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INTRODUCTION

The present research integrates the issue of depletable natural resources (fossil fuels)
with the need for thermal energy production, under conditions of energy security, cost-
effectiveness, and environmental protection, as highlighted by the review of the initial
bibliography [1-7].

Energy sustainability may be the key to achieving climate neutrality, and the use of
woody and non-woody biomass is essential in heating systems and the supply of domestic hot
water, both recognized as major energy consumers [8-14].

Importance and Necessity of the Chosen Topic

According to official statistics, in 2021, more than 1.2 million households in Romania
used centralized heating systems (CHP plants, etc.) for space heating, another 2.5 million relied
on individual systems based on natural gas, and approximately 3.5 million households (the
majority in rural areas) used individual heating systems based on solid fuels (woody biomass
and/or coal). Unfortunately, these are generally low-efficiency devices with high pollution
levels. It can be stated that around 50% of Romanian households use wood and other types of
biomass for heating of living spaces [15].

On the other hand, the majority of household energy consumption is allocated to space
heating (62.8% of final energy use in the residential sector). Coupled with possible issues
concerning the share of natural gas used for heating, this justifies the importance of developing,
improving, and optimizing wood and biomass combustion systems for providing thermal
energy [15].

Moreover, heating systems generate one-sixth of polluting emissions in the EU,
imposing appropriate measures to achieve climate neutrality. In these circumstances, the study
of biomass energy utilization in heating systems and domestic hot water supply becomes fully
justified [15].

At the same time, carbon from biomass has been used for heating since prehistoric times,
most often in the form present in the organic substances of wood, straw, hay, and others.
Currently, in some conceptions, the issue of protecting the environment and, implicitly, the
human being by reducing polluting emissions and immissions, as well as the issue of
sustainability, is raised.

Fossil fuels (oil, natural gas, coal, etc.) present a series of disadvantages that compel
researchers to seek sustainable alternatives. Despite the fact that fossil fuel reserves are
declining at an alarming rate, 84.7% of the world’s primary energy consumption was still
covered by them in 2018, decreasing to 83% in 2019 and to 82% in 2022 [16, 17], with final
estimates indicating that they may be depleted in the coming decades [18, 19].
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Research objectives

The main objective of the present doctoral thesis is:

PO1 Optimization through integrated design of a new technological biomass combustion
system, using analysis, modeling, and synthesis, while developing industrial methods and
models as well as integrated technological solutions for the utilization of biomass in
heating systems and domestic hot water supply.

To achieve the main objective, it is necessary to fulfill the following secondary
objectives, corresponding to the activities carried out in the present research stage:

SO1 Critical analysis of the current state of industrial methods and models of biomass heating
systems (BCS), starting from the classical definition, in a descriptive manner and from
the perspective of evaluating structural conditions and functional principles (Ch. 1 and
2.1);

SO2 Evaluation of the level and main characteristics of the fundamental components of the
system, and optimization of the main components, based on an up-to-date literature
review, including the flow of the main scientific publications (Ch. 2.1 and 2.2);

SO3 Development of an integrated BCS model, intended for assimilation into the industrial
manufacturing of the generalized combustion system, in compliance with the basic
principles of modern manufacturing, by identifying the main variables and the
relationships among them, in the form of a cybernetic technological manufacturing
system (Ch. 2.2, 2.3);

SO4 Evaluation of the main characteristics of the fundamental components of the combustion
system, approached as an industrial technological system, and testing of the designed
constructive variants with parameter modifications (Ch. 2.3);

SO5 Identification, within the proposed experimental model, of the main causes generating
possible malfunctions, in order to establish optimal solutions for reducing reliability risks
and the serious consequences they may cause during operation (fire, explosion, carbon
monoxide poisoning) (Ch. 2.3);

SO6 Ranking of failure causes and functional risks using statistical-mathematical methods, and
establishment of functional cause-effect relationships based on the statistical processing
of results, with significance analysis using ANOVA (Ch. 2.3).

Thesis Structure

The thesis is structured into three chapters.

In chapter 1, the potential of biomass as a renewable energy source is presented,
together with its advantages and limitations, with emphasis placed on sustainability and energy
efficiency.

Chapter 2 marks the beginning of the personal contributions section. It is structured
into three subchapters for the presentation of the results of the author’s own research activities,
and also includes a section dedicated to partial conclusions.

In subchapter 2.1, a constructive, functional, and economic analysis of the main
biomass combustion systems available on the market and in the specialized literature was
carried out. The analysis considered both individual operational aspects and the identification
of technical concepts (constructive, structural, etc.) of biomass burners.

In subchapter 2.2, two objectives were pursued:

1. The development of the functional concept of a new biomass heating system (BCS)
model and the selection of an optimal package of functions for this system from the
design stage.

2. The testing of two methods for the evaluation, comparison, and classification of biomass
combustion systems.
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To evaluate the 58 biomass combustion systems selected for analysis (out of the 123
initially considered), an original package of 24 critical criteria for the evaluation and analysis
of biomass combustion systems was developed.

Subchapter 2.3 is divided into two parts, namely: the modeling of thermal-type
functional processes and the modeling of aerodynamic-type functional processes.

Chapter 3 is dedicated to the general conclusions and a synthesis of the personal
theoretical, experimental, and applicative contributions, including the presentation of
perspectives for research and for improving biomass thermal utilization technologies.

1 CURRENT STATE OF INFORMATION FROM THE SPECIALIZED
LITERATURE REGARDING BIOMASS UTILIZATION SYSTEMS

The objective of this chapter is to provide a general assessment of the current state of
biomass thermal utilization, based on specialized literature, in order to evaluate the potential
impact of developing new biomass combustion—based thermal utilization systems and to outline
research directions in the context of energy efficiency and sustainability requirements..

1.1 Critical analysis of the possibilities for biomass utilization

The main concern in producing energy from biomass is continuously increasing
worldwide due to serious concerns regarding energy security, climate change, and quality of
life [18, 20, 21].

The use of fossil fuels to generate thermal energy is accompanied by a number of
drawbacks that compel researchers to seek sustainable solutions and alternatives for valorizing
the solar energy stored in biomass.

Biomass-type fuels have advantages that currently generate a high level of the concern in
their use for thermal energy production.

1.2 Analysis of the solutions and the impact of renewable energy use. Perspectives, the
place, and role of biomass

The increase in the standard of living over the past centuries, determined mainly by the
technological revolution, has led to a direct proportional relationship between population
growth and the demand for primary energy. Modern industry, as well as the continuously
expanding needs of the population, create the necessity for the economic and technological
adaptation of civilization in all fields, with emphasis on the conservation of finite resources
[26], the reduction of price volatility [27], the reduction of emissions and immissions, and the
orientation toward clean energy alternatives [28], sustainability [29], and environmental
protection [20]. The energy sector is in urgent need of new methods to produce less polluting
energy, given that demand is increasing and will continue to grow [30].

This increase in the demand for primary energy in recent decades has been covered
largely by the combustion of fossil fuels. In the long term, serious concerns arise regarding the
security of energy supply.

At present, in a globally industrialized environment, a triple threat to primary energy
supply security can be observed: the depletion of fossil fuel reserves [18, 19], the increase in
greenhouse gas emissions [31], and the growing demand for primary energy (Figure 1.1 [39]).
It is therefore evident that there is a need for the continuous development of renewable energy
utilization and conversion technologies, whose growth trend is slightly but modestly upward.
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Fig. 1.1.1 Structure of the total primary energy consumption supplied globally in the years
2000-2021 [processed after 39]

The use of solar energy stored in biomass represents the most accessible category of
renewable energy for the world’s population (72.3%), primarily for residential heating, due to
necessity and the lack of infrastructure [42].

The utilization of biomass must ensure both the technological requirements regarding
the efficiency of biomass energy use in furnaces for central heating—under conditions of
profitability and environmental protection—and the safety of functional processes, particularly
in situations of power outages. Under such conditions, the continuous modification and
optimization of existing combustion systems becomes necessary.

The optimization of biomass thermal utilization systems involves the optimization of
their basic components, namely the burner system and the heat exchanger. However, before
addressing the optimization of a burner system, a critical analysis of existing systems is
required.

2 ORIGINAL CONTRIBUTIONS REGARDING THE DEVELOPMENT OF A
BIOMASS COMBUSTION SYSTEM THROUGH INTEGRATED DESIGN

2.1 CONSTRUCTIVE, FUNCTIONAL AND ECONOMIC ANALYSIS OF BIOMASS
BURNERS — CRITERIA AND RESULTS

The objective of this subchapter is to provide a general evaluation of the main
technologies for converting biomass into thermal energy, through a constructive, functional,
and economic analysis of the main biomass combustion systems. The analysis aims to identify
the technical concepts (constructive, structural, etc.) of biomass burners available on the market.

2.1.1. Research Methodology

The present study is structured on the basis of an original methodology that focused on
the constructive, functional, and economic analysis of the main biomass combustion systems,
carried out in several stages as shown in Figure 2.1.
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Fig. 2.1 Methodology for the evaluation of the main
biomass combustion systems

2.1.2 Constructive analysis of biomass burners

Following the individual analysis, a classification of BCS was carried out from a
constructive point of view. They were classified into groups, subgroups, classes, families, and
categories according to the identified constructive concepts.

The group of fixed-bed burners was divided into two subgroups, the subgroups into
classes, the classes into families, and the families into 9 types/categories.

The group of moving burners was divided into subgroups, classes, families, and the
families into 8 types/categories.

The group of fluidized-bed burners was divided into two subgroups, the subgroups into
classes, the classes into families, and the families into 2 types/categories.

2.1.3 Functional analysis of biomass burners
1. According to the power criterion, biomass combustion systems were divided into
three usage classes (Figure 2.5).

up to 50kw ]—b[ domestic use]

power 51-300kw public use
( > J
over 300kW ]—P[industrial use]

Fig. 2.5 Classification of biomass burners according to the power criterion
[processed after 177-180]
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In the category “Domestic-use burners”, 47 BCS were included; in the category
“Public-use burners”, 9 BCS were included; and in the category “Industrial-use burners”,
4 BCS were included.

2 According to the emission criterion, BCS were divided into three emission classes

based on nominal power, following CE/EN 303-5:2021+A1:2023 Part 5 [181].

o In the category “Domestic-use burners with power up to 50 kW, emission class 37, three
burners were included. In the other categories for emission class 3, no burner was
included.

e In the category “Burners with power up to 500 kW, emission class 4”, only one burner
was included.

e In the category “Burners with power up to 500 kW, emission class 57, thirteen burners
were included.

3 According to the operational safety criterion, burners are classified into three safety
classes (Figure 2.7), in accordance with CE/EN 303-5:2021+A1:2023 Part 5 [181] and EN
60730-2-5:2015/A2:2021 [182].

Operational
Safety

Fig. 2.7 Classification of biomass burners according to the
operational safety criterion

Class A presents a low level of operational safety, Class B presents a medium level of
operational safety, and Class C presents a high level of operational safety.

In Class A of operational safety, 14 BCS were included; in Class B, 41 BCS were
included; and in Class C, 5 BCS were included.

4 In the analysis based on the thermal conversion efficiency criterion, according to
CE/EN 303-5:2021+A1:2023 Part 5 [181], the thermal conversion efficiency can be determined
only for the entire system.

BCS are classified into three efficiency classes (Figure 2.8).
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Fig. 2.8 Classification of burner—heat exchanger systems
according to thermal efficiency [processed after 181]

In efficiency Class 4, two burners were included, while in Class 5, twenty-three burners
were included.

5 According to the recommended fuel criterion, the 58 biomass burners were
classified by fuel type, as shown in Figure 2.9.

Thermal efficiency
of burner — heat
exchanger systems

Where:
nkK = system efficiency [%]
P = burner power [kW]

6
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In the category of hybrid burners, 18 BCS were included, while in the category of
dedicated burners, 40 BCS were included.

Single fuel {dedicated concept) ]

Recommended
fuel Two or more fuel types ]

{hybrid concept)

Fig. 2.9 Classification of biomass burner systems by recommended fuel
criterion [processed after 181]
2.1. 4 Economic analysis of biomass burners
In this analysis and classification, the exact price of each burner was not indicated;
instead, a division into four price classes was made, as shown in Figure 2.10.
In Class 1 of burners, 10 BCS were included; in Class 2, 9 BCS were included; in Class 3, 8
BCS were included; and in Class 4, 4 BCS were included.

[ Price class ]
v
Price 1 {=1200 euros) ]
claf‘l,zscloflr::c;rl?cl)i g Price 2 (>1200=1800 euros))
biomass burners Price 3 (>1800=2400 euros)]

Price 4 {>=2400 euros) ]

Fig. 2.10 Economic classification of biomass burners

2.1.5 Coding of the studied burners

In this section, the correlation was made between the current number of the burners from
Annexes 1-3 and the burner code resulting from their constructive analysis classification. The
burner code contains four characters corresponding to the three variables: group (X), category
(YY), and current number within the category (Z2).

2.1.6 Synthesis of results by components

2.1.6.1 Conclusions regarding the individual technical analysis of biomass burners

Fixed-bed burners present issues regarding the automatic removal of ash.

Moving-bed burners solve the problem of ash removal through rotation, vibration, and
translation systems of the combustion bed; however, the thermal conversion efficiency does not
increase significantly.

Fluidized-bed burners solve the problem of ash removal through fluidization and
increase the thermal conversion efficiency.
2.1.6.2 Conclusions regarding the functional analysis of biomass burners

The analysis was carried out according to five parameters: power, emissions,
operational safety, thermal conversion efficiency, and recommended fuel.

A clear trend can be observed toward the development of burners in the hybrid concept.

2.1.6.3 Conclusions regarding the economic analysis of biomass burners

The burners were grouped into four price classes.

A large number of BCS with low cost can be observed, both fixed-bed and moving-bed,
which compels manufacturers of new BCS to design modern, safe, and efficient burners at
reduced costs in order to remain competitive.
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2.1.6.4 Conclusions regarding the database

In Annexes 1-3, the synthesis of the collected data was carried out, representing the
database.

2.2 EXPERIMENTAL RESEARCH FOR THE INTEGRATED OPTIMIZATION OF
FUNCTIONAL PROCESSES IN THE BIOMASS COMBUSTION SYSTEM FOR
INDUSTRIAL MANUFACTURING

Densified forms of biomass (pellets, briquettes, etc.) have also attracted the attention of
consumers in developing countries, due to their ease of use, high efficiency, and simultaneously
low levels of harmful emissions into the environment.

From the current market research, two major directions for improvement have been
identified: the constructive optimization of the active components of the mechanical system
itself, and the optimization of the functional regime through the automation of the mechanical
system, providing control of functional parameters with real-time analysis. The focus of the
present doctoral research is centered on both optimization directions.

2.2.1 Research methodology

The present study was structured on the basis of a methodology aimed at optimizing the
functional processes of a BCS in several stages (Figure 2.18).
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Fig. 2.18 Scheme of the research methodology for developing an
optimized solution of a biomass combustion system
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2.2.2 Results regarding the definition of a complex package of functional optimization
criteria and the typological classification of biomass burners based on a group of criteria

2.2.2.1 Results regarding the definition of a universal package of evaluation criteria for
BCS

The selection of a set of optimization criteria for a new BCS was based on a package of
criteria that integrates all the data from the study conducted so far. For the analysis, 24 out of
32 criteria were selected, presented as follows:
o Economic criteria: burner cost, functions, and burner power;
o Technological criteria: manufacturability, assembly, maintenance and repair, position
of the combustion bed, composition of the combustion bed, shape of the combustion
chamber, material of the combustion chamber, and constructive variant;
« Operational criteria: hybrid concept, presence of pellets in the tube, type of combustion,
flue gas recirculation, and type of fuel supply;
« Reliability criteria: durability and interchangeability;
« Efficiency and emissions criteria: programming, control of primary and secondary air,
advanced control and monitoring, accident and fire accident and fire protection;
« Automation and operating interface criteria: full automation, user-friendly menu with
large display.
2.2.2.2 Results regarding the analysis of the impact of optimization and classification
criteria for BCS

At this stage of the work, a typological classification of the 58 BCS was proposed for
criterial analysis. For this purpose, an analytical and classification framework was created based
on 24 criteria, oriented toward manufacturability, profitability, and environmental protection,
as well as ensuring the safety of functional processes.

The criteria are presented in Figure 2.19 in the form of analytical descriptors, and their
names are listed below.

2
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Fig. 2.19 Typologlcal classification of biomass combustion systems with
fixed/mobileffluidized combustion bed

Next criteria and levels were proposed (see figure 2.19): 1-position of burning bad
(1.1-tilted; 1.2-horizontal); 2-number of structural elements (2.1-simple; 2.2-composed); 3-
shape of combustion chamber (3.1 — simple geometric shape; 3.2- complex geometric shape);
4 — material of combustion chamber (4.1-monomaterial; 4.2- composite); 5-concept (5.1-
dedicated; 5.2- hybrid); 6- combustion chamber type (6.1 — tubular vertical (retort); 6.2 —tubular
horizontal; 6.3- vertical cup); 7 combustion type (7.1-without gasification; 7.2-with
gasification); 8- recirculation (8.1-without recirculation; 8.2-with recirculation); 9-cleaning
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system (CS) (9.1-without CS; 9.2-with CS); 10 — construction (10.1- monobloc; 10.2- modular);
11- power value (11.1- low (< 50Kw); 11.2 medium (51-300kW); 11.3 high (>300kW)); 12-
powering of carburant supplying system (12.1- gearmotor; 12.2-stepper motor); 13 -
construction of supplying system (13.1-screw; 13.2-gravitationally; 13.3-pneumatically; 13.4-
mixttury); 14 — supplying type (14.1-free; 14.2-forced); 15 — directing of comburent (15.1-
natural convection; 15.2-forced draw); 16 - flame control (16.1- with detecting; 16.2-without
detecting); 17 — ignition system (17.1-automatically; 17.2- manual); 18 — gas emission class
(18.1-classes 1st -2nd (forbidden); 18.2-classes 3rd - 5th (authorized)); 19 — combustion
efficiency (19.1-high (5th class); 19.2-average (4th class); 19.3 — low (3rd class or less)); 20 —
protection level against accidents and fire (20.1-high (classes B-C); 20.2 — low (class A)); 21 —
level of automation (21.1-half automation; 21.2-full automation); 22 - process control (22.1-
with local controller; 22.2-local and remote controller); 23 — burning flow (23.1-
perpendicularly; 23.2-equicurrent; 23.3-countercurrent; 23.4-cyclon; 23.5-mixt); 24 — costs
(24.1-reasonable (under 1200 euros; 24.2- average (1200-1800 euros); 24.3 high (over 1800
euros)).

2.2.2.3 Results regarding the ranking of the selected criteria through simple value analysis
and Likert value analysis

In Figure 2.20, the results obtained by the two methods concerning the weighting of the
importance of the criteria are comparatively represented in graphical form. It can be observed
that the Likert value analysis (LVA) method provides a more uniform distribution of the
weights compared to the simple value analysis (SVA) method.

Ranking of analysis criteria

—
=

Criteria weighting [%]
Lo e i e 1 A o 1 T I I V]
}

1 23 45 &6 78 9 10111213141516 1718192021 2223 24
Criterion index

Simple value analysis method === Likert value analysis method

Fig. 2.1 Diagram for determining the weighting of criteria importance using the SVA and LVA
methods

2.2.3 Results regarding the ranking of the selected BCS using the weighted matrix method
(WMM), simple value analysis (SVA), and Likert value analysis (LVA)

In stage 1, a direct comparison and ranking of the BCS was carried out by verifying the
number of fulfilled criteria and their weighting. It is specified that 58 burners were analyzed by
this method, and the general diagram of criteria fulfillment is presented in figures 2.30, 2.31,
and 2.32.

10
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2.2.4 ldentification of the generalized functions of a BCS

The optimization of a BCS involves optimizing its basic components, namely the
burner system and the heat exchanger. This process requires establishing a clear concept by
identifying customer needs and defining the functions that will meet those needs.

The functions of a biomass burner were divided into three categories: main functions,
secondary functions, and auxiliary functions.

In the study, 7 main functions, 12 secondary functions, and 4 auxiliary functions were
identified.

2.2.5 ldentification of the generalized parameters of a BCS

The parameters represent the critical variables that influence the performance and
efficiency of the burner and heat exchanger system. Thus, for most functions, one or more
parameters were identified that must be verified and/or controlled. In the study, 15 main
parameters and 7 secondary parameters were identified.
2.2.6 Proposal of a generalized structure of a BCS

The general model comprises 7 systems (intermediate fuel supply, internal fuel supply,
oxidizer supply, combustion chamber, exhaust gas and cleaning system, automation system,
and safety system) and serves as a supporting tool for the design of new models.

2.2.7 Proposal of a concrete solution for a new optimized BCS

Fig. 2.38 Integrated constructive solution {3D model in CATIA V5 R30) for a new retort-type
biomass burner
1 — biomass feed tube, 2 — internal refractory protection ring, 3 — combustion
chamber, 4 — external refractory protection ring, 5 — external support ring, 6 — cast-iron grate,
7 — ash collector, 8 — ash discharge holes, 9 — air nozzle, 10 — air duct, 11 - internal screw
conveyor, 12 — fan connection nozzle, 13 — motor coupling, 14 — biomass feed connection,
15 — mounting door to the heat exchanger

2.2.8 Synthesis of results

2.2.8.1 Conclusions regarding the definition of a complex package of functional
optimization criteria and the typological classification of biomass burners based on a
group of criteria

Following the detailed analysis of the 58 BCS proposed for in-depth study, 24 analysis
criteria were selected. The criteria were ranked, and the weighting of each criterion’s
importance was identified through two methods: Simple Value Analysis (SVA) and Likert
Value Analysis (LVA).

12
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For all 58 BCS, using two hybrid comparison methods, notable differences were
observed in the average relative differences: 13.65% for the WMM-LVA-SVA method and
0.76% for the WMM-LVA method.

Another remark is that the values obtained by the simple value analysis method are
usually higher than those obtained by the other two methods.
2.2.8.2 Conclusions regarding the identification of the generalized functions of a BCS

The functional concept of the new BCS was established by identifying the required
functions based on the previous analyses and the critical criteria.

The functions of a biomass burner were divided into three categories: main functions,
secondary functions, and auxiliary functions.

In the study, 7 main functions, 12 secondary functions, and 4 auxiliary functions were
identified.
2.2.8.3 Conclusions regarding the identification of the generalized parameters of a BCS

For each main or secondary function, at least one control parameter was identified.
Similar to the functions, the parameters were classified into: main parameters and secondary
parameters.

In the study, 15 main parameters and 7 secondary parameters were identified.

2.2.8.4 Conclusions regarding the proposal of a generalized structure of a BCS

An integrated general structural model comprising all essential systems and
subsystems was proposed in the present work, in the form of a block-type structure.

The general model includes seven systems (intermediate fuel supply, internal fuel
supply, oxidizer/combustion air supply, combustion chamber, exhaust gas and cleaning
system, automation system, and safety system) and serves as a supporting tool for the design
of new models.

2.2.8.5 Conclusions regarding the proposal of a concrete solution for a new optimized
BCS

In this subchapter, the constructive, functional, and integrated constructive-functional
scheme (3D model) of the proposed new mixed retort-type BCS is presented, detailing each
selected component, its mode of operation, and the resulting products (gases, pollutants, ash,
thermal energy, etc.).

2.3 INTEGRATED CONSTRUCTIVE DESIGN OF A BCS

The objective of the experimental research presented below was the constructive and
functional optimization of a new BCS model through thermal and aerodynamic analysis, in
order to ensure both the technological requirements regarding the efficient use of biomass
energy in central heating systems—under conditions of cost-effectiveness and environmental
protection—and the safety of functional processes, especially in special situations such as
power supply interruptions.

The integrated constructive design of a BCS aims to integrate the constructive concept
resulting from the analysis and optimization of functions derived from constructive and
functional requirements with the technological capability of a potential industrial
manufacturer, under conditions of constructive, functional, economic, technical, and
technological optimization.

2.3.1 Research methodology

The present study was structured into several methodological stages, which focused on
verifying the thermal and aerodynamic behavior of an original BCS concept, as well as its
optimization. The succession of workflow steps is presented in Figure 2.39.

Software used: Ansys 2022 R2 (thermal modeling of the initial and final solution),
Ansys 2024 R1 (CFD modeling ,,Computational Fluid Dynamics™), and others.
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Fig. 2.39 Scheme of the methodology for analyzing the proposed

To verify the airflow behavior for the thermally optimized BCS, it was necessary to generate
four 3D models adapted for fluid flow analysis. For this purpose, the negative model of each
proposed variant was created, representing the airflow ducting, including all obstacles inside
the BCS.
The proposed concepts (solutions) were named as follows:
1. Biomass combustion system, cylindrical connection (RC) with longitudinal slots (FL),
(BCS, variant RC-FL);

2. Biomass combustion system, cylindrical connection with perpendicular slots (FP),
(BCS, variant RC-FP);

3. Biomass combustion system, parallelepiped connection (RP) with longitudinal slots
(FL), (BCS, variant RP-FL);

4. Biomass combustion system, parallelepiped connection with perpendicular slots (FP),
(BCS, variant RP-FP).

The four analyzed models have four defined constructive configurations, obtained by
combining two types of air connection (cylindrical connection (RC) and parallelepiped
connection (RP)) with two different positions of the air inlet slots into the combustion chamber
(Figures 2.42 and 2.43).
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Fig. 2.2 Air outlet velocity measurement points for the RC-FL and RP-FL variants

Fig. 2.3 Air outlet velocity measurement points for the RC-FP and RP-FP variants
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The expression longitudinal slots refers to slots whose longitudinal axes are parallel to
the longitudinal axis of the BCS, whereas perpendicular slots refer to slots whose longitudinal
axes are perpendicular to the longitudinal axis of the BCS.

The average outlet air velocity through a slot j, Vmj is:

(j—-1)5+5
Vinj = < 2 V;, where:
i=(j—-1)5+1
Vi is the velocity measured at point i of slot j.
J represents the slot number, with the following distribution of measurement points::

j=1 for points 1-5 J=7 for points31-35 j=13 for points 61-65
j=2 for points 6-10 j=8 for points 36-40 j=14 for points 66-70
j=3 for points 11-15 j=9 for points 41-45 J=15 for points 71-75
j=4 for points 16-20 j=10 for points 46-50 j=16 for points 76-80
J=5 for points 21-25 J=11 for points 51-55
j=6 for points 26-30 j=12 for points 56-60
The average velocity in a group K, Vi, g, Will be:
1 (k—1)4+4
Vingk = 7 z Vmj,» where:
j=(k—-1)4+1

gk- the group number, as follows:
group of slots | (k=1) — for slots j = 1 4;

)

group of slots Il (k=2) — for slots j = 5 8;

group of slots 111 (k=3) — for slots j = 9 12;

group of slots 1V (k=4) — for slots j = 13 16;

2.3.2 Modeling of thermal processes

Figure 2.46 presents the result of the combustion process simulation in the research and
pre-implementation development stage for the situation of power outage at a combustion
temperature of 1200 °C, while Figure 2.47 presents the result of the simulation at a combustion
temperature of 800 °C.

A: Temperatura 1200 grade
Temperature

Type: Temperature

Unit: *C

Time: 15

9/13/2022 2:22 PM

1206.6 Max
1075

943,38
811,75
680.13

5485
416,88
285,25
153.63

22 Min

Fig. 2.4 Simulation in case of power outage at 1200 °C combustion temperature
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B: Temperatura 800 grade
Temperature

Type: Temperature

Unit: *C

Time: 15

9/13/2022 2:34 PM

861.02 Max
767.79
67457
58134
488.12
3949
301.67
20845
1522

22 Min

Fig. 2.5 Simulation in case of power outage at 800 °C combustion temperature

In this simulation, it can be observed that a critical area is the biomass feed pipe, where
there is a significant risk of self-ignition of the biomass in the feed tube and back-burning into
feeding connection area of the BCS.

To reduce the risk of self-ignition in the previously presented cases—namely, to
eliminate the critical nodes in the feed tube area in the event of a power outage at 800 °C and
1200 °C combustion temperature, and also to improve the thermal performance of the
prototype—continuous simulation was performed in the critical area with increased resolution
and with design modifications.

Based on the conclusions and observations from the initial simulations, a new
constructive solution is proposed. This is based on extending the internal refractory protection
ring and interrupting the contact between the combustion grate (3) and the feed tube (1), raising
the external support ring (6), and eliminating the external refractory protection ring (4). The
results of the simulation are presented in Figures 2.48 and 2.49.

D: Geometrie redusa Temperatura 1200 grade
lemperature

Type: Temperature

Unit: *C

Time: 15

9/13/2022 2:43 PM

1200 Max
1069.1
938.22
807.33
676.44
545.56
414,67
283.78
152.89

22 Min

0.00 100.00 200.00 {(mm)
)
50.00 150.00

Fig. 2.6 Simulation in case of power outage at 1200 °C combustion temperature

C: Geometrie redusa Temperatura 800 grade
Temperature

Type: Temperature

Unit: *C

Time: 15

9/13/2022 2:37 PM

800 Max
713.56
627.11
540.67
454.22
367.78
281.33
194.89
108.44
22 Min

0.00 100.00 200.00 (mm)
— —
50.00 150.00

Fig. 2.7 Simulation in case of power outage at 800 °C combustion temperature
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It can be observed that in the case of simulating a power outage at both 1200 °C and
800 °C combustion temperature, the proposed optimization solution eliminates the risks of
biomass self-ignition in the feed tube, as well as the previously identified critical nodes. The
interruption of the contact between the combustion grate and the internal feed tube through the
use of refractory material resulted in the isolation of the latter, thereby increasing functional
safety through constructive optimization.

2.3.3 Modeling of the aerodynamic field

Fig. 2.8 Negative model for airflow Fig. 2.9 Negative model for airflow
simulation (blue) and positive model in simulation (blue) and positive model in
section view of the proposed BCS, RC-FL section view of the proposed BCS, RC-FP
variant variant

Fig. 2.10 Negative model for airflow Fig. 2.11 Negative model for airflow

simulation (blue) and positive model in simulation (blue) and positive model in
section view of the technologically section view of the technologically

optimized proposed BCS, RP-FL variant optimized proposed BCS, RP-FP variant

Figures 2.50, 2.68, 2.122, and 2.158 illustrate the transition from the physical geometry
of the actual ducting to the negative models used in the numerical simulations for airflow
analysis in the four proposed constructive solutions. The positive model (shown in gray, in
section view) corresponds to the physical components, while the negative model (shown in
blue) represents the internal volume traversed by the airflow and constitutes the basis for CFD
simulations.

The initial air intake into the system is carried out through a section area of 35.28 cm?,
while the final intake into the combustion chamber is achieved through the total section area of
the grate slots, amounting to 91.672 cm?, for all four proposed variants (Figures 2.51 and 2.123).

The intermediate intake in the diffuser beneath the grate has a section area of 71.411
cm?, while the combustion chamber volume is approximately 1599 c¢cm? for all four proposed
variants (Figures 2.52 and 2.124).
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Volum=1598,911cm3

Aria=71,411cm2

91,672cm2 .

Aria=35,28cm?2

Fig. 2.12 Initial and final air intake area for the  Fig. 2.13 Intermediate air intake area for the proposed BCS,
proposed BCS, RC-FL variant RC-FL variant

Aria=35,28cm2

Volum=1598,911cm3

Aria=
91,672cm2
~ Aria=71,411cm2

'ria:35,28cm2

Fig. 2.14 Initial and final air intake area for the  Fig. 2.15 Intermediate air intake area for the proposed BCS,
proposed BCS, RP-FL variant RP-FL variant

Aria=35,28cm2

For each of the four proposed BCS variants, seven fluid flow simulations were carried
out at different inlet flow rates: 60 m3/h, 90 m3/h, 120 m3/h, 150 m3/h, 180 m3/h, 210 m?3/h, and
240 m?/h. The results are presented in detail in the thesis and briefly summarized below.

2.3.4 Comparison of the solutions and proposal of the final solution

For the RC-FL burner, the total average outlet air velocity from slot groups 1-1V is 1.06
m/s at a flow rate of 60 m*h and 4.24 m/s at a flow rate of 240 m?/h. These outlet air velocities
place the RC-FL variant in 3rd place out of 4.

For the RC-FP burner (Figure 2.195), the total average outlet air velocity from slot
groups I-1V is 1.39 m/s at a flow rate of 60 m*/h and 5.70 m/s at a flow rate of 240 m3/h. These
outlet air velocities place the RC-FP variant in 1st place out of 4.

For the RP-FL burner, the total average outlet air velocity from slot groups I-1V is 1.39
m/s at a flow rate of 60 m*/h and 5.68 m/s at a flow rate of 240 m3/h. These outlet air velocities
place the RP-FL variant in 2nd place out of 4.

For the RP-FP burner, the total average outlet air velocity from slot groups I-1V is 1.04
m/s at a flow rate of 60 m*h and 4.12 m/s at a flow rate of 240 m?/h. These outlet air velocities
place the RP-FP variant in 4th place out of 4, showing the lowest outlet air velocity.
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Fig. 2.16 Variation diagram of the average air velocity by slot groups, RC-FP variant

2.3.5 Synthesis of results

Subchapter 2.3 builds on the observations from the previous subchapters regarding the
design and optimization of the BCS and is focused on the thermal and aerodynamic analysis of
a new biomass burner model. The research aims to ensure the technological requirements and
guarantee the safety of functional processes, especially in special situations such as power
outages.

The subchapter is divided into two parts: modeling of thermal functional processes and
modeling of aerodynamic functional processes.

The results of the thermal simulation for the situation of power outage—namely, the
sudden interruption of fuel and oxidizer supply at 800 °C and 1200 °C induced a risk of biomass
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self-ignition in the feed tube. The potential hazard identified through the thermal analysis was
eliminated by separating the feed tube from the combustion grate using a ceramic insulating
tubular element.

The CFD simulation results are presented in Table 2.11 for all four proposed variants.
From Table 2.11 it follows that the maximum total outlet air velocity is observed at the exit
from the slots of the RC-FP burner.

Tab. 2.11 Average outlet air velocity by inlet slot groups in the combustion chamber for the
four proposed BCS variants
Flow rate / average velocity per|60 90 120 150 180 210 240

group [m3/h] [m3/h] [m3/h] [m3/h] [m3/h] [[m3/h] [m3/h]
Group | 132 [1,82 P43 [3,10 [366 422 485
Group Il 0,00 [1,56 225 [2,95 B.23 4,09 4,39
Group 111 107 [1,39 1,80 [2,38 P74 [339 3,60
Group IV 006 [1,53 29 [,78 P72 [370 411

Deviation betweenGland G IV 0,21 0,13 0,09 [0,08 (0,22 0,06 [0,23
Deviation between G lland G IIl 0,05 0,07 (0,25 0,20 (0,01 [0,16 (0,25
Total average velocity G I-G IV 1,06 (1,57 2,19 280 3,09 3,85 4,24
Flow rate / average velocity per{60 90 120 150 180 210 240

RC-FL

group [m3/h] [m3/h] [m3/h] [m3/h] [m3/h] [m3/h] [m3/h]
Group | 111 1,70 [2,32 287 P42 [399 464
Group Il 104 161 [2,30 [B10 [3,83 W53 23
Group 111 114 22,73 [341 409 1465 [525 6,02
Group IV 231 2,55 [344 421 512 615 6,92

& Deviation between G land G IV 0,04 0,05 (0,01 (0,11 [0,21 (0,27 [0,29

O Deviation between G lland G Il [0,58 0,09 (0,02 10,06 0,24 (045 (0,45

X Total average velocity G I-G IV |1,40 2,15 2,87 [357 4,26 14,98 570
Flow rate / average velocity per{60 90 120 150 180 210 240
group [m3/h] [m3/h] [[m3/h] [[m3/h] [M3/h] [[m3/h] [M3/h]
Group | 123 186 [281 (3,18 421 W49 553
Group Il 0,78 1,21 1,20 1,75 1,77 2,17 2,61
Group 11 2,15 3,34 RB74 37 [B71 69 [7,72
Group IV 1,41 2,00 323 (357 502 6,06 16,87

T Deviation between G land G IV 022 0,33 080 0,72 122 [1,40 1,46

a |Deviation between G lland G IIl 0,37 0,67 0,26 (0,90 [0,34 0,31 [0,42

X Total average velocity G I-G IV |1,39 2,10 2,74 347 4,18 14,97 [5,68
Flow rate / average velocity per{60 90 120 150 180 210 240
group [m3/h] [m3/h] [[m3/h] [m3/h] [M3/h] [[m3/h] [M3/h]
Group | 135 2,08 [283 348 14,30 K91 566
Group 11 124 195 261 3,19 3,80 4,44 512
Group 11 060 0,77 1,19 1,28 150 1,87 (2,23
Group 1V 098 1,21 161 2,15 [60 303 [3,48

Deviation betweenG land G IV 0,05 0,07 0,11 (0,14 (0,25 (0,24 0,27
Deviation between G Iland G 11l 0,19 (0,22 0,21 0,44 0,55 0,58 0,62
Total average velocity GI-G IV 1,04 (1,50 2,06 [253 3,05 (356 4,12

RP-FP

The RP-FP variant shows velocities similar to the RC-FL variant, but these are low.
The RC-FP and RP-FL variants are the preferred solutions, and the RC-FP solution was
chosen due to the manufacturability of the collaborating factory.
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2.4 Synthesis of the original contributions of the chapter

Following the theoretical, experimental, and applied research activities carried out
throughout the entire doctoral training, the thesis brings a series of corresponding original
contributions, grounded in a rigorous documentary analysis, advanced theoretical modeling,
and experimental investigations conducted over the whole duration of the doctoral research.

A synthesis of the most important among them is presented below.

2.4.1 Theoretical contributions
The main theoretical contributions are:

1) Identification, based on the analyses performed and the case studies carried out, of the
current challenges in the field of biomass utilization as a source of thermal energy, relevant
for the specific aspects of the industrial manufacturing of BCS;

2) Definition, based on the identified current priorities and challenges, consequently, of the
main research objective and the secondary research objectives;

3) Documentary study on the current stage of biomass thermal conversion technologies (with
emphasis on domestic systems), based on market documentation complemented by
scientific syntheses and specialized studies;

4) Critical analysis from constructive (shape, dimensions, etc.), functional, economic, and
structural perspectives of the main types of biomass combustion systems;

5) Development, based on market documentation and scientific literature, of a system for the
constructive, functional, economic, and structural classification (components, assembly,
etc.) of biomass combustion systems used in domestic applications;

6) Development of an original set of criteria for the evaluation and analysis of BCS, based
on the selection of 24 critical criteria identified from assertions in the specialized literature;

7) Identification, based on value analysis, of the relevant generalized functions and their
corresponding critical characteristic parameters, and creation of a generalized structure of
BCS to serve as a basis for proposing new models;

8) Development of two original methods (the hybrid WMM-LVA method and the WMM-
LVA-SVA method) for an expeditious, rapid, and accurate comparative analysis of BCS
and their performance factors;

9) General comparative analysis of 123 representative constructive solutions of BCS
intended for domestic, public, and industrial applications, followed by a complex in-depth
comparative analysis of 58 variants subsequently selected from the initial set;

10) Development of a calculation model intended to determine the weighted cost assigned to
each function/criterion for any BCS, depending on the maximum total cost accepted for
the construction of the burner;

11) Development, consequently, of a model aimed at the rational distribution of the budget
among the system functions, depending on their importance and the imposed economic
constraints.

2.4.2 Experimental contributions

Among the experimental contributions with significant impact, the following can be included:

1) Determination of the weight of importance of the criteria for the three original individual
methods of evaluation and analysis of BCS, based on the functional analysis of the 58
types of BCS studied in depth;

2) Validation of the functional optimization criteria and of the two original hybrid methods
for the rapid and accurate comparison of biomass combustion systems and their
performance, through their application to 58 BCS. The WMM-LVA-SVA method
recorded an average relative deviation (ARD) of 13.65%, while the WMM-LVA method
recorded an ARD below 1%;
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3) Development of an original BCS solution (constructive concept/experimental model),
assimilable into industrial manufacturing, based on the results obtained from the
application of the three individual methods and the two hybrid methods;

4) Study of the thermal processes specific to the proposed original BCS solution, through
steady-state thermal simulation, with the aim of determining the behavior of the initially
proposed BCS and the thermal nodes, for three combustion temperatures and a special
operating condition considered as a fault scenario (power supply interruption, i.e. sudden
cessation of fuel and oxidizer supply);

5) Constructive optimization of the initially proposed BCS through the elimination of critical
thermal nodes and the risk of biomass self-ignition in the feeding tube, based on improved
constructive solutions, correlated with the technological capability of a potential industrial
manufacturer;

6) Verification of the proposed improvement solution by resuming the thermal simulation
process, so as to confirm the protection against accidents and fire of the newly proposed
solution;

7) Comparative study of the aerodynamic processes inside the BCS during operation, by
CFD simulation for four proposed variants of BCS (RC-FL, RC-FP, RP-FL, and RP-FP),
with the aim of optimizing the oxidizer flow through the intake ducting and the air intake
velocity into the combustion chamber;

8) Study and analysis of the specific influences of airflow rate on the functional processes of
the four BCS, in order to determine the optimal variant for the case of combustion in a
hybrid bed ((semi)fluidized bed combined with other variants);

9) Development of a new biomass burner model of the mixed retort type, assimilable into
industrial manufacturing, for the automation of the functional processes of a biomass
combustion system with a power of 25-75 kW.

2.4.3 Contributions with Industrial Applicability
An important part of the results of the theoretical and experimental research activity can be
translated into components with industrial transferability, as follows:

1) the development of a new BCS solution, applicable in industrial manufacturing and
relatively easily adaptable to the technological capabilities of an enterprise specialized
in series production within the field of machine and equipment construction;

2) the elaboration of original solutions for the use of thermal and CFD simulations for
thermal and aerodynamic optimization in the design process of an BCS, as an
alternative to the construction of costly and resource-consuming experimental
models/prototypes, including time;

3) the elaboration of an original evaluation system for an BCS based on 24 critical
criteria, usable for the diagnosis of corresponding constructive solutions;

4) the elaboration of an original expeditious method for establishing the percentage
weighting of the optimal costs of BCS functions (correlated with their importance
weighting), in correlation with the maximum total cost accepted for BCS construction;

5) the elaboration of two original methods for comparing BCSs available on the market,
evaluating their performance, and identifying optimization opportunities.
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3 CONCLUSIONS AND RESEARCH PERSPECTIVES

3.1 Conclusions

The present research started from the issue of the depletion of natural resources and the
need to identify and implement viable solutions to meet the growing demand for thermal
energy. The research was structured into three stages.

In the first stage, a general evaluation of the main technologies for biomass conversion
into thermal energy was carried out through a constructive, functional, and economic analysis
of the main biomass combustion systems.

The second stage was focused on developing the functional concept of a new biomass
combustion system model, based on the analysis and synthesis results obtained in the previous
stage, with the aim of selecting the necessary functional package and identifying the control
parameters of the system already in the design phase. After identifying the functions and control
parameters, the initial constructive solution of the new biomass combustion system was
proposed.

In the third stage, the thermal and aerodynamic analysis of the newly proposed biomass
burner model was performed to ensure both the technological requirements regarding the
efficiency of biomass energy conversion in central heating furnaces, under conditions of cost-
effectiveness and environmental protection, as well as the safety of functional processes,
especially in special situations such as power supply interruptions. Following the thermal
analysis, the initial solution was optimized constructively in order to eliminate critical thermal
nodes and the risk of biomass self-ignition in the feeding tube. Subsequently, four constructive
variants of the new biomass combustion system were proposed and subjected to aerodynamic
simulations, being tested for seven air supply flow rates (oxidizer).

In the end, the research carried out led to the selection of the RC-FP constructive variant
for the new biomass burner system.

The conducted research involved the performance of experiments for thermal and CFD
analysis, as well as mathematical modeling and interpretation, which allow the formulation of
the conclusions derived from the obtained results.

Thus:

— Through the initial analysis of the BCS, the initial evaluation criteria were selected and
grouped in Annexes 1-3;

— Through the individual constructive analysis, the selected biomass combustion systems
were classified into groups, subgroups, classes, families, and categories, based on
constructive criteria. This classification of burners into distinct categories can serve as a
basis for identifying potential technological issues specific to each category;

— Through the constructive, functional, and economic analysis of the main BCS, an overall
picture of the existing technical concepts was created, serving as support for the
development and proposal of new experimental models and/or innovative solutions;

— The research showed that the main issue of all BCS is accident and fire protection, with
most high-performance systems featuring 3—4 such protections;

— Through the functional analysis of the BCS, they were divided into three power classes,
namely: domestic burners (with power up to 50 kW), public-use burners (with power
between 51-300 kW), and industrial burners (with power above 300 kW). Existing studies
classify burners in various ways, this being the most common approach;

— Through the economic analysis of the BCS, they were divided into four price classes
according to an original methodology (class 1 — low price < 1200 euros, class 2 — medium
price >1200 <1800 euros, class 3 — high price >1800 <2400 euros, class 4 — very high
price >2400 euros);
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— Inorder to propose a concept of BCS that is highly efficient, reliable, safe, and low-cost, it
is first necessary to understand social needs, to identify the functions that will fulfill these
needs, and the control parameters for these functions. Therefore, the experimental
research for the integrated optimization of the functional processes of the BCS was
focused on defining a package of 24 performance criteria, determining their relative
importance, identifying the generalized functions of a BCS, and the parameters to be
controlled. The established criteria include seven optimization directions (seven sets of
criteria): economic, technological, operational, reliability, performance (efficiency and
emissions), safety, and automation. The functions and parameters were divided into three
categories: primary, secondary, and auxiliary.

— From the hierarchy of BCS, it resulted that the WMM-LVA-SVA method showed an
ARD of 13.65%, while the WMM-LVA method showed an ARD of below 1%. Both
methods provide useful conclusions, and the smaller the ARD, the more stable the method
IS;

— From the current research, using the WMM-LVA method, it was found that among the
evaluated burners only 1 fixed-bed burner and 2 moving-bed burners fulfilled more than
70% of the critical performance criteria. Using the same method, only 13 fixed-bed
burners, 8 moving-bed burners, and 1 fluidized-bed burner fulfilled more than 60% of the
established critical performance criteria;

— Atthe end of the experimental research on the possibilities of integrated constructive and
functional optimization of the BCS, two block-diagram proposals were developed to
present the interaction between the physical components of the system and the control
system, followed by the presentation of the integrated constructive solution in the form of
a 3D model;

— Based on previous observations regarding the design and optimization of the BCS, the
research continued with the thermal simulation of the proposed model. By interpreting the
experimental results for the analysis of the thermal field distribution, several critical
thermal nodes were identified, one of them being located at the end of the biomass feeding
tube, where it came into contact with the cast iron combustion grate;

— Following the conclusions and observations of the initial simulations, the critical thermal
nodes were eliminated through the optimization of the constructive solution by extending
the inner refractory ring, resulting in the interruption of contact between the combustion
grate and the feeding tube, raising the external support ring, and eliminating the outer
refractory protective ring;

— To verify the airflow behavior for the four thermally optimized BCS variants, four 3D
models (the negative model of each proposed variant) were generated and adapted for
fluid flow analysis;

— In each of the 28 aerodynamic field simulation experiments, a greater influence of the
constructive concept compared to the intake flow rate was observed;

— The maximum vyields for the air intake velocity into the combustion chamber were
obtained for the RC-FP variant (total average outlet air velocity from slot groups I-1V of
1.39 m/s for a flow rate of 60 m*/h and 5.70 m/s for a flow rate of 240 m?/h) and the RP-
FL variant (total average outlet air velocity from slot groups -1V of 1.39 m/s for a flow
rate of 60 m*/h and 5.68 m/s for a flow rate of 240 m*/h).

The thesis brings a series of personal, theoretical, experimental, and applicative contributions,

based on the literature study, thermal and CFD modeling, and experimental research carried

out throughout the entire study period.
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3.2 Research Perspectives
The main research directions identified as a result of the experience gained through the present
study are:

- the extension of experimental research through the construction and testing of
experimental models/prototypes of the RC-FP and RP-FL systems, in order to determine
the efficiency of biomass utilization for high-quality standard pellets;

— the correlation of functional performance with the types of biomass used, by testing and
comparing the behavior of the proposed variants when using various types of solid fuels
(pellets, wood chips, agricultural residues);

- the extension of experimental research under real operating conditions using smart
sensors (temperature and lambda), to increase safety, efficiency, and emission control
for the proposed system;

— the extension of experimental research to other categories of systems beyond those
dedicated to residential use;

— the development of a TRIZ-based multicriteria decision-making tool for selecting the
optimal BCS variant, adapted to the specific needs of users (residential, public,
industrial).
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