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Abstract

Boilers are vital for energy conversion, efficiency, and environmental considerations in industries. This review provides
a comprehensive overview of energy and exergy analysis in boilers, covering thermodynamic principles, energy balance
equations, heat transfer mechanisms, and efficiency metrics. The impact of design factors, fuel properties, and operating
conditions on boiler performance is examined. Advanced technologies, such as condensing boilers and integrated
energy systems, are discussed for enhancing energy efficiency and reducing costs. Environmental considerations
emphasize the importance of improving boiler efficiency to minimize fuel consumption and greenhouse gas emissions.
Energy analysis quantifies energy flows, while exergy analysis assesses thermodynamic performance and identifies
areas of exergy destruction. Various methodologies enable comprehensive analysis, including mathematical modelling,
simulation, and experimental measurements. Case studies demonstrate the effects of operating parameters and potential
areas for improvement. Boiler design and configuration play a crucial role, with integrating renewable energy sources
and emerging technologies offering opportunities for further advancements. This review highlights the significance of
energy and exergy analysis in optimizing boiler efficiency, reducing environmental impact, and promoting sustainable
energy utilization. Future research should focus on advanced measurement techniques, computational modelling, and
emerging technologies to enhance boiler performance.

Keywords: Energy analysis; Exergy analysis; Boiler performance; Efficiency optimization; Environmental impact.
Tom tat

Cac 10 hoi dong vai tro quan trong trong qua trinh chuyen d6i nang luong, tang cuong hi¢u sut va bao vé moi trudng
trong nhiéu nganh cong nghiép. Bai viét nay cung cap mot cai nhin toan dién vé phén tich nang lugng va di ung trong
cac 10 hoi, bao gom nguyén ly nhiét dong hoc, phuong trinh cén bang ning luong, co ché truyén nhiét va cac chi s6 hi¢u
suat. Nghién ctru nhdn manh tac dong cua yéu td thiét ké, cac dac tinh nhién liéu va diéu kién van hanh d01 v6i hiéu sudt
cua 16 hoi. Cong nghé tién tién nhu 16 hoi ngung tu va hé thong nang lugng tich hop duoc thao lun dé t6i uu hoa hiéu
sudt ning luong va giam chi phi hoat dong. Xem xét cac yeu t6 moi truong nhin manh tdm quan trong cua viéc cai
thién hiéu suit 10 hoi dé giam ti€u thu nhién li¢u va khi thai nha kinh. Phan tich nang luong dinh lugng luong nang
lugng, trong khi phan tich di tmg dénh gia hiéu suat nhiét dong va xac dinh cic vi tri mat di ung. Cac phuwong phap
nghién ctru khac nhau, bao gdm moé hinh toan hoc, mé phong va do ludng thure nghiém, cho phép phan tich toan dién.
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Céc nghién ctru mau thé hién tac dong cua cac théng sé van hanh va céac linh vyc cai tién tiém nang. Thiét ké va cu
hinh ciia 10 hoi dong vai trd quan trong, véi viée tich hop cac ngudn ning luong tai tao va cong nghé méi mé ra co hoi
phat trién. Bai viét nay nhan manh tim quan trong ctia phan tich nang lugng va di (mg trong viée 61 wu hiéu suét 16 hoi,
giam tac dong moi truong va thic day viée sir dung ning lugng bén vimg. Cac nghién ciru twong lai nén tap trung vao
céc phuong phap do luong tién tién, mé hinh hoa tinh toan va cac cong nghé méi dé nang cao hiéu suét 10 hoi.

Tir khoa: Phan tich nang lugng; Phan tich di trng; Hi¢u suét ndi hoi; Tdi vu hiéu suét; Tac dong moi truong.

1. Introduction

Boilers are integral to a wide range of
industries, playing a crucial role in energy
conversion, efficiency, and environmental
considerations. They enable the transformation
of diverse energy sources, including fossil fuels
and biomass, into thermal energy, which is
indispensable for powering industrial processes
[1]. The significance of boilers in energy
conversion cannot be overstated, as they
facilitate the generation of electricity, heat, and
steam, which are essential for driving various

industrial operations.

Efficiency is a key factor in boiler
performance, and it directly impacts energy
utilization. Advanced technologies, such as
condensing boilers or integrated energy
systems, have been developed to maximize
energy efficiency in industrial settings [2].
These innovations allow industries to optimize
their energy utilization, leading to reduced
energy consumption and lower operational
costs. By adopting such technologies,
businesses can improve their overall efficiency,

resulting in significant energy savings.

Moreover, environmental considerations are
of paramount importance when it comes to
boilers. The combustion of fossil fuels in
boilers releases pollutants and greenhouse
gases, contributing to environmental
degradation and climate change. It is essential
to address these environmental challenges by
focusing on enhancing boiler efficiency [3]. By
improving efficiency, industries can minimize
fuel consumption, reduce greenhouse gas
emissions, and mitigate their environmental

impact. Effective optimization strategies and
the implementation of energy and exergy
analysis techniques enable engineers and
researchers to identify areas for improvement in
boiler performance, leading to enhanced energy
utilization, lower emissions, and optimized

operational costs [1, 2].

Energy analysis is a fundamental tool for
evaluating energy flows and efficiencies within
a boiler system. It applies thermodynamic
principles to quantify input and output energies
and assess losses during the conversion process.
Energy analysis comprehensively examines
combustion, thermal, and overall efficiency,
providing a holistic understanding of energy
utilization and boiler performance [3, 4].
Furthermore, it facilitates comparisons between
different boiler designs, fuels, and operating
conditions to identify the most efficient
configurations [5].

Apart from energy analysis, exergy analysis
offers a more detailed assessment of the
thermodynamic performance of boilers. Exergy
measures energy quality or usefulness and
represents the maximum work obtainable from
a system relative to a reference environment
[6]. Exergy analysis considers irreversibility’s,
losses, and energy degradation within the boiler
system, providing insights into locations and
magnitudes of exergy destruction [7, 8]. By
quantifying exergy efficiencies and
sustainability indicators like exergy destruction
ratio and exergy-based environmental impact,
engineers can pinpoint areas for system
optimization, enhancing exergy utilization and

minimizing environmental impact [9, 10].
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Various methodologies and techniques have
been developed for energy and exergy analysis
of boilers. Mathematical modelling and
simulation tools, such as computational fluid
dynamics (CFD), are widely employed to
simulate complex flow and heat transfer
phenomena within the boiler system [11-13].
Additionally, experimental measurements using
data acquisition systems and instrumentation
allow for the accurate determination of energy
and exergy flows and performance evaluation
parameters [14-16]. These
provide a

analysis
methodologies comprehensive
understanding of system behavior and are the

basis for optimizing boiler performance.

Understanding the factors influencing
boilers' energy and exergy performance is
crucial for effective optimization. Boiler design
and configuration significantly impact energy
and exergy efficiencies, including heat transfer
and fluid
dynamics [3, 17]. Fuel properties, such as

content, heating

surfaces, combustion chambers,

moisture value, and
composition, affect the combustion process and
subsequent energy release [18, 19]. Operating
conditions, control strategies, and maintenance
practices also influence the boiler system's
overall energy and exergy performance [4, 20].

In recent years, significant advancements
have been made in energy and exergy analysis
of boilers. Integrating renewable energy
sources like biomass and solar thermal has
gained attention for improving sustainability
and overall efficiency of boilers [21, 22].
Advanced measurement and monitoring
enable real-time assessment of
energy and exergy flows, facilitating

continuous optimization and control of the

techniques

boiler system [23]. Furthermore, emerging
technologies, including oxy-fuel combustion
and carbon capture, provide potential pathways

for achieving higher energy and exergy

efficiencies while environmental

impact [24, 25].

As the significance of energy efficiency and

reducing

sustainability continues to increase, conducting
thorough energy and exergy analyses of boilers
becomes imperative. This review aims to
present a comprehensive overview of the
concepts, methodologies, influential factors,
case studies, recent advancements, and future
perspectives related to the energy and exergy
of boilers. By gaining a deep
understanding of the energy and exergy

analysis

performance of boilers, researchers, engineers,
and policymakers can make well-informed
decisions to enhance efficiency, minimize
environmental impact, and foster sustainable

energy utilization.
2. Energy analysis of boilers

Energy analysis is a crucial methodology for
evaluating the efficiency and performance of
boilers. It entails quantifying the transfer and
conversion of energy within the boiler system,
offering valuable insights into the utilization of
fuel energy and heat transfer processes. This
section delves into the essential elements of
energy analysis in boilers,

thermodynamic principles,

encompassing
energy balance
equations, heat transfer mechanisms, and
efficiency metrics.

2.1. Thermodynamic principles and laws

Energy analysis in boilers is based on the
fundamental  principles and laws  of
thermodynamics.  The  first law  of
thermodynamics, also known as energy
conservation, states that energy cannot be
created or destroyed but only transferred or
converted from one form to another. The
second law of thermodynamics introduces the
concept of entropy and the irreversibility of

natural processes [26].
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2.2. Energy balance equations for boilers

The energy balance equations provide a
systematic approach to quantifying the energy
flows within a boiler system. These equations
account for the energy inputs (fuel combustion)
and outputs (heat transfer to the working fluid,
heat losses to the surroundings) regarding
enthalpy changes. The energy balance
equations can be applied to different boiler
components, such as the combustion chamber,

heat exchangers, and flue gas system [3].
2.3. Heat transfer mechanisms

Understanding the heat transfer mechanisms
within a boiler is crucial for energy analysis.
Boilers typically involve heat transfer through
conduction, convection, and  radiation.
Conduction refers to heat transfer through
solids or stationary fluids, convection involves
heat transfer by fluid motion, and radiation is
the transfer of heat through electromagnetic

waves [27].
2.4. Efficiency metrics

Various efficiency metrics are employed to
evaluate the energy performance of boilers.
These metrics include combustion efficiency,
thermal efficiency, and overall -efficiency.

Combustion  efficiency  represents  the
effectiveness of fuel combustion, while thermal
efficiency measures the fraction of heat energy
transferred to the working fluid. Overall
efficiency combines combustion and thermal
efficiencies, comprehensively assessing the

boiler's energy conversion efficiency [28].
3. Exergy analysis of boilers

Energy analysis serves as a fundamental tool
in assessing the efficiency and performance of
boilers, providing valuable insights into fuel
energy utilization and heat transfer processes
within the system. This section delves into the
essential elements of energy analysis in boilers,

principles,
transfer

encompassing  thermodynamic
energy balance heat
mechanisms, and efficiency metrics.

equations,

3.1. Exergy concepts and definitions

Exergy represents the maximum practical
work that can be obtained from a system as it
comes into equilibrium with its surroundings. It
is the departure of a system's thermodynamic
properties from their reference state. Exergy
accounts for both the quantity and quality of
factors such as

energy,  considering

temperature, pressure, and chemical

composition [8].
3.2. Exergy balance equations for boilers

The exergy balance equations provide a
systematic framework for quantifying exergy
flows within a boiler system. These equations
track the exergy inputs (fuel combustion
exergy) and outputs (exergy carried by the
working fluid, exergy losses to the surroundings)
associated with various boiler components. The
exergy balance equations enable the
identification of exergy destruction and the
evaluation of energetic efficiencies [28].

3.3. Exergy destruction and irreversibility

Exergy analysis identifies the sources of
exergy destruction and irreversibility’s within
the boiler system. Irreversibility’s represent the
departures from an ideal, reversible process,
resulting in energy losses that cannot be fully
recovered. Exergy destruction occurs due to

temperature
and chemical

irreversibility’s such as
differences, pressure drops,
reactions. Minimizing exergy destruction is
crucial for improving the overall efficiency and

sustainability of the boiler system [29].

3.4. Exegetic efficiency and sustainability
indicators

Exegetic efficiency measures how

effectively a boiler system utilizes available
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exergy. It is determined by the ratio of helpful
exergy output to the exergy input. Exegetic
efficiency considers the quality and potential of
energy
thermodynamic performance of the
system. Sustainability indicators, such as the

and provides insights into the

boiler

exergy-based ecological footprint and exergy-
based carbon footprint, help
environmental impacts associated with the

assess the

exergy flows in the boiler system[30].

4. Methodologies for energy and exergy
analysis

Energy and exergy analysis of boilers
encompasses a range of methodologies aimed
at evaluating and quantifying energy and
exergy flows. These methodologies encompass
mathematical modeling, simulation techniques,
data acquisition, and performance evaluation.
The following provides an overview of these
approaches:

4.1. Mathematical modeling and simulation
techniques

Mathematical modelling is essential for
understanding boiler behavior and evaluating
energy and exergy performance. Models based
on fundamental principles enable calculations
of energy and exergy balances, heat transfer
rates, and efficiencies. Computational fluid
dynamics (CFD) simulations provide detailed
insights into the flow, heat transfer, and
combustion processes, identifying areas for
optimization. Process simulation software like
Aspen  Plus
performance,

assesses  overall  system

considering boiler, auxiliary

equipment, and control systems [31].
4.2. Calculation of energy and exergy efficiencies

Energy and exergy efficiencies are essential
indicators for evaluating the performance of
boilers.

Energy efficiency: Energy efficiency is

calculated based on the energy balance

equations, considering the fuel input, helpful
heat output, and heat losses. The energy
efficiency can be determined using metrics
such as combustion efficiency, thermal
efficiency, or overall boiler efficiency [32]. The
equations for energy efficiency mentioned can

be expressed as follows:
- Combustion Efficiency:

The combustion efficiency represents the
effectiveness of the combustion process in
converting the chemical energy of the fuel into
proper heat. It is calculated as the ratio of the
heat released during combustion to the heat that
could be released if the fuel were wholly burned.

Combustion Efficiency (%) = (Useful Heat
Output / Heat of Combustion of Fuel) x 100

- Thermal Efficiency:

The thermal efficiency of a boiler considers
both useful heat output and heat losses. It
represents the ratio of the useful heat output to
the heat input from the fuel.

Thermal Efficiency (%) = (Useful Heat
Output / Heat Input from Fuel) x 100

- Overall Boiler Efficiency:

The overall boiler efficiency considers heat
losses, including radiation, convection, and
exhaust losses, and the proper heat output. It
represents the ratio of the sound heat output to
the total energy input to the boiler.

Overall Boiler Efticiency (%) = (Useful Heat
Output / Total Energy Input to Boiler) x 100

Exergy efficiency is determined by assessing
the exergy destruction and exergy input/output
within the boiler system. The exergy efficiency
provides insights into the irreversibility’s and
potential for improvement. It can be calculated
using the exergy balance equations and
destruction rates [33]. The exergy efficiency (1)
of a boiler can be -calculated using the

following equation:



T.V.Tung, N.T.T.Nga, T.H.Vu, T,B,Quoc / Tap chi Khoa hoc va Cong nghé Pai hoc Duy Tdn 5(60) (2023) 28-38 33

n = Exergy output / Exergy input

where: Exergy output is the useful exergy
output of the boiler, which represents the
exergy of the heat transfer to the working fluid
(e.g., steam); Exergy input is the total exergy
input to the boiler, which includes the exergy of
the fuel and the exergy of the heat transfer from
the surroundings.

The exergy destruction within the boiler
system is an important factor to consider in
exergy efficiency calculations. It represents the
irreversibility’s and losses of exergy within the
system. The exergy destruction rate (Ed) can be
determined using the following equation:

Eda=2X (mi * exi - mo * eXo)

where: mj is mass flow rate of the input streams
(fuel, air, etc.), exi is exergy content of the
input streams, mo is mass flow rate of the output
streams (steam, flue gases, etc.); eXo is exergy
content of the output streams.

4.3. Performance evaluation parameters

Various performance evaluation parameters
are used to quantify boilers' energy and exergy
performance. These parameters include [34]:

Specific fuel consumption: It represents the
amount of fuel required to generate a unit of
useful heat output, indicating fuel utilization
efficiency.

Exergy destruction ratio: It represents the
ratio of exergy destroyed to the total exergy
input,  providing  insights into  the
irreversibility’s and inefficiencies within the

boiler system.

Exergy destruction cost: It represents the
cost associated with the exergy destroyed
within the boiler system, incorporating the
economic aspects of irreversibility’s.

Levelized exergy cost: 1t represents the cost
associated with the exergy output, considering
the lifecycle cost of the boiler system and

providing a economic

assessment.

comprehensive

These performance evaluation parameters
assist in comparing different boiler designs,
operating  conditions, and  optimization
strategies, facilitating decision-making
processes for improving energy and exergy

efficiency.
5. Boiler design and configuration

The energy and exergy performance of a
boiler are greatly influenced by its design and
configuration. Various factors, including the
type of boiler, combustion chamber design,
heat transfer surfaces, and insulation, play a
crucial role in determining the overall
efficiency and effectiveness of the system. In
this section, we will delve into the key
considerations in  boiler design and
configuration, drawing insights from relevant

research studies and industry practices.
5.1. Boiler types

Different boiler types, such as fire-tube and

water-tube  boilers, have distinct design
characteristics that affect their energy and
exergy performance. Fire-tube boilers consist of
a shell containing water and combustion gases
passing through tubes within the shell. Water-
tube boilers, on the other hand, have water-filled
tubes that circulate through a furnace, where
combustion occurs. The choice of boiler type
depends on factors such as operating pressure,
steam requirements, fuel type, and application-

specific considerations [35].
5.2. Combustion chamber design

The design of the combustion chamber in a
boiler plays a critical role in achieving efficient
and clean combustion (Figure 1). Factors such
as the shape, size, and arrangement of the
combustion chamber influence the residence
time of fuel particles, mixing of fuel and air,
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and heat transfer characteristics. Optimizing the
combustion chamber design can enhance

combustion efficiency, reduce emissions, and
minimize heat losses [35].

Fue gas

I

- Conduction;
- Convestion;
- Unaccounted losses.

Fuel l - Dry flue gas;
Combust Heat Steam - H, in biomass;
_—
Air ombustor Heat products Exchanger - Moisture in air;
\ P - In complete combustion.
/
L ’I‘ | ]|
Water

Figure 1. A diagram illustrating the arrangement of the combustion chamber and heat exchanger
components in a boiler system.

5.3. Heat transfer surfaces

Efficient heat transfer is crucial for

maximizing energy conversion in boilers
(Figure 1). The selection and arrangement of
heat transfer surfaces, such as tubes or plates,
impact heat transfer from the flue gases to the
working fluid. Surface area, material properties,
fouling tendencies, and flow characteristics
affect heat transfer efficiency. Additionally, the
use of advanced heat transfer enhancement
techniques, such as fins or turbulators, can
further improve the performance of heat

transfer surfaces [35].
5.4. Control systems and operation

The
practices employed in boilers can greatly
impact their energy and exergy performance.

control systems and operational

Advanced control strategies, such as intelligent
combustion control, modulating burners, and
optimized load management, enhance
efficiency and reduce energy waste. Proper
maintenance, regular tune-ups, and monitoring
of key performance indicators contribute to
maintaining optimal boiler performance and
minimizing energy losses [36].

6. Case studies and applications

Numerous studies have been conducted to
investigate the energy and exergy performance
of different types of boilers under various
operating conditions. This section provides a
brief overview of some case studies and
applications of energy and exergy analysis in
boilers.

6.1. Fire-tube boilers

Fire-tube boilers are widely used in
industrial applications due to their simplicity,
compactness, and low cost. Farzaneh-Gord,
Arabkoohsar [37] conducted an energy and
exergy analysis of a fire-tube boiler using the
first and second laws of thermodynamics. The
study investigated the effects of different
operating parameters, such as air-fuel ratio and
excess air, on the energy and exergy
efficiencies of the boiler. The results showed
that increasing the excess air led to a decrease
in both energy and exergy efficiencies. The
study also identified potential areas for
improvement, such as reducing heat losses
through improved insulation and increasing
combustion efficiency through better fuel-air

mixing.
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6.2. Water-tube boilers

Water-tube boilers are commonly used in
power generation and other high-pressure
applications. A study by Hasanuzzaman, Rahim
[38] analyzed a water-tube boiler's energy and
exergy performance in a thermal power plant.
The study used a mathematical model to
simulate the boiler performance and calculate
the energy and exergy efficiencies. The results
showed that the boiler had a thermal efficiency
of 89.4% and an energetic efficiency of 42.5%.
The study also identified the primary sources of
exergy destruction, including the combustion
process and heat transfer surfaces. The authors
suggested potential solutions to improve the
boiler efficiency, such as optimizing the
combustion process and
insulation.

improving the

6.3. Comparison of boiler technologies

Several studies have compared different

boilers' energy and exergy performance to
identify the most efficient and sustainable
technology. For example, a study by Khan and
Tlili [39] compared the energy and exergy
efficiencies of a conventional boiler and a heat
recovery steam generator (HRSG) in a gas
turbine power plant. The study wused a
thermodynamic model to simulate the
performance of the two boilers under various
operating conditions. The results showed that the
HRSG had significantly higher energy and
exergy efficiencies compared to the conventional
boiler, indicating its potential for improving the
overall efficiency of the power plant.

6.4. Retrofitting and optimization strategies

Retrofitting and optimizing existing boilers
can also improve their energy and exergy
performance. A study by Dogbe, Mandegari
[40] investigated the effects of retrofitting a
conventional boiler with a waste heat recovery
system. The study used a mathematical model

to simulate the performance of the retrofitted
boiler and calculate the energy and exergy
efficiencies. The results showed that the
retrofitted boiler significantly improved energy
and exergy efficiencies, indicating the potential
for reducing energy consumption and

environmental impact.
7. Recent advances and future perspectives

7.1. Advanced measurement and monitoring
techniques

Recent advancements in measurement and
monitoring techniques have facilitated more
accurate and real-time data acquisition in boiler
systems. Advanced sensors, such as optical
probes, and acoustic
enable precise temperature, pressure, and flow
Additionally, the
integration of wireless sensor networks and [oT
of Things)
remote monitoring and control of boiler
operations, leading to improved efficiency and

microwave, Sensors,

rate measurements.

(Internet technologies enables

performance [41, 42].

7.2. Computational Fluid Dynamics (CFD)
modeling

Computational Fluid Dynamics (CFD)
modeling has emerged as a powerful tool for
analyzing and optimizing boiler performance.
CFD  simulations allow for detailed
visualization and analysis of complex flow
patterns, heat mechanisms, and

combustion processes within the boiler. This

transfer

enables engineers to identify potential areas of
improvement, optimize design parameters, and
enhance overall efficiency. Furthermore, the
coupling of CFD with
techniques, such as exergy analysis, provides a
comprehensive  understanding  of
conversion processes in boilers [43].

other analysis

energy

7.3. Integration of renewable energy sources

Integrating renewable energy sources into
boiler systems presents a promising avenue for
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improving sustainability and reducing carbon
emissions. Biomass combustion, solar thermal
integration, and waste heat recovery systems
can supplement or replace conventional fuel
sources in boilers. These approaches not only
enhance overall energy efficiency but also
contribute to reducing greenhouse gas

emissions and dependence on fossil fuels [44].

7.4. Emerging technologies and sustainable
practices

Advancements in materials science, heat
transfer =~ enhancement  techniques, and
combustion technologies continue to drive the
development of innovative boiler systems. For
instance, using advanced heat exchangers, such
as compact or finned tubes, improves heat
transfer efficiency and reduces system footprint.
Furthermore, adopting sustainable practices like
energy management systems, cogeneration, and
waste-to-energy conversion further enhances
boiler systems' overall performance and
environmental sustainability [45].

8. Conclusion

In conclusion, this comprehensive review
has shed light on boilers' energy and exergy
analysis, emphasizing their significance in
industrial processes. We gained insights into
optimizing energy conversion by examining
thermodynamic  principles, laws, energy
balance equations, and efficiency metrics.
Additionally, the exergy analysis provided a

deeper understanding of exergy balance
equations, irreversibility, and sustainability
indicators.

Energy and exergy analysis methods were
discussed, including mathematical modelling,

simulation  techniques, and performance
evaluation parameters. Boiler design, fuel
properties, and operating conditions
significantly impacted energy and exergy

performance.

Several case studies showcased the
application of energy and exergy analysis in
different boiler types and highlighted the
benefits of retrofitting

strategies.

and optimization

Moreover, recent advances in
measurement techniques, computational fluid
dynamics modelling, and the integration of
renewable energy sources hold promise for

further improvements.

However, challenges regarding data
availability, modelling complexity, and exergy
assessment uncertainties should be addressed.
Techno-economic considerations should also be
considered when implementing energy and

exergy optimization strategies.

Overall, this
importance of energy and exergy analysis in
maximizing  boiler
environmental

review underscores the
efficiency,
impact, and
sustainable energy practices. Future research
should focus on

reducing
promoting

advanced measurement
techniques, computational modelling, and the

exploration of emerging technologies to

enhance boiler performance and contribute to a
greener and more efficient industrial sector.
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