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Abstract: A growing number of manufacturers are realizing cost and environmental benefits through
the sustainability of innovation and optimization processes. Based on polluting less and creating
less, the study is pursuing sustainability on increasing operational efficiency by reducing costs and
waste. Pulse dust collection systems are commonly used filtration equipment in industries and have
lots of energy consumption due to running all day. This study is focused on the optimal parameters
for energy saving and cost reduction, and the model is represented by the pressure drop of the filter
and the residual powder. The characteristic values of the cleaning efficiency and the air permeability
reduction are used for MATLAB to analyze the optimization state. This study found that the material
of filter elements, the type of dust, the conditions of pulse-jet, and the filtering speed are the factors
that affect the operational efficiency. In terms of cost, the pulse interval time in 10 s is the best
parameter, and the pulse time does not affect the overall cost of the filter. Considering energy saving,
0.1 s of the pulse time is the best parameter. In addition, a lower dust concentration is a way to
improve efficiency for increasing the filter life and reducing cost.

Keywords: sustainability; green manufacturing; energy saving; pulse dust collection system; pulse
interval time; pulse time

1. Introduction

The global issues of sustainable development and low-carbon life have gradually
affected the production and service in industries’ processes in recent years, such as energy
saving, green products, and circular economy. The problem of global warming has become
more and more serious. In the past 100 years, the annual average temperature in Taiwan has
risen by about 1.4 ◦C. Government agencies have also set reduction targets based on from
the “business as usual” (BAU) of the United Nations Framework Convention on Climate
Change. At present, many manufacturing industries respond to relevant low-carbon
economy and green manufacturing policies to reduce the impact of manufacturing activities
on the environment and ecology in terms of energy efficiency, reducing carbon emissions,
and changing production methods. This is achieved through systematic organization,
planning, control, implementation, and continuous improvement to propose energy-saving
and carbon-reduction solutions, which can better achieve corporate competitiveness to keep
the cost down and move towards the vision of sustainable manufacturing and corporate
social responsibility of environmental friendliness. In traditional manufacturing and heavy
industry, energy consumption can be divided into three categories. The first category is
air conditioning systems, which include heat exchangers, cooling towers, air conditioning
systems, freezing and refrigeration systems, and humidity control systems. The second
category is equipment on processes, usually including power output systems and some
high-power electrical systems. The third category is public facilities and also uses the least
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energy, including lighting systems, elevators, air compressor systems, etc. Therefore, it is
necessary to investigate how the manufacturing industry can make the processes of energy
saving and reducing carbon emissions better in the first and second categories, which will
help reduce production costs and enhance corporate competitiveness.

This research is aimed at the development of energy conservation and industry sus-
tainability and focuses on pulse dust collection systems in general production processes.
The optimization design of energy conservation and cost reduction is the topic of this
study. Pulse dust collection systems are mainly used to collect the dust from the turbid
air, that is, the dust generated in the process is drawn off by the fan motor and collected
on the surface of the filter. According to environmental protection laws, dust collection
equipment needs to operate all day, which has become one of the main causes of energy
consumption in the manufacturing process. According to the report on energy-saving
and carbon-reduction services of manufacturing industries from the Ministry of Economic
Affairs in Taiwan (2018) [1], energy saving in manufacturing can be divided into six parts,
including power systems, lighting systems, air-conditioning systems, boiler systems, com-
pressed air systems, and manufacturing process systems. Compressed air systems and
manufacturing process systems account for the largest proportion of energy consumption,
and the potential on energy saving is the highest. At present, benefits will be able to be
produced in terms of energy saving through the simulation model to find suitable parame-
ters of the dust collection system while operating all day long. Generally, energy saving
cannot be achieved by the schedule management of production, manufacturing technology
improvement, process reduction, etc.; however, the pulse interval time Tw and pulse time
Tp can bring good energy-saving effects to the dust collector. The best parameter design
and simulation of the dust system can bring benefits in industries towards sustainable
development. Therefore, this research will first analyze the key factors of energy con-
sumption of common dust collection systems, discuss the cost consumption and feasible
energy-saving and carbon-reduction modes, and design the best operating parameters of
pulse dust collectors through numerical simulation. In this study, the pulse-jet of the bag
dust collection system is the main object, and the pressure drop of the temporary powder
cake is used to consider the nonlinear problem of the porosity. Taking filter powder as
the limiting condition of fly ash, this research will discuss the relationship between the
characteristic values λ1 (characteristic of cleaning efficiency) and λ2 (characteristic of air
permeability) from the mathematical model in the dust collector, Tw and Tp of the operating
parameters. The simulation model is based on the filtration theory of stable flow field and
the mathematical model of temporary powder cake [2,3]. With added energy and cost loss
analysis, it uses numerical simulation on MATLAB to find out the optimal parameters for
satisfying both energy saving and low cost.

2. Literature Review
2.1. Sustainable Development

Sustainable development is development that meets the needs of the present without
compromising the ability of future generations to meet their own needs [4], and global
sustainable development is still gradually increasing and spreading all over the world [5].
In addition, sustainability includes three dimensions, namely cultural sustainability, social
sustainability, and economic sustainability [4,6]. In order to achieve sustainable develop-
ment, environmental policies on pollution prevention have shifted from the end-of-pipe
approach to front-end preventive control [7]. Manufacturing is the main component of
the world’s resource consumption and waste generation. From 1971 to 2004, the energy
consumption of the world’s manufacturing industry increased by 61% and accounted for
nearly one-third of global energy use [8]. In contrast, the manufacturing industry has
the potential to become a driving force for creating a sustainable society that can design
and implement integrated sustainable practices and product and service development to
help achieve better environmental performance [9]. Therefore, the concept of sustainable
manufacturing came into being. By incorporating the spirit of sustainable development
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into products and services, the manufacturing and service industries can protect the en-
vironment and create their own profits while meeting customer needs and give back to
society to achieve a sustainable enterprise with a long-lasting foundation [10,11]. Thus,
sustainable manufacturing promotes minimizing or eliminating production and processing
waste through eco-efficient practices, and encourages the adoption of new environmental
technologies [11].

In order to realize sustainable manufacturing, there are more and more studies on
sustainable green manufacturing. The topics include the rising cost of energy and resources,
the risks of suppliers, consumer demand, policies and laws, reducing the influence on
environmental impact, and so on [12]. For this reason, the important content of sustain-
able competitive advantage includes: (1) economic performance: cost reduction, market
share growth, profit margin increase, avoiding unnecessary environmental penalties, etc.;
(2) environmental performance (ecological performance): compliance with environmen-
tal regulations, controlling relevant pollution, recycling measures, etc.; and (3) social
performance: social responsibility appraisal, corporate environmental image, customer
satisfaction, customer and stakeholder attention, etc. [13]. Among them, environmental
performance is positively helpful in improving economic performance. Improving environ-
mental performance means having a better opportunity to enter certain specific markets,
having the opportunity to differentiate products, and being able to promote pollution
prevention technologies. In addition, improving the environment performance can reduce
material costs, energy and service costs, and labor costs [14].

Industrial sustainability refers to the end state of a transformation process where
industry is part of, and actively contributing to, a socially, environmentally, and econom-
ically sustainable planet. There is a three-stage change including efficiency, technology,
and system changes in industrial sustainability [15]. About society’s consumption of nat-
ural resources and the impact of industrial activities, operation changes and equipment
design for reduced energy consumption are discussed for process-related research, and
new developments in process planning and production scheduling are highlighted that
consider environmental performance [16,17]. Therefore, how to reduce the impact of the
manufacturing process on the environment can be roughly divided into three categories:
(1) Process improvement and optimization: the process is high-efficiency and low-cost and
environmental issues are addressed. (2) New process development: new “green” processes
are developed to replace traditional processes. (3) Process planning: integration factors
of the environment are more towards sustainable manufacturing processes and inventory
management [18]. This study focused on process improvement and optimization to achieve
the goal of energy saving and cost reducing in pulse dust collection systems.

2.2. Pulse Dust Collection System

At present, there are four types of dust collectors such as cyclone, bag, electrostatic,
and wet. Among them, the bag type dust collection system based on the cleaning method
is divided into three types, which are oscillation type, backwash air type, and pulse-jet type.
The pulse dust collection system is commonly used in industrial processes to collect dust.
When the fan motor extracts the dust generated in the process, the dirty air will be filtered
through the filter and be collected on the surface of the filter. Usually, the action of cleaning
the filter element with reverse high-pressure air is used to control the cleaning time of the
filter element. Therefore, the pressure drop PFilter produced by the dust collection filter can
be divided into three parts, as shown in Equation (1). The first is the pressure drop of the
fresh filter as Pf , which has not yet filtered the dust and can be described by Darcy’s law.
The second is the pressure drop generated by the dust cake formed on the surface of the
filter element during filtration, which is called the pressure drop of the temporary cake as
Pc. This part will change to follow the dust cake cleaned by pulse-jet air. The third is the
pressure drop caused by the dust particles penetrating into the filter element and cannot
be cleaned and eliminated by the pulse-jet air, which is called the pressure drop of the
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temporary powder cake as Pr. This will gradually increase with the number of cleanings of
the filter element.

PFilter = Pf + Pc + Pr (1)

Pf can be described in accordance with Darcy’s law (1856) to present the relationship
between flow distance L0 and the pressure Pf in a fixed velocity V with a Reynolds
number less than 2100, as shown in Equation (2), where µ is the viscosity of fluid, KF is the
permeability of the filter, and L0 is the thickness of the filter.

Pf =
1

KF
× µL0V (2)

In a stable flow with a Reynolds number less than 2100, the generation of temporary
powder cake is the accumulation of powder on the surface of the filter element after a
period of time. The mass will show a linear relationship with the pressure called the
pressure drop of the temporary powder cake as Pc. The Kozeny–Carman model was first
applied to describe the pressure drop of a temporary powder cake and is represented as
a series of parallel capillaries or channels [19]. The total volume of powder cake is equal
to the void volume of the powder, and the surface area is equal to the surface area of the
particles, as in Equation (3), where ds is the average diameter, κK−C is the constant, ε0 is the
porosity of the filter elements, and CK−C is the Cunningham slip correction factor.

Pc =

[
18

d2
s × CK−C

× 2κK−C(1− ε0)

ε3
0

]
× µL0V (3)

In addition, the Happel cell model treats the powder cake as a collection of individual
particles, and the porosity of the dust cake is equal to the ratio of the volume of the particles
to the volume of the spherical shell [20]. Based on the above equations, the powder cake
deposition thickness L0 can be converted into the dust mass W accumulated per unit area,
as described in Equation (4), where C is the dust concentration and ρP is the dust density.
P is composed of the resistance coefficient of powder cake as K2, mass of the powder cake
as W, and the filtration speed V, as shown in Equation (5).

L0 =
C
ρP
×
∫

V(t)dt =
W
ρp

(4)

Pc = K2 ×W ×V (5)

Based on the Kozeny–Carman model, it considers the polydispersity particles of the
dust and uses standard deviation σg, mean diameter dg, and dynamic shape factor κ to
build a K2 for the pressure drop of the temporary powder cake [2], as in Equation (6). The
void function ν(ε0) must be tested for the porosity of the dust cake to obtain this function.

K2 =
18κ

d2
gexp

(
4ln2σg

) ν(εo)

εo2 ×
µ

ρp
(6)

The dust inside the filter cannot be completely removed, which will block the filter
and cause the pressure drop of the filter to increase [20–23]. This pressure drop is uniformly
described by the pressure drop of the residual powder cake as Pr, which will increase
the number of pulse-jet cleanings [3,24–26] as in Equation (7), where SE is the resistance
coefficient of the residual powder cake and V is the filtration rate.

Pr = SE ×V (7)

2.3. Operating Parameters of Dust Collector and Applications

The relevant papers on the optimized operating parameters of dust collectors mostly
discussed the efficiency of pulse cleaning, which can make the filter element return to a
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better initial state after cleaning and achieve the purpose of energy saving. In addition,
some studies explored the initial pressure of the storage tank, the average static pressure
or maximum pressure of the pulsed air acting on the surface of the filter, the size of the
nozzle, the distance between the nozzle and the filter, the filtration speed, and so on. By
changing the operating parameters such as filtration speed, compressed air pressure, and
nozzle diameter, it can evaluate the cleaning effect of the pulse-jet dust collection system,
and the result showed that the value of the compressed air is the main factor that directly
affects the pulse cleaning, and the pulse pressure on the filter bag will not always increase
as the nozzle diameter increases [27]. Research has been conducted on the influence of
the filter material or the shape of the folding filter on the cleaning efficiency. For example,
the filter with surface treatment has better cleaning efficiency [28]. In addition, through
various parameter experiments, such as the initial tension of the filter bag, filter speed,
compressed air pressure, pulse time, and nozzle shape, it explored the changes in pressure
and acceleration in the filter bag. It showed the greater the pressure and acceleration
on the surface of the filter bag during pulse cleaning, the better the cleaning efficiency
of the system, and it is proved that the pressure of compressed air and the shape of the
nozzle are the main parameters that affect pulse cleaning [29]. Moreover, the study of
the wrinkle ratio of the folding filter has an impact on the cleaning efficiency in the pulse
dust collector system under different cleaning modes [30]. This involves analyzing the
static pressure distribution on the surface to evaluate the cleaning effect of the filter. It
showed that lower static pressure on the top of the filter will lead to poor cleaning efficiency.
Secondly, the higher wrinkle ratio of the folding filters is prone to incomplete cleaning [31].
In addition, the amount of residual dust is used to evaluate the cleaning effect of the
system. It tested the filtration speed, peak pressure of pulse, filter size, and the other
parameters and showed that peak pressure is an important factor to lead the cleaning effect
of the system. The cleaning resistance caused by the filtering speed does not affect the
cleaning efficiency under pressure, but the higher the filtering speed becomes, the greater
the cleaning resistance when peak pressure is insufficient. This is caused by the amount
of residual dust increasing, and the cleaning efficiency is not good [32]. In addition, the
type of filter dust will also significantly affect the cleaning efficiency of the dust collection
system [3]. Summing up the above, the influence of the pulse interval time Tw, pulse time
Tp, and dust concentration in the process on the dust collector has not yet been discussed.

3. Optimal Design of Pulse Dust Collection System
3.1. Concept Design

The pulse dust collection system used is composed of four parts in this research, as
shown in Figure 1. The first part is a blower motor with a rotation speed of 3500 RPM,
which is provided to the dust collector to generate a static pressure of about 1900 mmAq
and a flow rate of Q = 78 CMM to extract the dust in the system. The second part is the
filter, which is composed of N = 9 filter groups, and each group is composed of two filters
in series. The size of a filter element with fold type is outer diameter Di = 9.5′′, inner
diameter Di = 9.5′′, length L = 26′′, and fold number N f old = 152, and the theoretical
filter area is At = 110′′

(
10.219 m2), as shown in Figure 1. The filter is made of polyester

fiber spunbond as the base material, and its fiber diameter is about 15 ∼ 21 µm. A
layer of PTFE film, of which the diameter is 1 ∼ 0.2 µm and the thickness is about
0.1 mm, is plated on the outer layer of the spunbond. The fiber diameter of the material
is about 1~0.2 µm and the thickness is about 0.1 mm. The air permeability of the filter
is k f = 200 m3/(m2·Pa·hr). When the filter is aging, the dust will block it and cause the
pressure drop to rise. When the static pressure difference between the inner and outer
sides of the filter reaches 150 mmAq, the set of filters needs to be replaced. The third part
is the pulse-jet cleaning system. When the outside of the filter is blocked by dust, the pulse
timing controller of the backwashing unit will release pulse-jet air from the corresponding
diaphragm valve to shake off the dust and discharge it into the funnel. The compressed air
used in this study is Pclear = 6.5 − 7 kg/cm2, flow Qclear = 30 L/min, and the pulse timing
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controller provides a set of operating parameters such as pulse interval time (Tw) and pulse
time (Tp). At each setting time, one filter element of the dust collector is always being
cleaned, and the other filters maintain normal filtration operations. The orders of cleaning
are top to bottom and left to right, as shown in Figure 2. In this study, the adjustable range
of pulse interval time is Tw = 5 ∼ 30 s, and pulse time is Tp = 0.1 ∼ 0.3 s. The fourth
part is a dust collection and a dust discharge. The dust collection is a funnel-shaped dust
storage device. It is usually designed with a slope of 60◦ in the inside of the funnel, so that
dust can fall freely to the bottom of the funnel from above. There is an ash discharge valve
at the bottom of the funnel to isolate the atmosphere to maintain the static pressure of the
system and to prevent the discharged dust from being sucked into the funnel again. The
ash discharge action in this is that when the filter is backwashed for two rounds, the upper
ash discharge valve opens and closes once to leak the dust to the temporary storage area.
About 10 s later, the lower ash discharge leaks the dust to the storage bucket.

Figure 1. The pulse dust collection system.

Figure 2. The pulse dust collection system.

3.2. Working Principles of Pulse Dust Collector with Multiple Filter Groups

In order to fully describe the changes in pressure drop in the three stages of filter
instability, filter stability, and filter aging during filtration, this study proposes a new model
that is different from other studies. The dust collector is a structure of multiple filter groups
(composed of N = 9 filter groups), and each group is composed of two filters in series.
The effective filtering area of each filter group is Ag = 2× Ae = 5.934 m2 and the total
effective filtering area is A = N × Ag = 53.406 m2 [33]. Therefore, the parameters of the
analysis model include filtering speed, the pressure drop of the temporary powder cake,
the pressure drop of the residual powder cake, the pressure drop of the filter, and the total
pressure drop of the filter, as shown in Figure 3.
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Figure 3. The model of filter elements in pulse dust collector.

(1) Filtration speed

We divide the state of the filter into a filtering and a cleaning period. During the
filtering period, the flow Vf according to the flow, speed, and area can be calculated as
shown in Equation (8), where N is the number of filter groups, Ag is the filter area of each
filter group, and Q is the gas flow of the filter [34].

Vf =
Q

N × Ag
, ∀t ∈ [0, Tw) ∪

[
tj + Tp, tj + Tw

)
, j ≥ 2 (8)

(2) The pressure drop of the temporary powder cake

According to Darcy’s law, the overall pressure drop of the temporary powder cake
is shown in Equation (9), where W is dust cake mass, V is filtration speed, and K2 is
the resistance coefficient of the temporary powder cake. Because the dust used in the
simulation test is granular coal ash powder, we use the equation proposed by Endo, Y.
et al. [2] to describe the resistance coefficient K2 of the temporary powder cake, as shown
in Equation (10), where κ is the dynamic shape factor, dg is the average diameter, σg is
the standard deviation, ρp is the dust density, µ is the air viscosity, and ν(εo) is the void
function, which depends on the porosity ν(εo) of the total dust cake.

Pc = K2 ×W ×V (9)

K2 =
18κ

d2
gexp

(
4ln2σg

) ν(εo)

εo2 ×
µ

ρp
(10)

(3) The pressure drop of the residual powder cake

After pulse cleaning, there will be a certain percentage mass of the residual powder
cake as ∆Wr j, and this will form the pressure drop of the residual powder cake as ∆P∗rj

,
with gradual accumulation and U for unit step functions, as shown in Equation (11). When
the pressure drop of the residual powder cake P∗rj

is greater, the cleaning efficiency η∗j
of the filter will also be greater, as shown in Equation (12). λ1 is the characteristic value



Appl. Sci. 2021, 11, 10941 8 of 16

of cleaning efficiency, and P∗rj−1
is the pressure drop of the residual powder cake in the

previous filtration cycle.

P∗rj=m
= ∑m

j=2 ∆P∗rj
U
(
t− tj

)
, ∀m ∈ N, [2, ∞] (11)

η∗j =
(

1− e
−λ1×P∗rj−1

)
(12)

(4) The pressure drop of the filter

The pressure drop of the filter is caused by the residual powder cake blocking the filter
element, and the result is a decrease in the air permeability of the filter element. According
to Darcy’s law, the filter pressure drop P∗f can be expressed as Equation (13), where K∗1 is
the resistance coefficient of the filter, k f is the air permeability of the filter, and λ2 is the
characteristic value with the air permeability of the filter due to dust blockage.

P∗f = K∗1 ×V (13)

where
K∗1 =

1

k f × e
−λ2×P∗rj

(5) Total pressure drop of the filter

After the filter is cleaned, the total pressure drop PFilter is the sum of the pressure drop
of the filter P∗f , the pressure drop of the residual powder cake P∗rj

, and the pressure drop of
the temporary powder cake Pc, as shown in Equation (14). Generally, more filter groups
and a lower dust concentration have some unobvious changes in pressure drop before and
after cleaning on the temporary powder [33]. Therefore, we use the baseline of the pressure
drop PB as the sum of the pressure drop of the temporary powder Pca j, P∗rj

after cleaning,
and P∗f , as in Equation (15).

PFilter = P∗f + P∗rj
+ Pc (14)

PB = P∗f + P∗rj
+ Pca j (15)

To further confirm the availability on the model with P∗rj
, this study used the data

to verify it in two experimental modes [35], namely Group1 and Group3. Group1 is an
operation mode that cleans three filters at the same time when the pulse interval time Tw
is 9 min. Group3 is to clean only one of the three filters in order when Tw is 3 min. The
filtration speed of the filter in the system is maintained at V = 0.02 m/s. The dust used
for filtration is fly ash with dg = 3.45 µm, and the dust concentration C = 366 g/m3. It
selected λ1 = 0.0035, λ2 < 0.001 in the simulation of Group3, and λ1 = 0.006, λ2 < 0.001
for Group1.

The results of PB simulation can be seen in Figure 4. Whether it is the unstable filtration
state 10 days ago or the stable state 10 days later, the result in this experiment is very similar
to the data [35]. This means that the P∗rj

model is available and can be represented by the
change in the pressure drop on PB with stable and unstable filtration. The simulation results
on the pressure drop of the temporary powder cake are shown in Figures 5 and 6. The
pressure drop of the temporary powder cake caused by the compression of the dust cake
will have a non-linear change, which is consistent with the data [1], and have some error
with the data [35]. This is the model of porosity ε0 in different temporary powder cakes
to produce errors with the resistance coefficient K2 of the powder cake [1,36]. Through
verification, the filtration model proposed in this study can describe the change in the
pressure drop during filtration, which will serve as the basis of the analysis of the overall
energy saving and cost reduction for the dust collector.



Appl. Sci. 2021, 11, 10941 9 of 16

Figure 4. The results of Group1 and Group3 simulation on the pressure drop for 45 days.

Figure 5. The results of Group1 simulation on the pressure drop of the temporary powder cake.

Figure 6. The results of Group3 simulation on the pressure drop of the temporary powder cake.

3.3. Optimized Analysis on Energy Saving and Cost Reduction

In order to understand the overall energy consumption of the dust collector, the
first step is to determine the pressure drop with the suction as PTotal from the energy
consumption of the motor of the dust collector Wmotor that is generated by the pressure
drop loss of the pipeline and the equipment as PPipe, PEquip, and PFilter. This can be
expressed as Equation (16), where fan efficiency value ηFan is 0.6~0.65, Q is the flow rate
of the filter, and PTotal is the sum of PPipe, PEquip, and PFilter. At each Tw, the pulse-jet
cleaning provides compressed air Tp as Pclear, flow rate as Qclear, and sequentially cleans
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the set of filter groups. The operation will take some energy consumption as Wclear, shown
in Equation (17).

Wmotor =
1

ηFan
×
∫ t

0
PTotal ×Q dt (16)

Wclear = Pclear ×Qclear ×
Tp

Tw
×
∫ t

0
dt (17)

In addition to the cost of components and maintenance, the largest cost of the dust
collector is electricity cost and filter materials. One must first determine the cost of the filter
as CF and the time for the filter to age as tli f e, then the loss cost of the filter per month is
CF/m, as shown in Equation (18). Additionally, per kilowatt-hour of the electricity cost is
CE, and then the monthly electricity cost from the energy consumption of the motor and
pulse-jet cleaning is CE/m, as shown in Equation (19). Therefore, the overall monthly cost
of the dust collector system is CTotal , which is the sum of the costs of the filter, the motor,
and the pulse-jet cleaning, as shown in Equation (20).

CF/m =
CF
tli f e

(18)

CE/m =
(Wmotor + Wclear)× CE

tli f e
(19)

CTotal = CE/m + CF/m (20)

4. Results of Simulation
4.1. Building the Parameters of Simulation

The dust used is fly ash, and its parameters are dg = 3.7 µm, ρp = 2.20 g
cm2 , σg = 1.5,

κ = 1.37. In the flow field with filtration rate Vf = 0.0243 m/s and Vf
′ = 0.0274 m/s, the

Reynolds number is less than 2100, which is a steady laminar flow. The characteristic value
λ1 is related to the structure of the filter material, dust material, particle size, filtration
speed, backwash compressed air pressure, nozzle size, and distance, and λ2 is only related
to the structure of the filter material and dust material and particle size. The setting of
λ1 and λ2 is according to the actual pressure drop used by the dust collector, of which
the parameters are Tw = 10 s, Tp = 0.1 s, and C = 2.0 × 10−3 kg/m3 with the service life
of the filter for 1–2 years, as shown in Figure 7. The actual performance of the pressure
drop can be divided into unstable zone (0 ∼ 50 mmAq), stable zone (50 ∼ 100 mmAq),
and aging zone (100 ∼ 150 mmAq). The unstable zone appears to rise rapidly because of
a large amount of residual dust staying in the fibrous gaps of the filter, and the cleaning
efficiency η∗ increases rapidly at this time. When it goes to stable zone, the baseline of
the pressure drop PB will show a linear and slow increase. Because a certain amount of
residual dust has been blocked in the filter, the subsequent dust will not easily enter the
fiber gaps in the filter. This means η∗ and P∗r will slowly increase. Thus, 100 ∼ 150 mmAq
is the aging of the filter, and at this time η∗ is close to 100%. Therefore, this study selected
a set of characteristic values to approximate the actual production for the pressure drop
(λ1 = 0.007, λ2 = 0.011).
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Figure 7. The changes in cleaning efficiency and pressure drop in the zones.

Regarding the setting of parameters during operation and production, we adopted
the adhesion force between the dust and the filter and the separation force generated by
the pulsed air to illustrate the effect of filter cleaning. Due to the dust concentration C, the
pulse interval time Tw, and the pulse time Tp not affecting the adhesion and separation
force, they will not affect the selection of λ1 [37]. In addition, λ2 will be affected by the
structure and material of the filter, and the material and size of the dust, but not C, Tw, and
Tp. Therefore, this research focuses on the analysis of energy saving and cost reduction
towards sustainability development, and takes C, Tw, and Tp as the main variables of the
simulation test. It also puts PEquip = 1500 mmAq, PPipe = 250 mmAq for fixed constants,
and the filter needs to be replaced when PFilter reaches 150 mmAq. Based on the actual cost,
a single filter is TWD 5500, the replacement cost of the filter is CF = TWD 99,000, and the
per kWh of electricity is CE = TWD 3.27.

4.2. Simulation Test of Optimal Parameters

Under the conditions of λ1 = 0.007 and λ2 = 0.011, the simulation test of C, Tw, and
Tp is carried out to find the optimal parameters for the lowest energy consumption and the
lowest cost. The test results are described below.

4.2.1. Simulation of Energy Consumption on Different Pulse Interval Times

This test is to evaluate the energy consumption generated by different pulse interval
times Tw under the constant of dust concentration C and pulse time Tp, where setting
C = 2.0 × 10−3 kg/m3, Tw = 5 ∼ 30 s, Tp = 0.1 s. When Tw = 5 s-747 days (the filter
has a service life of 747 Tw days), it obtains Tw = 10 s-559 days, Tw = 15 s-474 days,
Tw = 20 s-422 days, Tw = 25 s-386 days, and Tw = 30 s-359 days, as shown in Figure 8a.
According to the results, it is found that Tw is getting longer, and the service life of the filter
will be shorter with the pressure drop to 150 mmAq. In the analysis of energy consumption,
as shown in Figure 8b, we can observe that a different Tw has little effect on the monthly
energy consumption of the fan motor. Conversely, a decrease in the Tw causes an increase
in the number of cleanings, which will significantly increase the energy consumption of
the compressed air for backwashing. In the analysis of cost, as shown in Figure 8c, we can
observe that a different Tw has little effect on the electricity cost of the fan motor and the
high-pressure backwash air due to the change from the fan motor mainly manifested by
PEquip and PPipe. Based on the results, the parameter of Tw will not be considered on energy
saving but for cost, and Tw = 5 s is the best parameter setting for the simulation. However,
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considering that Tw is too short, it will cause frictional damage when the pressure drop is
not to 150 mmAq. Therefore, according to this, the study recommended that the parameter
Tw = 10 s may be a better choice based on the actual use conditions to reduce the cost of
cleaning by half.

Figure 8. The simulation of energy consumption on different pulse interval times. (a). The analysis
of the pressure drop. (b). The analysis of energy saving. (c). The analysis of cost.

4.2.2. Simulation of Energy Consumption on Different Pulse Times

This test is to evaluate the energy consumption generated by different pulse times
Tp under the constant of C and Tw, where setting C = 2.0 × 10−3 kg/m3, Tw = 10 s,
Tp = 0.1 ∼ 0.3 s. The result can be observed that the filter has a service life of 559 days as
Tp = 0.1 s, and different Tp values do not affect the service life of the filter until pressure
drops to 150 mmAq, as shown as Figure 9a. On the other hand, this shows that different Tp
values have little effect on the energy consumption of the fan motor, as shown in Figure 9b,
but increasing Tp will increase the amount of energy consumption in monthly backwash
compressed air. In the analysis of cost, this study found that a different Tp has little effect
on the electricity cost from the fan motor and pulse-jet cleaning, as shown in Figure 9c. It
also does not affect the cost of the filter. Therefore, as long as the appropriate pulse pressure
Pclear is set appropriately, the Tp will not affect the cleaning efficiency of the dust collector.
For energy saving, this study considers Tp = 0.1 s to be the better parameter.
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Figure 9. The simulation of energy consumption on different pulse times. (a). The analysis of the
pressure drop. (b). The analysis of energy saving. (c). The analysis of cost.

4.2.3. Simulation of Energy Consumption on Different Dust Concentrations

To further understand the influence of dust concentration C, the test takes different
C values to evaluate the energy consumption under the constant of Tp and Tw, where
setting C = 1.0 ∼ 6.0 × 10−3 kg/m3, Tw = 10 s, Tp = 0.1 s. The filter has a service life of
1457 days as C = 1.0 g/m3, and there are 559 days as C = 2.0 g/m3, as shown in Figure 10a.
Studies have found that a higher dust concentration C will mean a shorter service life of the
filter. For energy consumption, this shows that C has little effect on the fan motor and the
pulse-jet air, as shown in Figure 10b. In terms of cost analysis, as shown in Figure 10c, it can
be observed that different C values have little effect on the electricity costs of fan motors
and pulse-jet cleaning. However, a higher C will increase the cost of the filter because
it shortens the life of the filter. Thus, a lower dust concentration C will be an effective
operation parameter to reduce costs.
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Figure 10. The simulation of energy consumption on different dust concentrations. (a). The analysis
of the pressure drop. (b). The analysis of energy saving. (c). The analysis of cost.

5. Conclusions

Manufacturing across the world generally faces competitiveness such as increased
costs in materials and energy, and how to design processes for high performance and low
cost with more attention paid to the environment has become an important issue. The
purpose of this research is to find a better method to optimize processes toward sustainable
manufacturing that minimizes waste and reduces the environmental impact. In the process
of heavy industry, in addition to consuming a lot of energy, exhaust and dust are also
generated. This is a serious issue for environmental protection. Therefore, dust collection
equipment is often used to treat air pollutants, and the design of dust collection systems
mostly considers the efficiency of dust collection, while ignoring the environmental impact
caused by energy loss. In the past, the related research mostly used filter material selection,
initial pressure, nozzle size, distance between the nozzle and filter bag, pressure impulse,
and the methods of filter bag cleaning and design as improvement measures, but few
studies investigated energy saving. Based on the past literature, this study proposed a
method for predicting efficiency by using the pulse time and the pulse interval time as
parameters to explore sustainable production and corporate competitiveness that achieve a
win–win model of energy saving and cost effectiveness.

Therefore, it is an approach to fully examine the environmental impact of different
simulations by pulse dust collection systems. The analysis of simulations includes pulse
dust collection system design, effective filter area calculation, the filtration theory with
multi-filter group establishment, and the model of pulse dust collectors to analyze energy
saving and cost. A simulation environment is established based on the filtration theory of
the stable flow and the related parameters of the powder. The energy consumption and
cost are analyzed based on the mathematical model of the temporary powder cake, with
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the parameters used in the simulation process including pulse interval time, pulse time,
and dust concentration. Through different conditions, the optimal and the best operating
state can be found under the goal of energy saving and low cost.

According to the simulation results, the process design of the pulse dust collector
is to lower the cost of filter elements and reduce the energy consumption of compressed
air, which is good for the environment and beneficial for the sustainable development of
manufacturing industries. The best parameters of operation are three conditions, including
10 s of the pulse interval time, 0.1 s of the pulse time, and a lower dust concentration, and it
is also verified that energy saving can also bring the benefit of low cost and carbon reduction.
Thus, this study refers to production processes that pollute less and create less overall
production waste to maximize resource efficiency and achieve the social responsibility
of environmental sustainability. The characteristic values λ1 (characteristic of cleaning
efficiency) and λ2 (characteristic of air permeability) of the dust collector in the simulation
model are dependent on the selection of filter material, including particle size, filtration
speed, pulse-jet cleaning, nozzle size, nozzle distance, and other parameters. Thus, future
research works will take different dusts for numerical simulation on the pressure drop
with different temporary powder cakes. In addition, the current materials of dust filters
such as nanomaterial will also achieve more effective pollution prevention. However,
the cost also forms the consideration on the competitiveness of enterprises in the market.
Therefore, future research will continue to carry out the different types of filter material and
environmental conditions to compare the situation of on-site and simulations to accurately
find the best operating parameters and provide energy-saving solutions for industry as a
reference.
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