesa
et al. [445] about the significant discrepancies in the kinetic results obtained in the literature due to:
a) different experimental methodology, b) data analysis approach, and c) calculation methodology, the
procedure described in Chapter 4.5 was firstly assessed. Figure 72 presents an example of the difference
between the data obtained by the TG experiment (Figure 72 a)) and the data after the postprocessing
developed using a MATLAB code to smooth and filter the weight variations (Figure 72 b)). This process
proved to be effective in the smoothing of the weight variation to avoid mathematical problems in the
differentiation and to filter the essential data where there is the thermal conversion of biomass for the

development of the kinetic analysis.

The activation energy was calculated using four different isoconversional methods, OFW, FR, KAS, and
Starink method. Although the overall reaction mechanism with a single first-order reaction model is
simpler to implement in a CFD model, as seen in the previous sub-chapter, the biomass conversion has
distinct reactions that need to be considered. The thermal oxidation of biomass is a complex process
involving a set of physical processes and chemical reactions and a single reaction cannot correctly
determine the kinetic parameters of biomass combustion. Consequently, the kinetic analysis relies on a
two-step consecutive reaction model, which is composed of the two essential single reactions that more

realistic describe the biomass combustion.
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Figure 72: TGA results: a) without preprocessing and b) after the application of the preprocessing methodology for ET at
20 °C/min.
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The reaction scheme is hypothesized as represented by Equations (108) and (109):

Biomass —%“— Gases + Char (108)
Char —2— Gases + Residue (109)

Hence, the two main conversion processes, dealing with the devolatilization and char oxidation are

modeled.

7.3.1 Evaluation of the Kinetic Method

The E calculated for all the isoconversional methods considered in this work was obtained by linear
regression, as indicated in Table 8 from Chapter 2. The plot of different terms enabled the determination
of E for a conversion range between 5% and 95%, using a step size of 5%, as recommended by ICTAC.
For example, Figure 73 presents the plots using the different specifications of the four kinetic methods

and the corresponding E was determined for each conversion by the linear equation [143].
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Figure 73: Curves obtained for the different methods: a) OFW, b) FR, ¢) KAS, and d) Starink for ET sample.
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Figure 74 presents an example of the results for E_ as a function of the conversion for the ET sample.

It can be observed that OFW, KAS, and Starink methods provide similar results, while using the FR method
the results are distinct. The first three methods are based on an integral form and, although there are
some approximations associated with the temperature function the results are similar. However, the FR
method is based on the differential form of the conversion equation, without assumptions to assess the
temperature function. Consequently, this method is sensitive to the experimental results with noise, zones
where reaction starts spontaneously, and is known to be more susceptible to inconsistent results [241].

However, the plot for E_ is useful to understand the nature of decomposition reaction and define zones

where the different reaction takes place. Table 37 presents the average E values considering the two

main reactions during biomass combustion.
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Figure 74: Activation energy value as a function of the conversion for ET. The red dashed line symbolizes the transition
from the devolatilization (Il) to the char oxidation (lll) reaction during the combustion of biomass.

Table 37: Average activation energy values (kJ/mol) obtained by the different kinetic methods for ET, PT, and AT.

ET PT AT
OFW
Devolatilization 172.01 161.41 177.00
Char Combustion 248.78 211.84 258.46
KAS
Devolatilization 171.27 160.40 176.68
Char Combustion 250.55 219.37 260.69
FR
Devolatilization 106.67 87.64 103.09
Char Combustion 148.02 129.16 236.85
Starink
Devolatilization 171.13 166.35 176.92
Char Combustion 248.69 215.53 260.93
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Nevertheless, the dependence of E, on conversion is an indication that this is made up of independent

and consecutive reactions. This is expected since biomass is composed of different components that

decompose in different temperature ranges. Hence, since E_ varies significantly with conversion,

isoconversional methods are not recommended [143]. This is because isoconversional methods assume
that E remains constant throughout the entire biomass conversion process, which can lead to
systematic errors [122]. To overcome this limitation, the CR method has been successfully applied to
determine the kinetic parameters [129,133,149,150,157,160,203,204,446]. Hence, subsequently, the
fitting of the CR method was evaluated using four types of simple reaction models, the 1= and 2~ order
reaction model and the 1D and 2D diffusion model. Figure 75 presents an example of the linear regression
curves applying the separation based on the two different conversion stages of biomass combustion,
which present 65% of conversion. In Table 38, it is possible to verify the reaction mechanism selected to
fit the conversion of each fuel and the corresponding kinetic parameters obtained through the linear
regression equations. The linear correlation coefficient was higher than 0.906, representing a reasonable

and acceptable data fit for all biomass fuels considered in this work.
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Figure 75: Curves obtained for CR method considering a first-order reaction and for ET sample.
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Table 38: Reaction mechanism, linear regression equation, and kinetic parameters obtained through the CR method.

Fuel Reaction and Mechanism f (°C/min) Equation R: E (kJ/mol) A (min)

ET  Devolatilization / 2~ order 5 y =101295x +8.2521 0.992 101.30 2.34E8
10 y =101251x +7.8343 0.991 101.25 3.08E8

20 y =100489x +7.2413 0.990 100.49 3.37E8

Char oxidation / 1D diffusion 5 y =15839x—10.5 0.908 15.84 0.26

10 y =16605x —10.452 0.906 16.61 0.58

20 y =17569x —10.335 0.973 17.57 1.37

EB  Devolatilization / 2 order 5 y =51765x—2.7084 0.997 51.77 2.07E3
10 y =49487x—3.414 0.997 49.49 1.96E3

20 y =47922x —3.9658 0.996 47.92 2.18E3

Char oxidation / 1D diffusion 5 y =29083x —8.6433 0.982 29.08 3.08

10 y = 31628x —8.387 0.985 31.63 8.67

20 y = 31225x—8.6433 0.994 31.23 13.24

EBA  Devolatilization / 2~ order 5 y =85654x+4.5529 0.998 85.65 4.89E6
10 y =86200x +4.327 0.999 86.20 7.85E6

20 y =82918x +3.3558 0.999 82.92 5.72E6

Char oxidation / 2D diffusion 5 y =30592x —8.1818 0.985 35.48 5.15

10 y =30967x—8.2068 0.994 30.97 10.16

20 y =35476x—7.4913 0.985 35.48 47.61

PT  Devolatilization / 2~ order 5 y =98227x+7.0495 0.994 98.23 6.81E7
10 y = 97665x +6.498 0.996 97.67 7.80E7

20 y =95716x+5.6669 0.995 95.72 6.66E7

Char oxidation / 1D diffusion 5 y =21532x—9.6393 0.968 21.53 0.84

10 y = 24184x—9.2627 0.947 24.18 2.76

20 y = 20082x —10.082 0.971 20.08 2.02

PB  Devolatilization / 2 order 5 y =62339x+0.0238 0.997 62.34 3.84E4
10 y = 63929x+0.1433 0.997 63.93 8.87E4

20 y = 62681x —0.4084 0.997 62.67 1.00E5

Char oxidation / 1D diffusion 5 y =20051x—9.8785 0.998 20.05 0.62

10 y =22106x —9.5897 0.996 22.11 1.82

20 y =24687x—9.2734 0.991 24.69 5.58

AT Devolatilization / 2~ order 5 y =85995x+4.972 0.996 85.99 7.46E6
10 y =85790x + 4.5696 0.996 85.79 9.96E6

20 y =85606x +4.185 0.996 85.61 1.35E7

Char oxidation / 1D diffusion 5 y =19874x—9.7866 0.989 19.87 0.67

10 y =24213x—9.1003 0.990 24.21 3.25

20 y =29230x —8.3163 0.968 29.23 17.19

AB  Devolatilization / 2~ order 5 y =54053x —2.1273 0.999 54.05 3.87E3
10 y =52172x—2.7972 0.998 52.17 3.83E3

20 y =49453x —3.5741 0.996 49.45 3.34E3

Char oxidation / 1D diffusion 5 y =22176x—9.7457 0.994 22.18 0.78

10 y = 24926x —9.4639 0.997 24.93 2.33

20 y = 24551x—9.7265 0.995 24.55 3.52

OB  Devolatilization / 2~ order 5 y =87737x+5.2242 0.999 87.74 9.80E6
10 y =87342x+4.7329 0.999 87.34 1.19E7

20 y =86760x +4.2662 0.998 86.76 1.49E7

Char oxidation / 1D diffusion 5 y =14977x-10.721 0.978 14.97 0.20

10 y =15894x —10.643 0.906 15.89 0.46

20 y =19990x —9.9649 0.978 19.99 2.26
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7.3.2 Influence of the Type of Fuel

Taking into account that E means the minimum quantity of energy required to initiate the chemical
reactions, lower values correspond to higher reactivity. According to the kinetic data presented in Table
38, the biomass fuels can be ordered by their reactivity of the devolatilization conversion process as EB
>AB > PB > EBA > AT > OB > PT > ET. The values vary between 47.92 to 101.30 kJ/mol while, for char
oxidation, E ranges from 14.97 to 35.48 kJ/mol. The devolatilization conversion was best characterized
by reaction kinetics, using a second-order reaction model and the char oxidation was successfully
described by a diffusion controlled mechanism. The diffusion of oxygen to the char affects the combustion
process and should be considered the main mechanism of thermal conversion of biomass in the last
stage. The significant difference between the E values for the two stages is due to lower values of E
for lignin conversion when compared to cellulose degradation [160]; less energy is required to break the
chemical bonds in lignin. Additionally, as there are different thermal conversion behaviors in the last stage
of biomass combustion, the reactivity for this stage is defined as: ET > OB > PT > PB > AB> AT > EB >
EBA.

These results are in line with the results presented in Chapter 6 since it was demonstrated that Eucalyptus
samples present higher reactivity. Hence, the fuel type presented a significant influence on the E values
during biomass combustion. Regarding the effect of the heating rate, the dependence of E with the
heating rate was less evident and not all fuels presented a consistent trend with the heating rate.
According to the previous literature review on the kinetic of the biomass reaction presented in Chapter 2,
Magalhaes et al. [133] analyzed the effect of the heating rate on the kinetic behavior and a marginal
difference was also reported. Alvarez et al. [160] studied the kinetic behavior of different biomass fuels
including eucalyptus, olive, and pine and similar results were observed. In this work, the olive fuel also
presented a lower reactivity. Fang et al. [203] and Shen et al. [150] determined the E values of pine
combustion using a two-stage mechanism and CR method. Both works presented lower energy
requirements for char oxidation. Thus, the results from the present study are in the range of the reported
results in the literature, although a small variation was detected and can be attributed to the different

physiochemical compositions of the biomass fuels.

Regarding A, another observation should be highlighted since this parameter presented a dependence
on the heating rate. As the heating rate is increased, A also increased. As suggested by Siddiqgi et al.

[190] this behavior represents the increase in frequency and intensity of collisions among the molecules.
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7.4 Reconstruction and Modeling

Based on the E and A determined for the second and third stage, the conversion rate & can be

predicted based on Equations (110) and (111) or (112), respectively.

d 1 -E
Biomass —%— Gases + Char %ZEA-eXP(R—le-(l—OK)Z (110)
a g RT ) 2a
Char —¥=—> Gases + Residue
da, 1 -E, 1
T el ol 112

Two possibilities are considered for the third reaction stage since the best fit to predict the conversion of
EBA fuel differs from the other fuels. Hence, the char conversion is computed considering the 2D diffusion
mechanism for EBA fuel (Equation (112)), while for the other fuels the conversion is predicted by using

the 1D diffusion mechanism (Equation (111)).

Figure 76 illustrates the reconstruction and modeling of conversion as a function of temperature for
heating rates 5, 10, and 20 °C/min using parameters derived from the CR method. There are differences,
in particular, at the beginning of the conversion, and mainly for trunk samples (ET, PT, and AT). The
differences are due to the hemicellulose and cellulose degradation at different temperatures in the second
stage, and the average E for the second stage has some difficulties to reproduce the experimental
behavior. The difference between the experimental and computed curves is a measure of the applicability
of the derived kinetic parameters. To facilitate the comparison of the data, the square of the Pearson
product moment correlation coefficient through the experimental and calculated values was determined
for each fuel and heating rate. This value is interpreted as the proportion of the variance in the
experimental results attributable to the variance in the results. A value above 0.95 was obtained, which
corresponds to a good correlation between the experimental and numerical results. Therefore, the

differences may be satisfactory from the perspective of engineering calculations and predictions.
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Figure 76: Comparison between experimental and modeled conversion results for the different samples: a) ET, b) EB, c) EBA, d) PT,
e) PB, f) AT, g) AB and h) OB.
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CHAPTER 8

MAsS LoSS AND EMISSION ANALYSIS IN A

SMALL-SCALE REACTOR

During the combustion of biomass in a grate-fired boiler, each particle undergoes a sequence of different
reactions, and the phenomena differ from the conversion of a single, thermally thin, particle. Hence, this
chapter presents the results of isothermal combustion experiments using large particles in a small-scale
reactor. Firstly, the weight loss characteristics of eucalyptus, pine, acacia, and olive samples were
investigated at different isothermal temperatures. Additionally, the mass loss rate together with the
composition of the gases over the devolatilization period was analyzed for the main fuel used in power
plants, eucalyptus. This is particularly important to identify the transport phenomena effect and the
gaseous products released during the combustion of biomass. Finally, all the information collected in this
chapter, and the previous ones, are used in the XDEM to develop an effective numerical model to predict

the combustion behavior observed in the experiments from the small-scale reactor.
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8.1 Experimental System Debugging

Because of the heat and mass transfer limitations, usually neglected in TGA, a Macro TGA reactor was
designed to analyze fast thermochemical reactions. Furthermore, this apparatus enables the testing of
more realistic full samples that cannot be regarded by traditional TGA testing. In addition, specific
attention was focused to quantify the total products released in the combustion of the samples. However,
before the experimental campaign, calibration and verification procedures were carried out. Hence, before
the presentation and discussion of the results, this section aims to briefly describe the preparation

procedure of the experiments and the calibration experiments.

First, separate blank tests were performed to evaluate the internal heat transfer and to obtain the
background of the weight signal before the experiments. Three thermocouples (K type) were introduced
in the reactor to record the internal temperature at different positions and to assess temperature gradients
in the center of the reactor. This was important to understand which temperature should be defined in
the temperature controller in order to obtain the corresponding desired value for each experiment. The
runs to evaluate the weight signal were also important since there were disturbances detected due to the
interference of the steel wire that connected the basket and scale. After some modifications in the lid and
on both connections of the wire, basket, and scale, the gradient of the weight was minimal. Hence, the
weight of the basket was appropriately tared, the basket became stable, and deviations below 8 mg were
found during long experiments. Consequently, with this set of blank experiments, it was proved that the

small-scale reactor had acceptable stability and reproducibility.

Additionally, a set of experiments were concerned with the samples. The initial conditions are an important
parameter that should be maintained in each experiment. Neglecting possible variations in the chemical
composition of the same batch of particles, the moisture content and the dimension of the particles were
considered parameters of particular interest, and their influence should be controlled or quantified.
Experiments with random particles and particles from the 16 to 50 mm batch after the sieving process
were burnt and the mass loss variation presented slight differences. Since the woodchips present an
irregular structure, particles with fixed dimensions were produced to investigate the dimension that
influences the mass loss behavior. From the experiments performed, it was possible to observe that the
thickness is the key dimension. Although the woodchips present different lengths and/or widths, the
thickness is approximately the same and this is the reason for similar profiles of mass loss. Regarding
the moisture content, the strategy was to control and obtain similar values for all particles after the

experiments. As the moisture content of the particles used in power plants is generally higher, the
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maximum value that can be replicated in the laboratory, 20% of moisture, was defined as the setpoint. In
this way, the influence of moisture in the mass loss behavior was avoided. Experiments considering the
influence of the air flow rate were also considered but due to the limitations of the apparatus to collect
the flue gases, the air flow rate needs to be as low as possible to allow that only volatiles are captured.
Hence, the air flow rate was set at 0.1 L/min and the initial weight as 20 g, the maximum possible to
produce the higher flue gas amount. More details about the procedures and the results of the

experimental debugging are presented in Annex B and D.

8.2. Combustion Characteristics

This section presents the results of the combustion experiments using the solid biomass species
considered in this work, eucalyptus, pine, acacia, and olive. Figure 77 presents the feedstock burnt, from

the batch of particles within the 8 to 16 mm range.

c) d)

Figure 77: Samples of the different fuels used in the experiments: a) Eucalyptus, b) Acacia, c) Pine and d) Olive.
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All experiments were run in triplicate, under identical conditions, and the average values were computed

and reported as well as the standard deviation.

8.2.1 Influence of the Temperature

As temperature is one of the most important parameters in the thermal conversion of solid biomass fuels,

wide a range of temperatures covering low to high temperatures was performed. Figure 78 presents the

normalized sample mass variations for the different reactor temperatures and fuels, where their average

value is plotted over time along with the standard deviation as a shaded area. The experiments were run

for a long period of time, 30 minutes, in order to ensure the full conversion of biomass.
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Figure 78: Normalized mass as a function of time and temperature for: a) eucalyptus, b) acacia, c) pine, and d) olive.
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The mass loss behavior that can be separated into two different stages, each one showing a linear
variation. The first stage of the mass loss profiles presents a uniform slope until a certain point followed
by a second stage at a lower slope. The first stage is attributed to the overlapping of drying and
devolatilization reactions as they are thermal processes that occur at low temperatures and high rates,
while the last stage, which is extended over a long time, is identified with char oxidation. Hence, the
combustion behavior is significantly different from the previous conversion profiles analyzed in the TGA,
and the direct comparison between both profiles clearly shows that in the combustion process of larger

particles it is not possible to identify separate consecutive conversion stages.

The first stage is highly influenced by the reactor temperature and may vary from 650 to 150 s from low
to high temperatures. However, the last stage was not influenced by the temperature, suggesting the
presence of another predominant phenomenon and conversion mechanism in most of the biomass
conversion time. In the literature, for the char combustion phenomenon, it is generally agreed that the
conversion reaction is limited by kinetics and diffusion, the latter being normally the limiting factor of the
reaction rate [248,278]. Therefore, the results suggest that this conversion step is dependent on the
diffusion of oxygen and not dependent on the environment temperature. Hence, the mass loss profile of
larger particles combines the kinetic phenomenon and transport processes. Thus, during the combustion
of larger particles part of the sample may be in the devolatilization or char stage as well as others can be

unreacted.

Furthermore, another important aspect to mention, in line with the independency of the char conversion
with temperature, is that as the reactor temperature increases the mass loss profiles are closest. Although
the values of the normalized mass are lower for higher temperatures, there was a previous influence of
the temperature in the first stage which caused higher mass loss values to be obtained. However, it is
important to note that at low temperatures, in particular for 400 and 500 °C, considering the region
where there is the transition of the slope of the mass loss profile, approximately 74 to 80% of the initial
weight was converted. These values are close to the sum of the moisture content (20%) and the volatile
matter of different fuels (65 to 70%), which suggests that a small amount of volatile matter was not

released in the first stage.
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8.2.2 Influence of the Type of Fuel

As the different solid biomass fuels present different physical, chemical, and thermal properties, the
combustion behavior can present differences according to the fuel burnt. Figure 79 presents a

comparison of the normalized mass loss between the different fuels at the same temperature.
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Figure 79: Comparison of the mass loss behavior of the different fuels at different isothermal temperatures: a) 400 °C,
b) 500 °C, c) 600 °C, d) 700 °C, and €) 800 °C.
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The combustion behavior of the different fuels presents small differences. In particular, the differences
are detected at lower reactor temperatures, while at higher temperatures the profiles are almost
coincident within the experimental uncertainty. Although some authors, for instance, Becidan et al. [274],
argue that factors such as physical, thermal, and chemical properties are known to be relevant in the
decomposition of solid biomass fuels the present data suggests that, their influence is only relevant at
low temperatures while at high temperatures the combustion behavior is mostly dependent on the

reaction kinetics.

To further analyze the mass loss data, Figure 80 shows the difference between the different fuels in terms
of the mass loss during the first stage and the time necessary to complete the reaction. As it can be
observed, the mass loss during devolatilization increases with temperature for all fuels. The differences
between the different fuels become smaller with increasing temperature. However, eucalyptus, which has
a higher VM content, presents almost for all reactor temperatures the highest mass loss. This observation
is in line with the findings described in Chapter 6, where the reactivity of the fuels was correlated with by
the VM content. Hence, based on the data presented in Figure 4 a) the reactivity of the fuels studied can
be ordered by descending order of reactivity as follows: eucalyptus, acacia, pine, and olive. Pine and
acacia present similar values, although at 800 °C pine was the fuel with the highest mass loss. Another
important aspect to note is that pine is the fuel which has a stronger influence of temperature in the

conversion rate.
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Figure 80: Influence of temperature on: a) the percentage of mass loss during the first stage, and b) corresponding time
as a function of temperature.
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Hence, for pine, the ratio between the final mass at lower and higher temperatures was 8, while for
eucalyptus and olive was 2.8 and for acacia was only 1.6. Therefore, taking into account that at 800 °C
the residual mass of pine was close to the ash content (2%), it is possible to state that pine samples
present the best combustion performance at higher temperatures. Furthermore, from Figure 80 b) it is

possible to observe that the time to complete the first reaction was very similar for all fuels.

Regarding the second conversion stage, Figure 81 presents the percentage of mass loss as a function of
temperature. As it can be seen, there is no evident influence of temperature in this reaction. In addition,
the differences between the different fuels are within 3%. These results help to support the hypothesis

that char conversion is governed by diffusion.
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Figure 81: Percentage of mass loss during the second stage as a function of temperature.

8.3. Gaseous Emissions

During the experiments with eucalyptus particles, the gases, which include end-product gases such as
H,, CH,, CO, and CO,, released during the devolatilization period were collected in a sample bag. In order
to be able to collect the sample during the entire devolatilization period, the flow rate of the sampling
pump was adjusted to fill the bag within the time frame of the experiment. Then, the composition of the
samples was analyzed in a micro GC where three samples were removed from the bag and inserted into

the equipment to detect the concentration of the different compounds. Figure 82 presents the results
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from these experiments, and shows, in particular, that gaseous emissions are strongly dependent on the
temperature. The remaining volumetric fraction corresponds to the nitrogen content. Consequently, the
results reflect that the main gas compounds are produced through thermally favored reactions such as
oxidation. CO, and CO are always the main pyrolysis products, where CO contribution represents a
maximum of 13% and CO, 12% of the total concentration at 800 °C. The temperature dependence of both
compounds shows the same upward trend, although the CO yield is increasing from 8 to 13% between
600 and 800 °C, while the CO, yield is only slightly increasing from 11 to 12%. As mentioned by Becidan
et al.[264], the trend of CO, production tends to stabilize at high temperatures due to their formation
through the cellulose and hemicellulose conversion. These are reactions that occur mainly at low
temperatures and are not favored by the increase in temperature. In its turn, CH, and H, are the minor

compounds of the flue gas composition. CH, ranges from 1% at 500 °C to around 4% at 800 °C.
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Figure 82: Average gas emissions and standard deviation as a function of reactor temperature.
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The H, yield, a product mainly attributed to cracking reactions, is slightly increasing with temperature
from less than 1% at 500 °C to approximately 2.75% at 800 °C. The O, content is not necessarily formed
through the biomass conversion and is possibly resulting from the air introduced in the reactor or due to
the desorption of air adsorbed in the particles as also mentioned by Figueiredo et al.[447]. Thus, to avoid

any disturbance in the sample collection, the air flow was kept at low levels.

Considering the previous results, a general reaction describing the mass fraction of the main compounds
released during the devolatilization at the highest temperature, to simulate the hot environment inside an

industrial boiler, was established as represented in Equation (113):

Biomass ——> 0.07CH,+0.56CO, +0.36C0O+0.01H, (113)

Similar observations have been made elsewhere [46,247,264,266], these results are scarce in the
literature and represent extremely useful data for CFD simulation or mathematical purposes to fully
describe the biomass conversion. Neves et al. [247] found that at temperatures above 500 °C, the
permanent gas compounds strongly become temperature-dependent, leading to a substantial increase in
the CO mass fractions. This was considered a product of secondary reactions, which resulted in the
decrease in the tar mass fraction also due to the conversion to CH.. The same behavior was described
by Mehrabian et al. [46] based on dedicated experiments and data collected from the literature.
Secondary reactions of the volatiles are negligible at low temperatures, and most of the permanent gases
result directly from biomass thermal degradation. Within the low temperature range, gases like CO and
CO, are the main permanent gas compounds, with low quantities of CH.. As the temperature increases,
secondary reactions occur and an increase in CO and CH, are associated to the decrease of tar. Here,
due to higher temperatures, the yields of the volatiles have a strong correlation with the temperature, and
CO s considered responsible for the conversion of two-thirds of the tar. Although the tar was not measured
during the experiments, this is in line with the trend presented in the results presented in Figure 82.
Becidan et al. [264] investigated the main gas components from pyrolysis of thermally thick biomass
residues samples at 600 to 900 °C using an FTIR analyzer and a micro GC. The authors also mentioned
a clear dependence of the gas composition with temperature and observed a clear tendency of the
hydrocarbons yields to stabilize. Gauthier et al. [266] in the study of pyrolysis of beech wood particles for
temperatures ranging between 450 and 1050 °C also found a similar trend. The authors also reported
that at low temperatures the emissions are mainly composed of CO,, whereas pyrolysis above 800 °C

was found to produce mainly CO.
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8.4. Comparison with XDEM

In order to validate the mathematical model presented in Chapter 5 and verify the suitability of the thermal
and kinetic parameters determined in Chapter 7, the conditions of the experiments using eucalyptus
particles in the small-scale reactor were simulated. According to the macro TGA experiments, the
simulation model was prepared with 41 spherical eucalyptus particles with an average of 10 mm in
diameter, with a variation of + 10%, reproducing the initial weight of the experiments. The variation of the
diameter was defined to represent the random variation of the woodchips dimensions and, this
arrangement of particles reproduces the experimentally calculated bulk density for particle class between
8 and 16 mm. The VM and ash content of the eucalyptus samples were revised to take into account the
20% of moisture content of the particles used in the experiments. Table 39 summarizes the other
necessary parameters to define for the XDEM tool to compute the particles conversion. The values are
based on the previous works with biomass particles. Additionally, the heating conditions for the
experiment at 800 °C were determined and the heat flux was evaluated as 16.6 kW and the global heat
transfer coefficient as 106 W/mzK. These values are important to define the external boundary conditions

to the spherical particles.

Hence, considering all the initial conditions mentioned above, Figures 83 and 84 present the overall
behavior of the thermal conversion of biomass particles in terms of temperature and mass variation,
respectively. This is an interesting approach that allows to visualize the conversion of each particle and

evaluate their thermodynamic state over time.

Table 39: Main properties of the biomass particles considered for the simulation.

Parameter Value
Initial temperature (K) 298
Young's modulus (N/m?) 10,000
Poisson's ratio (-) 0.45
Restitution coefficient 0.50
Friction coefficient 0.80
Permeability (m?) 1.97E-14
Pore diameter (m) 5E-5
Particle porosity () 0.70
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Figure 83: Temperature variation of the particles over time.

The absorbed heat from the surroundings increases the temperature of the particles quickly, and the heat

is transferred to particles below by the heat transfer mechanism considered in the model used in this
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work. Furthermore, as shown in Figure 83 the particles with lower dimensions are quickly dried, and their
temperature suddenly rises to 1223 K, in around 2 minutes, due to the intensive radiative flux from the

surroundings and reactions.
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Regarding the mass of the individual particles, as observed in Figure 84, the fast heating of the particles
allows complete drying, devolatilization, and char oxidation after 2 minutes. After this time, a reduced

amount remains in the basket and is equivalent to the ash content of the eucalyptus.

In Figure 85 a comparison of the mass loss predicted with the simulation model and the experimental
average mass loss profile at 800 °C is performed. Despite small differences between the experimental
and numerical results, a good agreement between experimental data and the XDEM predictions was
achieved, mainly in the first stage of the thermal conversion. Comparing both results, the modeling
approach shows that the kinetic model adopted in this work presents some difficulties in predicting the
same mass loss behavior as the experiments in the second stage of the reaction. There is a significant
discrepancy in the mass loss in this period due to the reaction mechanism. Furthermore, differences
occur during the first seconds due to the fast heating and drying of the particles predicted by the
mathematical model. The agglomeration and dense arrangement of the particles in the experiments,
which prevents a uniform heat flux for all particles, are important factors that may cause a slower mass

loss.
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Figure 85: Comparison of the XDEM predictions with the experimental result of the mass loss at 800 °C.
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Although the modeling approach does not account for diffusion limitations inside the particles, only the
kinetics of the devolatilization and char oxidation reactions, the simplicity and reduced complexity of the
mathematical model, and lower computational requirements, make the approach more attractive than

more sophisticated models that require various specific parameters that are difficult to estimate.

Therefore, the modeling approach presents a useful option to describe the biomass combustion, and
further use of this tool coupled with CFD models to predict the combustion behavior inside biomass

boilers.
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CHAPTER9

NUMERICAL RESULTS

This chapter focus on the presentation and discussion of the numerical results from the 3D CFD
simulations. These are focused on the analysis of the dependency of the results on the mesh, assessment
of the nominal operating conditions, study of the influence of the biomass conversion on the vibrating
grate, and analysis of different air supply conditions. The results are presented in terms of the main
relevant parameters such as velocity, temperature, and emissions to provide an overall assessment of
the biomass combustion process. Numerical models are an outstandingly powerful tool for thermal and
fluid dynamics evaluation and prediction of the different phenomena inside the furnace. The model
developed can be used to analyze their operation using the nominal conditions and to provide an
advanced combustion analysis for improving biomass conversion along the grate and reducing pollutant

emissions.
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9.1 Grid Independence Analysis

In the freeboard, where the homogeneous combustion takes place, a lot of efforts to generate a high-
quality mesh were made. In CFD simulations, mesh plays a vital role in the accuracy of the results and
largely affects the convergence and time required to complete the simulation. Hence, firstly, a grid study
for estimating the dependency of the numerical results due to the discretization was carried out using the
three meshes described in Chapter 5: around 250k, 500k, and 1M cells. The reactive numerical
simulations were performed considering the nominal operating conditions. Temperature and velocity were
considered the variables of interest to assess the differences in the numerical predictions at two specific
locations. Figure 86 represents the two lines selected to analyze the results. The first line, at 3 m is
slightly above the first row of secondary air nozzles and the upper line is close to the outlet. More details

about the boundary conditions in the grate are provided in the next section.

The effect of the mesh can be seen in Figure 87. The results show some velocity and temperature
differences, in particular when the mesh becomes denser, and the number of cells is around 1 million.
The differences are higher closer to the grate. Consequently, to achieve reliable CFD results, the mesh
with the highest density was preferred and selected for the development of the sensitivity analysis. Meshes

denser than mesh 1 were also assessed however, the computational time was substantially higher with
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Figure 86: Location of the positions in the middle plane to analyze the grid independence results.
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Figure 87: Velocity and temperature profiles for the three grids.

9.2 Nominal Conditions

In this section, the CFD results of the previously selected mesh are presented in more detail. First,
regarding the conversion of biomass using the bed model, the different thermal conversion stages of this
process, since the primary air supply is split in the vibrating grate, three zones were considered along the
grate length. For each zone, biomass conversion rates were specified based on observations in the Power
Plant at Mortagua, which agree, in a broad sense, with values found in the literature [301,340,448].
These conversion rates can be found in Figure 88. Through the mass and energy balances presented in
Chapter 5, the gas flow rate and the composition of the flue gas that are supplied to the freeboard were

estimated. This information was then set as inlet boundary conditions for each zone.
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Furthermore, these boundary conditions rely on some assumptions such as the mass fraction of the
chemical species CH,, H,, CO, and CO,, based on the results of the experimental measurements carried
out in the small-scale reactor presented in the previous chapter. Considering the experience in the Power
Plant at Mortagua, there is a significant amount of unburnt fuel in the ashtray and it was considered that
only 80% of the char reacts. Furthermore, the radiation incident on the fuel bed top was based on the
results presented in the literature and adapted to the size of the boilers studied in this work [301,307].
Additionally, as the entire grate is not equally exposed to flame radiation and wall radiation, it was
considered that only 10% of heat flux is transmitted to the last section. Regarding the air supply conditions,
for the nominal operating conditions, the primary to secondary air ratio is 79/21 and the excess air is

40%.

Regarding the numerical results, the method by which air is supplied to the boiler is one of the most
important parameters in the combustion system. The design of the present boiler consists of two opposing
arches to concentrate the flue gas and, to improve the mixing with the secondary air introduced in the
side walls through small nozzles. In addition to the introduction of the oxidant in the main flue gas stream,
its location is also important to improve the mixing and control the combustion process. The effect of the
opposing arches, and the multi-level small nozzles, on the flow in the furnace, can be observed in Figures
89 and 90, where the temperature and velocity contours in the middle plan of the model are presented.
This design promotes a concentration in the center zone of the furnace, where the velocity is higher. The
fastest reaction rates are found around the ignition air nozzles where high temperature gradients are
observed. The design of the boiler was developed by Babcock & Wilcox [78,108] in the late 1970s
specifically for biomass combustion and aims to create a controlled combustion zone in the furnace.
Secondary air located within and below the arches penetrates and mixes with the volatiles released from
the bed. Furthermore, the two arches, present on the opposite walls, define a combustion zone and
create a smaller cross-section to promote the mixing of the combustion products. However, the result of
inadequate penetration and the presence of arches is that the flow entering the upper furnace is deflected
to the center, where the vertical velocity and temperature of the gases are high. This creates large
temperature and velocity gradients in the flue gas flow entering the convection section of the furnace
(superheater, evaporator, and economizer). The average temperature at the outlet of the domain was

994 °C.

In Figure 91 the velocity field is also illustrated by superimposing velocity vectors to present the dynamic
behavior of the flow in the upper part of the furnace. Apart from the secondary air nozzles providing

favorable reaction conditions in terms of oxygen, they also provide high turbulence levels in the arch zone.
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Figure 90: Velocity contour with the detail of the flow in one nozzle.
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Figure 91: Vorticity inside the boiler.

Figure 92 presents the profiles of the CO,, CO, and O, mass fractions. A general characteristic of oxidation
reactions is the occurrence of very fast rates in the secondary air injector regions. Secondary air injectors
provide favorable reaction conditions in terms of oxygen and high levels of turbulence, ensuring good
mixing of the oxidant with the volatiles. The fastest reaction rates are found around the secondary air jets
due to the greater amount of oxygen present for oxidation reactions to take place. Thus, the location and
design of these injectors are essential parameters in controlling the combustion process in the furnace.
The heat released by the chemical reactions provides the heat transfer by radiation to the surface of the
fuel in the grate, thus promoting the initiation of the drying and devolatilization processes. Consequently,
these injectors control and maintain the location of the reaction front on the fuel surface at a fixed position.
This is important to obtain an acceptable degree of fuel burn. Thus, the secondary air injectors, in the
arch of the furnace, supply the necessary oxygen to complete the combustion of volatiles and, in
particular, carbon monoxide. This can be observed by the contours of the mass fraction of both species.
The small injectors of the air system mix the oxygen supplied by them with the gases released, due to
thermal decomposition, thus promoting the rapid oxidation of CO in the lower region of the furnace. The

hottest regions in the furnace occur due to the oxidation of CO by the secondary air injectors. The regions
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where CO is around O and the CO, is maximum corresponds to the region where the maximum
temperature was obtained. It is also important to mention that the oxidation reaction of CO is controlled
not only by its mixing with oxygen but also by temperature. Additionally, CO is almost completely oxidized,
and there is only the central region of the furnace containing this specie due to the poor penetration of
the secondary air nozzles. However, at the outlet of the furnace, an average mass fraction of CO of 0.009
(779 mg/m?) equivalent to was obtained, which means that a small quantity of energy is lost due to

incomplete combustion.
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Figure 92: Distribution of the CO, CO,, and O, mass fractions.
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Therefore, CO emission is essentially related to the boiler design and the amount of air used in the
combustion process. In this way, the mixing of volatiles with the combustion air could be improved if the
penetration of the secondary air injectors was higher. Consequently, as can be seen, observed in
Figure 92, the CO released in the last sections of the grate does not react completely. Thus, by increasing

the penetration of secondary air injectors, the oxidation of combustion products will be improved.

Regarding the CO, emissions, the average mass fraction obtained at the exit was 0.12. With this result, it
is verified that the secondary air actually allows the oxidation of CO since its input in the simulation had
a maximum value of 0.08 (6.87% in volume). In contrast to the CO, mass fraction contour, O, presents
the opposite trend due to its consumption in the CO rection forming CO,. At the outlet, the simulation
pointed out a value of 9.5% (in volume) which is within the range of the data recorded during one week
of regular operation in the Power Plant at Mortagua. Furthermore, during one of the monitoring campaigns
to determine the emission levels of the Power Plant, the average CO, CO,, O,, and temperature in the
upper part of the boiler were 719 mg/ms, 11.7%, 9.1%, and 1080 °C, respectively. The direct comparison
of these values presents some discrepancies which may be attributed to the variation of the operating
conditions and the results of the bed model. In the grate, combustion instabilities and variations
associated with the fuel feeding in terms of properties during the normal operation of the boiler are
frequent, and it is difficult to predict the exact conditions for the CFD model. There are different
phenomena associated with disturbances in the bed like local burnout and channeling which could be
responsible for higher pollutant emissions and uneven consumption of the fuel. Therefore, the
discrepancies can be understood but, even though there are some differences between the baseline and
the experimental measurements, the baseline model allows to capture of the main flow and combustion

features with acceptable accuracy.

Moreover, regarding the supply of air in the furnace, the poor mixing in this type of equipment is often
due to the result of the utilization of relatively small diameter of the secondary air nozzles which provide
poor penetration into the flue gas flow. Consequently, a relatively simple solution to this problem would
be to use fewer injectors but with a larger diameter [78,108,358,361]. However, the distribution of the
injectors is also a very important factor in improving the combustion process in the furnace. If the space
between injectors is too small, there will be poor mixing between oxygen and combustion products as the
flow of air injected through the injectors will be affected. Choi et al. [449] verified the same problem in a
grate-type wood waste incinerator. The authors investigated how to reduce CO emissions by simply
retrofitting the existing facility without installing any extra equipment, and by changing the existing

operating conditions. The reduction of CO emissions was possible through a secondary air nozzle retrofit
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based on the jet penetration factor and the momentum flux ratio of a commercial wood waste incinerator
and a 3D CFD model was developed to predict how far the CO emissions would be over the limit after
the retrofit. Kaer et al [361] also reported the poor mixing experienced in a straw-fired grate boiler as a
result of the relatively small diameter of the secondary air nozzles, providing poor penetration into the
bulk flow. The author proposed a relatively simple solution with fewer nozzles with a larger diameter.
Another strategy was proposed by Jorgensen et al. [90,108]. These authors developed a numerical model
to compare a conventional overfire air system design typically used on biomass furnaces to a new
advanced design involving the removal of the arches and replacing the numerous small nozzles with a

smaller number of controlled penetration nozzles.

9.3 Influence of the Biomass Conversion on the Grate

The purpose of this section is to demonstrate different combustion regimes that can occur during the
operation of a biomass power plant. During the normal operation of an industrial boiler, the operating
conditions are constantly varying, there are combustion instabilities inside the fuel bed, the movement of
the grate affecting the combustion, and variations in the physical and chemical properties of the fuel
supply. Thus, it is important to present an overview of different scenarios that can occur in the biomass
conversion along the grate. Table 40 presents the cases defined for the evaluation of the combustion
behavior inside the furnace as a function of different considerations in the bed conversion model. All the

CFD simulations are based on the nominal operating conditions

Table 40: Cases defined for the analysis of the bed conversion model.

Biomass Converstion (%) Case 2 Case 3 Case 4 Baseline
Drying Section 1 50 40 80 70
Section 2 0 0 0 0
Section 3 0 0 0 0
Devolatilization Section 1 60 80 50 60
Section 2 40 20 50 40
Section 3 0 0 0 0
Char Oxidation Section 1 0 5 0 0
Section 2 70 75 50 60
Section 3 10 5 30 20
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The differences between the different scenarios can be evaluated in Figures 83 and 94. First, Figure 93
presents the velocity and temperature profiles in the middle plane of the computational domain. The
combustion, here evaluated based on the temperature, and velocity field pattern, as observed in the
previous results, is governed by the location of secondary air nozzles, and here the fluid flow configuration,
although the conditions in the grate are not the same, the flow patterns are similar. Only case 4 presents
a higher fluid flow in the last section of the grate since the bed conversion was shifted to this zone.
Additionally, the comparison between the three cases indicates that a higher temperature on the left hand

side of the boiler was observed for case 3. Higher temperatures can cause severe deposition problems.
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Figure 93: Temperature and velocity contours of: a) case 2, b) case 3, and c) case 4.
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In these conditions, secondary air nozzles must push the flame to the furnace center, and this is only
possible with a higher flow rate. The result of this increase in temperature is attributed to the biomass
conversion mainly in the first section of the grate and the reduction of the amount of energy for drying

the fuel.

Consequently, a higher amount of volatiles is released in the left part and, subsequently, their mixing with
the air supplied by the secondary air nozzles leads to a different combustion behavior when compared
with the other cases. Hence, through the different scenarios, it is possible to verify the modifications in
the combustion patterns in the freeboard. In contrast to case 3, as a higher percentage of char conversion
in the last part of the grate was considered for case 4, an increase in the temperature in the right wall of
the boiler was obtained. Therefore, the bed model apart from playing an important role in the freeboard
modeling can capture the dynamic behavior or modifications of the bed conversion in the grate. Through

Figure 94 it is possible to observe how the chemical reactions are sensitive to the grate inlet conditions.

The mass fraction contours are a useful tool to understand and evaluate the combustion phenomena.
Although case 2 presents the highest CO mass fraction released to the furnace, the design of the boiler
allowed to reduce its value considerably to 0.004, the lowest for the different cases tested. Hence, it is
essential to highlight that the combustion efficiency is improved when the biomass conversion is in the

first two sections of the grate.

In addition, through this analysis, it can be concluded that if the thermal conversion of biomass is moved

for the last sections of the grate, higher penetration of the secondary air nozzles is required.

9.4 Sensitivity Analysis of the Air Supply Conditions

Since the design of the air supply system plays a very important role in the efficient and complete
combustion of biomass, CFD simulations were developed to investigate the influence of this part of the
boiler. The split ratio of primary air to secondary air in a modern grate-fired boiler is 60/40 [32] while in
the thermal power plant at Mortagua, considering the nominal operating conditions, is approximately
79/21. Thus, there is considerable potential for improvement since in the previous analyses particular

attention was oriented to the need for higher penetration of the secondary air nozzles.
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Figure 94: CO, CO,, and O, mass fractions contours for: a) case 2, b) case 3, and c) case 4.
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Hence, considering the limitations concerning the air supply and the nominal operating conditions, two
different cases were analyzed modifying only the primary and secondary air split ratio. The first case was
defined by taking into account the need for more secondary air and a high level of turbulence in the upper
part of the furnace, resulting in a 40/60 split ratio. The second case was based on the split ratio value

defined by Yin et al. [32] for modern boilers, 60/40.

In the temperature profile illustrated in Figure 95, the highest temperature, around 2,000 °C, was
obtained in the first case and occurs due to the mixture of the flue gases with oxygen supplied by the
lower secondary air injector present on the right side wall of the boiler. Due to the higher amount of
oxygen supplied by the secondary air injectors, the maximum peak temperature was obtained in this case
when compared to the others. Providing a higher secondary air flow rate allows more oxygen to be
available for the oxidation reactions and, as a result of this retrofitting, a higher amount of energy is
released inside the furnace. For this reason, in the case with a 40/60 split ratio, there is an increase in
the average temperature inside the furnace to approximately 1,050 °C compared to the 988 °C obtained

for the second case.

It is interesting to note that in case 1, due to the supply of a higher secondary air flow rate, the flow
dynamics change significantly when compared to the results of the baseline model and 60/40 split ratio.
It is possible to verify that due to the higher penetration of the secondary air nozzles and, consequently,
higher turbulence generated inside the furnace, the flow is more deflected towards the right wall when
compared to the other cases. Hence, through the temperature contour, it is observed that the first injector
on the left wall has a relevant role in the determination of the flow and promotes the displacement of the
flow to the opposite side. The injectors that are inside the arches also direct the flow towards the lower
central part of the boiler, thus promoting a better mixing of the flue gases with the air and increasing the

residence time inside the boiler.

The CO reaction rate shows that higher values were observed in regions close to the secondary air nozzles.
This fact is essentially due to the higher penetration of the secondary air nozzles and higher availability
of oxygen resulting from a higher flow rate of secondary air. Thus, CO is almost completely oxidized to
CO,, and, at the outlet, the average mass fraction of CO is 0.0003, while for the second case its value is
ten times higher. This proves that penetration of the secondary air nozzles is a driving factor for promoting

higher oxidation of the combustion products.
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Figure 95: Temperature and velocity contours for the different cases: a) split ratio of 40/60, and b) 60/40

Apart from the influence of primary to secondary air ratio, another interesting variable is the temperature
of the primary air. Preheating of primary air is a common practice to improve combustion behavior and
to increase the efficiency of the power plant. Hence, considering the previous results, the 40/60 split

ratio configuration was selected to analyze the influence of the temperature of the primary air. In general,
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the temperature of the primary could reach temperatures up to 200 °C [281]. However, considering the
results presented in Chapter 3, temperatures around 100 °C are feasible for in this particular boiler.
Hence, a CFD simulation was performed to analyze the effect of preheating the primary air at 100 °C.
Figure 96 presents the temperature profile in the middle plane of the boiler, and it is possible to observe
that higher temperatures are obtained inside the furnace. The profile is similar to that obtained with a
40/60 split ratio however, the effect of the primary air preheating is visible mainly near the right wall
where a region with a higher temperature is observed. Higher primary air temperature also resulted in
improving the boiler efficiency in terms of pollutant emissions. Figure 97 presents a comparison of the
average mass fractions of CO, CO,, and O, between the previous cases and the present case. Although
the CO mass fraction was reduced, the higher temperatures in the furnace can cause negative effects
such as the increase in thermal NOx formation and the risk of grate and wall thermal damage. Considering
these issues, the increase of the primary air temperature should be verified and carefully assessed for
optimal combustion conditions since similar results can be obtained only by retrofitting the air combustion

system.
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Figure 96: Temperature field for the case with primary air heating.
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Figure 97: Average CO, CO,, and O, mass fractions at the outlet of the furnace for the different cases.
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CHAPTER 10

CONCLUSIONS AND FUTURE WORK

This work represents a comprehensive study addressing the gaps existing in the industry related to the
production of electricity from biomass. Hence, this work is intended to be an added value for both the
power industry and the academic community with scientific research driven by the close collaboration

between academia and industry.

Herein this chapter, the most relevant conclusions resulting from this work are presented. Although the
work developed presents some advances in the state-of-the-art, further improvements are identified in
order to tackle some of the limitations found in this work. In this sense, suggestions for future research

activities are put forward in this section.
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10.1 Main Conclusions

This thesis addresses biomass combustion by combining an industrial investigation, experimental
activities, and numerical modeling. The conclusions are summarized and highlighted by the assessment

of each methodology.

Industrial Investigation

The industrial investigation was focused on the operation of the industrial power plant at Mortagua. The
work evaluated the solid biomass fuel used, the overall combustion performance, the influence of the
primary air distribution on the grate and the time between grate vibration, and the identification of the

flue gas lower limit temperature. The main results and key findings led to the conclusion that:

e The fuel is highly heterogeneous, with the physical and chemical properties at a wide range. The
variations of the moisture and the ash content in the fuel highlight the influence of the time of year on
the physical properties of the fuel. Thus, the plant operators should pay attention to this information
to better control the power plant.

e |ncreasing the interval between the vibration cycles of the grate results in a significant reduction of CO
emissions. However, increasing this period may lead to some agglomeration problems in the grate.
The grate vibration promotes the mixing of the fuel particles, and it is also shown that in each vibration
cycle, there is a drop in the concentration of oxygen in the flue gases.

e (Concerning the primary air supply in the three different sections of the grate, the supply of a more
significant amount of air in the first two sections decreases the CO emissions. In the last third of the
grate, it is unnecessary to supply air because the fuel present in this location is almost completely
burned out.

e The use of empirical correlations for a quick estimation of acid dew point of the flue gas through the
heat transfer surface proved to be a reasonable method to improve the plant efficiency. The results
revealed that a large amount of energy can be recovered within corrosion free limits, for instance, to
preheat the primary air with benefits in the combustion process.

e Based on the previous findings, the installation of one waste heat recovery exchanger was assessed,
and the results suggested to be an economically attractive solution.

e The results are very useful to understand the impact of different parameters in biomass combustion

on the grate and the impact on gas emissions. The observations were meaningful for the development
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of control strategies to increase the efficiency of the combustion process and reduce the pollutants

emissions and develop a numerical model of the biomass combustion system.

Biomass Characterization

The experimental work included a systematic evaluation of the physicochemical and thermal properties
of different solid biomass fuels, which typically used in biomass power plants. Their combustion behavior
was analyzed at scales and conditions relevant to the operation in an industrial environment. The main

conclusions can be summarized:

e For the eight solid biomass samples analyzed the VM, FC, and ash content is highly variable.
Eucalyptus samples have the highest VM content along with the highest ash content and lowest FC
content. Consequently, these samples are considered the most reactive. However, the bark part of
the eucalyptus presents a high ash content which is disadvantageous in energy conversion processes.

e Based on the chemical composition, it is expected that the combustion of pine and olive, with a higher
amount of sulfur, will result in higher emissions of SO,, while acacia presents a significant amount of
nitrogen, and NOx emissions are expected to be higher compared with other fuels.

e Thermal conductivity is strongly correlated with density. Moisture content also appears to be a
parameter that influences the thermal properties. The ranges of the thermal conductivity, heat
capacity, and thermal diffusivity are particularly wide, presenting values that can vary 2 times.

e Furthermore, the heat capacity and thermal diffusivity appear to be dependent on the solid biomass
material in terms of chemical properties and structural arrangement of the fibers.

e Deposition and slagging indexes were computed through an estimative of the ash compounds based
on an element-to-stoichiometric oxide conversion. The results show that all solid biomass fuels have
a higher propensity for the appearance of ash deposition, being acacia the most notorious. However,
slagging is not expected to be problematic because of their low content of silica.

e The evaluation of combustion performance at the particle scale, by TGA, presented that the conversion
of all biomass fuels takes place over a wide range of temperatures, which can be divided into three
different zones: drying, devolatilization, and char combustion.

e By increasing the heating rate, it was observed a systematic shift of the mass loss to higher
temperatures. Consequently, the second stage was enhanced by this parameter, while the char
combustion was not favored, as lower heating rates enable a near complete reaction.

e Regarding the differences between the combustion behavior of the different fuels, a higher mass was

observed for the inner part of the fuels as well as a more effective conversion of the second stage
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reaction. In its turn, the outer part of the eucalyptus presents a higher conversion of char, which may
be associated with a higher lignin content of this fuel. Thus, differences in the chemical and physical
composition as well as in the structures and their thermal stability, justify the differences between the
TG and DTG curves.

Based on the TGA data, a kinetic analysis was performed and relies on a two-step consecutive reaction
model. The utilization of isoconversional methods proved to be ineffective in the determination of the
kinetic parameters since the activation energy is not constant throughout the particle conversion. To
overcome this limitation, the CR method was successfully applied to determine the kinetic parameters.
The devolatilization conversion was best characterized by the reaction kinetics model, using a second-
order model, and the char oxidation was successfully described by a diffusion controlled mechanism.
The oxygen diffusion to the char affects the combustion process and should be considered the main
mechanism of thermal conversion of biomass in the last stage.

The kinetic parameters during biomass combustion are strongly dependent on the type of fuel, while
the effect of the heating rate was less evident and not all fuels presented a consistent trend with the
heating rate. According to the results, during the main conversion stage, devolatilization, the branch
part of the fuels presented a lower activation energy value and eucalyptus is the most reactive fuel.
The kinetic parameters were used to estimate the conversion of the different fuels, and the differences
between the mathematical and experimental results were satisfactory from the perspective of
engineering calculations. In particular, there were differences at the beginning of the conversion,
mainly for trunk samples (ET, PT, and AT), and which may be attributed to the complexity of the
hemicellulose and cellulose degradation at different temperatures in the second stage.

For a scale relevant for industrial applications, a purpose built reactor was developed to study the
combustion of large particles and determine the mass loss and gas compounds released during the
devolatilization.

Woodchips were assessed in terms of their dimension and bulk density. Being of irregular shape, the
equivalent diameter of a spherical particle was determined for the most representative particle size
range (8 to 16 mm), at 16.78 mm. In its turn, the bulk density ranges from 185 to 253 kg/m:.
Regarding the combustion behavior, the isothermal experiments showed that two distinct stages can
be identified for the mass loss, each one with a linear trend. This pattern of the combustion behavior
is significantly different from the TGA results and revealed that in the combustion of large particles

have the presence of consecutive conversion stages cannot be clearly identified.
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e The first stage, which includes drying and devolatilization, presented a dependency on the reactor
temperature, while the last stage was not influenced by the temperature. This fact highlighted the
influence of the diffusion mechanism, thereby combining the kinetic phenomenon and transport
processes in the combustion of large biomass particles.

e The influence of fuel type in the combustion behavior was only detected at lower temperatures, while
at higher temperatures the profiles are almost coincident. This fact shows that physical, thermal, and
chemical properties are only relevant at lower reactor temperatures, while at higher temperatures the
combustion behavior is only dependent on the reaction kinetics.

e (Considering the previous findings, the gas compounds released during the combustion of eucalyptus
presented a strong correlation to the reactor temperature, being CO, and CO always the main
devolatilization products.

e Although the experiments were performed at a laboratory scale, it provided insight to understand the
transport phenomena at the particle and particles level with different operating conditions and fuels.
This was an important task that delivers meaningful and trustworthy data essential to develop a

numerical model of biomass combustion systems.

Numerical Work

The numerical work consisted in the development of two different numerical models to thoroughly study
the different interconnected phenomena of the biomass conversion in a grate-fired boiler. The most

important conclusions can be summarized:

e The developed model using the XDEM tool, considering the setup designed for Macro TGA
experiments, which included the physicochemical and thermal properties, and the kinetic parameters
determined in the experimental work, provided similar results to the experiments carried out with
eucalyptus samples at 800 °C. The model fitted well to the experiments, although in the second stage
of the particles conversion, the char combustion, the kinetic model adopted in this work presents
some difficulties in predicting the same mass loss behavior.

e Despite the small differences, the numerical model provided an overall view of the thermal conversion
behavior of biomass particles in terms of temperature and mass variation. This was an interesting
approach that allows to visualize the conversion of each particle and evaluate their thermodynamic
state over time, and which demonstrated to be useful to perform coupled simulations with the CFD

model of industrial boilers.
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e Regarding the numerical model developed to study the biomass combustion in the grate-fired boiler
from the Mortagua power plant, the strategy used proved to be effective and a valuable engineering
tool to evaluate the design and nominal operating conditions of the present boiler.

e The results highlighted the importance of the contracting section in the middle of the furnace which
lead to a concentration in the center zone of the furnace, where the velocity is higher. However, this
configuration creates large temperature and velocity gradients in the flue gas flow entering the
downstream convection section of the furnace. Furthermore, the CO released in the last sections of
the grate does not react completely.

e The development of CFD simulations concerning different combustion regimes that can occur during
the operation of the biomass power plant provided interesting results and allowed to define strategies
to improve the performance of the boiler. From the different scenarios, it was possible to verify that if
a large percentage of char combustion or the combustion of the bed, in general, is moved to the last
sections of the grate, an increase in the temperature in the near wall of the boiler is observed and
higher penetration of the secondary air nozzles is required. Furthermore, it was verified that the design
of the boiler allowed to reduce the CO emissions considerably when the biomass conversion is
continued to the first two sections of the grate.

e Therefore, the bed model apart from playing an important role in the freeboard modeling allowed to
capture the dynamic behavior or modifications of the fuel bed conversion on the grate.

e |n addition to the analysis of the different combustion scenarios at the grate, modifications of the
primary and secondary air split ratio to 40/60 and 60/40, and the primary air temperature to 100 °C
were evaluated. The CFD simulations showed that due to the supply of a higher secondary air flow
rate, the flow dynamics change significantly, resulting in a higher penetration of the secondary air
nozzles. This results in lower CO emissions, in particular when the primary and secondary air split
ratio to 40/60 is used. This proves that penetration of the secondary air nozzles is a leading factor for
higher oxidation of the combustion products.

e The effect of the primary air preheating was also visible mainly in the right wall where a region with a
higher temperature and lower CO emissions was observed when compared with the baseline case.
However, the higher temperatures in the furnace can cause negative effects such as the increase in
thermal NOx formation and the risk of grate and wall damage. Therefore, the primary air temperature

increase should be further analyzed in more detail before considering it as a retrofitting solution.
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10.2 Suggestion of Future Work

Although the objectives of this work were accomplished, its development opened new opportunities of
research that should be complement this thesis. The physical and chemical complexity and the
comprehensive nature of biomass conversion in industrial boilers have opened new opportunities for
continuing the research and improving the state-of-the-art on biomass combustion and its modeling. For
future work, in the field of solid biomass combustion and its modeling, there are two particular issues

that seem to be important and that can be explored.

The first one is related to the experimental work using large particles. The development of experiments
using an inert atmosphere and an extension of the analysis to the other products of the biomass
conversion, in particular, the characterization of the tar, are important aspects that can be further studied
to complement this work and improve the particle conversion model. Additionally, the study of the reaction
kinetic from oxidative and inert experiments along with the study of the CO and CO, mass fractions
released during char oxidation are other important aspects that were considered essential to further
improve the mathematical model for the particles conversion. The available models in the literature were
determined for a certain feedstock, and the applicability to other kinds of biomass char or a different

temperature range is limited, and, with this study, the limitations found in this work will be complemented.

Besides the experimental work, the second issue is related to the CFD simulation and the integration of
the experimental data in the particle conversion model, the XDEM tool. The objective is to continue the
development of the coupled CFD simulations with the XDEM model that were initialized during this work
and obtain more details about the bed conversion on the grate and improve the gas-phase combustion

inside the furnace.
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ANNEXES

Annex A — Biomass Power Plants in Portugal
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Table 41: Dedicated Biomass Power Plants in Portugal. Source: Adapted from: [65,66].

Power Plant Date Location Electric Power (MW)
Altri — Termoelétrica Centroliva 1998 Vila Velha de Rodao 5
Altri — Termoelétrica de Mortagua 1999 Mortagua 9
Altri — Termoelétrica de Rodao 2007 Vila Velha de Rodao 12.5
Termoelétrica Terras de Sta. Maria 2008 Oliveira de Azeméis 10
The Navigator Company — Termoelétrica de Cacia 2009 Aveiro 12.5
Altri — Termoelétrica da Figueira da Foz 2009 Figueira da Foz 26
The Navigator Company - Termoelétrica de Setubal 2009 Setubal 12.5
Altri — Termoelétrica de Constéancia 2009 Constancia 12.5
Termoelétrica de Belmonte 2010 Belmonte 2
Termoelétrica de PALSER 2010 Sertd 3
Central de Biomassa de Famalicao | 2017 Famalicao 10
Termoflorestal 2017 Batalha 5
Central de Biomassa de Famalicao Il 2018 Famalicao 10
Central de Biomassa do Fundao 2019 Fundéo 15
Central de Biomassa de Viseu 2019 Viseu 15
Central de Biomassa do Juncal 2019 Juncal 5
Central de Biomassa da Chamusca 2019 Chamusca 3
Central de Biomassa de Mangualde 2020 Mangualde 10
Altri — Celbi 2° 2020 Figueira da Foz 30
*construction in progress Total: 208
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Table 42: Cogeneration Biomass Power Plants in Portugal. Source: Adapted from: [65,66].

Power Plant Date Location Electric Power (MW)
Altri — Cogeracao Celbi 1987 Figueira da Foz 70.96
Altri — Cogeracéo Celtejo 1992 Vila Velha de Rédao 30
Cogeracao SIAF 1996 Mangualde 3.8
Altri — Cogeracédo Caima 2001 Constancia 12.8
Cogeracao EUROPA&C Energia Viana, S.A 2002 Viana do Castelo 26
Cogeracao Amorim 2004 Santa Maria da Feira 1
The Navigator Company - Cogeracédo da Figueira da 2004 Figueira da Foz 95
Foz
The Navigator Company —Cogeracao Setubal 2004 Setubal 53.9
The Navigator Company — Cogeracéo Cacia 2005 Aveiro 35.2
Costa Ibérica 2011 Viseu 0.3

Total: 328.96
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Annex B — Moisture Control Procedure Validation

Since the moisture content of the samples can vary in a wide range, a procedure to ensure a constant
and equal moisture content in the different samples was used. The development of this procedure is
important to avoid the influence of the moisture content in the thermal properties, differences in the
thermal conversion behavior, and to allow an effective comparison between the different biomass species.
The procedure used in this work is based on the equilibrium moisture content concept between the
environment and the solid particles. It is known that moisture content in solid biomass particles is time-
dependent as presents a dependency on ambient conditions (temperature, pressure, and relative
humidity). This is because biomass is hygroscopic and at a certain temperature and relative humidity,
biomass will equilibrate to specific moisture content and will maintain until a new modification of the
environmental conditions. Hence, the creation of controlled environmental conditions in a closed volume
where the samples are stored is essential and makes possible a constant moisture content in the biomass

samples.

Therefore, this principle only requires the achievement of known environmental conditions, which can be
obtained economically through the utilization of a salt solution. The salt solutions provide a known target
relative humidity, and since the temperature in the laboratory does not present a significant variation, the
moisture content of the biomass samples can be previously known. The maximum possible moisture
content in biomass using this procedure is around 20% and for this is necessary an atmosphere with a
relative humidity of 97 to 99%. This is only possible with a salt solution of potassium sulfate. More details
about the equilibrium moisture content for a given temperature and humidity can be found in Trechsel et

al. [450].

Considering the previous information, the principle was verified using two samples, with around 10 to
14% of moisture, in a desiccator with a potassium sulfate solution in the lower part. The relative humidity
inside the desiccator was continuously monitored using a humidity sensor, SHT31 Smart Gadget with an
accuracy of + 2%, allowing to monitor its value over time. During the experiment, the samples were
removed from the desiccator in order to verify if their weight had changed. Figure 98 presents the variation
of the mass of the samples along the time, and it is possible to observe that the moisture of the samples
was increased along the time and two weeks are necessary to achieve and ensure a 20% of moisture

content in the samples.
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Figure 98: Variation of the mass of the samples along the time.

Although the experiment was successful, due to the long period the particles were subjected to a very
humid atmosphere, as can be seen in Figure 99, the formation of mold on the surface of the particles
was observed. Thus, the particles should not be exposed to a very humid environment for more than

three weeks.

a) b)

Figure 99: Appearance of the particles at: a) beginning and b) end of the experiment.
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Annex C — TGA Experiments

Auxiliary Experiments

Blank Experiments

In a TG experiment the temperature increase at which the air is subjected cause a variation in its density.
This effect cannot be neglected since the air density variation leads to an effect denominated buoyancy
effect and which is important to consider since the experiment involves a reduced amount of mass. This
effect depends on different factors such as the flow rate and the heating rate. Therefore, it is important
to account for this effect in order to report the effective mass of the sample during the experiment. Hence,
blank experiments are necessary to subsequently correct the result from the TGA. Taking into account
the heating rates selected to develop the TGA, a simple run for each heating rate was performed with the
crucible empty. Figure 100 presents the weight variation considering the initial weight report in the TG
equipment. As can be seen in this figure, the buoyancy effect is more remarkable, reaching the decimal
point of the initial weight of the sample. For the lower heating rate, 5 °C/min, the buoyancy effect is not
visible and an increase of the weight along the heating program was verified. This phenomenon happens
due to the configuration of the TG equipment, and the movement of the fluid flow overlaps the buoyancy

effect since the temperature increase occurs slowly.
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Figure 100: Blank experiments with different heating rates.
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The variations presented in Figure 100 were defined as background weight signals and were subtracted

in every experiment, and the real mass was computed.

Influence of the Initial Conditions

In order to better understand the influence of the different variables involved in the TG experiments, a
parametric analysis was initially developed. Hence, preliminary experiments to observe mainly the
influence of the atmosphere, the air flow rate, and the particle size were developed [176,244]. This study
is particularly important to define earlier the key variables and avoid diffusion limitations and keep kinetic

controlled conditions during the TG experiments.

The first issue analyzed was the atmosphere, this should be oxidant in order to guarantee a chemical-
kinetic reaction control similar to the conditions in industrial equipment. With this condition, the
complexity of the thermal conversion of biomass is addressed since the appearance of gas-phase reaction
between the volatiles and the air supplied is promoted as well as the char combustion is enhanced [244].
Consequently, experiments with oxidative atmosphere provided the following parameters higher than inert
experiments: i) maximum mass loss rate 15% higher; ii) average char combustion rate 5 times higher; iii)
heat released reaches 3.44 times higher. Therefore, this modification from inert to oxidant atmosphere
will result in a variation of the kinetic analysis. Furthermore, the oxidizing flow rate is important to be
sufficient to avoid secondary reactions near the biomass sample. In the preliminary experiments
developed with different air flow rates, as represented in Figure 101, similar results were obtained

although with 100 mL/min more heat was released and detected in the Differential Scanning Calorimetry.
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Figure 101: Influence of the air flow rate in experiments with the same conditions.
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Lower and higher values of the air flow rate were considered inappropriate due to the incapacity to avoid
secondary reactions or to be excessive and modify the thermal conversion [176]. Thus, 100 mL/min was

defined as the air flow rate necessary to carry out the experiments.

The second issue addressed was the particle size and initial mass of the sample. It is known that larger
particles and initial mass are related to heat and mass transfer effects, since spatial temperature gradients
are caused, and the diffusion of the air is increased leading to a diffusion regime. Considering the
knowledge acquired from the previous experiments [176], it was defined that to avoid heat transfer and
mass transfer limitations, the particle size should be smaller than 1 mm and the initial mass should be

around 10 mg.

Additionally, the heating program with in-situ drying was defined as a crucial step to minimize the influence
of the heterogeneity of the samples. Hence, if the samples present different moisture contents, the
thermal behavior will not be affected. The final temperature was adjusted in order to be enough to obtain
a complete decomposition. Initial 700 °C was defined however, some constituents of the solid biomass

present a conversion at higher temperatures. In this way, the final temperature was defined as 900 °C.
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Raw Data Assessment

Table 43: Characteristic parameters considered for thermal analysis evaluation and comparison.

Fuel B Temperatures Mass Loss Time Indexes
ue (oc/mi") Tig Tb T1 T2 Tmax DTGmean DTGmax Rl RZ mb tig tb | V B C
ET 5 241.78 423.96 309.02 416.42 416.42 21.20 0.58 59.41 33.64 0.155 55.28 90.01 4.26E-03 2.64E-06 1.70 4.97E-07
10 239.78 436.98 318.90 423.89 423.89 23.01 1.17 61.80 32.25 0.145 41.44 60.03 9.25E-03 2.87E-06 1.88 1.07E-06
20 238.42 448.47 328.18 423.93 328.18 24.93 2.14 56.98 30.92 0.184 35.75 45.59 1.53E-02 3.33E-06 2.19 2.09E-06
100 237.36 561.91 350.87 451.07 350.87 122.71 9.98 62.45 27.48 0.481 29.95 32.93 1.24E01 1.47E-05 3.24 3.87E-05
EB 5 239.47 476.82 313.68 435.70 313.68 2.90 0.57 48.66 41.82 0.448 54.68 102.18 5.19E-04 3.16E-07 1.95 5.99E-08
10 220.59 503.16 321.57 446.47 446.47 5.64 1.10 42.97 45,59 0.453 40.65 68.84 2.02E-03 6.36E-07 2.26 2.53E-07
20 207.92 530.03 336.67 451.63 451.63 14.57 2.15 42.48 45.30 0.391 33.71 49.72 8.69E-03 1.81E-06 2.80 1.37E-06
100 152.94 638.04 342.43 457.31 342.43 63.39 9.94 51.04 38.28 0.296 29.11 33.57 6.49E-02 1.05E-05 4.22 4.22E-05
EBA 5 240.55 43291 315.18 428.77 315.18 6.21 0.57 51.62 39.23 0.490 55.06 93.41 1.21E-03 7.21E-07 1.69 1.41E-07
10 234.19 429.65 326.22 419.17 419.17 36.34 1.12 55.07 34.86 0.318 40.90 59.40 1.50E-02 5.12E-06 2.10 1.72E-06
20 233.37 428.77 335.65 408.17 408.17 35.47 2.05 51.71 31.66 0.536 35.54 44.62 2.24E-02 6.25E-06 2.69 3.11E-06
100 148.60 547.86 356.69 726.63 356.69 89.77 9.52 53.41 32.40 0.914 27.95 31.54 1.02E01 4.58E-06 1.08 7.06E-05
PT 5 251.92 445,11 316.35 436.46 316.35 7.14 0.55 51.85 36.78 0.007 57.25 95.76 1.30E-03 7.46E-07 1.61 1.39E-07
10 247.39 450.12 328.17 440.06 440.06 24.05 1.09 54.60 33.21 0.102 43.28 62.54 8.89E-03 2.65E-06 1.81 9.52E-07
20 242.06 484.53 339.58 444.82 339.58 27.88 2.19 57.14 32.38 0.175 35.15 47.19 1.68E-02 3.22E-06 2.30 2.16E-06
100 240.67 579.16 374.80 505.04 374.80 111.47 9.98 61.99 27.83 0.192 29.62 32.74 1.15E-01 9.49E-06 2.60 3.32E-05
PB 5 232.17 443.93 298.05 433.13 298.05 3.46 0.54 47.61 38.96 0.24 54.09 96.29 6.64E-04 3.70E-07 1.57 7.60E-08
10 206.23 461.45 307.79 423.42 423.42 22.61 1.08 47.94 38.07 0.36 37.99 63.45 9.38E-03 3.08E-06 2.21 1.06E-06
20 199.27 494.73 315.32 430.09 430.09 23.03 2.11 48.77 37.45 0.27 32.70 47.49 1.48E-02 3.19E-06 2.57 1.69E-06
100 170.05 589.39 323.58 411.21 323.58 111.16 10.31 54.54 38.18 0.31 28.72 32.57 1.19E01 2.31E-05 4.79 1.75E-05
AT 5 238.62 421.24 308.75 404.83 308.75 5.08 0.57 54.83 36.22 0.56 54.46 90.78 1.03E-03 7.18E-07 1.90 1.20E-07
10 225.80 424.92 316.04 411.38 411.38 20.68 1.13 54.07 36.95 0.25 40.46 59.00 8.66E-03 3.04E-06 2.09 1.08E-06
20 217.41 417.51 312.98 389.47 312.98 58.08 2.11 51.09 36.14 0.15 34.93 44.18 3.76E-02 1.12E-05 2.62 6.22E-06
100 196.59 539.53 321.96 457.54 321.96 146.91 10.50 58.49 36.33 0.10 29.23 32.35 1.55E-01 1.71E-05 2.53 7.40E-05
AB 5 236.71 471.81 304.35 417.05 304.35 2.71 0.57 54.50 37.74 0.48 54.73 101.62 4.87E-04 3.34E-07 2.09 5.89E-08
10 210.91 505.79 317.73 511.51 317.73 5.27 1.15 57.11 35.51 0.30 37.58 66.84 2.10E-03 4.06E-07 1.52 2.69E-07
20 200.77 527.77 321.61 510.10 321.61 10.67 2.27 57.17 35.34 0.32 33.18 49.21 6.53E-03 8.77E-07 1.73 1.14E-06
100 165.86 680.97 332.70 504.08 332.70 57.00 10.03 56.09 34.19 0.37 28.63 33.38 5.96E-02 6.03E-06 3.01 3.05E-05
0B 5 240.99 437.76 313.61 429.19 313.61 6.67 0.57 58.18 32.75 0.02 55.33 94.43 1.28E-03 7.63E-07 1.70 1.49E-07
10 229.04 445.48 327.79 438.42 438.42 24.56 1.15 60.08 32.11 0.11 40.25 61.21 9.97E-03 2.96E-06 1.96 1.20E-06
20 224.65 451.47 336.07 428.49 428.49 30.05 2.24 60.34 31.13 0.18 34.45 44.99 1.94E-02 4.31E-06 2.45 2.96E-06
100 218.13 558.84 354.60 433.67 354.60 122.13 10.50 67.48 27.25 0.19 28.70 31.78 1.34E01 2.00E-05 431 4.82E-05

269



Annexes

Annex D — Debugging the Small-scale Reactor Experimental System

Temperature Calibration

Before the experimental campaign using the small-scale reactor, it was required to calibrate the
equipment in terms of the temperature set point. This preliminary experiment was essential to obtain the
relationship between the reactor display temperature and the real temperature inside the furnace. In this

way, with this information, it was possible to define the correct temperature in the controller.

The procedure was performed using three thermocouples (precalibrated) introduced in different positions
inside the reactor. Figure 102 presents the experimental apparatus used during this debugging test. As
shown in Figure 103, to obtain the desired setpoint temperatures to develop the experiments (400, 500,
600, 700, and 800 °C) a higher temperature needs to be defined in the temperature controller. During
the normal operation of the small-scale reactor, the thermocouple that is connected to the controller is
placed in the middle of the reactor wall but, during this test, the thermocouple used was the one placed
in the middle of the reactor. This was carried out to obtain more easily the deviation between both
temperatures since the temperature mentioned for each experiment is based on the temperature where

the basket with the biomass samples will be placed.

Figure 102: Experimental apparatus used for temperature calibrations.
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Figure 103: Temperature variation inside the reactor at different positions.

Thus, the deviation between the desired and the display temperature is between 30 to 40 °C. Hence, for
each desired isothermal experiment the deviation between the temperatures was known and the new

value to be defined for each corresponding experiment was defined.

Weighing Variation

The sensitivity of the scale to the temperature change and the flow induced on the basket were initially
evaluated. Although the temperature affects the result of the scale, to avoid this issue, the experiment
only starts after the interior of the reactor is at the desired temperature and, before the introduction of
the sample in the basket, in the LabVIEW, a signal is sent to the scale to null the scale. In this way, the
effects from the expansion of metal wire, or related to the buoyancy promoted by the reduction of the gas
density will not be taken into account using this procedure. Regarding the influence of the flow in the
wight measurements, after some modifications in the lid and in the connection of the wire that connects
the basket to the scale, preliminary experiments with the basket empty and different air flow rates
(including the maximum possible in the experimental apparatus — 70 L/min) were carried out. The results
are presented in Figure 104 and, as it is possible to observe, the variation of the scale measurement is

minimal when compared to the initial mass used in the experiments (20 g).
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Figure 104: Weight variation along with a blank experiment.

Analysis of the Operating Conditions

After the calibration process of the small-scale reactor and understand the influence of the operating
conditions on the weight measurements, combustion experiments were developed to observe the
influence of the air flow rate and the particle size on the combustion behavior, and also the influence of
the air flow rate in the gas collection. Figure 105 presents the influence of the air flow rate on the

combustion behavior of eucalyptus samples.

100%

Fast Combustion - 50 L/min

——Fast Combustion - 10 L/min

80% A ——Fast Combustion - 0.1 L/min

60% A

Mass (%)

40% A

20%

0% T T T T T T
0 50 100 150 200 250 300 350

Time (s)
Figure 105: Influence of the air flow rate during experiments with the same operating conditions.
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The air flow rate, as expected, presents a determinant profile in the combustion behavior of the solid
biomass particles. Although there are significant differences, the critical aspect of these experiments was
to understand the limit value to collect a gas sample and determine the volatiles composition. After some
modifications to the experimental procedure to collect the gas sample, the best configuration to capture
a sample during the first stages of the thermal conversion, was to introduce a probe in the middle of the
lid, close to the wire that connects the scale to the basket, and using the lower air flow rate as possible,

0.1 L/min.

Regarding the influence of the particle size of the samples, two samples of eucalyptus particles were
prepared. One sample was composed of a random set of particles collected after the milling process
while the other one was composed of sieved particles with a size between 16 and 50 mm. As observed
in Figure 106 at 400 °C, the difference between the mass loss profile of both samples is insignificant.
Furthermore, more experiments were carried out with similar samples and with different reactor
temperatures, and only a small difference was detected at the beginning of the thermal conversion
process. The differences were not higher than 0.1% of the weight of the sample. Therefore, these results

suggest that mass loss is not dependent on the size of the particle.
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Figure 106: Comparison of the mass loss behavior for experiments using particles with different sizes.
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To verify this result, samples with different dimensions were carefully prepared to understand which
dimension is controlling the combustion of a set of woodchips. Figure 107 presents the particles produced
at the laboratory with a length of 30 or 60 mm and a thickness of 10 or 20 mm. A set of combustion
experiments was carried out with these particles and as represented in Figure 108, the thickness of the
particles is the geometrical dimension that limits the combustion behavior for larger particles. Therefore,
as woodchips are thin particles and, although there are particles of different lengths, the combustion
profile is always similar. These experiments were useful to understand this phenomenon and justify the

particles used in this work.

Figure 107: Particles produced to analyze the influence of different dimensions on the mass loss behavior.
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Figure 108: Comparison of the mass loss behavior for particles with different lengths and thicknesses.
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Annex E - Technical Drawing of the Grate-fired Boiler
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Figure 109: Technical drawing of the grate-fired boiler from the Mortagua Power Plant.
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