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ABSTRACT

In this study, a fluidized-bed biofuel system was integrated with a Stirling engine (SE) to create a combined heat
and power (CHP) system with high energy efficiency. Methods for ensuring the stability of the SE and fluidized-
bed combustion were investigated and implemented. The proposed design was tested experimentally, and the
system successfully produced electricity from the heat of the flue gas generated during biomass combustion. The
Taguchi method was employed to maximize the temperature of the fluidized bed by modifying three parameters:
the sand height, air flow rate, and biomass feed rate. The biomass used in this study was discarded mushroom
sawdust waste. The biomass feed rate was varied from 9.5 to 17 g/min, and the air flow rate was varied from 50
to 60 L/min. The integrated CHP system was found to yield 90—100 W of electric power and 1077.3 W of heat
energy for producing hot water. The oxygen, carbon dioxide, carbon monoxide, and nitric oxide concentrations
of the flue gas produced under the optimized system parameters were analyzed, and minimal emissions of carbon
monoxide and nitric oxides, which are harmful gases, were discovered. In most experiments on SEs in the
literature, liquid or gaseous fuels have been used to power the engine. However, this study successfully used solid
biomass fuel to power a practical SE, thus widening the knowledge on the utilization of this renewable energy
source for electricity generation. The results of this study indicate that the proposed CHP system is stable, clean,
and efficient. This system potentially provides a solution for two problems, namely the disposal of mushroom
sawdust waste and the eco-friendly generation of heat and electricity. Therefore, the proposed system is
promising for green and sustainable power generation in the future.

1. Introduction

droughts, floods, forest fires, and other extreme weather events, which
have caused infrastructure damage, property losses, and the deaths of
people and animals. Several nations signed the Paris Agreement during

The widespread use of fossil fuels is a key factor contributing to the
rising levels of atmospheric CO2, which are exacerbating global warm-
ing and its adverse effects [1,2]. Reducing fossil fuel consumption and
increasing energy efficiency are key strategies for reducing CO2 emis-
sions, such as using alternative fuels, like ammonia [3,4], hydrogen [4,5
[6]11, and iron particles [7,8], and energetic oxidizers [9-12]. Fossil fuel
consumption has been identified as a major cause of global warming,
and this fact has prompted the international community to prioritize the
transition toward renewable energy sources. Fossil fuels, including pe-
troleum, are currently used to produce more than 20% of all primary
energy used globally. The urgency of reducing fossil fuel consumption is
evident from the devastating consequences of climate change, such as

the 2015 United Nations Climate Change Conference, pledging to take
concrete action to reduce greenhouse gas emissions [13]. Consequently,
alternative energy sources and methods for reducing the world’s
dependence on fossil fuels have attracted attention worldwide.
Biorefinery technology is a viable solution for reducing emissions.
This technology can convert waste biomass into products such as bio-
fuels [14,15], bio-oils, and synthetic gas (syngas) [16], thereby reducing
waste accumulation and carbon emissions. The Paris Agreement states
that accelerating the transition toward renewable energy sources is a
fundamental strategy for combating climate change. Renewable energy
is a sustainable and economically viable solution for preventing the
adverse environmental consequences of fossil fuel consumption [17,18].
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Nomenclature

M Number of experiments at level L

m Target value

n Number of data points

P Electric power output W

Q¢ Biomass feed rate g/min

NQSVE Mean S/N ratio in the nine relevant experiments
s(x) Mean square error at sample point x

(S/N)sg  S/N ratio for the STB approach

(S/N)g  S/N ratio for the LTB approach

(S/N)ng  S/N ratio for the NTB approach

X A set of samples

x®™ nth sample point

XL Average S/N ratio

Y A set of observations

y™ nth observation

Y(x) Observed responses

Ymin Minimum value among the observed responses
Vi Value of a process or quality characteristic

Greek Symbols

Noveran ~ OVerall efficiency of the CHP system

e Thermal-to-electric efficiency

i S/N ratio for an experiment performed at level L
1} Mean

Abbreviations

CHP Combined heat and power
DMSW  Discarded mushroom sawdust waste
FBC Fluidized-bed combustor

HHV Higher heating value
LPG Liquefied petroleum gas
LTB The larger, the better
NTB The nominal, the best
SE Stirling engine

S/N Signal to noise

STB The smaller, the better
Subscripts

el Electric

f Feed

L Level

Biorefinery technology can be used to achieve innovative and sustain-
able waste management in rural agricultural communities [19,20]. This
technology can also be employed to harness the potential of biomass
waste and produce biofuels and bio-oils, which are renewable and
low-carbon alternatives to fossil fuels. The conversion process in the
aforementioned technology involves various thermal, chemical, and
biological processes that efficiently transform biowaste into valuable
energy sources. Moreover, biorefinery technology can be used to
generate high-value products, such as biochemicals and bioplastics,
thereby enhancing the economic viability of using biowaste for energy
generation.

The adoption of biorefinery technology can bring several advantages
to rural agricultural communities. First, this technology can provide an
additional source of income by enabling the monetization of biomass
waste, thereby boosting the local economy. Second, it reduces the
environmental footprint and carbon emissions associated with biowaste
accumulation. Third, the technology contributes to rural development
by promoting sustainable practices and creating employment opportu-
nities. However, to implement biorefinery technology, many challenges
must be overcome, including technological limitations, infrastructure
requirements, and the need for adequate policy support and financial
incentives. Addressing these challenges is crucial for realizing the full
potential of biorefinery technology in terms of its waste management
and emissions reduction benefits. The aforementioned challenges can be
addressed by employing a holistic approach that encompasses the
implementation of advanced technologies, suitable support policies, and
appropriate financial incentives. Research and collaboration among
stakeholders are crucial for fully exploiting the potential of biorefinery
technology and promoting sustainable development in rural areas.

Urgent measures must be adopted to address climate change, and
enhancements in the efficiency of fossil fuel use can lead to considerable
reductions in overall energy consumption and CO, emissions. Such re-
ductions can be achieved using high-thermal-efficiency systems, spe-
cifically combined heat and power (CHP) systems [21]. Researchers
have investigated CHP systems with various designs, including those
with internal combustion (IC) engines, gas-turbine engines, Stirling
engines (SEs), thermophotovoltaic arrays [22-24[25]], microreactors
[6,26,271], or fuel cells as their prime mover. SEs may be the ideal prime
mover for small-scale CHP systems, as indicated by the studies of
Schneider et al. and Chen et al. [28-30]. CHP systems can be a

sustainable solution for converting biowaste into electricity and heat
while minimizing CO, emissions. These systems efficiently use rejected
heat from thermodynamic cycles, thereby achieving lower greenhouse
gas emissions for a given power output than that achieved by a con-
ventional power system. Moreover, CHP systems are compact and
inexpensive; thus, they are suitable for installation in remote or
economically disadvantaged areas. Overall, recent advances in CHP
technology have made CHP systems a promising option for large-scale
sustainable energy generation.

Using solid biogenic fuels at the microscale to power simple systems
is challenging [31,32]. For example, the gasification process, in which
solid biomass is converted into syngas, is difficult to optimize. Com-
bustion of syngas produces pollution, and syngas has low versatility,
high powder content, and high soot load, which hinder its practical
application [33,34]. Although microscale CHP systems can achieve a
thermal-to-electric efficiency 7, of approximately 50%, researchers have
focused on electricity generation techniques that involve IC engines
because IC engine is a mature technology. IC engines can achieve 7,
values of 22%-30% (a stand-alone 7, value of 30%-40%), whereas CHP
systems that use exergy-based technologies, such as SEs, often have poor
n, values (e.g., 10%) [35]. However, SEs are much more flexible on fuel
than IC engines. This is one of the key advantages of SEs over IC engines.

An SE is a heat engine that converts heat energy into mechanical
energy through the expansion and contraction of a working gas. In SEs,
the working gas transfers heat from a heat source to a heat sink.
Conceptually, an SE closely resembles the ideal Carnot heat engine. An
SE was first developed by Robert Stirling, and early SEs comprised air
contained in cylinders and were commonly known as hot-air engines.
However, modern SEs typically employ helium or hydrogen as the
working fluid because of the superior heat absorption and release
properties of these gases. To perform optimally, SEs require high tem-
perature; thus, the efficiency of early SEs was limited by the materials
available at the time.

Different SE configurations exist, such as the alpha, beta, gamma,
and free-piston configurations. Most configurations comprise two
moving parts: a power piston and a displacer piston. SEs operate in a
sealed unit, which ensures that the working fluid is not leaking to the
surrounding atmosphere. The movement of the displacer facilitates the
cyclic flow of the working fluid. The working gas is initially in a hot
chamber, which is maintained at a constant temperature by an external



W.-L. Chen et al.

heat source. Subsequently, the working gas progresses toward a cold
chamber, where heat is extracted from the engine. This engine cycle is
reversible; that is, a mechanically driven SE can also transfer heat energy
from the cold end to the hot end, thereby effectively functioning as a
refrigerator [36].

SEs with power outputs of 0.5-50 kW are commercially available.
Low-power SEs have advantages over other engines with similar power
output; for example, low-power SEs are less expensive to maintain
because of their encapsulated roller bearings, which do not require oil
lubrication. However, the maintenance process for SEs without oil-free
mechanical transmission is relatively challenging [37]. SEs have high
initial costs and may not be economically feasible; however, they can be
viable for an integrated heat usage system and when the power demand
is consistent [37,38].

Commercial SEs are predominantly solar-powered or gas-fired; little
is known about the use of solid biofuels to power these engines. Fixed-
bed combustors and fluidized-bed combustors (FBCs) are combustion
systems commonly used for burning biomass. In fixed-bed combustion,
the height of the solid bed is approximately constant, and gas flows
slowly from the bottom of the solid bed to its top. By contrast, in
fluidized-bed combustion, the solid bed is fluidized from underneath by
using a regulated flow of air or gas. Fluidized-bed combustion has
numerous benefits, including its adaptability to fuels with various
characteristics, excellent thermal properties, and ability to combust
biomass and agricultural residues efficiently, which results in low CO
emissions and high carbon conversion rates at even small scales [39,40].
However, biomass with high alkali content can foul system components
or cause the agglomeration of bed particles. To address these challenges,
alternative bed materials must be adopted, and internal mixing tech-
niques must be enhanced. To improve FBCs, various rapid fluidization
methods that involve high gas velocities have been developed, including
turbulent fluidization, bubbling fluidization, and rapid fluidized-bed
combustion [41-43].

Bubbling fluidized-bed combustion is widely employed for burning
solid fuels, including coal, biomass, and solid waste [43-45]. This pro-
cess involves establishing a bed of solid particles, such as sand or
limestone particles, within a combustor and fluidizing this bed by
introducing a regulated flow of air or gas from below. In the present
study, an SE was integrated with an FBC to achieve sustainable power
generation and contribute to global efforts to combat climate change.
The combination of the SE and FBC technologies holds considerable
promise for increasing thermal efficiency [46-48] and reducing the
emissions of CHP systems, thereby facilitating greener and more sus-
tainable heat and power generation.

Few studies have investigated the performance of an SE integrated
with an FBC. Urciuolo et al. [49] proposed a system that consisted of a
y-type SE and an FBC. In this system, the hot end of the SE is inserted
inside the sand bed of the FBC to enhance the rate of heat transfer be-
tween the SE and the FBC. This configuration prevents the formation of a
fouling layer on the heat-exchange pipes of the SE. The aforementioned
system was found to generate electric power of up to 500 W, and its 7,
value was 1.3%-2.2%. Schneider et al. [28] presented a CHP system
with an integrated SE and FBC subsystem as the prime mover. In this
subsystem, the hot end of the SE is inserted into the sand bed of the FBC
for the same reasons as those reported in the study of Urciuolo et al.
[49]. The SE adopted by Schneider et al. is an a-type SE, and its working
gas can be pressurized up to 33 bars. The system of Schneider et al. was
reported to generate electric power of up to 5.2 kW and have an 7, value
of 14%-16%. The aforementioned two studies indicate that wood pellets
can be used as fuel for an FBC and that inserting the SE directly into the
FBC is a suitable configuration for an integrated SE-FBC system. The
main objective of the present study was to develop a CHP system that
has high efficiency and low CO3 emissions and that can generate elec-
trical and heat energy from biomass waste in a sustainable and
eco-friendly manner. The CHP system designed in this study includes an
integrated SE-FBC system that has a different configuration to the
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integrated systems developed by Schneider et al. and Urciuolo et al. [28,
49]. The solid fuel used for the FBC of the designed system is discarded
mushroom sawdust waste (DMSW). Therefore, the present study is ex-
pected to widen the knowledge regarding the use of solid biofuel for
powering SEs. Disposal of DMSW is costly and produces greenhouse
gases. At the time of writing, disposal of 1 ton of biomass waste costs the
Environmental Protection Agency of Tainan City Government approxi-
mately 160 US dollars. This cost is expected to increase over time
because of inflation. The CHP system proposed in this paper can be used
to dispose of biomass waste at low cost and to generate revenue through
the production of electricity and heat energy. Therefore, the proposed
system is not only environmentally friendly but also financially attrac-
tive for farm owners and investors. Consequently, widespread applica-
tion of the proposed green system can contribute to the mitigation of
global warming.

2. Experimental equipment and process
2.1. Experimental setup and FBCs

Figs. 1 and 2 display a schematic and a photograph of the experi-
mental setup, respectively. The designed system consists of a biomass
fuel feeder, two FBCs, a twin-cylinder SE, an electricity generation
system, an electricity control system, an inverter, and some common
household appliances that consume power, such as LED light bulbs,
electrical fans, and video players. Two combustors are required to
supply heat to the twin-cylinder SE. Fig. 3 depicts a schematic of the
FBCs, and Fig. 4 displays the upper and lower parts of these combustors.
The fluidized bed has an outer diameter of 10 ¢cm, an inner diameter of
9.3 cm, and a length of 50 cm. The fluidized bed comprises a rectifica-
tion zone with an inner diameter of 9.3 cm and a length of 7.5 cm, and
air can be injected into the combustor from this zone to fluidize sand.
Biomass is injected above the rectification zone. A distributor plate with
a diameter of 99 mm and an orifice diameter of 1 mm is placed above the
rectification zone to distribute air flow evenly. As displayed in Fig. 3,
each combustor’s inner chamber contains sand for fluidization and
rectifier beads for evenly distributing the air toward the distributor
plate. The fluidization process occurs in the upper part of the two
combustors. The upper and lower parts of the combustors are joined by
screws, and a graphite plate is inserted between these parts to ensure
tight sealing to prevent leakage. Moreover, a 99-mm-diameter distrib-
utor plate with 1-mm-diameter orifices is placed above the lower part of
the combustors to distribute gas flow evenly into the upper part. The
outward extrusions in the upper part of the combustors facilitate the
insertion of thermocouples into the combustors for temperature mea-
surements. In the experiments performed in this study, K-type thermo-
couples were used to measure the temperature at various positions
within the combustors. Fig. 5 depicts the structure of the flue gas table
used in this study. This table is placed above the combustors to hold the
combustors and SE, and the table releases flue gas through its exhaust
outlets. In this setup, the SE is placed on the outlet of the FBCs instead of
inside the FBCs. This configuration offers several advantages over those
adopted in Refs. [21,49]. First, embedding the engine within the fluid-
ized bed would hinder scalability because of the complexity of instal-
lation and modification. The FBCs used in this study do not require
complex installation; thus, their size can be conveniently reduced for
small-scale applications. Second, if the SE’s hot end were to be directly
integrated with the sand in the fluidized bed, stringent structural and
material designs would be required; SE installation is considerably more
straightforward in the configuration adopted in this study. Third, in the
adopted configuration, the hot end of the SE is not corroded by abrasive
sand; thus, the service life of the SE is longer than it would be if the end
did become corroded. Finally, the proposed configuration can be
extended easily through the simple addition of SEs downstream of the
flue gas pipe.
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Fig. 1. Schematic of the designed system.
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Fig. 2. Photograph of the experimental setup.

2.2. Stirling engine

Fig. 6 displays an engineering drawing and the configuration of the
adopted pressurized two-cylinder SE with a medium temperature dif-
ferential. The key dimensions and parameters of this SE are as follows:
length = 500 mm, height = 450 mm, width = 320 mm, piston diameter
= 100 mm, piston stroke = 68 mm, displacer cylinder diameter = 222
mm, displacer stroke = 48 mm, and phase difference between the two
cylinders = 180°. A T-bar walking beam design is used to achieve a
phase difference of 180° between the two cylinders, and this design
enables a crank to be shared by the cylinders. The working gas of the SE
is hydrogen pressurized to between 1 and 3 bar. The maximum engine
speed is 600 rpm, and the maximum temperature of the hot end is
approximately 550 °C. Fig. 7(a) displays the pressure gauge of the
adopted SE. As depicted in Fig. 7(b), the SE is water-cooled, with cooling
water being pumped from an external water tank by using two small

pumps. Fig. 8(c)-8(e) presents the engine speed, shaft torque, and
electric power of the adopted SE (373 rpm, 11.06 N-m, and 303 W,
respectively) when hydrogen gas was pressurized to 2 bar and the
temperature of the hot end was 450 °C. The aforementioned engine
speed and shaft torque produced shaft power of 432 W (mechanical
power), and the mechanical-to-electric efficiency of the power genera-
tion subsystem was 70% (obtained by dividing the electric power by the
shaft power).

If biomass fuel is continuously supplied to its combustor, the SE can
generate electricity without interruption. However, the consumption or
addition of fuel can affect combustion, resulting in variation in the
heating power supplied to the engine. This phenomenon causes changes
in the temperature difference of the SE, which result in instabilities in its
output power. To overcome this problem, a power generation unit that
comprises a small 600-W wind turbine generator, two car batteries
(combined voltage of 24 V), an inverter, and a control box is
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Fig. 3. Schematic of the FBCs and images of some of their internal components.

(a) Upper part.

(b) Lower part.

Fig. 4. Upper and lower parts of the FBCs.

incorporated into the proposed system (Fig. 8). The generator is driven
by the SE, and the generated electric energy is stored in the batteries.
The inverter then converts the 24-V DC electricity from the batteries into
110-V AC electricity for powering the household appliances. The flow of
electricity between the generator, batteries, and inverter is managed by
the control box. The large energy buffer of the batteries ensures stable
output of power even when the SE is shut down temporarily.

2.3. Experimental procedure

In the present experiments, air was first injected at a rate of 50 L/min
from the lower part of the combustor into the rectification zone of the
reactor. Simultaneously, liquefied petroleum gas (LPG) was added to
heat the sand. Once the sand had reached the desired preheating tem-
perature, the LPG supply was stopped. Moreover, biomass was injected
into the combustor to sustain the combustion process, resulting in
fluidized-bed combustion. The SE was placed above the combustors and
converted the thermal energy of the flue gas into mechanical energy.

This mechanical energy then drove the generator, which resulted in the
generation of electricity. The generated electric power and heating
power were measured once the system had reached a steady state.

3. Optimization methodology

The following sections describe the methodology used in this study
to identify the optimal operating conditions through the minimum
number of tests.

3.1. Taguchi method

In the Taguchi method, the signal-to-noise (S/N) ratio, which is a
quality evaluation standard, is used for analysis and optimization. This
method enables optimization of a system through the minimum number
of experiments. Desirable and undesirable outputs are referred to as
“signal” (S) and “noise” (N), respectively. The Taguchi method can be
implemented using three approaches, which are differentiated by the
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2.Combustor
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4 Ring plate
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Fig. 5. Structure of the flue gas table and FBCs.

desired outcome: the smaller-the-better (STB), larger-the-better (LTB),
and nominal-the-best (NTB) approaches [50].

In the STB approach, the value of the process or quality characteristic
is minimized to a nonnegative ideal value that is typically 0. The STB
approach can be used to obtain the yields of by-products and is
expressed as follows:

s 1
=) = —10xlog|~ "y (€))
(N)STB Og{" ily:|

In the LTB approach, the value of the process or quality characteristic
is maximized. This approach can be employed to optimize product yield
and is expressed as follows:

S) 1< 1
— = —10 x log |- — 2
(N LTB |:" ;ytz:|

In the NTB approach, the value of the process or quality character-
istic is optimized to approach a predetermined target value as follows:

S 1<
(ﬁ) - = —10 x log |:n Z i — m)z] 3

i=1

where y; is the value of the process or quality characteristic, n is the
number of experiments in each set of the orthogonal array, and m is the
target value.

An appropriate Taguchi method (the STB, LTB, or NTB method) can
be employed to achieve optimization with the minimal number of ex-
periments. The efficient combustion of biomass in an FBC is crucial for
sustainable and environmentally friendly energy generation. To achieve
optimal combustion performance, the temperature of the sand bed must
be optimized. Therefore, the effects of factors that strongly influence the
fluidization and combustion processes within the furnace were investi-
gated. We focused on three crucial factors affecting the biomass com-
bustion temperature: the sand height, air flow rate, and biomass feed
rate.

The sand height in the fluidized bed influences the biomass com-
bustion process because the sand is the major medium of heat transfer
during this process. The height of the sand bed determines the heat
distribution and circulation within the combustor and thus affects the
overall combustion efficiency and temperature profile. An adequate
sand height is required for ensuring efficient heat transfer from the bed
to the biomass and thereby ensuring a favorable combustion rate and
high thermal performance. The air flow rate is another key factor that
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strongly affects the combustion process in an FBC. Adequate air flow is
essential for providing sufficient oxygen for biomass combustion,
thereby facilitating complete and efficient burning. Moreover, the air
flow rate influences the fluidization conditions within the combustor,
that is, the mixing of sand particles and biomass; it thus strongly affects
the overall combustion efficiency. The biomass feed rate also has a
strong influence on the combustion process in an FBC. Biomass is the
main fuel source for the combustion process inside a fluidized bed; thus,
its feed rate directly affects the combustion rate and heat release.
Appropriate control of the biomass feed rate ensures a consistent and
uniform supply of fuel to the furnace, which minimizes fluctuations in
temperature and ensures stable combustion conditions.

The goal of the optimization process conducted in this study was to
identify the most favorable combination of the aforementioned three
factors to achieve the required temperature conditions for biomass
combustion. A range of experimental values was carefully selected for
each factor. This range was determined by conducting preliminary ex-
periments to understand the influence of each factor on the temperature
profile. Table 1 lists the values selected for each factor for determining
the optimal sand bed temperature. By optimizing the sand bed tem-
perature, we aimed to improve the combustion efficiency and reduce
emissions, thereby achieving cleaner and more sustainable energy
generation.

An 19 orthogonal array was adopted to perform the optimization
process (Table 2), and three levels were selected for each factor. The L9
orthogonal array enabled the systematic and efficient examination of the
interactions between the three selected factors and their combined effect
on temperature.

3.2. Combustion characteristics of biomass

3.2.1. Analysis of fuel properties

Table 3 presents the estimated calorific values of DMSW and
Australian coal. The higher heating value (HHV) of the DMSW was
17.13 MJ/kg, which was marginally lower than that of the Australian
coal (26.13 MJ/kg). This disparity in the HHV can be attributed to the
higher fixed carbon fraction in the Australian coal, which was approx-
imately 46 wt% higher than that in the DMSW. Conversely, the volatile
matter content in the DMSW was nearly 76 wt% higher than that in the
Australian coal; thus, the DMSW would be easier to ignite. Conse-
quently, during combustion, the DMSW would burn primarily because
of the presence of volatile matter, whereas the Australian coal would
primarily undergo coke burning. Both fuel sources had ash content of
approximately 15-19 wt%, which suggested that they had relatively
high inorganic content. The sulfur content of the DMSW and Australian
coal were 0.55 and 0.52 wt%, respectively. In summary, the DMSW and
Australian coal had different calorific values, fixed carbon contents,
volatile matter contents, ash contents, and sulfur contents. These dif-
ferences resulted in them having different combustion behaviors and
overall suitability.

4. Optimization of the combustion temperature

An increase in the sand bed temperature T; causes an increase in the
power output. Therefore, the LTB approach was selected in this study.
Each of the nine experiments to be performed was conducted twice. The
S/N ratio was calculated for each experiment by using Eq. (2), and the
results were averaged (Table 4).

— 1
XL:MZ”L 4

where X is factor A, B, or C; X;, is the average S/N ratio in each set of
experiments for factor X at level L; M is the number of experiments at
level L; and 7, is the average S/N ratio of level L for factor X. For
example, the average S/N ratio of factor A at level 1 was calculated as
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(a) Engineering drawing of the adopted SE.

Power piston

Water tank

Hot end

<«——— T-bar walking beam
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(b) Configuration of the adopted SE.

Fig. 6. Engineering drawing and configuration of the adopted 500-W SE.

follows:
— 1
Av=g 00+ s+ 0,) (%)

The S/N ratios for each level and factor are listed in Table 5. In this
table, Difference represents the difference between the maximum and
minimum S/N ratios of each factor, and Rank indicates the ranking of
this difference. The optimal level for each factor was the level at which
the highest S/N ratio was obtained. In the Taguchi method, the optimal
S/N ratio is calculated as follows:

S S N N S
—_—= + (Al — +<B], )+<C37 )+(D2
Nopi Nave ( NAVE) Nyve Nave
N
_ (6)
NAVE)

where S/Nayg (=56.74 in this study) is the mean S/N ratio in the nine

sets of experiments; S/Ngpr is the predicted S/N ratio in the optimal
experiment; and Al, B3, and C3 indicate the maximum S/N ratios of
factors A, B, and C, respectively. The values of A1, B3, and C3 in this
study were 57.97, 57.91, and 56.94, respectively (Table 5). The optimal
parameters are listed in Table 6, and these parameters were validated by
performing an experiment. The theoretical and experimental S/N ratios
for the optimal parameters were 58.86 and 59.55, respectively (Table 7);
thus, these ratios agreed favorably. The Taguchi investigation revealed
that each considered factor strongly affected combustion and thus the
temperature profile.

Specifically, an increase in the air flow rate and biomass feed rate
improved fluidization, thereby enhancing combustion and increasing
the furnace temperature. Conversely, a decrease in these rates hindered
combustion, which resulted in unstable conditions and decreased the
furnace temperature. For example, at a sand height of 6 cm and an air
flow rate of 50 L/min, the bed temperature was approximately 693 °C,
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(b)  Cooling water recirculation
pipes.

Fig. 7. Photograph of the adopted 500-W SE: (a) engine pressure gauge and (b) cooling water recirculation pipes.

(a) Engine pressure gauge.

(c) Electric power. (d) Rotational speed. (e) Torque.

Fig. 8. (a) Electricity control box and (b) electric generator of the adopted SE. (c) Electric power, (d) rotational speed, and (e) torque readings obtained in an
experiment performed with the SE.

which suggested that a low air flow rate resulted in an insufficient
supply of oxygen for biomass combustion, thereby causing combustion
instability. By contrast, the maximum temperature (907.02 °C) was

Table 1
Factors and levels for the temperature experiment.

Level  Sand height Flow rate of air (1/ Feed rate of biomass (g/ achieved using a sand height of 2 cm, a biomass feed rate of 17 g/min,

(em) min) min) and an air flow rate of 60 L/min. This parameter combination resulted in
L1 2 [A1] 50 [B1] 9.5 [C1] well-balanced fluidization and combustion processes with long-term
L2 4[A2] 55 [B2] 13 [C2]

stability. Therefore, the highest S/N ratio and thus highest combustion
efficiency were achieved with this combination. Fig. 9 depicts the S/N
ratios in the nine sets of experiments.

L3 6 [A3] 60 [B3] 17 [C3]




W.-L. Chen et al.

Table 2

L9 orthogonal array.

Table 7
Validation results for the optimal parameters.
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Ratio

Taguchi method

Theoretical optimization S/N ratio
Experimental S/N ratio

58.86
59.55

NO. Sand height (cm) Airflow rate (I/min) Biomass feed rate (g/min)
1 2 50 9.5
2 2 55 13
3 2 60 17
4 4 55 9.5
5 4 60 13
6 4 50 17
7 6 60 9.5
8 6 50 13
9 6 55 17
Table 3

Proximate analysis of DMSW and Australian coal.

Proximate analysis of waste mushroom and Australian coal

Mushroom waste Australian coal

Volatile matter 76.1 34.8
Fixed carbon 5.4 46.2
Ash 18.5 18.87
Elemental analysis (wt. %)

C 43.90 73.3
H 5.53 4.16
N 29.29 5.26
o 2.23 1.15
S 0.55 0.53
Calorific value (MJ/kg)

HHV 17.13 26.13

Table 4

S/N ratios for the nine sets of experiments.
NO. Temperature (°C) S/N ratio
1 693 56.81
2 744 57.43
3 907.02 59.15
4 706.06 56.97
5 685.4 56.71
6 558.14 54.13
7 782.6 57.87
8 597.12 55.52
9 642.05 56.15

Table 5

S/N response table for temperature.

Level Sand height Flow rate of air Feed rate of biomass
L1 57.97 55.48 55.52
L2 56.05 56.85 56.55
L3 56.72 57.91 56.94
Max 57.97 57.91 56.94
Min 56.05 55.48 55.21
Difference 1.92 2.43 1.73
Rank 2 1 3
Table 6

Optimal combustion parameters determined using the Taguchi method
for the maximizing combustion temperature.

Optimal experiment condition Taguchi method

Sand height (cm) 2
Flow rate of air (I/min) 60
Feed rate of biomass (g/min) 17

The results of the experimental analysis provided valuable insights
regarding the effects of the air flow rate, biomass feed rate, and sand
height on the biomass combustion temperature in an FBC. These insights

can be used to optimize the combustion process to increase the com-
bustion temperature and combustion efficiency. Moreover, the insights
enable the design and implementation of efficient and sustainable en-
ergy generation systems.

4.1. Preheating and heating processes of the fluidized bed

Fig. 10 displays images of the fluidized bed at three temperatures,
namely 200, 500, and 700 °C, during the CHP system’s startup process.
As the temperature in the combustor increased, the speed of the air
molecules in the combustor also increased, which promoted bubbling
and fluidization. The optimized parameters were used during preheat-
ing. The air flow rate was 45 L/min, and LPG was injected at a flow rate
of 3-4 L/min to preheat the sand. The sand bed was heated slowly inside
the combustor. As the temperature increased, bubbling fluidization
intensified. The sand began moving vigorously, and the amount of heat
transferred across the bed material increased. Once the bed temperature
at 2 cm above the distributor plate (T1; Fig. 10) had reached 500 °C,
biomass was injected into the combustor through the feeding hole. This
hole was oriented at an angle of 45° with respect to the axis of the
combustor. Biomass was fed into the combustor under gravity at an
initial feeding rate of 8 g/min.

To reach the desired temperature, the air flow rate and biomass feed
rate were then slowly increased. As the bed temperature increased, the
variation in the fluidization conditions also increased. At 850 °C, which
is higher than the ember temperature (i.e., 800 °C), the LPG supply was
turned off, and DMSW was fed into the proposed CHP system. The fuel
conversion process took approximately 10-15 min. After the fuel con-
version, the temperature of the bed material gradually decreased to
675 °C. After approximately 8 min, the temperature increased again to
730 °C and slowly reached equilibrium, at which point the fuel con-
version process concluded.

4.2. Temperature results for the designed CHP system

The optimized experimental parameters were used to operate the
designed CHP system. Figs. 11 and 12 display the temperatures of the
two combustors at various locations when they were connected to the
SE. Specifically, T1 and T2 were the bed temperatures 2 and 8 cm above
the distributor plate, respectively. These locations had similar temper-
atures, which indicated a uniform heat distribution in the fluidized bed.
T3 represents the flame temperature measured 18 cm from the distrib-
utor plate, and T4 represents the temperature at the exit of the
combustor, where the heat of the flue gas was transferred from the
combustor to the bottom plate (hot end) of the SE.

After the sand had been preheated with LPG during the initial stage
of biomass injection (0-700 s), the temperature fluctuated, and the
biomass underwent volatile combustion. Once a temperature of 700 °C
had been reached, the LPG supply was turned off, and the biomass
combustion process stabilized. During this phase, the air flow rate was
maintained at 55 L/min, and the biomass feed rate ranged from 12 to 13
g/min. The system then operated in a stable state for 30 min, during
which the SE’s bottom plate began to be heated gradually.

Subsequently, the feed rate was gradually increased to 17 g/min for
both combustors, which resulted in the temperature increasing to
800-900 °C. Once the SE’s plate temperature had reached 100-130 °C,
the engine was started, and power generation began. The temperature of
the SE’s hot end increased to 260-270 °C, and the designed CHP system
generated 90-100 W of electric power. This system then continuously
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Fig. 9. S/N ratios in the nine sets of experiments.
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Fig. 10. Images of the fluidized bed at different temperatures.

and steadily operated for 1-2 h.

The flue gas temperature at the combustor outlet was strongly
correlated with the biomass feed rate Q;. Low feed rates of 11-13 g/min
resulted in a stable flue gas temperature of approximately 730 °C.
However, when the biomass feed rate was increased to 17 g/min, the
temperature increased considerably to 800-900 °C. This temperature
increase was attributable to the increase in the air flow, which effec-
tively increased the combustion temperature. Consequently, the flue gas
had higher energy when the feed rates were higher. An energy balance
analysis performed for the bubbling fluidized-bed combustion chamber
revealed that the additional energy provided by the increase in fuel was
predominantly transferred to the flue gas. This was because of a
reduction in the residence time of volatiles and unburnt gaseous species
in the freeboard region located above the fluidized bed, which resulted
in the combustion process and heat release primarily occurring in this
area. Notably, these findings challenge the widely held assumption that
higher fluidization velocities lead to greater heat release in bubbling
fluidized-bed systems. Furthermore, although higher air preheating
temperatures may improve the heat supply in the fluidized-bed area,
they also result in greater energy transfer around the combustion
chamber. However, the decoupled power of the SE did not increase
proportionally with Qf. The implications of this result are examined in a
subsequent section discussing the performance and efficiency of the SE.

The combustion parameters directly affect the performance of the
SE. To achieve heat transfer to the SE with maximum efficiency,

10

meticulous attention should be paid to the design of the heat exchanger
and the characteristics of the working fluid. The efficiency of heat
transfer to the SE is strongly influenced by the coefficients of heat
transfer within the fluidized bed, particularly in the upstream section of
the bed. Alves et al. [51] reported a heat transfer coefficient of 280
W/m?K for the transfer of heat generated through fluidized-bed com-
bustion to an SE. Brown et al. [28] and Ghani et al. [52] investigated the
relationship between the fluidization velocity and the heat transfer co-
efficient in a bubbling fluidized bed; they discovered a wide range of
heat transfer coefficients: 250-480 W/m?K. Various factors-such as the
particle distribution, bubble growth, reactor and heat exchanger ge-
ometry, bed material temperature, and fluidization velocity—affect the
heat transfer coefficient. The experimental data measured in this study
were insufficient for determining the heat transfer coefficient; therefore,
the heat transfer to the SE was estimated from the temperature at the hot
end.

4.3. Power output results

The electric power output by the designed CHP system was primarily
influenced by the temperature difference between the hot and cold ends
of the SE. The hot end was maintained at 270 °C, and the cold end was
maintained at room temperature by using a water—ice cooling system.
The engine operated at a speed of 310 rpm when the temperature of the
hot end was between 260 and 270 °C. Fig. 13 illustrates the relationship
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Fig. 11. Temperature of the first combustor during the startup of the designed
CHP system.

1200
1100

1000

900

800

\\
k)
:
;}
]
)‘

l AN
700 (!JHL"A/"

600

500

Temperature(deg C)

400

300

T1
T
T3
T4

200

100

0 800 1600 2400 3200 4000 4800 5600 6400
Time (5)

7200 8000

Fig. 12. Temperature of the second combustor during the startup of the
designed CHP system.

between the electric power and fluidized-bed temperature for the
designed system. The maximum electric power of 90-100 W was ach-
ieved at a fluidized-bed temperature of 900 °C. The temperatures of the
combustor outlet and the SE’s hot end were different because of various
factors, such as the loss of heat to the cooling system, the escape of heat
with the exhaust gas, and the dissipation of heat from the outer surfaces
of the burner and table frames.

The calculation of the designed system’s 7, value and overall effi-
ciency #,,erq is detailed in the Appendix. Under the maximum electric
power, the 7, and 7,,,.; values of the designed system were 2.04% and
24.2%, respectively. A comparison of the performance of the systems
designed in this study and other studies is provided in Section 4.5.
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Fig. 13. Electric power of the SE versus the fluidized-bed temperature.

The performance of the SE was influenced by multiple inter-
connected factors, including the hydrogen pressure, fluidized-bed tem-
perature, and cooling temperature. Because of the mutual interactions
between these parameters, achieving the optimal power output P was
challenging while adhering to limitations such as a low ash melting
temperature and material temperature constraints that restricted the
maximum fluidized-bed combustion temperature. Moreover, the tem-
perature of the cold end depended on the temperature of the heat sink,
which was approximately 25-30 °C in this study. The aforementioned
limitations can be addressed through strategies such as reducing heat
losses from exhaust gases and the outer surfaces of the burner and table,
adjusting the cooling water system, and identifying further measures to
maximize the SE’s output.

The findings of this study confirm that the fluidized-bed combustion
of mushroom waste, even on a small scale, is feasible for generating
energy in an environmentally sustainable manner. The results of the
experiments on the integrated SE and fluidized-bed reactor highlight the
effectiveness of generating thermal or electrical energy from the sensible
heat of the fluidizing gas. Such use of sensible heat makes a considerable
contribution to the favorable 7,,,,,; value of the designed CHP system.
The successful integration of an SE with an FBC for biomass combustion
to create a CHP system is a major advancement toward sustainable en-
ergy solutions. Stable combustion and consistent temperature profiles
within the combustor of the designed system can be ensured using the
optimized experimental conditions and by carefully controlling the air
flow rate and biomass feed rate. The successful power generation ach-
ieved by the SE of the CHP system designed in this study validates this
system’s effectiveness in efficiently producing clean energy.

4.4. Gas emission results

The composition of the flue gas produced by combusting DMSW in
the FBC was analyzed under biomass feeding rates and air flow rates of
50-60 L/min. The sand height in the fluidized bed was fixed at 2 cm.
Flue gas samples were collected using a gas analyzer positioned at a
height of 20 cm at the burner exit. Moreover, the gas temperature was
measured using a K-type thermocouple. Each measurement was per-
formed over a 10-min sampling period.
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4.4.1. CO emissions

CO was primarily formed through devolatilization and primary re-
actions that occurred in the lower part of the FBC; the produced CO was
then consumed in the postcombustion zones. CO is detected in flue gas if
the combustion is incomplete (i.e., insufficient oxygen is available for
converting carbon into CO3), and factors such as inadequate mixing, low
temperature, and short residence time contribute to the formation of CO.

The CO emissions of the designed fluidized-bed combustion system
were primarily influenced by time, temperature, and turbulence.
Because the mixing within the fluidized bed was effective, the need for
multistage combustion was eliminated, thereby simplifying the system
design. The aim of the proposed system design was to maximize the heat
released within the fluidized bed. Flue gas analysis revealed that CO
emissions tended to be higher at lower air ratios; however, the CO
emission level typically remained below 300 ppm at 900 °C. The local
minima in CO emissions occurred at favorable air ratios with high fuel
input; thus, the optimal balance between residence time, combustion
temperature, and turbulence was achieved under these parameters.

Fig. 14 displays the CO concentration during biomass combustion
under different biomass feed rates and air flow rates. At an initial
biomass feed rate of 9.5 g/min and an air flow rate of 60 L/min, the CO
emission level was high because of the excess air present during com-
bustion, which led to local flame quenching. As the feed quantity was
increased, the carbon concentration gradually decreased by approxi-
mately 1000—230 ppm as the temperature of the FBC rose, thereby
leading to more complete combustion and an increase in the CO3 con-
centration. The CO emission levels of the proposed CHP system were
considerably lower than the CO emission standard in Taiwan for sta-
tionary pollution sources (i.e., 2000 ppm at 6% O5 [53]).

The CO emissions of the proposed design were reduced by adjusting
the dimensions of its freeboard and horizontal cyclone to optimize the
flow conditions.

4.4.2. NO emissions

NO is generated through the oxidation of nitrogen compounds in
biomass fuel and air. In our experiments, we did not observe any thermal
NOy emissions between 800 and 900 °C. Fig. 15 depicts the NO emission
profile of the designed system during biomass combustion under
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Fig. 14. Relationship between the biomass feed rate and the CO emissions of
the designed CHP system.
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Fig. 15. Relationship between the biomass feed rate and the NO emissions of
the designed CHP system.

different air flow rates (50—60 L/min) and biomass feed rates (9.5-11 g/
min). For all biomass feed rates, as the air flow rate was increased, the
NO concentration increased. Notably, the highest NO concentration was
observed at the feed rate of 9.5 g/min; this result was attributable to the
use of LPG for preheating the sand under the aforementioned condition.
However, a further increase in the feed rate caused the NO concentration
to decrease gradually from approximately 240 to 130 ppm under an air
flow rate of 60 L/min. The NO concentration then marginally increased
again when the feed rate was further increased to 17 g/min. The
aforementioned overall decreasing trend in the NO concentration was
attributable to the devolatilization of DMSW during combustion, which
resulted in the production of NH3. The reaction of NH3 with NO then led
to the generation of N2 and Hp0, which effectively inhibited the for-
mation of nitrogen oxides. Notably, the NO emission levels of the pro-
posed system were lower than the strict NO emission standards for solid
fuel combustion in various regions of Taiwan (250 and 500 ppm at 6%
02 [53D).

4.4.3. Oy emissions

Measuring the Oy concentration after biomass combustion in a flu-
idized bed is essential for understanding the combustion process and its
emissions. The O, concentration can be affected by the presence of CO
and NO. Incomplete combustion, which is typically indicated by the
presence of CO, results in a reduction in Oy levels. When the oxygen
available for complete combustion is insufficient, the carbon in the
biomass partially oxidizes into CO rather than fully oxidizing into CO,.
Consequently, the O levels in the flue gas decrease because some oxy-
gen molecules are consumed in the formation of CO.

As the biomass feed rate was increased in this study, the O, con-
centration in the flue gas gradually decreased (Fig. 16), which indicated
that a large quantity of fuel underwent oxidation within the fluidized
bed and in the lower part of the combustor.

4.5. Comparison of the proposed system with relevant existing systems
Table 8 presents a comparison of the CHP systems developed in this

study [28], and [49]. The thermal input to the system proposed in this
study was considerably smaller than those to the other two systems;
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of the designed CHP system.

Table 8
Comparison of the characteristics of the systems developed in the present study
[28], and [49].

Literature [49] [28] Present study
Stirling Type Y- o- y - configuration
engine configuration configuration
Nominal 500 W 5 kW 500 W
electric
power
Working Ny He Hy
fluid
Pressure 4 & 8 bar 33 bar 2 bar
Biomass Design Stationary Stationary Stationary
heat fluidized bed fluidized bed fluidized bed
source Rated 20-23 kW 24-35 kW 2.7-4.8 kW
thermal
input
Fuel Wood pellets Wood pellets Discarded
mushroom
sawdust waste
Electrical power 272-547 W 3.8-4.8 kW 60-90 W
Thermal-to-Electrical 1.3-22% 14-16 % 1.85-2 %
efficiency
Fluidized bed 745°C-850°C 800 °C 560 °C-900 °C
temperature
CO emissions (6% <120 ppm <470 ppm <1000 ppm
residual O5)
NOy emissions (6% <120 ppm - <250 ppm

residual O5)

thus, the proposed system produced less electric power (90 W vs. 500 W
and 5 kW). However, the 7, value of the proposed system was compa-
rable to that of the system developed in Ref. [49] (2% vs. 2.2%). One
major advantage of the proposed system over the other two systems is
that it uses DMSW as fuel. Taiwan is estimated to produce 160,000 tons
of DMSW every year; therefore, this biofuel is abundant and cheap.
Consequently, the low 7, value of the proposed system is not a major
issue. By contrast, the other two systems use wood pellets as fuel, and
these pellets cost approximately 30 US dollars per 100 kg in Taiwan.
Therefore, the revenue obtained through electricity generation must
exceed the cost of this fuel by a sufficient margin for the aforementioned
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two systems to be economically viable. Another advantage of the pro-
posed system is that the charge pressure of its SE is considerably smaller
than those of the SEs of the other systems. Lower charge pressure results
in lower stress on the mechanical components of the SE and causes fewer
gas-leakage problems. In terms of emissions, the CO and NOy levels of
the proposed system are comparable to those of the other two systems
and are well below the Taiwanese government’s pollution standards.

5. Conclusion

In this study, a CHP system comprising an FBC and SE for biomass
combustion was designed and experimentally evaluated. This system
can produce electric power and heat energy from DMSW in an eco-
friendly and sustainable manner. Because of the interconnected nature
of the factors influencing the SE’s performance, the Taguchi method was
adopted for optimizing the experimental parameters to achieve optimal
power generation while adhering to operational limitations. By carefully
adjusting the SE’s charge pressure, the fluidized-bed temperature, and
the cooling temperature, we enhanced the power output and efficiency
of the designed system. The results of this study confirm that the
designed CHP system can be used to generate clean and renewable en-
ergy from DMSW in an economically feasible manner. The conclusions
of this study are as follows.

1. The favorable heat transfer characteristics of the fluidized bed of the
designed CHP system mean that the system can generate heat energy
and electric power efficiently, and the SE of the system effectively
recovers heat from the flue gas and converts this heat into electrical
energy. Biomass fuels with various properties, including agricultural
waste, can be used as the energy source of the designed system; thus,
this system can generate heat and electricity in a sustainable and
effective manner through biomass combustion.

2. Optimization of the biomass feed rate and air flow rate was found to
considerably increase the combustion temperature. The results of
this study provide valuable insights into methods for achieving
higher combustion temperatures under favorable fluidization con-
ditions in a CHP system. The SE’s power output increased as the
biomass feed rate was raised and the combustion temperature
increased.

3. An increase in the biomass feed rate causes a decrease in the CO
concentration in the flue gas of the designed system, which is
attributable to biomass devolatilization. Furthermore, the results of
this study highlight the importance of reducing heat losses for
providing more heat to the SE.

4. Overall, the designed CHP system exhibits promising results for
power generation and heat utilization, and its 5, value was discov-
ered to be between 1.83% and 2.04%. Given that biomass waste is
used as the fuel source in this system, such performance is satisfac-
tory. Therefore, the aforementioned system can generate heat energy
and electric power from biomass waste in an efficient and sustainable
manner.

5. The designed system exhibited smooth, stable, and environmentally
friendly operation in this study, which proves the feasibility of its
practical application in the agricultural industry. This system can
reduce the expenditure involved in biomass waste disposal and
create additional revenue through electricity generation; thus, this
system offers dual financial incentives for farm owners and investors.

The findings of this study contribute to the body of knowledge on
CHP systems containing fluidized-bed biomass combustors and can be
used for developing sustainable energy solutions. Future studies should
conduct further research on and refine the experimental parameters of
this study to develop biomass-based CHP systems with higher power
generation efficiency and an expanded scope of application, thereby
reducing the global reliance on fossil fuels and mitigating their envi-
ronmental impacts.
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Calculation of thermal-to-electric efficiency and overall efficiency of the CHP system

The thermal-to-electric efficiency 7, of the designed CHP system was determined by evaluating the ratio of the electric power output generated by

the system to its heat input. The relevant formula is as follows:

1, = [Electric power / (Biomass feed rate x Specific heat of biomass)] x 100,

where.
Electric power = 90 — 100 W,
Biomass feed rate = 0.283 g/s,
Specific heat of biomass = 17.15 kJ/g.

The electric power was within a range; therefore, the efficiency was calculated for the lower and upper bounds of the range. For the lower bound:

7,=[90W / (0.283 g /s x 17.15kJ / g)] x 100 = 1.85%.
For the upper bound:
7, =[100 W /(0283 g /s x 17.15kJ / g)] x 100 ~ 2.04%.

Therefore, the 7, of the designed system ranged from approximately 1.85%-2.03%.
The heat power generated by the designed CHP system was calculated as follows:

Heat power (W) :Masswmer X CP,water X (Tﬁnal - Tim’lial)

Time

57cm><360m><25cm><1<$)><4.2(giK) x 3 (K)

105 600 =1077.31 /s (W)

The overall efficiency 7,,,..; of the CHP for the maximum electric power is:

Electric power + Heat power 100 W + 1077 W

erall = =242%
Moveran Input thermal power 4853 W
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