ISGMA 2014
International Symposium on
Green Manufacturing and Applications

PROCEEDINGS

ISSN 2383-4684

June 24 (Tue) - 28 (Sat), 2014
Paradise Hotel, Busan, Korea

International Symposium on Green Manufacturing and Applications

ISGMA 2014 Proceedings
The Korean Society for Precision Engineering (KSPE)
Pusan National University (PNU) Engineering Research Center of Innovative Technology on Advanced
Forming (ERC/ITAF) Seoul National
University (SNU) Institute of Advanced Machinery and Design
Korea Institute of Industrial Technology (KITECH)
Korea Institute of Machinery and Materials (KIMM)
Manufacturing Institute for Research on Advanced Initiatives (Pan-Pacific MIRAI)

ISSN 2383-4684

This work was supported by the Korean Federation of Science and Technology Societies(KOFST) grant
funded by the Korean Government.

International Symposium on Green Manufacturing and Applications

ISGMA 2014 Proceedings
▪ ISSN 2383-4684

CONTENTS
1

Influence of Spark Gap in EDM based on Buckingham’s π Theorem
S.H. Yeo and J. Y. Toh

4

Selective Micropattern Replications using Ultrasonic Imprint Lithography
Keun Park, Hyun-Joong Lee and Woosin Jung

7

Design of Signal Processing System for 3D Printing-based Flexible Tactile Sensor terephthalate
JuKyoung Lee, Suk Lee, and KyungChang Lee

10

Slip Detection of Robot Gripper using 3D Printing-based Flexible Tactile Sensor
HyeongJun Kim, Suk Lee and KyungChang Lee

13

Investigations of a Bistable Energy Harvester by Harmonic Balance Method
Huu-Tu Nguyen and Dung-An Wang

17

Prediction of Acceleration of Power-Train based on Rigid Body Motion Analysis
Tae-Jin Shin and Sang-Kwon Lee

21

27

Active Noise Control for Interior Noise of Passenger Car Based on Pre-Processing Using Order Filter

Seung-Min Lee, In-Deuk Kang, Tae-Jin Shin and Sang-Kwon Lee

The Correlation of Surface Roughness and Pressure Drop for a U-tube of the Heat Exchanger in a
Steam Generator
Jeong-Hoo Park, Se-Myong Chang, Shin-Young Lee and Gyun-Ho Gim

30

35

40

Study on Secondary Combustion Thermo-impact of Gas and Air in Confined Vessel

Xiao-lei Hu, Gui-gao Le, Da-wei Ma and Jiayi Guo

Active Back Pressure Mechanism for Electric Scroll Compressor

Jongbo Won, Ilyoung Park, Jeongsik Shin, Yongnam Ahn and Kweonsoo Lim

Performance of Biocomposites Reinforced by Cellulose Nanofiber Obtained from Paper Wastes
Hitoshi Takagi, Antonio N. Nakagaito, Satoshi Sugano, Yuya Muneta and Jitendra K. Pandey

44

A Study on the Heat Transfer Characteristics for the Shape of the Heat Sink
E. C. Jeon, S. G. Kim, J. H. Sung and Y. H. Kim

48

55

A Fuzzy AHP Framework for Multi Criteria Decision Making of a Sustainable Product Design

Zahari Taha, H.A. Salaam, T. M. Y. S Tuan Ya and Mohd Razali Mohamad

An Optimal Ordering and Pricing Policy for Deteriorating Item under the Two-echelon Inventory
System in Reverse Logistics
Yufang Chiu, He-Hsuan Hsu and Jia-Rong Hong

60

Energy-Efficient Hybrid Flow Shop Scheduling With Lot Streaming

Tzu-Li Chen, Yi-Han Chou, I-Chin Wu, Yen-Ming Chen and Tzu-Chi Liu

Copyright (c) 2014 by KSPE and ISGMA

66

Design of Energy Efficient Distillation Columns Systems
Mohd Faris Mustafa, Noor Asma Fazli Abdul Samad, Kamarul ‘Asri Ibrahim, Norazana Ibrahim and Mohd
Kamaruddin Abd. Hamid

70

A Study on Enhancing Flame Retardant Performance of Building Materials using Carbon materials

77

Numerical Investigation of Heating Mechanism in Ultrasonic Imprinting

80

Experimental Study of Friction Reduction of Surface Texturing on Cylindrical Surface

83

Objective Quantification and Subjective Evaluation for the Fastening Force of Seat Belt in a Vehicle
Using Seat Belt in a Vehicle using Force Measurement Robot

Hyun Jeong Seo, Su-Gwang Jeong, Jeong-Hun Lee, Sumin Kim, Dong Won Son and Sang-Bum Park

Jong Han Park, Ki Yeon Lee and Keun Park

Rendi Kurniawan and Tae Jo Ko

Hye-young Cho and Sang-kwon Lee

90

Effect of Mg3AlNi2 Content on the Cycling Stability of Mg2Ni-Mg3AlNi2 Hydrogen Storage Alloy
Electrodes
Sheng-Long Lee, Yu-Chih Tzeng and Hui-Yun Bor

95

99

101

Test Planning for a Large Wind Turbine Blade Full Scale Static Test Considering the Test Set-up

Jin Bum Moon, Hak Gu Lee and Seung-Un Yang

A Study on the Recycling of Food -Salt Reduction Plan for Compositing of Food Waste

Doo Hee Han

Steering Characteristics of AWS(All Wheel Steering) System using Virtual Rigid Axles
Kyung-Ho Moon and Jai-Kyun Mok

103

Analyze the Ride Comport Characteristics of Railway Vehicles in the Segment of Rail Corrugation
Chan-Woo Lee

106

109

Investigation of the Effect of Tool Wear and Surface Roughness in Ultrasonic-assisted Milling

Chang Ping Li, Min Yeop Kim, Tae Jo Ko and Jong Kweon Park

Supercapacitor Based on Polypyrrole and TEMPO-oxidized Bacterial Cellulose Nanofibers (TOBCN)
Nanocomposite Films
Fan Wang, Jong Yun Kim, Deok-Hyu Lee and Chang-Doo Kee

111

Development of an Advanced Suturing Mechanism for an Endoscopic Surgery Using Successive
Suturing Device
Byung Gon Kim, Kyung Tae Jun, Kyungnam Kim and Daehie Hong

117

An Experimental Study on the Multiple Layer Perforated Panel Sound Absorbing System for Railroad Noise
Reduction
Yoon-Sang Yang, Du-San Baek, Dong-Hoon Lee, Jae-Chul Kim and Choon-Keun Park

120

123

Complete Recycling Method for Lungfishes Waste

Doo Hee Han

A New Energy Efficiency Index for the German Manufacturing Sector
Jörg Mandel and Alexander Sauer

Copyright (c) 2014 by KSPE and ISGMA

131

Overview of Mechanical and Electrical Products Low Carbon Design
Zhifeng Liu, Mengdi Gao , Huanbo Cheng, Qingyang Wang and Xuan Zhou

140

Standardized Hazardous Materials Management for Global Environmental Compliance in Industrial
Enterprises
Markus Hornberger, Robert Miehe and Thomas Bauernhansl

152

High Income Return and Safe Investments through Financing of Energy Efficient Measures in the
Industry
Robert Kasprowicz, Siegfried Stender and Thomas Bauernhansl

Copyright (c) 2014 by KSPE and ISGMA

International Symposium on Green Manufacturing and Applications (ISGMA 2014), pp. 1-3

2014 / 1

ISGMA2014-A-1-3

Influence of Spark Gap in EDM based on
Buckingham’s 𝛑 Theorem
S. H. Yeo1,# and J. Y. Toh1
1 School of Mechanical and Aerospace Engineering, Nanyang Technological University, 50 Nanyang Avenue, Singapore 639798
# Corresponding Author / E-mail: mshyeo@ntu.edu.sg
KEYWORDS : EDM, Spark Gap, Surface Roughness

This project aims to highlight the importance of spark gap in EDM in relations to surface roughness. Two output, spark gap and
surface roughness were examined through Buckingham’s π theorem, a form of dimensional analysis tool, being the most
important part of the project. This tool was utilized to denote on the most influential parameters and sub parameters that
influence spark gap and further elaborate on the influence of spark gap in surface roughness. EDM experiments conducted
using SKD-11 steel work piece and copper rod electrode. These experiments were used to compare with the formulated equation
from Buckingham’s π theorem to determine the accuracy of these equations in relation with the experimented data. From the
observations, spark gap has a significantt impact in surface roughness which is a basic parameter of length in dimension,
created by variation of discharge voltage, current and time. Discharge voltage being the most influential parameter. This
observation may further enhance the surface finish in EDM relevant to precision engineering.

1. Introduction
Electro discharge machining (EDM) is an operation made
possible by erosive action. Two electrodes are held in close proximity
in a dielectric fluid during the sparking process. The dielectric fluid
continuously filled the spark gap throughout the process and to serve
as an insulator and subsequently deionizes in a cyclical manner. With
the spark formation, plasma channel will be formed, anode and
cathode will erode in this process which creates debris to be flushed
away to maintain a stable process repeatedly. In conventional EDM,
input parameters such as discharge current (I), voltage (V) and time
or pulse on time (ton) which are functions of discharge energy are the
key parameters that influence the output product such as surface
roughness and spark gap. Several studies have reported that have
shown that an increase in discharge current, duration and energy
would result in a larger spark gap [1, 2]. The discharge current is
found to have a larger influence on the spark gap as compared to that
of the discharge duration. The spark gap is inversely proportional to
the discharge duration which infers, an increase in discharge duration
will result in a decrease in spark gap. Klocke [3]observed that spark
gap is most influenced by voltage. The influence of discharge time
with spark gap is somewhat unclear as the discharge energy is
dependent on several other parameters. The effects of spark gap on
surface roughness is not well described quantitatively [4].

The objectives of this work are based on Buckingham’s π
theorem are:
(a) To investigate discharge voltage, current and time in
relations to spark gap
(b) To investigate spark gap in relations to surface roughness

2. Methodology
The approach based on Buckingham’s π theorem is used to study the
parametric effects [5].

2.1 Derivation of Spark Gap Equation
The spark gap condition may be influenced by the parameters as
shown in Table 1. These parameters have their own dimensions in
mass, length, time, current and absolute temperature (M, L, T, I and θ).
Table 1 shows the tabulation of each parameter according to the
dimension units. From this tabulation, equation (1 -5) can be obtained
by grouping them in its unique dimensions. The dimension mass (M)
in equation (1) can be formed. Similar steps were to be applied for
other dimensions (L, T, θ and I).
K4 + K 6 – K7 + K8 = 0
(1)
K1 - 3K 4 + 2K5 + K6 - 3K 7 + 2K8 = 0
(2)
K3 - 2K 5 – 3K6 + 3K 7 + 3K8 = 0
(3)
K 5 + K6 = 0
(4)
K 2 + 2K7 - K8 = 0
(5)
Solving the simultaneous equations as shown in equation (6) to
(8) and grouping the parameters in equation (9), the discharge current,
voltage and time is derived for the spark gap given in equation (10).
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π1 =
π2 =
π3 =

G 𝜌0.32 Cp0.26

(6)

V0.11 𝑘 0.26 σ0.05
I 𝜌1.75𝑘 5.25 𝑉 1.8

(7)

𝐶𝑝5.25 σ0.25
t 𝑘 0.18
V0.18 𝜌0.09𝐶𝑝0.18

(8)

σ0.09

π1 = α [π2, π3]

(9)

Table 1 Parameters of influence to spark gap
Properties

Symbol

Dimensions

K1

Spark gap

G

L

K2

Discharge current

I

I

K3

Discharge time

t

T

K4

Density

ρ

ML-3

K5

Specific heat

Cp

L2T-2θ-1

K6

Thermal coefficient

k

MLT-3θ-1

K7

Electric conductivity
Voltage

σ

M-1L-3T3I2

V

ML2T3I-1

K8

Solving the simultaneous equations and grouping the parameters
for discharge current, voltage and time, the derived equation for spark
gap yields in equation (10). The properties, ρ, Cp, k, and σ, that are
grouped and denoted as β, which is kept constant throughout the
experiments. This will allow the spark gap to be solely based on the
relations between discharge current, voltage and time.
Spark gap, G = β [ITV1.42]
(10)
Similar steps that were used for the derivation of spark gap are to
be applied in the surface roughness equation (11).
Surface roughness, Ra = γ [GI]
(12)
where  represents the constant value.

2.2 Experimental Procedure
Makino Edge I EDM machine were used to conduct the EDM
experiment. This system will be incorporating with kerosene
dielectric fluid and two electrodes. One will be diameter 5mm copper
tool electrode; the other will be (37x21x20mm) SKD-11 steel work
piece. The influence of voltage, current and time on spark gap were
conducted with various machine settings, E-1023, E-1025, E-1026
and E-1027. Each machine setting is incorporated with a unique
values of voltage, current and time.
Talyscan 150 were used to measure the surface roughness and
total depth. This spark gap is measured by using the difference
between the total depth measured by the Talyscan 150 and the
machining depth of 180 μm.
Table 2 Experimental Set up
Electrode tool
Cu, Ø5mm
Workpiece material
Steel, Skd-11
Dieletric powder
Silicon carbide , 50microns
Dielectric fluid
Kerosene
EDM machine
Makino Edge I
Topography scanning system
Talyscan 150
Scanning electron microscope JEOL-JSM-5600LV
EDM depth
80 microns
Machine settings
E-1023;E-1025;E-1026; E-1027
Powder Concentrations
0g/l, 3g/l, 5g/l and 7g/l
Fig. 1 shows the machined surface for various settings and a
typical voltage and current waveforms captured by an oscilloscope
are shown Fig. 2 are recorded.

Figure 1 Machined component of various settings

Fig 2: A typical pulse waveform for voltage and current

3. Results and Discussion
Buckingham’s π equation (10) shows that spark gap is a function
between ITV1.42 and material properties of steel, SKD11. Material
properties (β) were kept at constant throughout all the experiments;
hence spark gap is a fully dependent on ITV1.42 variations.
The best-fit curve shown in Figure 3 gives an equation, Spark
gap = 53.56(ITV1.42 )0.1691, may be used to formulate a predicted spark
gap by equating the basic input parameters into equation (10). This
will result in a predicted spark gap can then be used to compare with
the experimental spark gap. The difference between both will be used
to calculate the accuracy of spark gap derived from Buckingham’s π
theorem. From Figure 3, it shows that with an increase in ITV1.42 will
result in an increase in spark gap. The equation obtained in equation
(6), shows that discharge voltage which has a 1.42 times higher
power value is more influential in spark gap as compared to current
and time, which defers from Gostimirovic et al. [1] in which current
has a larger influence in spark gap. From the formulated equation (10),
the results shows that an increase in discharge time will result in an
increase in spark gap, which defers from Son[2] observations stating
that discharge time is inversely proportional to the spark gap.

Fig. 3 Influence of “ITV1.42” on spark gap
Table 3 shows the various machine settings on the spark gap. The
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percentage error is not more that 0.85% suggesting a high degree of
accuracy.

Table 3: Error percentage of spark gap
Machine
Setting
E -1023

ITV1.42
(mJ)
3.36

Calculated

Experiment

Error (%)

65.85

65.9

0.08

E -1025
E -1026

5.07
10.18

70.59
79.42

70
80

0.85
0.72

E -1027

15.77

85.53

85

0.63

Under constant current setting, the surface roughness is found to
increase linearly with spark gap, as shown Fig. 4. The predicted value
can be compared with the data obtained from the experiment, which
gives a relationship with R2 of 0.9194. The result clearly matches the
Buckingham’s π theorem. The trend line is similar for the other
machine settings.

spark gap. However, high energy may also result in a smaller spark
gap, if discharge time is inversely proportional to spark gap [3],
suggesting that it is more influential than other parameters. However,
from the Buckingham theorem, the spark gap is a function of ITV1.42,
which clearly eliminates the possibility of higher energy producing a
smaller spark gap. This is so because the influential parameters of
discharge voltage and discharge time are not inversely proportional to
spark gap.
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3. Conclusions
Spark gap which often seen as function of discharge current,
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Ultrasonic imprint lithography is a novel process in which micro/nanoscale patterns can be replicated on thermoplastic
polymer films with short processing time and low energy consumption. In this study, a selective ultrasonic imprinting
process is developed to replicate micropatterns with arbitrary profiles. To replicate micropatterns on selected areas, the
conventional imprinting process is modified by placing a profiled metal mask between the horn tip and target film.
Ultrasonic waves are then selectively transferred to the target film through the mask film, from which micropatterns can be
replicated onto the predefined areas. Experimental observations clearly indicate that the temperature increase and the
resulting material softening are concentrated in the masked region, so that micropatterns can be selectively replicated. The
proposed selective imprinting process is then applied to micropattern replications on arbitrarily profiled areas. In these
applications, the effect of imprinting conditions is discussed in terms of the replication quality in both the masked and the
unmasked regions. Through these experimental investigations, it is founded that moderate imprinting conditions are
required not only to improve the replication quality in the masked region, but also to prevent excessive replication in the
unmasked region.

1. Introduction
Nanoimprint lithography (NIL) is a micro/nanoscale patterning
technology for polymer substrates, which ensures productivity
sufficient for mass production.1 NIL can generally be categorized into
two processes: hot embossing and UV imprinting. The hot embossing
uses preheated molds to replicate micro/nano-patterns on
thermoplastic polymer substrates,2 and has the advantages of simple
and economical setup as well as the disadvantages of long cycle
times.3 In contrast, UV imprinting uses transparent molds and UVcurable resins to transfer nanoscale patterns at room temperature and
low pressure.4
Recently, ultrasonic vibration energy has been used to improve
the moldability in polymer processing such as hot embossing5 and
injection molding6. The use of ultrasonic vibration energy was further
developed to ultrasonic imprint lithography (U-NIL) that replicates
micro/nano patterns on thermoplastic polymer.7-8 U-NIL was also
applied to the fabrication of superhydrophobic surfaces by forming
micro/nano hierarchical structures on thermoplastic polymer
substrates.9
In NIL processes, micro/nano patterns are fabricated directly on

the surfaces of mold inserts. These patterned regions usually have a
rectangular shape for easier manufacturability. In this study, an
efficient fabrication method is proposed to develop micropatterns on
predefined areas. The proposed process is based on U-NIL, and a
profiled mask film is placed between the horn surface and the target
film. Thus, the regions in contact with the mask film are softened
locally, and micropatterns can then be selectively replicated. The
validity of the proposed selective U-NIL is investigated through
several experiments.

2. Selective U-NIL using Mask Film
U-NIL process uses ultrasonic vibration energy to soften the
surface of thermoplastic polymer for micropattern replication. Figure
1 (a) shows a configuration of the U-NIL process. A number of
micropatterns are engraved on the mold surface, and the horn
vibration is transferred to the mold surface through the polymer film
(target film). This ultrasonic vibration causes repetitive deformation
and the resulting frictional heat on the polymer surfaces. Thus, the
surface region of the target film is sufficiently softened that the
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micropatterns engraved on the mold can be replicated. Figure 1 (b)
shows a configuration the selective U-NIL process [10]. A mask film
with an arbitrary profile is located between the horn and the target
film. Ultrasonic wave is then transferred from the horn to the target
film through the mask film. Thus, only the regions contacted with the
mask film are affected by the ultrasonic excitation. Micropatterns can
then be selectively replicated in these regions.
Experiments were performed to verify the feasibility of the
selective U-NIL. A prism-patterned mold of which pitch and depth
are 48.6 and 16.5 m was used. As a target film, 30 x 30 x 0.3 mm3
amorphous polyethylene terephthalate (APET) films were used. An
AA-1050 film was used as the mask film. The size of the mask film
was 14.1 x 14.1 x 0.4 mm3, of which area (200 mm2) was smaller
than the area of target film (900 mm2). U-NIL experiments were
performed under the condition of 2.0 s vibration time and 0.45 MPa
pressure. Figure 2 shows the photograph of the replicated film with an
enlarged view for the inside region (A) and the boundary region (B).
It can be seen that the micropatterns were successfully replicated in
the masked region while they were not replicated in the unmasked
region.

International Symposium on Green Manufacturing and Applications (ISGMA 2014) ), pp. 4-6

Based on the preliminary results of the previous section, the
selective U-NIL process was applied to micropattern replications on
arbitrarily profiled regions. Figure 3 (a) shows a negative type mask
where the logo for SeoulTech is inscribed. The outer diameter of the
mask was 32 mm, and the resulting mask area was 605.3 mm2. Since
this area is much larger than those of the previously used ones, the
vibration time was set in the higher range, from 3.0 s to 5.0 s. The
mold temperature and imprinting pressure were set to 70ºC and 0.6
MPa, respectively.
Figure 3 (b) shows the replicated APET film under 4.0 s
ultrasonic vibration. It is observed that the film transparency was
diminished in the masked region, due to surface scattering on the
replicated micropatterns. For quantitative comparison of the
transparency, transmittance profiles across the section D-D’ were
measured for the replicated samples under the three imprinting
conditions, and plotted in Figure 3 (c). It can be seen that the
transmittance in the masked region was higher than 25% when the
vibration time was set to 3.0 s, which means that the micropatterns
were not sufficiently replicated. On the other hand, the cases of 4.0
and 5.0 s imprinting show low transmittance values (less than 10%) in
the masked region. However, at a vibration time of 5.0 s,
transmittance reductions were also observed near the mask boundary,
even in the unmasked region. This can also be explained by the flash
generated near the mask boundary when excessive imprinting
conditions were implemented.

Fig. 1 Configurations of the ultrasonic imprinting process: (a)
conventional imprinting, and (b) selective imprinting [10]

Fig. 3 Selective imprinting using a mask of arbitrary shape: (a) a
mask film with a negative logo profile, (b) a replicated polymer film
and (c) transmittance comparison along the path D-D’ for various
vibration time.

Fig. 2 Replicated polymer film using a rectangular mask and the
measured surface profiles for the inside and boundary regions

3. Micropattern Replications on Arbitrary Regions

Figure 4 shows measured surface profiles at various locations of
micropatterns when the 4.0 s vibration was applied. It can be seen that
micropatterns were successfully replicated in the masked region
without a flash generation. Considering that the replication quality
shows apparent differences across the mask boundaries, it can be
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concluded that the proposed selective imprinting enables the
micropattern replication on arbitrarily-shaped regions under
appropriate imprinting conditions.
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3. Heckele, M. and Schomburg, W. K., “Review on micro molding
of thermoplastic polymers,” J. Micromech. Microeng., Vol. 14,
No. 3, pp. R1-14, 2004.
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modulated with polymeric nanopillars using integrated
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Fig. 4 Surface profiles of the replicated micropatterns at various
locations on the logo.

4. Conclusion
In this study, a selective U-NIL process was developed to
replicate micropatterns on arbitrarily-profiled regions. The proposed
process uses an arbitrarily-profiled mask film to focus ultrasonic
waves selectively on the target regions where micropatterns are to be
replicated. Experimental observations clearly indicated that the
material softening was concentrated in the masked region, so that
micropatterns could be selectively replicated. Micropattern replication
experiments were further performed using arbitrarily profiled mask
films. The effectiveness of the proposed selective U-NIL was
evaluated by comparing the optical transmittance between the masked
and unmasked regions. Through experimental investigations under
various imprinting conditions, it was founded that moderate
imprinting conditions were required not only to improve the
replication characteristics in the masked region, but also to prevent
excessive replication in the unmasked region.
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In this paper, flexible tactile sensors can provide valuable feedback to intelligent robots about the environment. This is
especially important when the robots, e.g., service robots, are sharing the workspace with human. This paper presents a
flexible tactile sensor that was manufactured by direct writing technique, which is one of 3D printing method with multiwalled carbon nano-tubes. The signal processing system consists of three parts: analog circuits to amplify and filter the
sensor output, digital signal processing algorithms to reduce undesired noise, and detection algorithm for contact initiation
and termination. Finally, experimental setup is implemented and evaluated to identify the characteristics of the flexible
tactile sensor system. This paper showed that this type of sensors can detect the initiation and termination of contacts with
appropriate signal processing.

1. Introduction
Today, robots are used not only on industrial sites but in various
other fields, too. The boundaries between human life and robots are
being reduced, and robots and humans come into physical contact
under a variety of different circumstances. For several years, robots
have operated around humans within industrial and scientific settings,
but their presence within the home and general society is becoming
ever more common nowadays. During a robot’s operation, physical
contact with a human might be expected or unexpected, and can
enhance or interfere with the execution of a robot’s behavior.
The movement of robots and the stability of their systems are
being researched with particular attention on ways to avoid collision,
which is an important issue that must be addressed. There are ways to
prevent accidents and techniques for avoiding potential collisions that
could occur when driving a robot. The method for measuring the
torque value of the robot actuator is one of them. However, torquebased collision avoidance systems that enable a robot to detect the
size of a shock are very restrictive. Therefore, regardless of the
external environment, sensors for a robot’s shock protection system
are required.1
This paper describes the development of signal processing
systems for use in a flexible tactile sensor. The entire configuration of

a signal processing system consists of the analog signal processing
and digital signal processing parts and the main control part. This
paper is focused only on the signal analysis of the measured data from
sensor devices and provides the early stages of research for the
improvement and enhancement of signals. In this paper, part of the
research focuses on the implementation of a flexible tactile sensor
that can be applied in robot signal processing. The purpose of the
implementation of the analog signal processing unit is to remove the
external disturbance when an input signal is detected in a sensor. The
performance of the implemented signal processing unit was tested by
measuring and analyzing the pressure using a pressure gauge sensor
and assessing whether or not the measured data was correct.
This paper is organized into five sections including this
introduction. Section 2 gives a brief overview of flexible tactile
sensors and analog signal processing, and Section 3 presents the
application of the system, while the experimental results of our
system are given in Section 4. Finally, the summary and conclusions
are presented in Section 5.

2. Tactile sensor
Tactile sensing is a field that is rapidly progressing and the
concomitant developments are becoming more valuable. One major
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use of tactile sensing is minimally invasive surgery. This technology
allows surgeons to make smaller incisions and use sensors to virtually
feel and look at the internal organs of a patient. A highly developed
tactile sensor could potentially even discern cancerous cells from
healthy cells in a person’s body.
Tactile sensors can be classified as force/torque sensors, dynamic
sensors, and thermal sensors.2-4

104
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UART_RX

DGND0

Fig. 2 Signal processing schematic

Force/torque sensors are often used in combination with tactile
arrays to provide information for force control. A single sensor can
sense loads anywhere on the distal link of a manipulator and, not
being subject to the same packaging constraints as a “skin” sensor,
can generally provide more precise force measurements at a higher
bandwidth. If the geometry of the manipulator link is defined, and if
single-point contact can be assumed (as in the case of a robot finger
with a hemispherical tip contacting locally convex surfaces), then a
sensor can provide information about the contact location by ratios of
forces and moments in a technique called “intrinsic tactile sensing.”

2.2 Dynamic tactile sensor
The most common dynamic tactile sensors are small
accelerometers at the fingertips or in the skin of a robotic finger. They
function roughly like pacinian corpuscles in humans and have a
correspondingly large receptive field so that one or two skin
accelerometers suffice for an entire finger. These sensors are
particularly effective for detecting an object, making and breaking
contact, and detecting the onset of slip and the vibrations associated
with sliding over textured surfaces.
A second type of dynamic tactile sensor is the stress rate sensor. If
a fingertip is sliding at a speed of a few centimeters per second over
small asperities in a surface, the transient changes in stresses in the
skin will be significant. A piezoelectric polymer, such as
polyvinylidene fluoride (PVDF), which produces a charge in response
to strain, can be used to produce currents proportional to the range of
change of stress.

2.3 Thermal sensor
Thermal sensors are an important component in the human ability
to identify the materials of which objects are made (think of how
metal feels cool to the touch compared to wood) but are not used
frequently in robotics. Human thermal sensing involves detecting
thermal gradients in the skin, which correspond to both the
temperature and thermal conductivity of an object. Robotic thermal

Fig. 3 Signal processing and filter controller
sensors involve peltier junctions in combination with thermocouples
or thermistors. Difficulties have been encountered in obtaining
sufficient resolution and time responses when using them to
distinguish between different materials.
Laboratories use tactile sensors, as shown in Fig. 1, on
force/torque-based sensors. The tactile-sensing sensor employed in
our research is commercially available and can be used on all robots.
This tactile sensor designed pressure-sensitive materials that use
mixture of conductive material and rubber like human skin. Hence
our tactile sensor has excellent flexibility and elasticity by the
material surrounding the sensor for copying human skin.

3. Sensing device system
In the proposed tactile signal processing device for detecting
disturbances of tactile sensor analog data, circuitries were
implemented to correct the data in the sensor signals and signal
processing algorithms. A signal processing circuit is proposed, and
this structure could be applied in more than one sensor devices as it
works in the measurement environment of the analog signal.
The signal processing system in the tactile sensor is configured by
the control processor part responsible for the processing of the signals,
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which are in turn obtained with the signal processing part responsible
for acquiring the signal and transmission, as well as management,
determination, and control. The configuration of the signal processing
part, an analog signal processing circuit, comprises an I/V converter,
signal amplifier, and signal filter. The tactile sensor consists of the
sensor values for the disturbance rejection filter circuit, as shown in
Fig. 2 In the signal processing part, the input data gets to be the
analog-digital converter (ADC) of the controller process part. This
signal processing controller has 16 channel analog input signal(Fig. 3).

4. Experimental results
The tactile sensor signal processing systems for the signal
processing of the sensor data gained by the input analog signal
pressure. For smooth functioning of the tactile sensing system, the
following signal processing experiments were needed:5-6
i. Flexible tactile sensor signal processing operations for the
prevention of data element errors due to the pressure of the
tactile sensor.
ii. Reliable pressure measurement comparison experiments for the
validation of the proven pressure measuring system.
Measuring tactile sensor system is configured and measure up to
500N, resolution of 0.1N. Measure pressure distribution the human
body and support surfaces such as skin, fore, and backrests. This
signal used removing noise to curve fitting. Curve fitting can involve
either interpolation, where an exact fit to the data is required, or
smoothing, in which a “smooth” function is constructed that
approximately fits the data.7
The tactile sensors used a resistive-based technology. The
application of a force to the active sensing area of the sensor resulted
in a change in the resistance of the sensing element in inverse
proportion to the force applied.
Once the analog signal processing determined the sensor value,
the digital signal processing of the main controller was executed. First,
it had to go through the ADC process by converting into a digital
signal to a given sampling period, and quantization was required to
process the main controller input value of the analog signal. The
digital signal required filtering that selected and was designed to
digitally filter the signal according to the application system.

4. Experimental results
In this paper, we focused on the development of tactile sensor
signal processing devices. The result constitutes a signal processing
system that reduces the errors between the accuracy of the analog
signal. The experiment was carried out using signal processing
devices that have already been developed. Tactile sensing is likely to
significantly impact overall robotics research. For instance, the
incorporation of tactile information would require conventional data
processing techniques and algorithms to be revisited. In this context,
whole body tactile sensing will be of particular interest as most of the

existing tactile data handling techniques take into account tactile
information from the fingers and hands or end-effectors of a robot.
The results of the study are as follows:
The tactile sensor used in the experiment was appropriate for
signal processing board design. The circuit schematic reduces the
disturbances that occur in the tactile sensor characteristic analysis.
The change of the output is different depending on the nature of the
parts. In particular, the characteristics of the filter part significantly
impacted the system errors. The tactile sensor can be applied to
platform and component analysis. Tactile sensors are applicable for
robot platform research and analysis. The research methods are
applicable to finger and gripper robots
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In this paper, we design a gripping force control system using tactile sensor to prevent slip when gripper tries to grasp and
lift an object. We use a flexible tactile sensor for measuring uniplanar pressure on gripper's finger and develop an algorithm
to detect the onset of slip using the sensor output. Those patients were able to view and recognize an object with their eyes
and figure out the location for grasping, but were unable to figure out the strength to hold the object, without tactile
feedback. We also use a flexible pressure sensor to measure the normal force. In addition, various signal processing
techniques are used to reduce noise included in the sensor output. A 3-finger gripper is used to grasp and lift up a
cylindrical object. The tactile sensor is attached on one of fingers, and sends output signals to detect slip. Whenever the
sensor signal is similar to the slip pattern, gripper force is increased. In conclusion, this research shows that slip can be
detected using the tactile sensor and we can control gripping force to eliminate slip between gripper and object.

1. Introduction
Though robots can already perform human roles to improve
quality of life, with the advancement of industrialization, people have
attempted to research and develop robots that can autonomously
respond to fluid, changing, and more complicated environment.1-4 It is
impossible for the existing commercial robots to respond to changes
in the environment because they only process user’s commands upon
receipt. To overcome such circumstance and create a robot that
responds to a changing environment, a sensor that transforms external
stimulus into electrical signal can be used in combination with user’s
command. The sensors applied to robot include, but are not limited to,
infrared or ultrasound sensor, which can measure distance between
the sensor and object, gas sensor, which detects certain gases,
acceleration sensor and gyro sensor, which detect acceleration and
inertia, respectively, and strain gauge and pressure sensor, which
detects force and pressure, respectively.
The output of the pressure sensor changes with respect to the
pressure applied to the sensor. However, since a single pressure
sensor only detects the pressure applied within a narrow range, it
cannot be used to measure pressure applied to broader area. For this
reason, an array of multiple pressure sensors, also referred to as tactile
sensor, is used to partially measure the pressure applied to a wide

range. Attaching this tactile sensor to the surface of gripper provides
information similar to the pressure applied when a person holds an
object.
In the current study, a system was designed to detect the slip using
tactile sensor feedback and control the gripper force to prevent the
slip. The organization of the paper is as follows. In chapter 2, the
flexible tactile sensor made of pressure sensitive material and signal
process board, which processes feedback signals, are explained,
followed by the explanation about slip detection mechanism using
gripper, in which tactile sensor is attached. Then in chapter 3, gripper
control system, which prevents slip, is verified through experiment,
and lastly in chapter 4, the conclusion is drawn.

2. Flexible tactile sensors and signal processing system
2.1 Flexible tactile sensors
Tactile sensor based on pressure sensitive material uses mixture
of conductive material and rubber like material for the sensing part,
thus it has excellent flexibility and is able to create elasticity similar
to that of human skin depending on the material surrounding the
sensor. Another advantage is that it has easier manufacturing process.
In addition, sensor needs to be flexible enough to be mounted at the
end-point of gripper, and since the amount of output is smaller than
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that of other tactile sensors, the composition is more simple.5-6 Since
this sensor used pressure sensitive material mixed with conductive
material, it is very sensitive to pressure change and creates sensor
noise, thus requiring the noise reduction filter. In addition, very low
level of output caused by a wide range of resistance change (MΩ ~
kΩ) calls for the need of signal amplification circuit.

③
①

②

④

2.2 Signal processing for tactile sensors
In the current paper, amplification-filter-filter-amplification
circuit was composed by using four OP-AMP, and the amplification
circuit used non-inverting amplification circuit. Both of the
amplification circuits were set to have 5 times of amplification factor,
or 25 times in total. The reason for having two separate amplifying
circuits is because noise is amplified as well as the signal, decreasing
the stability of the circuit. Therefore, noise can be reduced by going
through two filters before the filtered signal is amplified again.
The low pass filter allows signals with frequencies lower than the cutoff frequency to pass through but filters those with higher frequencies.
The signals that have passed through this filter have the cut-off
frequency of 100khz. A proper signal setting is obtained through
many trials and errors

3. Slip detection using tactile sensors
The maximum static friction force between an object and gripper
increases in relation to the grasping force of gripper, and slip can be
prevented by controlling the gripper force. Fig. 1 shows derivatives of
the sensor slip data produced during grasping of gripper and the input
data. Fig. 1(a) shows the real-time data of the sensor that produced
slip. Force was applied from the beginning of section ⓐ, where the

Sensor's data
ⓐ

ADC_value

36000

ⓑ ⓒ

(a)
(b)
Fig. 2 Gripper’s finger with tactile sensor
flexibility of the tactile sensor and static friction force seem to have
produced distortion in the sensor. The actual point of occurrence of
slip is at the beginning of section ⓑ, where the friction force applied
to transform sensor is changed from static friction to kinetic friction.
As the elasticity of sensor is recovered, the output of sensor is
considered to have increased due to the impact. However, since this
section appears for a very short time, it can be confused with the
sensor noise. For this reason, the author identifies the slip in section
ⓒ. In this section, the kinetic friction is relatively low compared to
the impact from the previous section, so the output of sensor is
considered to decrease rapidly. In order to distinguish this
phenomenon, derivatives of sensor data are used. As shown in Fig.
6(b), the derivative of section ⓒ is very low.
To detect force and slip, tactile sensor-based robot gripper control
system experiment was conducted, in which an object is grasped
while moving the gripper up and down to find whether or not slip
occurs between the object and the contact surface. Slip pattern detect
function was used to detect occurrence of slip. When slip is detected,
the grasping force is increased and when slip is not detected, the force
is used to lift the object. Through this experiment, the minimum force
required for the gripper to lift an object is determined. Fig. 3(a) shows
consecutive output signal values at the sensor from Fig. 2 expressed
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(b) Sensor output voltage variation
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Fig. 1 Data and differential value of flexible tactile sensor

Fig. 3 Slip detecting signal

International Symposium on Green Manufacturing and Applications (ISGMA 2014) pp. 10-12

2014 / 12

ISGMA2014-B-4-4

1. Yussof, H., Ohka, M., Suzuki, H., and Morisawa, N., “Tactile
Sensing-based Control Algorithm for Real-Time Grasp Synthesis
in Object Manipulation Tasks of Humanoid Robot Fingers,” The
17th IEEE International Symposium on In Robot and Human
Interactive Communication(RO-MAN), pp. 377-382, 2008.
(a) Sensor data

2. Romano, J. M., Hsiao, K., Niemeyer, G., Chitta, S., and
Kuchenbecker, K. J., “Human-Inspired Robotic Grasp Control
with Tactile Sensing,” IEEE Transactions on Robotics, Vol. 27,
No. 6, pp. 1067-1079, 2011.
3. Weiss, L. E., Sanderson, A. C., and Neuman, C. P., “Dynamic
Sensor-based Control of Robots with Visual Feedback,” Robotics
and Automation, IEEE Journal, Vol. RA-3, No. 5, pp. 404-417,
1987.

(b) Output voltage variation with not enough force for slip
Figure 4. Compare slip signal with non-slip signal
as moving average. The arrow in the graph shows the change values
of sensor in case of slip and Fig. 3(b) shows derived values of input
signal values to the sensor to detect slip in gripper.
When it was not sufficient for slip to occur, resulting values were
as shown in Fig. 4. Similarly, the occurrence of slip was measured
with the last input signal. The output values after moving average
decreases when the object does not slip, but the sections do not fall
under the threshold, except for when slip occurs in derivatives.

4. Conclusion
In the current paper, slip, which occurs when a robot gripper
performs grasping, was detected by using feedback signals of flexible
tactile sensors. Based on the input values of sensor, robot gripper
drive system was composed and the performance of the system was
verified by conducting experiment. In order to do so, when slip
occurs during grasping of object, the feedback pattern of tactile sensor
was analyzed. The slip preventive algorithm used slip detection to
control force applied by gripper. In particular, it proposed force
control mechanism that distinguishes between insufficient and
sufficient force for the occurrence of slip, and as a result, the
minimum force to prevent slip was found. In the future, studies shall
be done in areas such as the weight and texture of the target object, as
well as the linkage to parallel robot and structural change of
conductive material for tactile sensor.
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A bistable mechanism for broadband energy harvesting is analyzed using the harmonic balance method. The bistable
mechanism is a chevron-type mechanism consisting of springs and sliders. Interwell, high-energy oscillations of the bistable
energy harvester are investigated. High speed during snap-through of the bistable mechanism contributes to large bandwidth
of the bistable energy harvester. The bistable energy harvester has much larger bandwidth than a corresponding Duffing
oscillator with similar force-displacement characteristics.

1. Introduction
Traditional vibration energy harvesters, such as the cantilever type
[1] or spring-supported proof mass type [2], are designed to harvest
vibration energy at single resonant frequency. There is a growing
need of harvesting broadband, low frequency, ambient vibration
energy for wireless sensor node applications. Bistable mechanisms
(BMs) have been shown to have a high potential for broadband
vibration energy harvesting [3]. Bistable energy harvesters can be
devised to harvest broadband, low frequency ambient vibration
energy due to their nonlinear spring softening behaviors [4].
Nonlinearity has been exploited to increase the power output of
the monostable, Duffing oscillators or impact type vibration energy
harvesters. Due to the interwell oscillations if the BMs, the high
velocity of the proof mass of the bistable energy harvesters may
generate more electrical power than the monostable energy harvesters.
The interwell oscillations can occur given the amplitude of the
vibration source is large enough to excite the snap-through behaviors
of bistable energy harvesters, so that they can efficiently capture more
low-frequency vibration energy than the linear, resonant oscillators.
In this paper, a BM for broadband vibration energy harvesting is
analyzed. Approximate analytical solutions are obtained by the
harmonic balance method. Frequency response of the system is
examined. Given the interwell oscillations, the BM is shown to have
a much larger bandwidth than the monostable, Duffing oscillator.
Experiments are carried out to verify the key features of the bistable
energy harvesters.

Fig. 1 (a-b) Principle. (c) A typical reaction force versus displacement
curve of the BM.

2. Design
2.1 Principle
Fig. 1(a) is a schematic of a bistable energy harvester. A
Cartesian coordinate system is also shown in the figure. Two springs
are joined by a slider, which can move along a guide rod. The BM
is symmetric with respect to the x axis. The spring has an inclination
angle . A permanent magnet can be glued to the slider and placed
under a conducting coil to facilitate electromagnetic induction for
energy harvesting. The assembly of the magnet and the slider is
termed as the shuttle mass of the BM.
Schematics of the BM at two stable equilibrium positions, Pa and
Pc, are shown in Fig. 1(a) and (b), respectively. The BM is initially
at the first equilibrium position Pa (see Fig. 1(a)). Upon the
application of a force F to the shuttle mass in the x direction, the
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springs are compressed. When the compressive force in the spring
increases to a maximum at a certain displacement of the shuttle mass,
the mechanism snaps towards its second stable position Pc (see Fig.
1(b)). When the direction of the force F is reversed, the shuttle mass
is moved along the x direction. As the compression of the
spring reaches its maximum, the mechanism snaps towards its first
stable position Pa. The unstable equilibrium positions, Pb of the
BM is indicated in Fig. 1(c).

backward motion, shown in the sequence of Fig. 2(b-a), of the BM
based on finite element analyses. As seen in Fig. 3, positions x = 0
and x = 10 are the first and the second stable equilibrium positions of
the BM, respectively. The reaction forces for the forward and
backward motions can be fitted by a 4th order function, f (x ) , as
(2)
f ( x ) k 4 x 4 k 3 x 3 k 2 x 2 k1 x
where k 4 0.000007 ,
,
,
and
k 3 0.027171
k 2 -0.819697
k1 5.473274 . These equations can be non-dimensionalized by
defining




k1
m
k
x x 3
k1

1t

,

(3)
i
, i
Le k 3
k1

Substituting the dimensionless frequency  , dimensionless time ,
dimensionless displacement x , and dimensionless current i into
Eq. (1) and using Eq. (2), we obtain the dimensionless equations as
1

1


3


1



x
x 
k 4 k12 k3 2 x 4 x 3 k2 k1 2 k3 2 x 2

(4a)

x 
i A cos()

i
ei 
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0
Fig. 2 A model of the bistable energy harvester

(4b)

where d / mk1

is the dimensionless mechanical damping,

/ Le k1

the

3 1

A Fk1 2 k32

is

dimensionless

transducer

constant,

is the dimensionless, and e ( RL Re ) m / k1 / Le is

the dimensionless electrical damping.
The prime denotes a
derivative with respect to dimensionless time .

3. Analysis

Fig. 3 f-d curves of forward and backward motions of the BM

2.2 Lumped model
Fig. 2 is a schematic of a lumped model of the BM and an
equivalent electrical circuit for a coil and a load resistor. The motion
of the shuttle mass is described by the coordinate x , and the
movement of the support frame is described by the coordinate z .
x is measured from the support frame. The shuttle mass m is
connected to the support frame via a spring k . Mechanical
damping of the BM is represented by a dashpot with damping
coefficient c . i is the current through a resistive load RL and the
coil. Re and Le are the resistance and self inductance of the coil,
respectively.
As the shuttle mass moves relative to the coil, a voltage U is
induced in the loop of the coil, and the electrical energy is delivered
to RL . Equations of motion of the harvester are
m
x
dxf ( x ) i F cos(t )
(1a)


(1b)
Li ( R R )i x 0
e

L

where the overdot denotes the derivative with respect to time t. In
this investigation, the value of the spring constant of the springs is
taken as 100 mN/mm. The original length of the springs is 60.83
mm. The inclination angle  is 9.46. Fig. 3 shows f-d curves
of the forward motion, shown in the sequence of Fig. 2(a-b), and

In this investigation, a Duffing oscillator (DO) is selected as a
representative of a monostable energy harvester to be compared with
the BM. The purpose is to demonstrate that the bandwidth of the
BM is much higher than that of a DO with the same footprint. The
frequency response of the bistable energy harvester and the Duffingtype energy harvester to a harmonic loading is analyzed by the
method of harmonic balance. The analysis follows a procedure
reported by Stanton et al. [5]. The dimensionless equations of
motion for the DO-type energy harvester can be expressed as

x
x 
x 3 x 
i A cos()
(5a)
i
ei 
x
0
(5b)
For fair comparison, the BM and the DO have similar normalized
f-d curves. When the spring of the mechanism shown in Fig. 1(a)
has a f-d relation of Fig. 4, an original length of 863.31 mm and an
inclination angle  of 9.46, the mechanism behaves similar to a
DO. The mechanism with the above f-d relation, original length and
inclination angle is considered as a DO, hereafter. Fig. 5 shows the
normalized f-d curves of the BM and the DO. They have
approximately the same value of maximum force in the same
displacement range. When the values of  and  of Eq. 5(a) are
taken as 0.037983 and 0.027203, respectively, the DO has the
normalized f-d curve shown in Fig. 5.
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Fig. 4 f-d curve of the nonlinear spring of the Duffing oscillator

Fig. 5 Normalized f-d curves of the BM and the Duffing oscillator
The oscillation amplitude of the nonlinear systems of Eqs. (4) and
(5) may vary in a wide range. Therefore, the classical harmonic
balance method can be used to solve the nonlinear oscillation systems.
A solution to Eq. (4) can be assumed as
(6a)
x c1 () a1 () sin b1 () cos 
i a3 () sin b3 () cos 

(6b)
 



 
 
Assuming slowly varying coefficients, i.e. c
1 a1 b1 a3 b3 0 ,

substituting the necessary derivatives of x
, x and
i into Eq. (4),
neglecting higher harmonics and balancing the constant terms and the
coefficients of sin t and cos t , the steady state equations for the
bistable energy harvester are obtained. Solutions of the Duffing-type
energy harvester can be obtained similarly. The frequency response
can be determined by finding the real roots of the steady state
equations. The steady state amplitude of current, I, is given as

I  a32 b32

(7)

Depending on the level of the excitation amplitude A, the BM can
exhibit intrawell, low-energy oscillations, or interwell, high-energy
oscillations. When undergoing interwell, high-energy oscillations,
the BM may exhibit a lager bandwidth than the DO. In order to
excite the interwell response of the BM at the frequencies near its
fundamental vibration modes, the value of A is taken as 0.39.
To determine the fundamental system response, the roots of the
steady state equations were computed for the parameters 0.08 ,
e 0.01 , 0.9 and A = 0.39 for both the BM and the DO. At
each excitation frequency  , the real roots of the steady state
equations were solved numerically. Fig. 6 is the response amplitudes
of the BM and the DO. Fig. 6(a) shows the response amplitude of
the BM. The response curves of c1 Pb and c1 Pb correspond to
the oscillations around the unstable equilibrium position of the BM
and otherwise, respectively. As shown in Fig. 6(a), the BM can
sustain high-energy oscillations in the frequency range of
approximately 0.8 to 2.0 where the response amplitude is higher than
1. The high-energy oscillations of the DO persist in the frequency
range of approximately 0.7 to 1.1 where the response amplitude is
higher than 1. The BM exhibits a threefold increase in the frequency
range of high-energy oscillations compared to the DO. Under the
considered excitation level, the BM is capable of sustaining highenergy oscillations in a wide frequency range. Broadband vibration
energy harvesting can be achieved by the interwell, high-energy
oscillations of the BM.

5. Summary
The bandwidth of the BM for vibration energy harvesting is shown to
be much larger that the DO by harmonic balance analysis. With
similar f-d characteristics, the BM has a threefold increase in the
frequency range of high-energy oscillations compared to the DO.
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The average power through the electrical impedance can be written as

I2
Pave 
2 e

(8)
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In low-frequency, a structure show the rigid body motion which includes of translation and rotation. These motions are
predicted by analyzing the rigid body transfer matrix. It is impossible to measure acceleration at center of gravity of the
power-train in a passenger car because the center of gravity of power-train is located at inside of in power-train. In this
paper the acceleration at center of gravity in power-train is estimated during acceleration base on the rigid body analysis of
power-train and the measurement of accelerations on the surface of power-train. The test car is operated on roller of the
chassis dynameters. In order to validate the method, the acceleration on the surface of power-train is measured at a
reference point. The surface acceleration at reference is also predicted using the estimated acceleration at the center of
gravity. Both of accelerations are compared each other. The difference of both accelerations is error value. The error value
is less than 3%. The method is successfully developed.

1. Introduction
Customers have continuously requested the high quality
performance of noise, vibration and harshness (NVH) in a passenger
car. Automotive engineers have also tried to enhance the NVH
performance of a passenger car. In a vehicle, the vibration of the
powertrain is one of major vibration sources. This vibration is
transferred to the car body and passengers feel the vibration of car
body. Therefore, in order to analysis the vibration of a passenger car,
it is important to understand the vibration of a powertrain in a vehicle.
Especially, the low frequency vibration of the powertrain influences
on the ride comfort of passengers. In low-frequency, a powertrain
shows the rigid body motion which includes of translation and
rotation. These motions are predicted by analyzing the rigid body
transfer matrix [1,2]. It is impossible to measure acceleration at center
of gravity of the power-train in a passenger car because the center of
gravity (CG) of power-train is located at inside of in power-train. In
this paper the acceleration at center of gravity in power-train is
estimated during acceleration base on the rigid body analysis of
power-train and the measurement of accelerations on the surface of
power-train. The test car is operated on roller of the chassis
dynameters. In order to validate the method, the acceleration on the
surface of power-train is measured at a reference point. The surface
acceleration at reference is also predicted using the estimated
acceleration at the center of gravity. Both of accelerations are
compared each other. The difference of both accelerations is error

value. The error value is less than 3%. The method is successfully
developed.

2. Theorem and Experiment
2.1 Rigid body motion and transfer matrix
The rigid body motion of a powertrain includes of translation and
rotation likely to Fig.1.

Fig. 1 Expression of rigid body motion
The acceleration of an arbitrary point at the surface of powertrain
can be expressed by the translational acceleration and the product of
rotational acceleration at the CG point and the space vector from the
CG point to an arbitrary point. It is given by Eq. (1)

X p  X CG  CG  dcp

(1)
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where X p is acceleration at the arbitrary point p, X CG and CG
are the translational acceleration at the CG point and the rotational
acceleration of the rigid powertrain respectively. The dcp is a distance
from the CG point to the arbitrary point p. The acceleration vector at
an arbitrary point p is obtained by multiplying the transfer matrix by
the acceleration vector at the CG point and given by Eq. (2)
x
 
 y
z
 p

x
y
(2)
1 0 0
0
Z p  Z CG
(Yp  YCG )   

  z 
 0 1 0 ( Z p  Z CG )
0
X p  X CG   

0 0 1
 x
Y

Y

(
X

X
)
0
p
CG
p
CG

  
y
 
 z CG

Similarly, the acceleration vectors at the two points 1, and 2, are
expressed in Eq. (3)

The pseudo inversion of the transfer matrix is given by Eq. (6)

X c  TcpT Tcp  TcpT X p
1

(6)

where Tcp is transfer matrix of general form. The acceleration at
any arbitrary internal or external point of the power-train can be
derived from estimated acceleration at the CG point. If coordinate of
any arbitrary point is obtained, the acceleration at that point expressed
in Eq. (7).

X q  Tcq TcpT Tcp  TcpT X p
1

(7)

where X q is acceleration at arbitrary point a, Tcq is transfer
matrix from the CG point to the point q.

0
Z p1  Z CG
(Y p1  YCG )   x 
 x1   1 0 0
 y   0 1 0 ( Z  Z )
0
X p1  X CG   y 
p
1
CG
 
 1 
Y p1  YCG
( X p1  X CG )
0
 z 
 z1   0 0 1
 
  
x
1
0
0
0
Z

Z

(
Y

Y
)
p2
CG
p2
CG   x 
 2 
 y2  0 1 0 ( Z p 2  Z CG )
0
X p 2  X CG   y 
 
  
z
0
0
1
Y

Y

(
X

X
)
0
 2  
p2
CG
p2
CG
  z CG

(3)
From Eq. (3), the acceleration vector at the CG point can be
obtained by the inversion of transfer matrix. However, since the
transfer matrix in Eq.(3) is singular form [3-5], in order to solve this
singular problem, at least, the acceleration vectors of three response
points are requested. Therefore, the acceleration vector at the
response points is generally expressed by the product of the transfer
matrix and the acceleration vector at the CG and is given by Eq. (4)

2.2 Measuring acceleration at surface of the power-train
The inverse theory explained in the section 2.1 is applied to the
prediction of the practical powertrain with in-line 4 cylinder engine.
At the first, the acceleration is measured at 8 point of the surface of
the test powertrain. Figure.2 shows the attachment position of 8
accelerometers. The one of accelerometers is reference point and this
data is used for validation of the method. The acceleration at the CG
point is estimated by using 7 measured data and the acceleration at
the reference position is estimated by using the acceleration of the CG
point to validate the suggested method in the paper.

0
Z p1  Z CG
(Y p1  YCG ) 
 x1   1 0 0
x
 y   0 1 0 ( Z  Z )
0
X p1  X CG   
p1
CG
 y
 1 
Y p1  YCG
( X p1  X CG )
0
 
 z1   0 0 1
 z 
  
  
  
 x  1 0 0
0
Z p ,n  Z CG
(Y p ,n  YCG )   x 
n
  
  
0
X p ,n  X CG   y 
 yn  0 1 0 ( Z p ,n  Z CG )
  
  z c
Y p ,n  YCG
0
( X p ,n  X CG )
 zn   0 0 1


(4)
The notation n is number of response points. In general case,
transfer matrix is 3  n . The number of points n should be larger than
3, the transfer matrix is a rectangular matrix. To inverse a rectangular
matrix, the pseudo inversion method should be used. The acceleration
vector at the CG point is obtained by the pseudo inversion and given
by Eq.(5).
0
Z p1  Z CG
(Yp1  YCG ) 
 1 0 0
x
 0 1 0 ( Z  Z )
0
X p1  X CG 
p1
CG
y

 
 0 0 1

Yp1  YCG
( X p1  X CG )
0


 z 
  

 x 
1 0 0
0
Z p ,n  Z CG
(Yp ,n  YCG ) 
 y 


0
X p ,n  X CG 
 
0 1 0 ( Z p ,n  Z CG )
 z CG 

( X p ,n  X CG )
0
Yp ,n  YCG
0 0 1


1

 x1 
 y  (5)
 1
 z1 
 
 
x 
 n
 yn 
z 
 n p

Fig. 2 Attached 8 accelerometers on the surface of the test powertrain
for the measurement of acceleration.
Four accelerometers are attached to the front of power-train and
others accelerometers are placed at the back of power-train. All
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measured data are transferred to the signal conditioner ( LMS mobile,
32 Channel, LMS Co.) which is controlled by the control computer.
The operation condition of the test power-train is idle. The sampling
frequency is 4096 Hz and the data is measured for 10 second. The
transfer matrix is calculated by using the coordinated positions which
is obtained by 3D modeler of the power-train. The coordinate point of
each measuring point is listed in Table 1. The zero point of this
coordinate is the CG point of the test power-train.
Table 1 Coordinate of measuring point
Y axis

Z axis

1

-0.2166

0.1231

-0.1610

2

0.1679

0.0917

-0.1512

3

0.2023

0.1019

0.1957

4

-0.1195

0.0776

0.2319

5

-0.1596

-0.1683

-0.1032

6

0.1945

-0.1865

-0.1030

7

-0.2370

-0.1213

0.2420

8

0.1942

-0.1914

0.2413

Reference data
Estimated data

1

8
error(%)

X axis

10

1.5

Coordinate (m / center is CG)
2
Acceleration(m/s )

Measuring
Point

engine with the balance shaft. The rolling motion of this kind of
engine induces high level of rolling acceleration as shown in Fig.3 (d).
The amplitude of rolling acceleration is much bigger than other
cancelations. The translation acceleration in the z-axis is very low
since the test engine includes the balance shaft which is used for the
reduction of the acceleration in the z-direction. From the estimated
acceleration at the CG point, the acceleration at the reference point
can be calculated. The estimated acceleration of the reference point is
compared with the direct measured three translation acceleration at
the reference point as shown in Fig. 4.
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Fig. 4 Comparison between estimation and measurement at reference
poin. (a) x-axis, (b) error at x-axis, (c) y-axis, (d) error at y-axis, (e) zaxis, (f) error at z-axis.
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Fig.4 (a) (c) and (e) show the comparison between the estimated
acceleration and direct measured acceleration at reference point. Fig.4
(b) (d) and (f) show the errors between two accelerations. The level of
error is less than 3%.
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The 8th point is reference position. Accelerations from 1 to 7 are
used to estimate acceleration of the CG point. Fig. 3 shows the
translational and rotational acceleration at the CG point.
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Fig. 3 Estimated acceleration at center of gravity. (a) x-axis, (b) y-axis,
(c) z-axis, (d) rx-axis, (e) ry-axis, (f) rz-axis.
The powertrain used in the experiment is an in-line 4 cylinder

In order to estimate the acceleration at any point of the running
powertrain, the rigid body motion of the running powertrain is
analyzed based on matrix inversion method. The matrix inversion
theory is discussed. The theory is applied to the estimation of the
acceleration at the CG point of the test powertrain. In order to
estimate the acceleration, the acceleration is measured at the 8
positions of the surface of the running powertrain. The measured
seven accelerations are used to calculation of the CG point. The one
measured acceleration at the reference point is used for the validation
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of the suggested method. The acceleration at the reference point is
estimated by using the coordinate and the acceleration of CG point.
The direct measured acceleration and the estimated acceleration at the
reference are compared for the validation. The deference error is less
than 3%. Therefore, the suggested method can be used for the
estimation of the acceleration at any point of the running powertrain.
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Active noise control is a technique to decrease unwanted noise using secondary sound. Active noise control (ANC) can be
used for improving sound quality in a passenger car, for example, by decreasing the engine booming noise or modifying the
engine noise inside the car. A conventional algorithm having used for active noise control is the leaky filtered X_LMS
algorithm. This algorithm is an extension of the famous filtered X_LMS algorithm widely used in active noise control. In the
paper, the filtered X_LMS with adaptive order filter is suggested for the effective control of the engine noise inside of a car.
In order to control the interior noise, 2 speakers and 2 error microphones are used. DS1104 of dSPACE is used as the
controller of the ANC. For active noise control, RPM signal is needed to make reference signal. RPM signal is normally
obtained from CAN (Controller Area Network) signal. But in this paper, instead of using CAN signal, TTL signal from
engine was used. Therefore, RPM signal is made using TTL signal and in this process to make RPM signal, order filter is
used. The 2nd order components of engine rotation speed that cause booming noise can be reduced by using the ANC system
with pre-processing adaptive order filter.

1. Introduction
Recently the fuel efficiency of cars has become a world widely
major theme. Most of traditional technologies, such as vibration
isolators, acoustical absorbing materials, enclosures, barriers, and
vibration damping materials, to solve a noise and vibration problem
in the car generally require an increase in mass [1]. This method
badly influences the fuel consumption rate. A new noise and vibration
technology is needed to improve the fuel economy. Therefore, the
electronic control technology using active noise reduction has
emerged as a new alternative. The idea behind active noise c (ANC)
is to generate opposite phase sound that destructively interferes with
the existing sound field. The concept of ANC was patented for the
first time in the 1930s, but not until the 1990s did practical
implementations became available [2]. In the 1990s, control
algorithms and the computing power of digital signal processors were
developed to a sufficient level to make practical control systems
possible [3]. This idea is applied to the automotive industry 1988 [4].
An almost identical system with the previous one implemented and
mass produced by Nissan for Bluebird model in 1992 to cancel the
second order engine boom. The system was separated from the car
audio system and was relatively expensive. The car was available for

a short time in the Japanese market only and did not find any direct
successors [4].Although active control has been experimentally
demonstrated in vehicles for over 20 years, it is only recently that the
levels of integration within the vehicle’s electronic systems have
allowed the cost to become affordable. Active control may now allow
a reduction in the weight of conventional passive methods of low
frequency noise control, helping the push towards lighter, more fuel
efficient, vehicles [4-9]. In this paper, we consider the active noise
control (ANC) system for a passenger car to control the interior noise.
Most of algorithm used for the ANC of the interior noise in a car is
the filtered-X LMS algorithm (FXLMS) [3]. In order to control the
engine noise inside of car, such as booming and rumbling [10], the
reference signal is required in the FXLMS algorithm [11]. The
reference signal should be synchronized with engine speed. The
engine speed is calculated by using the pulse signal detected at engine
speed sensor such as cam shaft position sensor (CSPS) or engine
ignition position sensor (EIPS). Nowadays, the pulse signal of engine
speed is delivered to the engine management control unit (ECU)
system. The ECU supplies the engine speed data to the display
throughout a high speed gateway. The ANC system can also use this
data for the generation of reference signal. Most of reference signals
used for the noise control of an engine are the sine wave at the instant
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frequency (rpm/60). This sine wave is discretely changed with the
increment of engine speed but not continuous. Therefore, the ANC
system using this reference cannot work when the engine speed is
changed rapidly form 1000rpm to 6000rpm but work well at the fixed
rpm. In this paper a new adaptive order filter (AOF) for the ANC
system of interior noise of a car is proposed. The new algorism uses
the continuous reference signal instead of the sine wave.

most significant factor influencing the dynamic response of the feed
forward active noise control system. Therefore, the delay should be
kept small by decreasing the distance between the secondary source
and the error sensor and reducing the delay of the control system
components. In practice, the FXLMS algorithm is stable even if the
adaptive filter coefficients change significantly on a timescale
associated with the dynamic response of the secondary path. In the
block diagram of the FXLMS algorithm as shown in Fig.1, x ( n) is
the reference signal and the input vector for the adaptive filter w( n) .
The reference x ( n) is a sine wave with instantaneous
frequency fi ( Hz )  rpm / 60 .

2. New Adaptive Order Filter for Active Noise Control
2.1 FXLMS Algorithm
The LMS algorithm cannot be used in active noise control as such,
however. The adaptive filter is followed by the secondary path from
the secondary source to the error sensor. The output signal is thus
modified by the secondary-path transfer function before it reaches the
cancellation point at the error sensor. In active noise control, the error
signal becomes

e ( n )  d ( n )  y ( n )  d ( n )  s ( n )  y ( n )
 d ( n)  s ( n )  [ w ( x ) x( n )]
T

(1)

where s(n) is the impulse response of the secondary path. The
gradient term in the LMS algorithm is then expressed as

ˆ( n)  2 e( n)  e( n)  2 s( n)  x( n)  e( n) 2xe( n)

2.2 FXLMS Algorithm with Adaptive Notch Filter (ANF)
When the multiple sinusoidal waves should be controlled,
FXLMS Algorithm with notch adaptive filter (ANF) becomes one of
solutions. This ANC system is used for the control of multiple
sinusoidal waves such as engine noise, muffler noise since it deliver
multiple narrow band sinusoidal waves y(n) to actuator such as a
speaker without interference between multiple sinusoidal waves. An
adaptive notch filter uses a sinusoidal reference signal and two
adaptive weights to cancel narrowband noise. The advantages of the
adaptive notch filter are easy control of bandwidth and the capability
to adaptively track the exact frequency of the disturbance. Fig. 2
shows the ANC system together with ANF.

(2)

where x'(n) is called the filtered reference signal vector. Substituting
the gradient term into the equation of the steepest descent algorithm
gives

w[n  1]  w[n]  e[n]x[n]

(3)

which is the filtered-reference (or filtered-x) LMS (FXLMS)
algorithm [3].

Fig. 2 Block diagram of the filtered-x LMS algorithm with ANF.

Fig. 1 Block diagram of the filtered-x LMS algorithm.
The block diagram of the FXLMS algorithm is given in Fig. 1.
The secondary path is denoted as S(z) and the secondary-path
estimate as Se(z). It has been empirically found that the maximum
step size for the FXLMS algorithm is approximately

 max 

1
Px  ( Lw   )

(4)

where Px = E[x(n)] is the power of the filtered reference signal, Lw is
the length of the adaptive filter and  is the overall delay in the
secondary path in samples [3]. The delay in the secondary path is the

However, the frequency of reference signal is changed rapidly,
this ANC system with ANF does not work very well since the rotation
frequency of the powertrain is changed and the plant noise also
changed. ANF cannot find the optimal point for the cost function and
generate a large value of least squared error. Especially the number of
eigenvalue in the reference signal is large then the least squared error
also increases [13]. In order to reduce the least squared error, the
leaky LMS algorithm is used to reduce the control speed [14]. This
algorithm is given by

w[n  1]  (1   ) w[n]  e[n]x[ n]

(5)

where  is a positive control parameter and satisfies the condition,

0    1/ 

(6)

This increases the algorithm robust but decreases the adaptation
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speed.

2.3 FXLMS Algorithm with Adaptive Order Adaptive Filter
(AOF)
In order to control the multiple order noises of engine rotation
speed, a new ANC system is required with an adaptive filter based on
the harmonic orders of the engine rotating speed. For this novel work,
the reference signal should be generated the frequency modulated
signal continuously synchronized with the engine rotating speed. The
reference signal should be given by
N

x( n) 

 a (n) x (n  1)  a (n) x (n  2)
1

i

2

i

dSPACE control board via the ICP amplifier (PCB Company). The
pulse signal including the information of speed of engine is detected
by the cam shaft position sensor and transfer to the input channels of
dSPACE control board. Both input data are transfer to the control
computer via A/D converter inside of dSPACE control board. The
pulse signal is used for the calculation of the instantaneous frequency
and the reference signal x(n) which is the frequency modulated signal
and presented in Eq. (7). The reference signal is convolved by the
estimated impulse response of the secondary path. The signal is the
input x(n) of LMS algorithm in Eq. (3). The adaptive filter w(n) is
updated by using error data e(n) and input data x(n).

(7)

i 1

where i is 1, 2, 3, …N and N is the number of harmonic components
to be controlled. ai(n) is the amplitude of i-th order frequency
modulated wave at the i-th order rotating frequency of the engine
speed. x(n) is the 2nd order moving averaged parametric model and it
is called “adaptive order filter”. Eq. (7) is the adaptive order filter. Fig.
3 shows Block diagram of the filtered-x LMS algorithm with AOF.

Fig. 5 Equipment for ANC system for active control of interior noise
of a test vehicle

3.2 Measurement of Impulse Response of the Secondary Path
Fig. 3 Block diagram of the filtered-x LMS algorithm with AOF.

3. Active Noise Control in the Cabin of a Passenger Car

The impulse response of the secondary path is estimated using the
LMS algorithm. Block diagram for the estimation of impulse
response of the secondary path is shown in Fig. 6.

3.1 Experimental Setup and Procedure
A sport utility car is used for the interior noise control. The 2.2L
diesel engine is used for powertrain of this car. The instrument of the
active noise control is loaded inside a car. Fig. 4 shows the block
diagram for active control of interior noise of this car.

Fig. 6 Block diagram for the estimation of impulse response of the
secondary path
Fig. 4 Bock diagram for active control of interior noise of a test
vehicle.
The equipment for ANC is illustrated as shown in Fig. 5. Four
microphones are used for the measurement of error signal and are
attached to the roof of a teat car. Five speakers are used to generate
the secondary sound sources to cancel the primary noise sources is
side of car. The error signals are transfer to the input channels of

The random white signal is used for the input data of the
loudspeaker. The impulse response of the secondary path is obtained
after enough convergence. The transfer function S(z) of the secondary
path is obtained by taking the z-transform for the impulse response.
The results are plotted as shown in Fig. 7.
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Fig. 9 Equipment for the active noise control of interior noise in the
test vehicle.
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Fig. 7 Transfer function S(z) of the secondary path and Impulse
response s(n) of the secondary path
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3.4 Performance of the ANC System with AOF
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Fig. 11 shows the sound pressure of interior noise of the test
vehicle. The upper solid line is the sound pressure level of interior
noise and the low solid line is the actively controlled sound pressure
level. Fig. 11(a) present the overall sound pressure and Fig. 11(b)
shows sound pressure of the 2nd order component of the engine
rotating frequency. The 2nd order is generally related the booming
noise [10]. The engine condition is full load d for this test and the
engine speed is increased rapidly from 1000 rpm to 4500pm during
10second. In the case, the other higher orders are not controlled since
the calculation speed of ANC system is over the capacity of the
dSPACE.
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overall
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(a)
In order to drive the vehicle with ANC system, the speaker,
control computer, monitor and dSPACE channel board are loaded in
the test vehicle and the microphone is also attached to the roof of teat
vehicle. Fig. 9 shows this all systems.
Fig. 10 shows the comparison of sound pressure level between
before the ANC system works and after the ANC system does not
work. Fig. 10(a) shows the time history for the both data and Fig.
10(b) shows the spectrum of both data. The sound pressure level of
interior noise is reduced to 15 dB above 80Hz. The engine
condition is no load for this test and the engine speed is increased
rapidly from 1000 rpm to 4500pm during 11second.

15

Fig. 10 Performance of the ANC system with new algorithm (a) time
history and (b) spectrum analysis of the sound pressure of interior
noise.

5000

Fig. 8 comparison of sound pressure level among the FXLMS
algorithm with ANF, the leaky FXLMS algorithm and the FXLMS
algorithm with AOF
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(a)

SPL(dB)
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SPL(dB)
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70
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For the comparison of the conventional FXLMS algorithm, the
FXLMS algorithm with ANF, Leaky LMS algorithm and the FXLMS
algorithm with AOF are tested. When the engine speed increased
under the no load condition of the engine, the ANC system is
operated and the interior noise is measured. The engine speed is
increased from 1000 rpm to 4500rpm. The sound pressure levels are
compared when three different algorithms are applied. Fig. 8 shows
the test results. The new algorithm, it is called as the FXLMS
algorithm with AOF, shows the best performance among three
algorithms. The new algorithm shows the significant reduction of the
interior noise.

-20

5000

40
1000

2000

3000
4000
Eng. speed (rpm)

5000

(b)

Fig. 11 Performance of the ANC system with new algorithm (a)
overall level (b) the 2nd order.
Fig. 12(a) showsthe color map for the sound pressure level of
interior noise when the ANC system turns off. It can be seen that the
sound pressure level of the 2nd order is high along the increased
engine speed. The low frequency noise id related to the back ground
noise. The noise under 20Hz is not heraring sound. In this vehicle,
the sound pressure level of higher order component is not lower than
that of 2nd order component. Therefore, the 2nd order component of
the engine speed is controlled. Fig. 13 shows the sound pressure level
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of the interior noise wnich is actively controlled by the ANC system
with AOF.

(b)
(a)

Fig. 13 Color map and waterfall plot of the interior noise in the test
vehicle when the ANC is turns on. The load of engine is full (WOT
condition) and its speed increase from 1000rpm to 4500 rpm during
11second. (a) color map (b) waterfall plot

3. Conclusions

(b)
Fig. 12 Color map and waterfall plot of the interior noise in the test
vehicle when the ANC is turns off. The load of engine is full (WOT
condition) and its speed increase from 1000rpm to 4500 rpm during
11second. (a) color map (b) waterfall plot.
From these results, the new developed ANC system with AOF is
work very well and its performance is excellent to reduce the sound
pressure of the interior noise related to the harmonic components of
engine rotating speed.

In the paper, the new FXLMS algorithm with AOF is developed.
This is developed based on the generation of the reference wave
associated with the harmonic orders of the engine rotating speed. The
performance of this algorithm is compared with that of the traditional
FXLMS algorithms and its family. A SUV is used for the test of the
ANC system with this algorithm. The sound pressure level of interior
noise actively controlled by this algorithm is reduced to 15dB while
the reduction of the sound pressure is reduce to 2-3dB by the
traditional FXLMS algorithm and its family. Finally the ANC system
with new algorithm is used for the control of the interior noise during
driving the road. At the full load condition of the engine, the sound
pressure level of the interior noise of the test car is extremely reduced.
The performance of the new developed ANC system is very excellent.
This can be used for active sound design
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In this research, we studied the pressure drop affecting on the internal surface roughness of a tube which is used cooling system
of Pressurized-Water Reactor(PWR). We studied a range of various surface roughness of the tube as well as a full scale U-shape
tube model using ANSYS-FLUENT, commercial codes based on Computational Fluid Dynamics(CFD). The material of the tube
is cut from the real heat transfer tube of Inconel 690 now used in the steam generator. We studied the effect of internal surface
roughness of the heat transfer tube on the pressure drop in the tube system. The roughness is correlated with the pressure drop to
be presented as a single equation for the modeled U-shape tube from the numerical simulation.

1. Introduction
Since the first nuclear power plant built in 1978, 22 plants have been
running in Korea, playing an important role by generating about 23%
of total domestic electric power. For the case of steam generator of
Gori-1 exchanged in 1989, various types of corrosion have been
experienced such as pitting, SCC(stress corrosion cracking), and wear,
etc. The succeeding plants also have various types of corrosion
problems though they are managed better for corrosion [1].
The vibration generated by fluid causes from three kinds: fluidelastic instability, the forced vibration with unsteady pressure
fluctuation originated from turbulence, and the periodic vibration with
vortex shedding on the heat pipe around which in the steam generator
these causes can bring about the wear or the fatigue fracture, finally
resulting in the failure of SG [2]. Cracks of heat pipe and TSP(tube
support plate) causes from various microscopic factors like chemistry
and sludge deposit [3], but one of the primary factors to consider is
fretting wear in the combination of tube and TSP.

2. Methods and Result
2.1 Numerical Method
The pressure drop is directly related with surface roughness, which
is a function of Reynolds number and roughness ratio defined as the

ratio between roughness and tube diameter. For the analysis of
primary water, three-dimensional unsteady incompressible NavierStokes equations are used:

V  0

(1)

 V

 V  V   p   2 V
 t




(2)

In Eqs. (1~2), V is velocity vector; p is pressure;  and  are
density and viscosity, respectively. No-slip boundary condition is
applied at the tube wall; the inlet condition is specified as a mean
flow rate and a given fluctuation; the outlet boundary is set as the
ambient pressure. Additionally, k   SST turbulence model is
used for the turbulent intensity of 5% for the incident flow [4].

2.2 Result and Discussion
For a straight tube, the correlation of Darcy friction factor, f with
Reynolds number and roughness ratio,  / d [5].
 /d
2.51
2.0 log10 

 3.7 Re
f
f
d


1






(3)

28 / 2014

International Symposium on Green Manufacturing and Applications (ISGMA 2014), pp. 27-29

Fig. 1 Darcy Friction Factor vs. Reynolds number

(a) Line 1

(b) Line 2

(c) Line 3

(d) Line 4

Fig. 3 Flow velocity distribution
The plot of Eq. (3) is given in Fig. 1, and this graph is called Moody
chart. By changing the parameters, we can obtain the numerical
values of Fig. 1 where ANSYS-FLUENT is used for numerical
computation.
The result is very sensitive to the grid scale, especially the vertical
size of the first grid, y , which is expressed with a dimensionless
parameter:
y   y

 du
 dy

(4)
y  yw

where u is the transformed velocity component to the tangential
direction of the wall. To get the proper values coinciding with Eq. (3)
in the parametric plane of Fig. 1, the dimensionless wall distance

should be y  1 in the whole computational domain.

For example, when the computational domain is a pipe of 20 mm
diameter and 2 m length, 1,023,678 tetrahedral elements with smooth

inflation at the wall should be used for each computation of Fig. 1 at

least y  0.3 .

The performance of U-tubes usually used in steam generators are
listed in Table 1.
Table 1 General performance of u-tube
Inconel Alloy 690
Material
(Ni 60%, Cr 30%, Fe 10%)
External diameter : 19.05mm (±0.1 mm),
Thickness : 1.07 mm
Size and
Length : max 27.4 m, min 15.4 m
surface
(mean 20.7 m)
roughness
Surface roughness:
inside 0.5 ㎛Ra, outside 1.6 ㎛Ra
U-shaped dune
Tube shape
(bending radius R:76.2~279.4 mm)
Density: 8,190 kg/m3
Mechanical
Young's modulus: 211 GPa
Properties
Poisson's ratio: 0.289
From the geometry data, we composed a standard full-scale model
for the computation of fluid: Fig. 2. In the classical theory, the
pressure drop directly depends on the Darcy friction factor, f :
p  gh f  f

Where V  V

2

L1
2
 V 
d 2


(5)

in the radial mean; L and d are length and

diameter of pipe, respectively [5]. However, the additional pressure
loss should be generated in the bended corner of pipe.
Fig. 3 (a)~(d) shows the velocity distributions at four cross sections
marked in Fig. 3. The roughness ratio,  / d lies in the range from

Fig. 2 Full scale model

10 to 200 times of the regular value in Table 1. As the roughness
increases, the maximum velocity at the center increases because the
boundary layer becomes thicker. The centrifugal force at corners
deforms velocity( V , vertical to lines) profile to ones asymmetric,
and the positive sign of r means the inner direction. To obtain these
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results, 4,191,063 tetrahedral elements are used for computation each
other. The mean value of flow velocity is 6 m/s under the operating
condition.
In Fig. 4, the correlation for pressure drop that means the difference
of static pressure between inlet and outlet is a function of roughness
ratio for the present system, in a linear regression form, such as
p
 
 2435   15.76
1
d 
V 2
2

(6)

Fig. 4 Pressure Drop vs. Surface Roughness

3. Summary
Surface roughness is studied for the system of U-tube used for the
heat pipe in the steam generator for the PWR, which is suspected as
the key cause for pressure drop in pipes. To consider surface
roughness and pressure drop, ANSYS-FLUENT code was tuned for
the proper grid level with empirical correlations such as Moody chart.
For the full-scale model, a correlation of pressure drop for the surface
roughness ratio has been derived from the result of flow analysis. The
larger the roughness ratio is, the larger Friction factor is, and the
slower velocity at wall is as Fig. 3. Therefore, pressure drop is
affected on the roughness ratio. If the roughness ratio is increased,
pressure drop is expressed in a correlation form such as Eq. (6) and
Fig. 4. However, the surface roughness is increased, because of
friction around the wall, so we should try to decrease the roughness
ratio for the improvement of the performance for U-tubes in the steam
generator of hydro-thermal system for a nuclear power plant.
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The present study deals with the simulation investigations of thermo-impact obtained as a result of the secondary
combustion of gas and air in a confined space. To study the secondary combustion with dynamic zone in confined space, a
three-order accurate MUSCL scheme was employed to solve 10-step reaction and 9 species chemical reactions of H2/CO
and dynamic laying methods was adopted to simulate boundary motion. The comparison between numerical and
experimental results of free jet flow impacting on plat proved that the method was reliable. The secondary combustion can
increase the fluid temperature. The impact tendency of mobile boundary accords with the inlet boundary trend; whereas the
wall of vessel is in condition of high temperature. The research results can be applied in high pressure vessel design.

NOMENCLATURE

Ω(t) = variable control volume;
Γ(t) = outside surface of control volume, i  1,, N ;
N = number of chemical species in mixture gas;
 i = the i th species density

 = mixture density

p = pressure of mixture species
T = temperature of mixture species
u = velocity of x vector
v = velocity of y vector
u w = velocity of x mobile mesh
v w = velocity of y mobile mesh
hi = he enthalpy of species i
τ = viscous stress tensor,
k = thermal conductivity
Di = diffusion coefficient of species i
 i = the mass of production rate
E = total energy of per mixture
vi,r = stoichiometric coefficient for reaction i in reaction r
vi,r = stoichiometric coefficient for reaction i in reaction r
M i = symbol denoting species i
kf,r = forward rate constant for reaction
kb,r = backward rate constant for reaction r

C j ,r = molar concentration of species j in reaction r (kgmol/m3)
 j.r = rate exponent for reaction species j in reaction r
Ar = pre-exponential factor (consistent units)
βr = temperature exponent (dimensionless)
Er = activation energy for the reaction（J/kgmol）
R = universal gas constant（J/kgmol·K）
p a tm = atmospheric pressure (101325Pa)
Si0 = standard-state entropy of the mixture material
hi0 = standard-state enthalpy of the mixture material

1. Introduction
Many practical systems, such as gas generator, ramjet
combustors, furnaces, rocket combustors, integrated ramjet
combustors (IRR), involve secondary combustion phenomenon. The
combustion phenomena involve a tremendous number of
complexities which are related to the mixture of fuel and air streams
in confined space of combustion chamber. The flow field involves
regions of secondary combustion, reverse flow, separation and
reattachment along with turbulent mixing. Modern launcher utilize
injection gases generated by burning a fuel rich solid propellant
whose primary combustion products are H2, CO, CO2, N2, O2, H, OH
and other noncombustible gases. These injection gases exit the gas
generator can lead distortion in open and confined space [1].
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Many researchers have investigated secondary combustion in
open space by experiment and simulation. Hong [2] adopted 9 species
and 10 steps H2/CO reaction model to simulated Atlas rocket
secondary combustion plume. The result showed that the fluid
structure is agreed with the experiment photos. Candle [3] used finite
rate method to study Atlas-Ⅱ temperature and OH distribution. The
simulation result of OH distribution is agreed with experiment. LI [4]
adopted TVD scheme and finite rate method simulated secondary
combustion of solid rocket plume, and got the fluid structure and axis
temperature distribution. Jiang [5] used RNG k-ε two equations
turbulent model and finite rate to simulate the impact effect of solid
rocket motor exhaust plume to launching platform. The situational
values of temperature and pressure are agreed with experiment.
The above researches of secondary combustion were focusing on
open region. The secondary combustion in confined vessel has not yet
been reported. The objective of this paper is to gain the influence of
secondary combustion to fluid temperature and the thermo-impact
regularity. The three-order accurate MUSCL scheme , RNG k-ε twoequation turbulent model, finite rate method and dynamic laying
methods was employed to solve 10-step reaction and 9 species
Navier-Stokes equation. The validation of the established numerical
method is compared with reference experiment [5]. After tested and
verified, the secondary combustion fluid model in confined space was
investigated.

The finite volume and explicit scheme are adopted to solve the
governing equation. The three-order MUSCL scheme is adopted to
solve convective term. The Runge-kutta method is adopted to solve
time term. Turbulent model uses RNG k-ε two equations. The
standard wall function is adopted.

2.2 Calculation method
Arrhenius Law is adopted to describe detail chemical reactions
of secondary combustion in confined region, and turbulent fluctuation
of secondary combustion is neglected.
Consider the r th reaction written in general form as follows:
k f ,r N

N

vi,r M i   vi,r M i

k
i 1
i 1

where
The molar rate of creation/destruction of species i in reaction
r is given by:
 j ,r

Nr

Rˆ i ,r  (vi,r  vi,r )(k f ,r [C j ,r ]
j 1

The present numerical method solves a set of governing equations
describing the conservation of mass, momentum (Navier-Stokes
equations), energy, species concentration and turbulence quantities.
The governing equations are written as follows:


v
Q d   F d   G d   S d   W d
t (t )
y  (t )
 (t )
 (t )
 (t )

vj ,r

)

j 1

(3)
The forward rate constant k f , r is computed using the Arrhenius
expression as follows:

k f ,r  A r T β r e

E
 r

RT

(4)

The backward rate constant for reaction r , kb , r is computed
from the forward rate constant using the following relation:

k f ,r

(5)

Kr

where K r is the equilibrium constant for the r th reaction,
computed from:
N

( vi,r vi,r )
S 0 H t0 pa tm 
)(
) I 1
K r  exp( t 
R
RT RT

(6)

The term within the exponential function represents the change in
Gibbs free energy, and its components are computed as follows:

St0 N
S0
  (vi, r  vi, r ) i
R
R
i 0

(7)

N
H t0
h0
  (vi,r  vi,r ) i
RT
RT
i 0

(8)

(1)
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The third-body effect in this paper is not included.

k b,r 

2. Computation method and calculation model
2.1 Governing equation

(2)

b ,r

The 9 species and 10 steps chemical reaction model[10] is
adopted. The reaction mechanism is shown in Table 1. M is the thirdbody, such as HCl.
Tab.1 Chemical reaction mechanism
Reaction formula

Chemistry rate constant

CO+OH=CO2+H
H2+OH=H2O+H
H2+O=OH+H
H+O2=OH+O
OH+OH=H2O+O
CO+O+M=CO2+M
H+H+M=H2+M
O+O+M=O2+M
O+H+M=OH+M
H+OH+M=H2O+M

2.8×10-17T1.3exp(330/T )
1.9×10-15T1.3exp(-1825/T )
3.0×10-14Texp(-4480/T )
2.4×10-10exp(-8250/T )
1×10-11exp(-550/T )
7×10-33exp(-2200/T )
3×10-30T-1
3.0×10-34exp(900/T )
1×10-29T-1
1×10-25T-2
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2.3 Dynamic mesh update methods

3 Numerical method validation

According to the mobile boundary motion, the structure grid is
adopted to disperse spatial zone of computing model. The springbased smoothing method and dynamic laying method are employed
to simulate the missile motion in Ref [9].

According to the experimental geometry and data of secondary
combustion of rocket motor exhaust plume[6], we established the free
jet impact model, and set four temperature monitor on the ground.
The detail description on the nozzle character was shown in Ref.6.
The distance of A、B、C、D points on the ground are 0.2 m，0.3
m，0.4 m，0.5 m from the projection of nozzle center. It is 1.75m
from the nozzle exit to the ground. The inlet boundary type of nozzle
is pressure inlet, and the chamber pressure is 7 MPa. The total
temperature is 3000 K. The pressure out boundary with general nonreflecting boundary condition[7] is adopted at the pressure outlet is
101325 Pa, and outlet temperature is 300 K. The acceleration of
gravity is 9.8 m/s2. Nine species are considered (H2O, CO, CO2, H2,
N2, O2, OH, H and O). The detail description of mass fraction was
shown in Ref.6. Tab.3 lists the simulation and experimental
temperature measured by the temperature sensors on points A, B, C
and D. The biggest relative error is 5.7%. Tab.3 proves reliability of
simulation models. The biggest relative error of temperature between
the simulation and experiment is It proves reliability of simulation
models.

2.4 Calculation model and boundary condition
The calculation model is component of gas generator, tube and
mobile boundary，as (a) in Fig.1. The mobile boundary’s moving is
by jet flow injected from gas generator. The nozzle expansion ratio of
gas generator is 2，throat radius is 40 mm，the volume of confined
region is 39.25 m3. Considering the axial symmetry，twodimensional axisymmetric calculation model is adopted to analysis
the fluid. Calculation mesh is shown in (b) in Fig.1. During the
computing time，the missile has not moved out of tube.
Tube

Gas generator

Mobile boundary

(a) The geometry of moving boundary launcher

Table.3 Comparison between numerical and experimental results
monitor
A
B
C
D
objects
Simulation / K
1030
976
867
712
Experiment / K
1000
940
820
681
Relative error / %
2.9
3.7
5.7
4.4

4 Results and discussion

(b) Grids near nozzle
Fig.1 Calculation model
The inlet boundary type of gas generator is pressure inlet and the
pressure variation tendency over time is shown in Fig.2. The total
temperature is 1500K. The wall boundary of tube and nozzle is noslip walls. The minimum free energy method[9] is adopted to compute
the propellant combustion products. The species and mass fraction of
gas generator inlet is shown in Tab.2. The pressure in tube is 101 325
Pa, and the temperature is 300 K, and the mass of N2 and O2 is 0.79
and 0.21, separately.
35
30

P/MPa

25
20

Fig.3 separately shows the temperature distribution comparison
with and without secondary combustion at 0.1 s and 0.2 s. Fig. 4
presents the axis temperature comparison with and without secondary
combustion at 0.1 s and 0.2 s. From the temperature distribution and
axis temperature comparison, we can see that the secondary
combustion can improve the flow temperature. The reason why the
secondary combustion has higher temperature lies in a large amount
of heat are produced through series of chemical reactions in confined
tube with secondary combustion. In Fig.3, we can see the maximum
temperature with secondary combustion is about 2500 K, whereas
without secondary combustion is about 1900 K, which means flow
maximum temperature with secondary combustion is 600 K higher
than without.
High temperature in the flow field with secondary combustion
distributes near nozzle. The reason is that the jet flow rebounded from
mobile boundary joined with the exit jet from nozzle formats an
irregular region, where inner is air and round is gas. In the irregular
region, the air and gas occur chemical reaction again and release
energy to promote the flow temperature and the boundary move more
quickly, which can be proved in Fig.4. So the place near nozzle is
higher than any other regions.

15
10
5
0
0.00

0.05

0.10

0.15

0.20

t/s

Fig.2 Pressure profiles of inlet nozzle
Tab.2 Species and mass fraction of inlet
species
H2O
CO
H2
CO2
mass fraction
0.16
0.27
0.004
0.26

N2
0.305
(a) 0.1s
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temperature on the tube is 1450K after 0.1s, which is close to the
nozzle total temperature. The tube need considering thermal
protection during working time.
1.0

2000

0.8

0.6

P(MPa)

(b) 0.2s
Fig.3 Comparison flow of temperature distribution (the unit of
temperature is K)
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(a) Pressure profiles of tube
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0.15s
0.20s

900

T (K)

x(m)

Fig.4 Axis temperature comparison
Fig.5 Presents the thermo-impact profiles of mobile boundary
with secondary combustion. Seen from the figures, the pressure
tendency is increasing from 0.1s to 0.15s and decreasing over the
period from 0.15s to 0.2s, which rise and falls with the tendency of
nozzle pressure. By contract, the temperature of fluctuates during the
launch time and remain at about 1400K at 0.20s. In the pressure
profiles of mobile boundary, we can see that the center of moving
boundary is the maximum point at firstly, which is 2.7 MPa. After the
flow field is stable, the pressure difference on the edge is unobvious
and maintain 0.75 MPa.
According to the ideal gas state equation, the temperature's
fluctuate is inversely proportional to pressure tendency, which other
parameters is constant. Whereas in this paper, the boundary is moving.
So at the comprehensive action of pressure and volume, the
temperature is fluctuate in Fig.5.

600
300
0

0

1

2

3

4

5

x (m)

(b) Temperature profiles of tube
Fig.6 Thermo-impact profiles of tube

5 Conclusions
(1) By inducing the energy source terms caused by the chemical
reaction in energy equation, the secondary combustion flow field with
moving boundary is calculated in a coupling way. The calculation
results accord well with the experimental results, which indicate that
the coupling solution is reliable.
(2) The temperature of region with secondary combustion is
higher than without combustion and the high temperature region is
mainly around the exit of nozzle, indicating that chemical reaction
can increase the temperature and mainly occurs in that region.
(3) The center of moving boundary is the maximum pressure poi
nt during impacting. Two endpoints are both in the condition of high
pressure and temperature.
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Eco-friendly vehicles such as EV and FCEV require more efficient parts to increase mileage without charging. Active back
pressure mechanism for e-Comp. (Electric Scroll Compressor) was developed to meet the requirement. As the first step, we
found out the optimal back pressure under the conditions that e-Comp. operates. And then we made the control valve to
control and hold back pressure level in accordance with discharge pressure level against the internal leakage and excess
friction occurred between orbiting and fixed scroll. For exact comparison between current back pressure mechanism and
active back pressure mechanism, we designed modified e-Comp. that could eliminate the influence caused by scroll
machining deviation. As a result, active back pressure mechanism showed that it improved COP up to 5.7% when compared
to current back pressure mechanism.

NOMENCLATURE
Fa = compressed refrigerant force (N)
Fb = back pressure force (N)
Pd = discharge pressure (kPaG)
Pb = back pressure (kPaG)
Ps = suction pressure (kPaG)

1. Introduction
The core-technology trend of current industry focuses on
environment and efficiency. In terms of environment, the era that
mass-production is impossible if they aren’t eco-friendly products is
entering because restrictions and standards such as GWP(Global
Warming Potential), TEWI(Total Equivalent Warming Impact) and
LCCP(Life Cycle Climate Performance) are tightened under major
premise of environmental protection. In terms of efficiency, all the
manufactures are conducting research for high-efficiency products
because customers are accustomed to the concept of consumption
power reduction.
Automotive industry is developing hybrid, electric and fuel cell
vehicles to reduce and eliminate CO2 occurred by fossil-fuel ignition.
All the power come from electric battery especially in electric and
fuel cell vehicles, so engine-driven parts should be changed to electric

parts. For this reason, electric compressors are needed instead of
engine-driven compressor.
It is possible for electric compressors to control displacement by
the fact that electric compressor speed is independent from vehicle
engine speed and can have their own speed. Among electric
compressors, electric scroll compressors have high volume efficiency,
low efficiency deviation and compact package due to narrow
compression space. Also they have low pulsation owing to sequential
compression process. But leakage path is so complicated and long
that internal leakage occurs during compression process. Major
internal leakages are divided into axial and radial internal leakage
occurred between orbiting and fixed scroll, and it is necessary that
these internal leakages are minimized for improved efficiency of
electric scroll compressor.
In this paper, we are introducing new back pressure mechanism to
minimize axial internal leakage for improved efficiency of electric
scroll compressor.

2. Design of active back pressure mechanism
2.1 Problem definition and Concept
The back pressure in electric scroll compressor pushes orbiting
scroll against the compressed refrigerant generated between orbiting
and fixed scroll. Fig. 1 shows compressed refrigerant force (Fa) and
back pressure force (Fb) occurred during compressing process. It is
ideal back pressure mechanism that back pressure force increases as
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compressed refrigerant force increases and on the contrary to that,
back pressure force decreases as compressed refrigerant force
decreases.

with high fluid resistance. If back pressure level reaches a certain
level, back pressure level can be hold because the refrigerant amount
moving from discharge chamber to back pressure chamber would be
equal to that moving from back pressure chamber to suction chamber.

Fig. 1 Force balance on orbiting scroll

Fig. 2(a) Schematic diagram of current back pressure mechanism

Fig. 2(a) shows current back pressure mechanism for electric
scroll compressor. Discharge refrigerant gas with high pressure is
passed through orifice and narrow path and back pressure level is
determined by the status of relief valve located between back pressure
chamber and suction chamber. Relief valve would open if the
pressure difference between back pressure and suction pressure is
more than setting pressure of relief valve, otherwise it would closes.
For this reason, back pressure level is determined as suction pressure
plus setting pressure of relief valve. Therefore, back pressure level
wouldn’t be enough to hold orbiting scroll against compressed
refrigerant force because back pressure force is maintained while
compressed refrigerant force increases under high discharge pressure
condition such as idle. The active back pressure mechanism that
controls back pressure level in connection with compressed
refrigerant force was designed to solve that like Fig. 2(b). Discharge
pressure has strong influence on compressed refrigerant force, so
back pressure level is determined as the function of discharge
pressure in active back pressure mechanism.
Discharge pressure is equal to suction pressure when A/C mode is
off. It causes control valve closed. When A/C turn on, the pressure
difference between discharge and suction side increases as electric
scroll compressor operates. If the pressure difference between
discharge and suction side is less than the setting pressure of control
valve, control valve keeps closing so back pressure level is still equal
to suction pressure level. It means that suction pressure doesn’t reach
main A/C usage condition at which evaporator temperature is enough
low. To meet target suction pressure faster, entire discharge refrigerant
is guided to condenser by blocking the refrigerant moving to back
pressure chamber through control valve. When the pressure difference
between discharge and suction side is more than the setting pressure
of control valve after meeting target suction pressure, control valve
opens and some discharge refrigerant gas gets to move to back
pressure chamber. Simultaneously refrigerant moves from back
pressure chamber to suction chamber through orifice but back
pressure can be increased up to a certain level because of the orifice

Fig. 2(b) Schematic diagram of active back pressure mechanism

2.2 Target back pressure level

Fig. 3 Modified e-Comp. to determine target back pressure
The sample like Fig. 3 was build to select the optimal back
pressure in accordance with discharge pressure for maximum COP.
The refrigerant amount moving to back pressure chamber could be
controlled by connecting hose and needle valve externally between
discharge chamber and back pressure chamber. Cooling capacity,
consumption power and discharge refrigerant temperature were
measured as back pressure level increased under each test conditions.
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Fig. 4 shows that COP increased as back pressure level increased and
COP decreased after back pressure level reached up to a certain level.
That means decreased axial internal leakage led to increased COP and
friction loss between orbiting and fixed scroll led to decreased COP.
After selecting the optimal back pressure level for maximum COP
under each test conditions, target back pressure level was determined
by fitting the optimal back pressure levels linearly.
No.

Discharge pressure [kPaG]

Suction pressure [kPaG]

Comp speed [RPM]

1

1400

200

5000

2

1700

215

5000

3

2000

230

5000

4

2400

250

5000

2.4 Control valve test set-up and results

Fig. 6 Test set-up for control valve

Table 1 Test condition for target back pressure
The test set-up to confirm the function of control valve was
established as Fig. 6. It was described the internal structure of electric
scroll compressor related to back pressure. High pressure
environment such as discharge chamber was formed with high
pressure nitrogen gas and regulator. Back pressure chamber was
formed by putting control valve and orifice. Also suction chamber
was described as the atmosphere. In advance, the function of control
valve inside electric scroll compressor was checked, measuring the
pressure between control valve and orifice as nitrogen pressure
increased slowly.

Fig. 4 Target back pressure

2.3 Control valve design

Fig. 5 Structure of control valve
Fig. 7 Test result of control valve
Fig. 5 shows the structure of control valve located between
discharge chamber and back pressure chamber and controlling the
refrigerant amount moving to back pressure chamber. Control valve
consists of valve housing(a), valve housing(b), ball, spring and bolt.
The setting pressure of control valve is controlled by axial length of
spring and bolt tightening, and the fluid resistance of control valve is
controlled by hole size in valve housing(a). Also, the assembly
structure that valve housing(a) is inserted into housing(b) when
control valve is assembled inside electric scroll compressor prevents
external leakage.

Fig. 7 shows the back pressure level trend in accordance with
nitrogen pressure. Even though measured back pressure was about
240kPa lower than target back pressure at 1400kPaG nitrogen
pressure, measured back pressure reached target back pressure at
2400kPaG nitrogen pressure. Considering that suction chamber was
described as the atmosphere, about 200kPa lower than the suction
pressure of electric scroll compressor, test result was concluded as
satisfaction level.

3. Effectiveness of active back pressure mechanism
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3.1 Test sample for active back pressure mechanism
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was proportional to the back pressure difference between current back
pressure mechanism and active back pressure mechanism. It was
difficult to confirm improved COP at low discharge pressure
environment as the back pressure difference generated from two
mechanisms was small.

Fig. 8 Sample specification for active back pressure mechanism
The electric scroll compressor used in this study was built as Fig.
8. To assemble control valve into fixed scroll, control valve was
inserted into valve head with interference and then valve head was
assembled into fixed scroll by using the screw tap on the surface of
valve head. The o-ring located between valve head and fixed scroll
prevented the leakage that could occur between them. Also, back
pressure was measured through the hole penetrating center head.

3.2 Test result of active back pressure mechanism
Test was conducted under test condition as table 1 to confirm the
back pressure level generated by active back pressure mechanism. As
a result, the back pressure generated by active back pressure
mechanism was about 26~38kPa lower than target back pressure but
was judged as target back pressure because the back pressure range
corresponding to △COP 0.01 is target back pressure±50kPa.

Fig. 10 Comparison between active back pressure mechanism
and current back pressure mechanism

4. Conclusions

Fig. 9 Back pressure level of active back pressure mechanism
Fig. 10 shows that the comparison of back pressure level
generated in current back pressure mechanism and active back
pressure mechanism. The back pressure difference between current
back pressure mechanism and active back pressure mechanism
increased as discharge pressure increased. There was about 20~30kPa
difference between them at 1400kPaG discharge pressure and the
back pressure difference increased up to 100kPa at 2400kPaG
discharge pressure. When compared to current back pressure
mechanism, the COP of active back pressure mechanism was
improved under all the conditions except one. Especially, it showed
high COP improvement in high discharge pressure environment. That

Below conclusion can be obtained by this study about active back
pressure mechanism of electric scroll compressor.
1) The forces having influences on orbiting scroll are
compressed refrigerant force and back pressure force, and
back pressure force was realized as the function of discharge
pressure.
2) The optimal back pressure level for maximum COP was
selected at each discharge pressure, and target back pressure
level and range were determined considering product
deviation.
3) It was confirmed that target back pressure level was
achievable by control valve test.
4) The back pressure levels of current back pressure
mechanism and active back pressure mechanism were
compared, and active back pressure mechanism improved
COP up to 5.7%.
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A large amount of paper sludge has been discharged in the world, because paper is an important material for our daily
life. The physical properties of paper sludge are not sufficient to make new papers, but its dimension is much larger than
cellulose nanofibers. The cellulose nanofibers have been showing greater potential to improve mechanical performance of
polymer composites. The objectives of this study are to extract the cellulose nanofibers from waste paper sludge, and to
check the applicability of the extracted cellulose nanofiber as a reinforcing phase in biocomposites. The cellulosic
nanofibers were extracted by chemical and physical treatments. In order to examine the reinforcing effect of the extracted
cellulose nanofiber, biocomposites were fabricated by combining this nanofiber with poly vinyl alcohol, and then the
tensile tests were conducted to evaluate the enhancement in mechanical properties of the resultant biocomposites.

1. Introduction
Cellulose is one of the typical biomass material and the utilization
of the cellulose in various fields has spread broadly considering the
mass production of cellulose. In plant cell walls, stiff semi-crystalline
cellulose nanofibers are embedded in complex and amorphous matrix
of lignin and hemicellulose where the size and shape of the cellulose
nanofibers are controlled by the dimensions of the crystalline regions.
This crystalline cellulose is a main source of unique structural and
physical functionalities to be applied in various applications [1-3].
The crystalline region has high modulus and high strength estimated
to be 150 GPa and 10 GPa, respectively [4-7].
Although there are various cellulosic waste resources, the
utilization of different cellulosic wastes for extraction of crystalline
cellulose requires more exploration for yield optimization. The
research on the crystalline cellulose has two serious challenges. The
first one is the efficient extraction of crystalline cellulose, namely the
process is long and needs more energy for the extraction. The second
one is the difficulty in dispersion of the crystalline cellulose in many
organic solvents and polymers, which severely limits their application
to water-based polymer matrices [1].
Recently the crystalline cellulose nanofiber can be extracted using
many types of methods and each method provides different scale of

crystalline cellulose region [5, 9]. In this study, both mechanical and
chemical treatments were used to extract crystalline cellulose
nanofiber from waste bio-resources. Waste newspaper and paper
sludge were used as a low-cost source for cellulose nanofiber. The
reinforcing effect of the obtained cellulose nanofibers was also
examined by composing with water-soluble biodegradable resin
(PVA).

2. Experimental Method
2.1 Extraction of Cellulose Nanofibers
In fiber extraction processes, a series of alkaline treatment,
bleaching treatment, acid hydrolysis treatment, and mechanical
treatment were used. Alkaline treatment by an aqueous solution of
5wt% sodium hydroxide (NaOH) is necessary to remove
hemicellulose in the pulp of the newspaper. This treatment was
continued for 3 hours at 80°C, followed by several washing cycles
until pH became neutral. Crystalline cellulose is embedded in
hemicellulose and by applying the alkaline treatment, an expansion of
the hemicellulose matrix occur, resulting in the reduction of
intermolecular hydrogen bonding.
The bleaching treatment was conducted by mixing 25 g of sodium
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chloride (NaClO2) and 200 ml of acetic acid (CH3COOH) in 1000 ml
of water at 80°C, until colored substances were removed. Some
remaining grey color gradually changed to white after several
continuous washing. The other objective of bleaching process was to
leach the lignin out completely. Then, the samples were subjected to
acid hydrolysis treatment with an aqueous solution of 64% sulphuric
acid (H2SO4) for 1 hour at 70°C. After completion of acid hydrolysis
treatment, the samples were quenched into cold water followed by
several washing cycles until pH became neutral. Then, the sample
was kept in water swollen state during the whole chemical process to
avoid generating strong hydrogen bonding among crystalline
cellulose after matrix removal.
After the completion of chemical treatments, the physical
treatment was conducted in order to isolate and disperse crystalline
cellulose nanofiber in water suspension solution. The highly purified
crystalline cellulose nanofiber suspension was then placed in an
ultrasonic homogenizer (model UH-150; SMT Co., Ltd., Japan). The
subsequent ultrasonication treatment was conducted for 1 hour to
isolate the crystalline cellulose nanofibers from their cellulosic bundle
fibers. The ultrasonication treatment was carefully carried out in cold
water bath to absorb the heat generated during the ultrasonication
treatment.

2.2 Characterization of Cellulose Nanofiber
Scanning electron microscopy (SEM) (model S-4700; Hitachi
Ltd., Japan) was used for structural analysis of crystalline cellulose
nanofiber extracted by acid hydrolysis treatment. The samples were
dried at 70°C in a drying oven for about 12 hours. The obtained
sheets were mounted on a metallic stub and platinum coated by
sputter coating technique for 20 seconds to avoid charging-up the
SEM images. Images of crystalline cellulose nanofiber were taken at
low accelerating voltage (1.5 kV) at different magnifications.

2.3 Fabrication and Mechanical Characterization of Cellulose
Nanofiber Reinforced Composites
In order to prepare polyvinyl alcohol (PVA) solution (RS-2817,
Kuraray Co. Ltd., japan), 500 ml of water in a beaker was heated to
90°C using a mantle heater. When the water temperature reached
90°C, PVA powder was gradually added in the hot water, and the PVA
powder was dissolved in the hot water by stirring. The final PVA
concentration of the cellulose nanofiber suspension was calculated by
the ratio of the weights of cellulose nanofiber added and resultant
cellulose nanofiber suspension. In this study, the weight content of the
cellulose nanofiber was fixed to be 10wt.%. The cellulose
nanofiber/PVA suspension was cast into the plastic shallow tray
having the dimension of about 200x150x15 mm, and then dried at
30°C for 48 hours. After drying, the cellulose nanofiber/PVA
composite sheet was cut into 100x10 mm to prepare tensile
specimens. The typical specimen thickness was 60-80 m.
Then tensile tests were carried out using a universal testing
machine (model 5567; Instron Corp., USA) to evaluate the
mechanical properties of cellulose nanofiber/PVA biocomposites. The
specimen dimension was 100x10 mm. The gauge length was 30 mm,
and the crosshead speed was 1.0 mm/min.
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3. Results and Discussion
3.1 Morphology of Cellulose Nanofiber
Figure 1 shows the SEM photomicrographs of the cellulose
nanofibers extracted from waste newspaper, toilet paper, paper sludge
A, and paper sludge B. These samples were all undergone by alkali
treatment, breach treatment, sulphuric acid treatment, and
ultrasonication treatment. It can be seen from these SEM
photomicrographs that the pulps of the waste newspaper was changed
its shape and morphology, and the pulps were actually fibrillated into
cellulose nanofibers.

3.2 Mechanical Properties of the PVA/cellulose Nanofiber
Biocomposites
The tensile strength and Young’s modulus of cellulose
nanofiber/PVA biocomposites increased as indicated in Table 1. As
expected, we can see a significant enhancement in mechanical
performance of cellulose nanofiber-reinforced biocomposites as
compared to that of near PVA resin. High Young’s modulus was
obtained for the biocomposites reinforced by cellulose nanofiber
extracted from paper sludge. Thin increases may be responsible for a
fine dispersion of inorganic compounds, which were added during
paper making.
Table 1 Tensile properties of cellulose nanofiber-reinforced
biocomposites and neat PVA resin

Samples

Tensile strength
(MPa)

Young’s
modulus (GPa)

Neat PVA resin

78

4.7

92

6.0

112

7.4

115

8.2

125

8.4

PVA-10wt.%
cellulose nanofiber
biocomposites (waste
newspaper)
PVA-10wt.%
cellulose nanofiber
biocomposites (toilet
paper)
PVA-10wt.%
cellulose nanofiber
biocomposites
(sludge A)
PVA-10wt.%
cellulose nanofiber
biocomposites
(sludge B)
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(a)

Fig. 1 SEM photomicrographs of cellulose nanofibers extracted from
(a) waste newspaper, (b) toilet paper, (c) paper sludge A, and (d)
paper sludge B.

3. Conclusions

(b)

1. Cellulose nanofibers having a nano-meter scale diameter can be
extracted from cellulosic waste materials using the combination of
acid hydrolysis and ultrasonication treatments.
2. Cellulose nanofiber-reinforced biocomposites were fabricated
from PVA resin and cellulose nanofiber extracted from the waste
materials.
3. Enhancement in mechanical properties of cellulose nanofiberreinforced PVA biocomposites was clearly indicated. Especially
enhanced Young’s modulus was clearly obtained for biocomposites
reinforced by paper sludge-derived cellulose nanofibers.
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Currently, electronic goods including smart phones are getting thinner and smaller. As a result, the caloric value per unit
area of electronic equipment has improved and cooling technology comes to the fore to maintain ideal temperature inside
the electronic goods. Among them, deciding the shape of the heat sink which maximally performs cooling function is
important since the cooling performance of the heat sink which is the representative of cooling system depends on how to
design the shape. Therefore, in this study, by using the modeling shape of each heat sink, this study confirms the optimization
result according to the change of height of the tip clearance after analyzing thermal performance in accordance to the shape
of the heat sink which is the object model by using ANSYS CFX which is the commercial finite element analysis program.
Also, using infrared ray camera which is the thermal uncooled sensor type, this study confirms the tip clearance, shape and
flux for improving thermal performance of the heat sink by comparing analysis and experimental value.
..

1. Introduction
Currently, as many industries are developed, advanced equipment
including a laptop computer becomes higher specifications and
smaller in size by consumers’ demand. As a result, the problem of
heat value of electronic equipment stands out. As an alternative of the
problem, the cooling technology becomes important to maintain
proper temperature of the main parts of electronic equipment.
Generally, the heating problem is related to the size and durability of
the products. Therefore, the operation temperature importantly
influences the products in terms of reliability.
Thus, cooling effectively components is regarded as the important
problem. As the representative device to solve the heating problem of
small products which are high performance and intensive effectively,
the heat sink which raises the cooling performance by increasing the
area of heat transfer per unit volume is widely used. According to the
shape, the cooling performance of the heat sink is different. Therefore,
the shape design is important for optimal cooling performance. In
accordance with the shape, the heat sink is generally divided into
Plate-fin heat sink and Pin-fin heat sink.
Plate-fin heat sink is easy to process and design. Therefore, it is
widely used as the cooling device of the electronic device. Pin-fin
heat sink can be used regardless of the flow direction. Since fins are
separated, this heat sink raises the heat performance by blocking
forming a boundary layer. With Plate-fin heat sink, it is widely used

as the cooling solution of an electronic device. To figure out which
heat sink is advantageous and which heat sink has better heat
performance between two heat sinks which have different
characteristics, the study in comparing the heat performance among
various heat sinks has been conducted since old times.
If we look at the recent studies among them, Kim and Webb1)
optimized the heat sink by using experimental interaction equations
which can predict the heat resistance and the falling pressure of the
heat sink.
Kim(2) investigated experimentally each radiant heat characteristic
according to the shape and the way of heat transfer of the heat sink,
conducted the analysis on numerical value regarding the layered heat
sink which is thought to be the outstanding radiant heat characteristic
and compared to the experiment result. .
Kang et al.(3) sat up the arrangement of elements, the wind speed
and the shape of the heat sink when cooling nature and forced
convection and invented the program which predicts the temperature
rise of the elements. However, since generally, the heat sink which
applies to the electronic equipment and a machine product has the
severe limitation of area and use environment, the simple shape of the
heat sink has the limitation for improving the heat performance. . Lau.
El-Sayed et al., O. N. Sara evaluated the heat performance in
accordance with the size variation of tip clearance. 4)~(7), and Min et
al.(8) defined that in the condition of constant pumping power, tip
clearance can improve the heat performance of the heat sink and the
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optimal value exists by the analysis of numerical value and
experiments. Also, E.A.M Elshafei(9) experimentally confirmed that in
the condition of the same Reynolds number, the optimal value of tip
clearance which can maximize the heat performance of straight-fin
heat sink exists.
Also, because of the development and research of computer
hardware and analysis on numerical value, the reliability of common
floating analysis program which uses finite element method has been
increased and by using this, numerical value research has been
continuously conducted. In this study, with some heat sink modeling,
after analyzing the heat performance according to the shape by using
CFX which is the floating analysis program, the objective is to
confirm the result in accordance with the change of height of tip
clearance.
Also, by using the infrared camera of thermal type uncooled sensor
and comparing the analysis value and experimental value, the study
suggests the condition of the optimal flux and shape to improve the
heat performance of the heat sink.

Table. 1 Information of Heat sink
Case Number of Heat sink

Parameter

1

Base Plate height
Fin height

4mm
6mm

2

Base Plate height
Fin height

2mm
11mm

3

Base Plate height
Fin height

1mm
14mm

4

Base Plate height
Fin height

5mm
15mm

5

Base Plate height
Fin height

3mm
21mm

6

Base Plate height
Fin height

2mm
28mm

7

Base Plate height
Fin height

5mm
35mm

2. Method
In this study, the purpose is to figure out the cooling performance
according to the difference of tip clearance which is cooling distance
and the shape of the heat sink and its goal is to find the optimal
cooling condition according to the flux.
As the object model, it applies to the optimal heat sink through the
result by selecting the shape of the aluminum heat sink of the same
base plate size.
First, through SolidWorks, each heat sink
conducted 3D modeling. In this study, the material of the heat sink is
Aluminum. Base plate is 40mm, the thickness of the base plate is 1 to
5mm and height is 10 to 40mm.
Also, the consumption of electrical power of the heat rays is 30W
and the rage of shooting of the thermo-graphic camera is 140x140mm.
Fig. 7(a) indicates 3D modeling of the object shape by using
SolidWorks. Then, the information of the heat sink which is used in
the experiment is like Tale 1.

In this study, after figuring out the heat performance by using FEM
program, it confirmed the temperature distribution through the
thermo-graphic camera to check the reliability of the program. Also,
for forced convection, a blower was used and to measure the flux of
the blower, the pitot tube way was used. Besides, when the diameter
of the blower is (D) and the distance between the edge of the pin and
the blower is (H) through 3, 8 and 12 times 25mm, the diameter and
change of height of the blower is H/D. Also, based on the values of
ratio which the height of fin (F) and the height of the base plate (L) is
F/L and the gap distance of fin (W) and the height of the base plate
(L) is W/L, the shape and ratio of the heat sink which has optimal
cooling condition was figured out.

3. Result
After confirming the radiant heat effect in the condition of nature
through the basic analysis, the floating analysis was conducted. The
program for the floating analysis is Ansys CFX. Then, the reliability
of the program was confirmed through the actual experiment. Like
the experiment of natural convection, after forced convention by
using the blower, this experiment got the result value by using the
thermo-graphic camera. First, the height of the experimental
equipment was adjusted for the ratio H/D (the diameter of the blower
(D) and the distance between the edge of the pin and the blower,) to
be 3, 8 and 12 and each radiant heat effect was confirmed. Also, the
experimental equipment which can adjust the height was
manufactured. This equipment was made of transparent acrylic and
the thickness was 5mm. The ratio of 3 is first experiment and each
height is 72, 192 and 288mm.
In this study, although the simple blower diameter was analyzed by
conducting experiment as the ratio of height between the blower and
the pin of edge, in the bad condition of use environment, by using the
ration in the study, the radiant heat effect seems to be better

Fig. 1 3D modeling of heat sink
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Table. 2 Experiment and FEM result about temperature paramete
r
Case number
FEM
Experiment
Error(%)
1
2
3
4
5
6
7

Max

41.65℃ Max

40.9℃

1.8

Min

41.61℃ Min

40.6℃

2.43

Max

33.1℃

Min

32.49℃ Min

29.6℃

8.9

Max

39.56℃ Max

39.6℃

0.5

Min

39.51℃ Min

39.1℃

1.04

Max

39.61℃ Max

36.4℃

8.1

Min

39.34℃ Min

35.3℃

10.3

Max

36.82℃ Max

36.4℃

1.14

Min

35.7℃

Min

34.7℃

2.8

Max

37.33℃ Max

37.2℃

0.35

Min

36.25℃ Min

35.1℃

3.17

Max

33.45℃ Max

33℃

1.35

Min

33.09℃ Min

30.6℃

7.52

Max

32.51℃ 1.78

Fig. 3 Graph of thermal resistance about Function 1

Fig. 4 Graph of thermal resistance about Function 2
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Three main criteria have been identified for a sustainable product namely manufacturing cost, environmental cost and social
cost. Consideration of the manufacturing cost is critical in ensuring the economic sustainability of the manufacturer.
Environmental considerations have become very crucial as the world communities have realized the necessity to meet the needs
of the present generations without compromising the ability of future generations to meet their own needs. Social costs are
difficult to identify but at a factory floor level it implies the effect of manufacturing a product on the workers and it’s users, and
in this case is equated to ergonomics consideration. These criteria are considered in the early stages of product design and as
such decision for the final design involves multi criteria decision making in the presence of multiple objectives. The objectives
are usually conflicting and therefore, the proposed solution is highly dependent on the preferences of groups of decision makers
and is developed within an understanding framework and mutual compromise. There are many examples of MCDM methods
such as Weight Summed Method (WSM), Analytical Process Hierarchy (AHP) and Fuzzy Analytical Process Hierarchy (FAHP).
This paper presents a brief review of multi-criteria decision making (MCDM), analytical hierarchy process (AHP), fuzzy
analytical hierarchy process (FAHP) theory and previous research associated with AHP and FAHP. It also proposes a Fuzzy
AHP framework for a sustainability assessment tool development which will help a designer to choose a design that will satisfy
the sustainability criteria of economics, environmental and ergonomics.

NOMENCLATURE
n = number of criteria
𝑤𝑖 = weight value of criteria i
𝑤𝑗 = weight value of criteria i
̃ = triangular fuzzy number symbol
𝑀
l = the smallest possible value
m = the most promising value
u = the largest possible value
l(y) = the left side of Fuzzy Number
r(y) = the right side of Fuzzy Number
𝑤
̃ = fuzzy priority vector

1. Introduction
The broad definition of a 'sustainable product' is a product that
has minimum impact on the environment at each phase of its life
cycle. However the word sustainable has a wider implication on
environmental, social and economic aspects of the design. In addition
to fulfilling the technical performance and costs demanded by the
client, a product designer needs to consider the various stakeholders
or interested parties in the product. However to take into
consideration the whole gamut of stakeholders as depicted by
Howarth et al 2006 is complex where it involves customer, client,
user, manufacturers, local council, employers, professional
institutions, material supplier, environment agency, trade associations,
contractors, community, planning officer, energy and water supplier
as shown in Figure 1.
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the criteria and possible alternatives. A mutually independent
hierarchical structure is then established, where at the top of the
hierarchy structure is the goal of the decision, followed by the
objectives or criterion from a broad perspective, through the
intermediate levels and at the bottom of the hierarchical structure is
all possible alternative solutions to the goal such as shown in Figure 2.

Fig. 1 Typical range of stakeholders
In this paper we proposed an approach that takes into
consideration only several major stake holders interested in the
economics, environmental and ergonomic aspects of the product. The
client and the user can be considered as one major stake holder who is
both interested in the economics aspects. The trade associations will
be interested in the social aspects of the workers and in this case we
have focused on the ergonomics implications as it would have a long
term effect on the quality of life of the workers. The environmental
aspects would be of interest to the environmental agency and the
community. However making decisions taking into consideration
these three aspects is still a difficult task as it involves multiple
objectives.
Multi-criteria decision making (MCDM) methods such as Weight
Summed Method (WSM), Analytical Process Hierarchy (AHP) and
Fuzzy Analytical Process Hierarchy (FAHP) are some of the methods
that can be used.
In this paper we present a brief review of analytical hierarchy
process (AHP), fuzzy analytical hierarchy process (FAHP) theory and
previous research associated with AHP and FAHP and consequently
propose a Fuzzy AHP framework for a sustainability assessment tool
which will help a designer to choose a design that will satisfy the
sustainability criteria of economics, environmental and ergonomics.

2. Analytic Hierarchy Process (AHP)
Analytical Hierarchy Process (AHP) was developed by Thomas L.
Saaty in the year 1970’s. It is a flexible quantitative method used for
selecting decision among alternatives based on criteria performance
with respect to one or more criteria (Rouyendegh and Erkan, 2012).
In this method, a group of expert individuals are asked to make
pairwise comparisons to derive a priority scale. The evaluation
process involves seven steps which starts with describing the
unstructured problem; detailing the related criteria and possible
alternatives; arranging the problem goals, criteria and alternatives into
a hierarchy; recruiting pair wise comparisons among decision
elements; using the Eigen value method to predict the relative weights
of the decision elements; computing the consistency properties of the
matrix; and collecting the weighted decision elements.
The problem need to be described in detail in particular the
knowledge required for ease of solving the problem and also detailing

Fig. 2 Analytic Hierarchy Process of a three level decision making
problem
The next step is to perform a pairwise comparison by a group of
expert people in the targeted research area. Each element is compared
between the same level element and with different level element. The
number of comparison can be determined by using equation (1)
where n is the number of criteria involved in the evaluation.
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐶𝑜𝑚𝑝𝑎𝑟𝑖𝑠𝑜𝑛 = (𝑛 (𝑛 − 1))/2

(1)

Let the alternatives be denoted by {𝐴1 , 𝐴2 , … , 𝐴𝑛 } and their
weights as {𝑤1 , 𝑤2 , … , 𝑤𝑛 }. The pairwise comparison matrix W, can
then be written in matrix form as

𝑊=

𝑤𝑖
𝑤𝑗

𝑤1
⁄𝑤1
𝑤2
⁄𝑤1
=
⋮
𝑤𝑛
⁄
𝑤1
(

𝑤1
⁄𝑤2
𝑤2
⁄𝑤2
⋮
𝑤𝑛
⁄𝑤2

𝑤1
⁄𝑤𝑛
𝑤2
…
⁄𝑤𝑛
⋮
⋮
𝑤𝑛
…
⁄𝑤𝑛 )

⋯

(2)

The pairwise comparison matrix, A which represents the expert
judgment can be written as
1
𝑎12 … 𝑎1𝑗 … 𝑎1𝑛
1⁄
1 … 𝑎2𝑗 … 𝑎2𝑛
𝑎12
𝐴 = [𝑎𝑖𝑗 ] =
1⁄
1⁄
𝑎1𝑗
𝑎2𝑗 … 𝑎𝑖𝑗 … 𝑎𝑖𝑛
1
1⁄
1
( ⁄𝑎1𝑛
𝑎2𝑛 … ⁄𝑎𝑖𝑛 … 1)

(3)

The relative importance of the pairwise comparison judgments
can be conducted by referring to the AHP fundamental rating scale
table as shown in Table 1.
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Table 1: The AHP fundamental rating scale (Saaty, 2008)

criteria and can be singled out (Srdjevic, 2005). The priorities
assessment also can be solved by using direct least squares (DLS)
method, weighted least squares (WLS) method, logarithmic least
absolute values (LLAV) method, logarithmic goal programming
(LGP) method and fuzzy preference programming (FPP) method
(Srdjevic, 2005); triangular fuzzy numbers (TFN), -cut, trapezoidal
fuzzy numbers and synthetic extend analysis (Mikhailov, 2003).
Today, one of the most widely used MCDM methods to replace the
conventional AHP application is Fuzzy Analytic Hierarchy Process
(FAHP) which adopts the fuzzy set and fuzzy number theory
(Rouyendegh and Erkan, 2012).

3. Fuzzy Set and Fuzzy Set Number
The next step is to determine the eigenvector. According to Saaty
(2008), a simple way to obtain the eigenvector is to raise the pairwise
matrix to powers that are successively squared each time. Then, the
row sums are calculated and normalized. This step is repeated until
the difference between these sums in two consecutive calculations is
smaller than a prescribed value.
According to Saaty, the next step is to calculate the consistency
index and consistency ratio by using equations (4) and (5).
𝐶𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑦 𝐼𝑛𝑑𝑒𝑥 (𝐶𝐼) = (𝜆_𝑚𝑎𝑥 − 𝑛)/(𝑛 − 1)
𝐶𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑐𝑦 𝑅𝑎𝑡𝑖𝑜 (𝐶𝑅) = 𝐶𝐼/𝑅𝐼

Fuzzy set theory (FST) was first introduced by Zadeh in the year
1965 to deal with data uncertainty and vagueness. It also allows
mathematical operators and programming to be performed in a fuzzy
domain. Fuzzy set (FS) is a class of objects with a range of grades of
membership. Such a set is characterized by a membership function
which assigns to each object a grade of membership value between
zero to one value (Rouyendegh and Erkan, 2012).
The symbol ‘’ is usually place above a symbol to indicate it is
̃ represents the triangular fuzzy number (TFN) as
FST. Symbol 𝑀
shown in Figure 3.

(4)

(5)

Where 𝜆𝑚𝑎𝑥 represent the principle eigenvalue; CI represent
consistency index and RI represent the average value of CI for
random matrices using the Saaty scale which only accept a matrix as
a consistent one if CR < 0.1 (Saaty, 2008).
The conventional AHP method has been used to solve problems
in many applications such as selecting the machining process to
fabricate a knife blade (Zhang, 2012); selection of port location (Bian,
2011) and selection of a method to dispose health care waste (Karsak
et al 2011).
Although the AHP method is commonly used to solve multicriteria decision making problems, this method also have a
disadvantage such as the inconsistency being large; which have been
criticize by many researchers (Srdjevic, 2005). The AHP method uses
a scale between 1-9 and cannot handle uncertainty in judgments.
In order to overcome this shortcoming, many researchers have
developed new techniques and methods to replace the eigenvector
prioritization method in AHP (Srdjevic, 2005). These methods
include the Weighted Sum Method (WSM), Weighted Product
Method (WPM), The Preference Ranking Organization Method for
Enrichment Evaluation (PROMETHEE), The Technique for Order
Preference by Similarity to Ideal Solutions (TOPSIS), Multi-Attribute
Utility Theory (MAUT) and Simple Multi Attribute Rating Technique
(SMART) (Pohekar and Ramachandran 2004)
There are researchers who have modified the eigen vector method,
but a study has shown that it is ineffective across the different error

̃
Fig. 3 A TFNs of 𝑀
Triangular Fuzzy Number (TFN) is denoted as l, m, u (l  m  u)
where l is the smallest possible value, m is the most promising value
and u is the largest possible value that describe the fuzzy event. The
membership function of TFN can be described as
𝑥−𝑙
𝑥

𝜇 ( ̃) =
𝑀

𝑚−𝑙
𝑢−𝑥
𝑢−𝑚

{ 0

0 𝑥<𝑙
𝑙≤𝑥≤𝑚
𝑚≤𝑥≤𝑢

(6)

𝑥>𝑢

Fuzzy number can always be given by its corresponding left and
right representation of each degree of membership as shown in
Equation (7) where l(y) represent the left side of Fuzzy Number (FN)
and r(y) represent the right side of Fuzzy Number (FN).
̃ = 𝑀𝑙(𝑦) , 𝑀𝑟(𝑦) = [𝑙 + (𝑚 − 𝑙)𝑦, 𝑢 + (𝑚 − 𝑢)𝑦], 𝑦 ∈ [0, 1]
𝑀
(7)
There are four operations involved in determining fuzzy number
which is additional, subtraction, multiplication and division of fuzzy
number.
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(𝑎1 , 𝑏1 , 𝑐1 ) + (𝑎2 , 𝑏2 , 𝑐2 ) = (𝑎1 + 𝑎2 , 𝑏1 + 𝑏2 , 𝑐1 + 𝑐2 )

(8)

(𝑎1 , 𝑏1 , 𝑐1 ) − (𝑎2 , 𝑏2 , 𝑐2 ) = (𝑎1 − 𝑎2 , 𝑏1 − 𝑏2 , 𝑐1 − 𝑐2 )

(9)

(𝑎1 , 𝑏1 , 𝑐1 ) × (𝑎2 , 𝑏2 , 𝑐2 ) = (𝑎1 × 𝑎2 , 𝑏1 × 𝑏2 , 𝑐1 × 𝑐2 )

(10)

(𝑎1 , 𝑏1 , 𝑐1 )/(𝑎2 , 𝑏2 , 𝑐2 ) = (𝑎1 /𝑐2 , 𝑏1 /𝑏2 , 𝑐1 /𝑎2 )

(11)

7
9

(5, 7, 9)
(7, 9, 11)

1/7
1/9

(1/9, 1/7, 1/5)
(1/11, 1/9, 1/7)

The third steps is to calculate the value of 𝐺̃𝑖 (𝑙𝑖 , 𝑚𝑖 , 𝑢𝑖 ). After
each expert makes a pairwise comparison decision, the relative scores
of 𝐺̃𝑖 can be calculated as follows:
1

𝑙𝑖 = (𝑙𝑖1 ⨂𝑙𝑖2 ⊗ … ⊗ 𝑙𝑖𝑘 )𝑘 , 𝑖 = 1, 2, … , 𝑘

4. Fuzzy Analytic Hierarchy Process (FAHP)

1

The disadvantage of AHP in dealing with domain expert
judgment is the use of the scale 1-9 and their Eigen values. This
means that it doesn't handle the uncertainty in these judgments. In
order to overcome this, Fuzzy Environment Approach (FEA) can be
used within AHP calculations to determine the most optimum
alternative (Ho et al 2010); (Ali et al 2012). Fuzzy AHP (FAHP)
mimics human thinking as it sometimes uses misleading information
and ambiguity to generate decision in addition to the advantages of
AHP; ease of handling qualitative and quantitative data, use of
hierarchical structure, pair wise comparison, reduce inconsistency,
and generates priority vectors (Noor et al 2012).
Today, more and more real life problems uses linguistic
environment to make decisions by human (Ali et al 2012); (Noor et al
2012). Classical decision making method works only with exact and
ordinary data. For example, when evaluating a car speed linguistic
terms like “very slow”, “slow”, “fast”, “very fast” can be used. Here,
fuzzy method can be used for vague and qualitative assessment of
human beings (Ali et al 2012). The theory of fuzzy sets has extended
traditional mathematical decision theories so that it can cope with any
vagueness problems.
FAHP is an extension of the AHP method. The assessment of
different criteria is done using fuzzy number compared to AHP using
crisp numbers. FAHP is an enhancement of AHP and was developed
to overcome the defect in AHP. According to Rouyendegh and Erkan
(2012), Fuzzy AHP have been applied in many applications such as in
staff selection, selecting partnerships and minimally biased weight
method in staff selection, economics of government size (Mirsepassi
and Mehrara, 2012;Fahp3), weapon selection (Dag˘deviren et al,
2009) and sustainability assessment (Starkl and Burner, 2004);
(Damghani and Nezhad, 2013).
According to Rouyendegh and Erkan (2012), there are 9 steps to
in Fuzzy AHP. The first step is to select a group of expert people for
decision making evaluation. The next step is to ask the expert group
to make a pairwise comparison of the decision criteria and rate it with
relative scores. Rouyendegh and Erkan (2012) have employed the
fuzzy conversion scale as shown in Table 2 to replace Saaty
preference scale.

Importance
Intensity
1
2
3
5

Table 2: Fuzzy AHP conversion scale.
Triangular
Importance
Fuzzy Scale
Intensity
(1, 1, 1)
1/1
(1, 2, 4)
1/2
(1, 3, 5)
1/3
(3, 5, 7)
1/5

(12)

Triangular
Fuzzy Scale
(1/1, 1/1, 1/1)
(1/4, 1/2, 1/1)
(1/5, 1/3, 1/1)
(1/7, 1/5, 1/3)

𝑚𝑖 = (𝑚𝑖1 ⨂𝑚𝑖2 ⊗ … ⊗ 𝑚𝑖𝑘 )𝑘 , 𝑖 = 1, 2, … , 𝑘

(13)

1

𝑢𝑖 = (𝑢𝑖1 ⨂𝑢𝑖2 ⊗ … ⊗ 𝑢𝑖𝑘 )𝑘 , 𝑖 = 1, 2, … , 𝑘

(14)

Next, the fourth step is to calculate the value of 𝐺̃𝑇 by
establishing the geometric fuzzy mean of the total row using equation
(15). This is followed by the determination of fuzzy priorities for each
candidate based on sub-factors using linguistic variables which are
defined for the TFN as shown in Table 3.
𝐺̃𝑇 = (∑𝑘𝑖=1 𝑙𝑖 , ∑𝑘𝑖=1 𝑚𝑖 , ∑𝑘𝑖=1 𝑢𝑖 )

(15)

Table 3: Fuzzy numbers
Importance Intensity
Triangular Fuzzy Scale
Very good
(3, 5, 5)
Good
(1, 3, 5)
Moderate
(1, 1, 1)
Poor
(1/5, 1/3, 1/1)
Very poor
(1/5, 1/5, 1/3)
The sixth step is to calculate the fuzzy geometric mean of the
fuzzy priority value (𝑤
̃) with normalization priorities for factors
using Equation (16).
𝑤
̃=

𝐺̃𝑖
𝐺̃𝑇

=

(𝑙𝑖 ,𝑚𝑖 ,𝑢𝑖 )

𝑙

𝑘
𝑘
(∑𝑘
𝑖=1 𝑙𝑖 ,∑𝑖=1 𝑚𝑖 ,∑𝑖=1 𝑢𝑖 )

= [∑𝑘 𝑖

𝑖=1 𝑢𝑖

𝑚𝑖

, ∑𝑘

𝑢

𝑖=1 𝑚𝑖

, ∑𝑘 𝑖 ]

(16)

𝑖=1 𝑙𝑖

The seventh step is to calculate fuzzy priorities for the lower and
upper limits for each  value as shown in Equation (17).
𝑤𝑖𝛼𝑙 = (𝑤𝑖𝑙𝛼𝑙 , 𝑤𝑖𝑢𝛼𝑙 ); 𝑖 = 1, 2, … , 𝑘; 𝑙 = 1, 2, … , 𝑙

(17)

Where:
𝑊𝑖𝑙 =
𝑊𝑖𝑢 =

∑𝐿𝑖=1 𝛼(𝑤𝑖𝑙 )𝑙
∑𝐿𝑖=1 𝛼𝑙

∑𝐿𝑖=1 𝛼(𝑤𝑖𝑢 )𝑙
∑𝐿𝑖=1 𝛼𝑙

; 𝑖 = 1, 2, … , 𝑘; 𝑙 = 1, 2, … , 𝑙

(18)

; 𝑖 = 1, 2, … , 𝑘; 𝑙 = 1, 2, … , 𝑙

(19)

The eight step is to defuzzify the value by combining the upper
limit and lower limit values by using the optimism index () using
Equation (20).
𝑤𝑖𝑑 = 𝜆. 𝑤𝑖𝑢 + (1 − 𝜆). 𝑤𝑖𝑙 ; 𝜆 ∈ [0, 1]; 𝑖 = 1, 2, … , 𝑘

(20)

Lastly, the final step is to defuzzify values priorities by
normalizing using Equation (21).
𝑤𝑖𝑑

𝑊𝑖𝑛 = ∑𝑘

𝑖=1 𝑤𝑖𝑑

; 𝑖 = 1, 2, … , 𝑘

(21)
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5. Sustainability Product Design Framework
Sustainability concept first appeared in The Brundtland Report
in the late 1980’s which can be defined as development that meets
the needs of the present without compromising the ability of future
generations to meet their own needs (Hao, 2012). The U.S.
Department of Commerce (Ziout et al 2013) defines sustainable
manufacturing as ‘‘the creation of manufactured products that use
processes that minimize negative environmental impacts, conserve
energy and natural resources, are safe for employees, communities,
and consumers and are economically sound.’’
Realizing this, the proposed product design framework of this
project follows Rouyendegh and Erkan (2012) which starts with
describing the unstructured problem for a better understanding of
the problem. The next step is detailing the related criteria for
evaluation purposes and possible alternatives to solve the problem.
After undergo various previous research papers, there are three
suitable criteria for this project such as proposed by Zahari Taha et.
al, (2013). They are economic cost assessment, environmental
impact assessment and ergonomic assessment with limited to 4
solutions.
For economic cost assessment criteria, the total manufacturing
cost will be considered as shown is Equation (22).
Total Manufacturing Cost = Material Cost + Tool Cost + Coolant and
Lubricant Cost + Energy Cost + Labour Cost
(22)
Where:
Material Cost = Standard size price (RM / Volume) x Required size
(Volume) (23)
Tool Cost = (Number of cutting tool (n) x tool cost / unit (RM)) /
number of unit produced (24)
Energy Cost = Energy used to fabricate a product (kWh) x
Commercial electrical tariff (RM/kWh) (25)
Labour Cost = Total time to fabricate a product (hour) x Salary
(RM/hour) (26)
If the machining process involves more than one type of cutting
tools, each types of cutting tool cost must be considered.
Coolant or Lubricant Cost = Coolant or lubricant volume x
Coolant or lubricant cost rate
(27)
For Coolant or Lubricant Volume and Makeup volume, the
detail calculation is shown in Equation (28) and (29).
Coolant or Lubricant Volume = (Coolant or Lubricant tank capacity +
makeup volume) / (month used x actual output) (28)
Makeup volume = (Coolant or Lubricant tank capacity x Coolant or
Lubricant loss rate) / (1- Coolant or Lubricant loss rate) (29)

The ergonomic assessment used in this project is motion
economic checklist because of its nature which consideres the tasks
involved in producing the product. Then, the problem goals, criteria
and alternatives are arranged into a hierarchy such as shown in
Figure 4.

Fig 4 Proposed of three levels Fuzzy Analytic Hierarchy Process
arrangement
The proposed framework proceeds with the forming of a group of
experts to make pair wise comparisons of the decision elements. Here,
the number of representatives proposed is more than one for each
criteria and the number of people for each criteria is equally
distributed. The fuzzy preferences scale use for pairwise comparison
in this framework is adopted from Rouyendegh and Erkan (2012) as
shown in Table 2.
After the group of experts have finished making pairwise
comparisons, the relative score value of 𝐺̃𝑖 (𝑙𝑖 , 𝑚𝑖 , 𝑢𝑖 ) can be
calculated using equation (12) – (14).
Then, the overall relative score value of 𝐺̃𝑇 is calculated by
establishing the geometric fuzzy mean of the total row using equation
(15). Since the criteria used in this frame work is specific to three and
no other sub-criteria to be considered, the next steps is to calculate the
fuzzy geometric mean of the fuzzy priority value ( 𝑤
̃) with
normalization priorities for factors using Equation (16); followed by
determining fuzzy priorities for the lower and upper limits for each 
value using Equation (17); defuzzify the value by combining the
upper limit and lower limit values by using the optimism index ()
using Equation (20) and lastly defuzzify values priorities by
normalizing using Equation (21). The proposed sustainability product
design framework summary process flow is shown in Figure 5.
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model,” Material and Design Vol 27, pp. 1128-1133, 2006.
2. Rouyendegh, B. D and Erkan, T. E., “Selection of Academic Staff
using the Fuzzy Analytic Hierarchy Process (FAHP): A Pilot
Study,” Technical Gazatte 19, 4, pp. 923-929, 2012.
3. Saaty, T. L.,“Decision Making with the Analytic Hierarchy
Process,”. Int. J. Services Sciences, Vol. 1, No. 1, 2008.
4. Hao, Z., “Integrating Sustainable Manufacturing Assessment Into
Decision Making for a Production Work Cel”l, Master Thesis,
Oregon State University, 2012.
5. Bian, K. A., “Application of Fuzzy AHP and ELECTRE to China
Dry Port Location Selection,” The Asian Journal of Shipping and
Logistic. Vol 2 pp 331-354, 2011.
6. Karsak, E. E., Dursun, M., Karadayi, M. A., “A Fuzzy MultiCriteria Group Decision Making Framework for Evaluating
Health-Care Waste Disposal Alternatives,” Expert Systems with
Applications 38, pp 11453–11462, 2011.
7. Srdjevic, B., “Combining Different Prioritization Methods in
Analytic Hierarchy Process Synthesis,” Computers & Operations
32, pp. 1897-1919, 2005.
8. Pohekar, S. D. and Ramachandran, M., “Application of MultiCriteria Decision Making to Sustainable Energy Planning – A
Review,” Renewable & Sustainable Energy Reviews 8, pp 365381, 2004.
Fig. 5Summary of proposed product design framework
The selected product design for this case study is based on the
calculated results, where the highest score is then selected as the most
optimum results.

3. Conclusions
As a conclusion, this paper has presented a review of the conventional
analytic hierarchy process proposed by Saaty and its enhancement
using fuzzy logic known as fuzzy analytic hierarchy process. The
application of both methods is then reviewed in general. The fuzzy
AHP method is used to evaluate the multiple objectives in
sustainability product design problems. The expected output from this
case study is an evaluation method which will help the manufacturing
industry especially in Malaysia to evaluate their products at the
design stage.
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Inventory management in reverse logistics is different from that in logistics, and it should take the returned products into
consideration. Most of the previous papers related to two-echelon inventory system in reverse logistics only discussed the
usability of electronic components and the consumption of products when demand occurs. However, the variation of inventory
level not only would be affected by customer demand, but also by the deterioration of electronic components. This study focused
on the two-echelon inventory system in reverse logistics and the deterioration of electronic components. Therefore, this study
combined the consideration of deterioration and two-echelon inventory system in reverse logistics, and derived the optimal lotsize and selling price of new product. Moreover, this study added the consideration of backlogging in the model, and then tested
whether there is a significant difference for joint total inventory costs between the two models. The results of numerical example
and sensitivity analysis revealed that considering the deteriorating products in two-echelon inventory system in reverse
logistics, the profit of choosing the strategy of the backlogging would be more than that of choosing the prohibition of the
backlogging.

1. Introduction
Because of the shortened life cycle of product and the increasing
environmental consciousness, many enterprises focused on reverse
logistics to increase customer service level, save cost and confirm
laws and decrees. Jayaraman (2003) discussed that recycling goods
can be reused for decreasing material costs and influences on
environment. Here the reverse logistics include the inspection, storing,
sorting and remanufacturing of products.
In traditional inventory model, the assumptions have no
limitation on time, which means that the products and quantity of
inventory will not change when time goes by. But the function of
partial products will degenerate and perish gradually in increasing
time. The products are called deteriorating or perishable products.
Ghare and Schrader (1963) mentioned the value of raw material
will degenerate with time which follows the exponential distribution
to derive EOQ of deteriorating products. The regular products and
deteriorating products have differences in initial inventory, and it
means that the order quantity of deteriorating products is more than

that of regular products. Jaggi et al. (2006) shortened the cycle time
of production and increased the number of replenishment to decrease
the order quantity and discarding cost of deteriorating products.
Dubois et al. (2004) mentioned that logistics is the process of
delivered goods which includes raw material, work in process (WIP),
finished goods, salvage stores and design and management of control
system. Shang and Peter (2009) mentioned that observing 1200
manufacturers in Taiwan and applying mathematic model to inspect
logistic ability, performance and economic performance, the result
shows that the efficient managerial inventory and sharing information
is able to promote logistic performance.
Due to pollution, consumed resources and limitation of
environmental regulations, enterprises must manage life cycle of
products in order to confirm environmental regulations. Kim et al.
(2006) defined reverse logistics as “products which are unable to use
are recovered through the remanufacturing process for a series
activities that salvage products are sold again.” Lu (2007) indicated
remanufacturing is a recovering method that used products, defective
products and parts of component on product can be remanufactured
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goods through remanufacturing process. Mitra (2007) thought that
although remanufacturing is a mechanism of reuse and recovered
salvage products, it must be based on the degree of disassembled
products and the quantity level of recovered products. Salvage
products which were collected must be inspected in detail before
remanufacturing.
Nahmias (1982) assumed in original inventory model products
do not possess the limitation of time, and it means that the products
and quantity on inventory do not change value due to following time.
But the function in practice deteriorates and spoils slowly following
time, and it is called deterioration or perishable products. Ferguson et
al. (2007) mentioned EOQ of deteriorating products including the
parameters of deteriorating products. When the parameters of
deteriorating products are bigger, it causes the entire cost increases.
Rau et al. (2003) indicated the critical parameters are influenced by
cost which includes inspective cost, carrying cost, deteriorating cost
and the cost of decreased price. So the parameters number in ordering
deteriorating products is more than initial EOQ.
Liang et al. (2009), Kim et al. (2006), Van der laan and Trunter
(2006) and Chung et al. (2008) discussed remanufacturing issue with
recovered items of electronic components in inventory model of
recovered salvage goods. Raafat (1991) indicated the electronic
components are like deteriorating goods, and deteriorating rate
follows exponential distribution. But in the reference of reverse
logistics scholars usually inspected whether recovered goods can be
repaired or not. Instead, few scholars considered the deteriorating of
recovered goods. Therefore, this study added the deteriorating to
inventory system of recovered products of two stages and discussed
the problem what kind of influence for entire inventory level and total
inventory cost. The Conceptual graph of reverse logistics is:

outsourcing

(deteriorating
products)
Inventory of
serviceable
products

Inventory of
recovered
goods

remanufacturer
Inspection

(deteriorating products)
demand
recoverying

customers

Fig. 1 Conceptual graph of reverse logistics

6.
7.
8.

continuous and exponentially distributed.
Only consider the situation of inventory within a single cycle
time.
Returned products of electronic components must go through
the process of disassembling and test.
When a certain amount of returned products achieved, the
returned products will be dismantled and tested, while tested
returned products would be refurbished and provided to the
retailers.

2.2 Notation
R: Product recycle rate (number / time).
D1: The new product demand rate of Retailer (number / time).
D2: The refurbished demand rate of Retailers (number / time).
Re: The refurbished rate of returned products (number / time).
x: The dismantled inspection rate of returned products (number /
time).
θm: The deteriorating rate of new electronic components.
θr: The deteriorating rate of recovered electronic components.
q: The refurbished fraction of recovered products.
Qm: The order number of each batch of new products (number / sales
cycle).
Qr : The number of each batch of returned products (number / sales
cycle).
Iri(t): The level of inventory at the business of recovery during time t.
(i = 1, 2)
Imi(t): The level of inventory at the manufacturer during time t. (i = 3,
4, 5).
M: the number of orders for new products.
h: Holding cost of per unit new products of unit time (cost / (number
of products * time)).
H: Holding costs of per unit refurbished goods of unit time (cost /
(product number * time)).
Ks: Setup cost of order new products (cost / setup times).
Kr: Setup cost of refurbished returned products (cost / setup times).
P1: Unit retail price of new products.
P2: Unit retail price of refurbished goods.
cm: Order cost of unit new products.
cr: Refurbished cost of unit returned products.
ct: Test cost of unit returned products.
cd: Disposal cost of unit waste goods.
cb: Cost of shortage of unit new products.

2. Model Construction
2.3 Formulation of Model 1
2.1 Assumptions
This study has a number of assumptions so that the objectives of
this study would be clarified.
1. The main products are electronic components.
2. The volume of inventory and capacity are limited .
3. The rate of demand is a linear function of unit sales price, that
is D(p) = a - bp, where a, b > 0 and p < a / b.
4. The price of refurbished goods is lower than the new products,
and P2 = P1r, 0 <r <1.
5. The deteriorating rate of inventory of electronic components is

In model 1, both degradation and demand of considered
electronic components with the price function are constructed in the
two stages reverse logistics inventory system, and shortages are not
allowed. This study has been calculated in connection with related
cost and joint total cost of inventory of returned products and
manufacturer, and then given the prices of new and refurbished
products of deteriorating electronic components. The conceptual
diagram of a two stage inventory system is shown as in figure 2.
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Fig. 2 The two-stage inventory system diagram of model 1
This study recognizes that the variation of inventory level not on
ly caused by decrease in demand but also deterioration. Therefore, the
instant of inventory level at all stages in the deteriorating rate, recove
ry rate, demand rate and the refurbished rates under the influence of t
he differential equation can be derived.
From related costs of the second inventory system of figure 2,
the total costs include setup cost, ordering cost, inspection costs,
refurbished costs, the cost of disposal, and holding costs.
The related profit of two stage inventory form figure 2 is
separated into profit of new products and refurbished products.
Total profit of all cycle is equal to subtracting total joint cost TC1
from total revenue TR1 of entire cycle. The purpose of this study is to
obtain the length of recycle and sales cycle within different stage (t1)
and sales price of product (p1) to maximize total profit during entire
cycle. Because there are variables with five period of time and price,
this study simplified variables of the model to be two variables
through deriving, as shown below:
TP1(t1, p1) = TR1 – TC1

(1)

2.4 Solutions of Model 1
Because the model of discussion would find maximum profit,
this study must prove that the optimal solution of the model 1 is
existed before obtaining the maximum profit.
And, Hessian Matrix of model 1 is:
  2TP1 (t1 , p1 )  2TP1 (t1 , p1 ) 

t12
t1p1 
H  2
  TP1 (t1 , p1 )  2TP1 (t1 , p1 ) 


p12
 p1t1

H

 2TP1 (t1 , p1 )  2TP1 (t1 , p1 )   2TP1 (t1 , p1 ) 



t12
p12
 t1p1 

2

After proving the Hessian Matrix being a negative defined
matrix, this study is able to make sure the model of profit TP1(t1,p1) as
a concave function. The result means that the model has optimal
solution t1* and p1* as follows:
a
(2)
p *
1

2b

Manna and Chaudhuri (2006) dicussed production level to
minimize total average cost on the situation of no shortage and
shortage perspectly considering the demand rate as the function of
related time. Dye et al. (2007) and Hou (2006) developed an
inventory model considering the deterioration of product allows
backlogging in case of shortage. The backlogging means when
shortage occurs, customers will not give up to consume the product of
shortage and wait for next replenishment. Therefore this study
expanded the structure of model 1 and allows the situation of
backlogging, and when the number of shortage reaches certainty
quantity, new products are ordered to replenish. The conceptual
diagram of inventory system with two stages is shown as follows:
Inventory of recovered
items
I ri (t )

x r Ir2 (t)

R r Ir1(t)

T0

Tn1

Tn
t2

t1

Inventory of manufacturer
I mi (t )

D2 r Im4(t)

A

Re D2 r I m3 (t )

B

C
t4

t5

Tm 1

T21

T11

T1

T0

T2

T3

...
.

Tn
Tn1

t3

Fig. 3 The two-stage inventory system diagram of model 2
From figure 3, the difference between model 1 and model 2 is that
in the fifth stage and new sixth stage where shortage is allowed, every
order cycle of new products can be divided into the positive inventory
and the negative inventory at time Tj1. From figure 3, the positive
inventory decreases in term of demand and deteriorating rate from
inventory level of time T1 to time T11. Instead of the negative
inventory from time T11, although inventory level already decreases to
0, the demand of new products of retailer still exists. At this
movement, the situation of shortage happens until replenishment of
time T2.
In the sixth stage, after the replenishment of new products has
been done, the manufacturer has no inventory of new products on the
period and does not order new products. In the allowed situation of
shortage, the demand will happen on the stage so that the variation of
inventory level is in term of the demand of new products of retailer.
Because model 2 is the extension of model 1, this study only
assumes that the shortage is allowed during the sales of manufacturer
new products. According to the cost of new products, this study
includes the ordering cost, the shortage cost and the carrying cost in
the sales cycle of new products of manufacturer.
According to that the Hessian Matrix is greater than 0, this study
proved that the model of profit TP2(t1,p1) is a concave function. The
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optimal solution t1* and p1* exist in this model.

Table 2 Comparison of numerical results
p1 *
t1 *
Qr1(t)
Qm5(t)

a  bcb (1  k )
p1* 
b

(4)


 a  bcb (1  k )

m 
 cm  cb (1  k )  

b


m ln 1 
k ( m cm  h)





t1* 
mk

(5)

3. Verification of Models
This section provides an numerical example that employing data
from references into models to obtain t1* and p1*, and the joint total
profit TP(t1*,p1*). This section also delivers a sensitive analysis to test
factors that influence the total profit TP(t1*,p1*) in entire cycle.

3.1 Numerical Examples
The data of the ordering number referred to Konstantaras et al.
(2010). If m is a variable, this study will produce the third variable,
and Hessian Matrix is too complex. Therefore, this study referred to
the numerical data of Konstantaras et al. (2010) to obtain the related
results as shown in table 1.
Table 1 Parameters of model 1 and model 2
Parameter
Number
remarks

Model 1
(Shortage
not
allowed)
Model 2
(Shortage
allowed)

TP(t1*, p1*)

333.33

21.576

7762.9

1016.9

273514.28

665.94

22.09

7928.2

718.08

485549.14

The result shows that total joint profit of model 2 is greater than
that of model 1. When selling new products, the ordering number
decreases because of considering the product deterioration, and thus
the total joint cost decreases to increases the total joint profit.

3.2 Sensitivity Analysis
From sensitivity analysis, an increasing recycle rate presents that
the quantity of recycle goods and the quantity of sales refurbished
goods increase to make the total joint cost increases. An increasing
refurbished ratio of recycle goods presents that the quantity of sold
refurbished products increases to make total joint cost increases. An
increasing price of the refurbished goods makes the total joint profit
increase. Finally, an increase in order number of new products in
model 1 will increase significantly more total joint profit than that in
model 2.

4. Conclusions & Future Research

R
Re

400

quantity/time

1000

quantity/time

4.1 Conclusion

x

1000

quantity/time

m

0.01

r

0.01

q

0.8

k

0.7

h

8

cost/(quantity*time)

H
Ks

3
5

cost/(quantity*time)
cost/number of setup

Kr

10

cost/number of setup

cm
cr

50

cost/quantity

According to above analysis and hypothesis test, there is a
significant difference between the joint total profit of model 1 and
model 2. Under the inventory system of reverse logistics applying
deteriorating feature, together with inspection and refurbished
processes, the joint total profit of model 2 is better than joint total
profit of model 1 through hypothesis test. One of the reasons is the
unit shortage cost in numerical example is too small, and the other
reason is that the proportion of length of positive inventory influences
the cost of model 2. Another reason is the relation of allowed
shortage and backlogging. Therefore, loss sale due to shortages is not
significant in this study.

30

cost/quantity

ct

10

cost/quantity

cd

5

cost/quantity

cb

20

cost/quantity

i

0.6

a

200

b

0.3

m

3

And then the results with maximum total joint profits of model 1 and
model 2 are shown in table 2.

4.2 Further Research
For direction of further research, this study suggested the
follows:
1. This study only assumed deteriorating of products follows
exponential distribution, but in practice the deteriorating of
products can follow other distribution such as Weibull
distribution and normal distribution, etc. Therefore, the other
deteriorating function can be discussed in the future.
2. In practice, if the time of waiting for replenishment is longer due
to shortage, part of buyers would not wait, then the loss sales
incur for manufacturer. Therefore, the loss sale and partial
backlogging will be able to be discussed in the future.
3. This study assumed both the recovered rate and refurbished rate
to be constant. In practice, recovered rate may be influenced by
product quality, quantity and other factors. Therefore, random
recovered rate needs to be considered in the future.
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The hybrid flow shop scheduling (HFS) problems are commonly encountered in many real-world manufacturing operations
such as computer assembly, TFT-LCD module assembly, solar cell manufacturing etc. Most previous work considered the
scheduling problem on time requirement to improving production efficiency. However, increasing amount of worldwide
carbon emissions are intensifying to cause the global warming problem. Many countries or international organizations start
to pay attention to this problem and formulate some mechanisms to reduce the carbon emission. Nowadays, manufacturing
enterprises has also been growing interest in the development of energy savings. Thus, this research attempts to reduce
energy cost and completion time from manufacturing system level perspectives. The paper first proposed the multi-objective
mixed integer programming to address the energy-efficient hybrid flow shop scheduling with lot streaming (EEHFSLS) to
simultaneously minimize production makespan and electric power consumption. Due to the trade-off nature of both
objectives and the computational complexity of proposed multi-objective mixed integer programming, this study adopts the
Non-Dominated Sorting Genetic Algorithm (NSGA-II) to obtain the approximate Pareto solutions efficiently.

1. Introduction
The Hybrid Flow shop Scheduling (HFS) problems are
commonly encountered in many real-world manufacturing operations
such as computer assembly, TFT-LCD module assembly, solar cell
manufacturing, etc. Generally, these frameworks include complex
production model of multiple processing stages and each stage
contains multiple parallel machines. Machines in each stage can be
identical, some related or unrelated at all. Figure 1 illustrates the
framework of HFS proposed by (Salvador 1973).
In recent years, the problems of increasing amount of worldwi
de carbon emissions are intensifying (Solomon et al. 2007). These
would cause global warming, rapid exhaustion of various non- re
newable resources, and decreasing biodiversity. Current industry ac
counts about half of total world energy consumption and the energ
y consumption of these has almost doubled over the last 60 years.
According to statistics, the manufacturing industry is responsible
for 31% primary energy consumption and 36% of CO2 emissions.
Given the above description, manufacturing enterprises are facing
pressure to reduce their carbon footprint. Consequently, the energ
y consumption should be considering optimizing with a holistic ap
proach.

Figure 1 Hybrid flow shop scheduling (HFS) framework

Nowadays, manufacturing enterprises has been growing interest
in the development of energy savings. The research on minimizing
the power consumption of manufacturing systems has focused on
different perspectives: the machine level, the product level and the
manufacturing system level. From the machine level perspectives,
these studies focus on developing and designing more energyefficient machines and equipment to reduce the power and energy
demand of machine components (Li et al. 2011, Mori et al. 2011,
Neugebauer et al. 2011). From the product level perspectives,
research on carbon reduction methods in the product design
perspective is modeled to support the improvements of product
design and operational decisions (Rahimifard et al. 2010, Seow and
Rahimifard 2011, Kara et al. 2010, Weinert et al. 2011). However,
both the machine and product redesign require enormous financial
investments. Most of the manufacturing companies would not use
these methods, especially those small and medium sized enterprises.
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Therefore, this research attempts to reduce energy cost and
completion time in manufacturing system level perspectives. Owing
to decision models that support energy savings, it is feasible to
achieve a significant reduction in power consumption in
manufacturing applications. (Mouzon and Yildirm 2008) first
addressed the energy consumption combined with job-based objective
(completion time and tardiness) on single machine. They measured
the total energy consumption by summation of idle power and
machine-dependent setup power.
In real world, it is commonly seen with advanced machines
running next to the older ones. In addition, these machines may have
different rates of power consumptions. Even each machine would
cause different power consumption by adjusting speed status. In
general, the faster speed would take the job done faster but it would
spend more power consumption. The energy cost saving technique
called dynamic voltage or speed scaling and was originally studied by
(Yao et al. 1995).
Based on the above description, this paper proposes the multiobjective mixed integer programming to address the Energy-Efficient
Hybrid Flow shop Scheduling with Lot Streaming (EEHFSLS) to
simultaneously minimize production makespan and electric power
consumption. Lot streaming is a technique to split a given job called
sublot, each consisting of identical items which is used to reduce
production makespan in multi-stage manufacturing systems (Defersha
and Chen 2012) (See as figure 2). Due to the trade-off nature for both
of objectives and the computational complexity of proposed multiobjective mixed integer programming, our study adopts the genetic
algorithm (GA) to obtain the approximate Pareto solutions. In
scheduling methods, we developed the multi-objectives energy
efficiency scheduling (MOEES) algorithm.

(NSGA II) to obtain the approximate Pareto solutions. Section 4 is the
experiment study that the example gives an instance about the
EEHFSLS model and evaluates the electricity power consumption
(EPC) and makespan under different preference vectors within
NSGA-II. At last, section 5 described the conclusion about multiobjective mixed integer programming addressing the energy-efficient
hybrid flow shop scheduling with lot streaming (EEHFSLS) to
simultaneously minimize production makespan and electric power
consumption.

2. Energy-efficient hybrid flow shop scheduling with lot
streaming (EEHFSLS)
In this section, this study presents the problem description of
Energy-Efficient Hybrid Flow shop Scheduling with Lot Streaming
(EEHFSLS) in section 2.1. In section 2.2, this problem is defined
with multi-objective mixed integer programming model.

2.1 Problem Statement
The HFS problem under study is as follows.
Figure 3 shows the HFS considered by this study. There are N
jobs to be processed in I stages. Each stage contains different number
of unrelated parallel machines. In the HFS system, every machine
includes release dates by its own. The processing and setup time of
each machine for each job is not identical.

Figure 3 The HFS considered by this study

Figure 2 The concept of single order being assigned to multiple
machines with variable lot splitting
The purposes of our study are summarized as follows:
1. The problem has to decide the number of sublots and the size for
each job.
2. The schedule is computed by processing sequence of these
sublots on each machine in each stage.
3. For the EEHFSLS problem considering both production
efficiency and electric power consumption, this study modeled
the multi-objective mixed integer programming.
4. Due to the computational complexity of multi-objective mixed
integer programming, our research adopts NSGA II in order to
find the approximate pareto solutions more efficiently.
The rest of the paper is organized as follows: Section 2 defines
the problem description of energy-efficient hybrid flow shop
scheduling with lot streaming (EEHFSLS) and multi-objective mixed
integer programming model. Due to the computational complexity,
Section 3 develops the non-dominated sorting genetic algorithm II

In real manufacturing environment, not every job would go
through all of stages. Some of jobs only processed in some specific
machines called machine eligibility. Each job includes J sublots
which the size is not equal to each other. This implies that our
proposed using consistent-variable batch method split job into sublots
for different sizes by batch splitting model.
However, in real world, these machines may have different rates
of power consumptions. Each machine would cause different power
consumption and completion time by adjusting speeds. In general, the
faster speed would make the job done faster but would spend more
electricity cost. Therefore, while the HFS with lot streaming
considered the power consumption issue, it would be the problem of
Energy-Efficient Hybrid Flow shop Scheduling with Lot Streaming
(EEHFSLS).
The problem of EEHFSLS is to minimize the scheduling of make
span and power consumption. Makespan means the completion time
of the last sublot processed in the system. Power consumption is the v
alue of total machines processing power consumption plus idle time p
ower consumption of each machine. There are two critical decisions t
hat our problem has to decide it. First, this problem has to decide the
number of sublots and the size for each job. Then, the schedule is com
puted by processing sequence of these sublots on each machine in eac
h stage.
The assumptions of this study are as follows:
1. Each sublot can be processed at most on one machine at a time.
2. The minimum number of sublots for each job is equal to one
which means the size of sublot is equal to the size of that job.
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3. The maximum number of sublots for each job is unlimited. (Note:
If each job contained excessive number of sublots. It will cause a
lot of extra setup time and extend the makespan of the schedule.
4. If the size of sublots is equal to zero. Then, it is not necessary to
process this sublot.
5. A setup is needed before the processing of each sublot of a job on
a machine.
6. If the job is needed to be processed on specific machine, other
machines are unenforceable to this job.
7. The unit processing time and the setup time are known constants.
8. Sublots of different products can be interleaved.
9. The power consumption between setup time and processing time
is independent to each other.
10. Higher speed status would cause more power consumption but
reduce the makespan.
11. While processing each job, it is non-priority and non-preemptive.

Makespan of the schedule. It is the maximum of the
completion times of all the sublots

c r , m ,i

 j ,n

Completion time of the

sublot of job n from stage i

Completion time of the

run of machine m in stage i

Size of the

sublot of job n

vr ,m,i , j ,n,s

xr ,m,i , j ,n

yr ,m,i ,n
2.1 A multi-objective mixed integer programming model for
EEHFSLS
To present a mathematical model for the problem described above,
we define several notations. These notations are explained in the
following:
Indices
i,l

Stage index , i or l = 1, 2, ..., I
Machine index, m or k = 1, 2, ..., , where
is number
m,k
of machines in stage i
n,p
Jobs (products) index , n or p = 1, 2, ..., N
Sublot index, j = 1, 2, ...,
, where
is total number of
j
sublots of job n
Production runs index, r or u = 1, 2, ....,
, where
is maximum number of production runs of machine m in
r,u
stage i
Machine speed index, s = 1, 2, ...., S
s
Parameters
A set of pairs of stages (l, i) for job n constrained by
precedence relations, i.e., the processing of job n in stage l
is followed by its processing in stage i. That job can skip
in some stages
Processing time for one unit of job n on machine m in
stage i by speed s
Batch size/demand quantity of job n
Setup time on machine m in stage i for processing job n
following the processing of job p on this machine by
speed s; if n = p, the setup may be called minor setup

z r , m ,i

 j ,n
Maximum of electric power consumption of the
schedule

pmax

Objective Function

MinimizeF1  cmax

(1)

MinimizeF 2  pmax

(2)

Constraints
 Assignment constraints between production run and sublot

cˆr ,m,i  c j ,n,i    xr ,m,i , j ,n   (r , m, i, j, n)

(3)

cˆr ,m,i  c j ,n,i    xr ,m,i , j ,n   (r, m, i, j, n)

(4)

 Setup time constraint for first run on machine m in stage i
cˆ1,m,i   v1,m,i , j ,n, s    j ,n  n,m,i , s  Sm,i ,n,0, s     x1,m,i , j ,n    Fm,i (m, i, j , n)
s

(5)

 Setup time constraint for another run except first run
cˆr ,m,i   vr ,m,i , j ,n ,s    j ,n  n,m,i ,s  Sm,i ,n , p ,s    ( yr 1,m,i , p  xr ,m ,i , j ,n   
s

 cˆr 1,m,i (r , m, i, j, n, p) r  1

(6)

 Relation of binary variables constraints

v

r , m ,i , j , n , s

 xr ,m,i , j ,n (r , m, i, j , n)

s

(7)

Jn

The release time of machine m in stage i
Electric power consumption of machine m in stage i by
speed s during the processing status
Electric power consumption of machine m in stage i by
speed s during the setup status
Electric power consumption of machine m in stage i
during the idle status
Large positive number
Decision variables

yr ,m,i ,n   xr ,m,i , j ,n (r , m, i, n)

(8)

j 1

N

Jn

 x
n 1 j 1

r , m ,i , j , n

 zr ,m,i (r , m, i )

(9)

 Assignment constraint between (production) run and next run

zr 1,m,i  zr ,m,i (r , m, i) r  Rm,i
 Sum of the size of the job constraint

(10)
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Jn


j 1

j ,n

 Qn n

(11)

 Sublot existence constraints

 j ,n     j ,n ( j, n)

(12)

 j ,n   j ,n ( j, n)

(13)

 Job skip some stage constraint
M i Rm ,i

 x

r , m ,i , j , n

m 1 r 1

  j ,n  Bn ,i ; (i, j, n)

(14)

3.1.3 Fitness evaluation
This paper proposed the Multi-objectives energy efficiency sc
heduling algorithm (MOEES) extended from the LS algorithm is
to calculate the minimize makespan and power consumption for
each chromosome.The flow chart illustrates in figure 4.
Figure 4 The flow chart of MOEES algorithm

 Specified machine constraint

xr ,m,i , j ,n  Dn,m,i (r , m, i, j, n)

In our proposed model, the initialization chromosome of LH
S-Segment initial value was generated by random value in the i
nterval [0, 1]. The initial values in RHS-Segment are the rando
m sequence number from 1 to the length of LHS-Segment.

(15)

 Makespan constraint

cmax  c j ,n,i ( j, n, i)

(16)

 Electric power consumption constraint
pmax  PWm,i , s  vr ,m,i , j ,n , s   j ,n  n ,m ,i , s
r

m

i

j

n

s

  SWm,i , s  vr ,m ,i , j ,n , s  Sm ,i ,n , p , s
r

m

i

j

n

p

s

(17)



  PI m,i   cmax   vr ,m,i , j ,n , s    j ,n  n ,m ,i , s  Sm ,i ,n , p , s  
m
i
r
j
n
p
s



 Domain constraints

vr ,m,i , j ,n,s , xr ,m,i , j ,n , yr ,m,i ,n , zr ,m,i ,  j ,n 0,1

(18)

pmax , cmax , c j ,n,i , cˆr ,m,i ,  j ,n  0

(19)

3.1.4 Non-Dominated Sorting

3. Solution Algorithms
Due to the computational complexity, section 3.1 presents N
on-Dominated Sorting Genetic Algorithm II (NSGA II) to solve
the multi-objective mixed integer programming and obtain the a
pproximate Pareto solutions.

3.1 Non-Dominated Sorting Genetic Algorithm II (NSGA II)
For the NP-hard nature of the proposed multi-objective mixed
integer programming model, this study adopts NSGA II to find the
approximate Pareto solutions through the evolutionary process.
There are two parts in NSGA II. First, NSGA II using fast nondominated sorting classify all solutions to different fronts according
the dominate status. Then, the solutions of same front using crowding
distance algorithm identify the quality of solution. Thus, NSGA II
identifies multi-objective solutions by non-dominated sorting and
crowding distance.

3.1.1 Chromosome representation
In hybrid flowshop scheduling (HFS) problems, when lot ste
aming was considered, the problems need to transform the chro
mosome format to encoding the sublot size and permutation for
each job.
The chromosome in NSGA-II was divided into two segment
s. Left-hand-side Segment (LHS-Segment) means the decision of
sublot size for each job. Right-hand-side Segment (RHS-Segme
nt) represents the sequence of sublot size for each job.

3.1.2 Initialization population generation

Due to the trade-off nature of between these two solutions of
multi-objectives, this study adopts non-dominated sorting to sort each
chromosome of population. There are two parts in non-dominated
sorting, one is fast non-dominated sorting, and another is crowding
distance computation.
 Fast Non-Dominated Sorting
In fast non-dominated sorting, each solution have to record
the number of dominate by some solutions and dominate other
solutions, then it found the solutions which number of dominate by
some solutions was zero. After found dominate, it would remove just
found solutions. Searching number of dominate by some solutions is
zero again. More previous front means the solutions dominate the
behind front solutions.
 Crowding Distance Computation
After using fast non-dominated sorting to find the solutions
belongs to which front, it was adopting crowding distance to calculate
the solution in order to distinguish the solution of same front. Take
advantage of sorting the same front of solutions to decide the rank of
each solution. Crowding distance used to calculate the distance of
before and after solutions called Euclidean distance. Assume that the
distance of boundary solutions were infinite due to its lack general
distance. Therefore, when the sorting algorithm was be finished, the
smaller the ranking, the better rank, in the same rank, the greater
crowding distance, the better rank.

3.1.5 Selection operation
According to numerous of selection operation, our study used the
binary tournament selection. Based on binary tournament selection, it
would randomly select two of individuals in populations. Comparing
by non-dominated sorting algorithm, the better rank would be selecte
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d. Repeat the above step until exceed the required quantities.

3.1.6 Crossover operation
This study adopt two crossover operations, one for LHS-Se
gment: Two-Point Crossover (TPC) and another for RHS-Segm
ent: Single-Point Order Crossover (SePOC) are described as fo
llows, respectively.
 LHS-Segment: Two-Point Crossover (TPC):
Two-point crossover operation chooses two crossover points
in two parent chromosome, randomly. The genes between these two
points were doing crossover operation.
 RHS-Segment: Single-Point Order Crossover (SePOC):
In RHS-Segment of two parents choose one crossover point,
randomly. The left side genes of this crossover point copy its gene to
the relative offspring. The remaining of the missing genetic offspring
was copying by another parent gene of its relative position to
offspring.

of machine m in stage i by speed s ( SW ) were described in ta
ble 3. Table 4 presents the data of setup time on machine m in
stage i for processing job n following the processing of job p
on this machine by speed s ( Sm,i,n, p,s ). The data in table 5 are the
electric power consumption of machine m in stage i by speed
s during the processing status ( PW ). Table 6 illustrated the val
ue of processing time for one unit of job n on machine m in st
age i by speed s.
m ,i , s

m ,i , s

) and number of sublots for each job

Table 1 Demand quantity (
Qn

Sublots

Job 1

Job 1

Job 1

10
2

20
3

20
3

Table 2 Different performance of
PI m,i
Fm,i

3.1.7 Mutation operation

and

m1, i1

m2, i1

m3, i1

m1, i2

m2, i2

0.4
0

0.2
0

0.2
0

0.2
0

0.4
0

Table 3 Different performance of

This study adopts two Mutation Operation, included LHS-S
egment: Partition Randomization Mutation (PRM) and RHS-Seg
ment: Order-Swap Mutation (OSM) are described as follows.
 LHS-Segment: Partition Randomization Mutation(PRM):
LHS-Segment is randomly select two mutations; the gene
s between the mutation points would reset the value.
 RHS-Segment: Order-Swap Mutation (OSM):
RHS-Segment is randomly selects two mutation points and
exchanges the value of each gene.

3.1.8 Replacement operation

SWm,i,1
SWm,i,2

m2, i1

m3, i1

m1, i2

m2, i2

10
3

8
2

10
3

6
2

7
2

Table 4 Different performance of
m1, i1
m2, i1
m3, i1
m1, i2
Sm,i ,1, p, s
Sm,i ,2, p, s

Sm,i ,3, p, s

In proposed genetic algorithm, our study adopts tournament select
ion method. The detail step was ranking the chromosome by nondominated sorting; the better rank of chromosomes would take into th
e next generation of population until it fills up.

m1, i1

s=1
s=2
s=1
s=2
s=1
s=2

2
4
3
6
3
6

2
4
4
8
-

2
4
3
6
2
4

2
4
3
6
3
6

m2, i2
3
6
2
5

Table 5 Different performance of
m1, i1

m2, i1

m3, i1

m1, i2

m2, i2

20
5

15
4

16
5

18
5

21
5

PWm,i,1
PWm,i ,2

3.1.9 Formation of elite population
The initial Pareto set was added into the first generation of elite
population. The second generation and later of elite population were
merged by the new Pareto set and original elite population, then it
using non-dominated sorting algorithm to generate the rank of
chromosome and find the new Pareto set then updating to the next
generation of elite population.

Table 6 Different performance of
m1, i1
m2, i1
m3, i1
m1, i2
T1, m,i, s

T2, m,i, s
T3, m,i, s

3.1.10 Stopping criteria
This study used specification of a maximum number of generatio
ns as stopping criteria. While iteration reaches the specified maximu
m number of evolution algebra, the algorithm would terminate and fin
d the more convergence Pareto set of scheduling solutions.

4. Experiment Study
For example, the instance included two stages. Stage 1 exist
three machines and two machines in stage 2. There are three j
obs to be processed and all of jobs need to be processed in eac
h stage. Jobs 1, 2 and 3 for each demand quantity are 10, 20 a
nd 20, respectively. Assuming that job 1 was separated into 2 s
ublots, job 2 and job 3 was separated into 3 sublot (see as tabl
e 1). Table 2 shows the value of release date ( F ) and electric
power consumption during the idle status ( PI ) of machine m in
stage i, respectively. The value of electric power consumption
m ,i

m ,i

s=1
s=2
s=1
s=2
s=1
s=2

1
2
1
3
1
3

2
4
1
2
-

1
2
1
2
1
3

1
2
1
3
1
3

m2, i2
1
2
2
4

Based on above data, this experiment evaluates the EPC and
makespan under different preference vectors within NSGA-II. T
w
he values of MK and wEPC are randomly generated within inter
val [0, 1]. Decision makers would choose the most appropriate
weight in different situations as the practical application. Thus, t
his study divided the interval of preference vector into five secti
w
ons which means the MK and wEPC generated in (0,1),(0.2,0.8),
(0.5,0.5),(0.8,0.2),(1,0), respectively and the results illustrated in f
igure 5. From the figure 5, it can be observed that the different
weight of these preference vectors would bring about different
scheduling. In most case, lower makespan would cause higher el
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ectric power consumption, vice versa.

6. Mori, M., Fujishima, M., Inamasu, Y., Oda, Y., “A study on
energy efﬁciency improvement for machine tools”, CIRP Annals
- Manufacturing Technology, Vol. 60, No. 1, pp.145–148, 2011.

5. Conclusion
This paper proposed the multi-objective mixed integer progra
mming model to address the energy-efficient hybrid flow shop s
cheduling with lot streaming (EEHFSLS) for simultaneously min
imize production makespan and electric power consumption. Due
to the trade-off nature of both objectives and the computational
complexity of proposed multi-objective mixed integer programm
ing, this study adopts the NSGA-II to obtain the approximate P
areto solutions. According to the experimental results, NSGA-II
can solve the problem effectively.
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_______________________________________________________________________________________________________________
Distillation is the primary separation process widely used in the industrial chemical processing. Although it has many
advantages, the main drawback is its large energy requirement, which can significantly influence the overall plant profitability.
However, the large energy requirement of these processes can be systematically reduced by using driving force and energy
integration methods. This paper presents a methodology for designing energy efficient distillation columns systems based on
those two methods. Accordingly, the proposed methodology consists of four hierarchical steps. In the first step, the system of
distillation columns for multicomponent separation is designed based on the conventional distillation column design (shortcut)
method. Then, the conventional distillation columns systems design is improved in terms of energy saving by using driving force
method in the second step. It is expected in the third step that the distillation columns systems design can be further improved
in terms of energy saving by using energy integration method. Finally, the distillation columns systems design is evaluated in
in terms of economic performance. The simulation results by using Aspen HYSYS have shown that the direct sequence (Benzene
and Toluene) for BTX (Benzene, Toluene and p-Xylene) has energy savings with 8% reduction by using driving force method
compared to a shortcut method. It can be verified that the proposed methodology has the capability in designing energy efficient
distillation columns in an easy, systematic and practical manner.
_______________________________________________________________________________________________________________

1. Introduction
The demand for energy has been continuously increasing for
years and operation units with large energy demand such as
distillation columns have become more difficult to be supplied.
The energy efficiency of distillation columns systems becomes an
important criterion during retrofitting and design of industrial
chemical processes. On the other hand, reducing energy
requirements of distillation column systems leads to lower CO2
emission. This becomes the reason why the plant designer must
take the different energy saving solutions into consideration and
choose the best distillation columns systems design for the specific
separation task.
Reducing product cost in chemical industry has been very
effectively used in energy saving method for distillation columns
by heat integration columns system. Heat integration by two
columns is based on an idea to match utilizing overhead vapour of
one column in order to provide heat content for boiling up a second
column. Heat integration column is the process of hot streams was
heat exchanged with cold streams. In this process the rectifying and
stripping sections was designed by internally coupled through heat
exchanger. These designs have proven an enormous improvement
by reducing the reboiler and condenser duties will lead to energy
saving efficiency. Therefore, the development of process and
energy integration technique have been developed such as the fully
thermally coupled distillation columns (FTCDC or Petlyuk column)

and dividing wall columns (DWCs), which can have greater in
reduce energy consumption. The divided wall column allows
reversible splits with no part of the separation being used twice and
the main source of its superior energy efficiency over other column
configurations. However, Petlyuk systems have strong interactions
between their columns because of the thermal integration, which
can inhibit their design and operation.
Therefore, a new methodology that will enable to design energy
efficient distillation columns (EEDCs) is proposed in this paper.
Accordingly, the proposed methodology consists of four
hierarchical steps. In the first step, the system of distillation column
for multicomponent separation is designed based on the
conventional distillation column design method. Then, the
conventional distillation columns systems design is improved in
terms of energy saving by using driving force method in the second
step. It is expected in the third step that the distillation columns
systems design can be further improved in terms of energy saving
by using energy integration method. Finally, the distillation
column systems design is evaluated in in terms of economic
performance. By applying the proposed methodology, it is possible
to make an early assumption on sequence of distillation column
systems that is the best in terms of energy saving. Significant
energy savings can be made with the use of distillation column
trains with driving force [1] and energy integration [2] methods.
Bek-Pederson and Gani [1] developed a systematic design and
synthesis of distillation systems using a driving force based method.
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This method suggested that at the highest driving force, the
separation becomes easiest due to the large difference in
composition between the phases and therefore, the energy
necessary to achieve the separation task at each individual
distillation column is at a minimum. In addition, Sobocan et al. [3]
developed a systematic synthesis of energy integrated distillation
column systems. This method helps in reducing external energy
input of the distillation column systems by minimizing the utility
consumption and maximizing the heat exchange between the
integrated columns.
This paper presents a methodology for designing energy
efficient distillation column systems based on driving force and
energy integration methods. In the next section, review on energy
integrated distillation columns design is discussed followed by a
detail of the proposed methodology which consists of four
hierarchical steps. The application of this methodology is tested by
using a case study and ends with conclusion.

2. Overview of Energy Integrated Distillation Columns
Design
The design method for energy integrated distillation columns
can be summarized into four types which are: 1) conventional type
distillation column with multicomponent separation, 2)
conventional type distillation column with driving force, 3)
conventional type distillation column with pinch technology and 4)
conventional type distillation column with driving force
combining with pinch technology. The McCabe-Thiele graphical
technique has been used as a basic and simple technique to
determine the design values of distillation column [4].
In this study, two graphical methods are used to determine the
optimal design for energy efficient, which are driving force and
pinch technology. Driving force method usually uses in the earliest
stage of designing distillation column in order to successfully
achieve the desired separation. In distillation column, driving force
is the difference between composition in vapour phase and liquid
phase which occurs when the difference of properties such as
boiling point and vapour pressure [5]. The ideal designs for
distillation column is based on the driving force approach to
maximum, will lead to energy necessary in maintaining the two
phase system in minimum or highly energy efficient design.
Therefore, in the second type of distillation column design, the
driving force method will be used as an additional step in similar
conventional distillation column with the present of driving force
diagram.
Meanwhile, pinch technology represent as a simple
thermodynamically method that produce minimum energy
consumption by using the first key of pinch analysis (setting
energy target) as a key part for energy monitoring [6]. Pinch
technology method helps to optimize the heat transfer equipment
during temperature crossover between hot streams and cold
streams according to the first and second law of thermodynamics.
Then, the third type of distillation design method is achieved by
using pinch technology in the conventional type of distillation
column in order to reduce energy consumption in the process
which mean more energy saving can be obtained. Lastly, the
design of energy efficient distillation column can be created by
combining driving force method with pinch technology in the
conventional type of distillation column. Theoretically, by
combining these two methods with the conventional type of
distillation columns can produce more energy efficient.

3. Methodology for Designing
Distillation Columns Systems

Energy

Efficient

In this section, we discuss in more details the development of
a systematic methodology for designing energy efficient
distillation columns systems based on driving force and energy
integration methods. Accordingly, the proposed methodology
consists of four hierarchical steps as shown in Fig 1.
The first step deals with the conventional distillation columns
systems design, which will become the base design used for
verification purposes. In this step, the system of distillation column
for multicomponent separation is designed based on the
conventional distillation column design method. Then, the
conventional distillation columns systems design is improved in
terms of energy saving by using driving force method in the second
step. It is expected in the third step that the distillation columns
systems design can be further improved in terms of energy saving
by using energy integration method.
Finally, the distillation column systems design is evaluated in
in terms of economic performance. By applying the proposed
methodology, it is possible to make an early assumption on type
of distillation column systems design that is the best in terms of
energy saving and cost.

Problem Definition and Formulation

STAGE 1: SHORTCUT (BASE CASE)
1.1 Number of stages
1.2 Rigorous simulation
1.3 Energy requirements

STAGE 2: DISTILLATION COLUMN
DESIGN-DRIVING FORCE

GRAPHICAL METHODS

2.1 Driving force diagram
construction
2.2 Distillation column
design
2.3 Rigorous simulation
2.4 Energy requirements

NO
Design Feasible?

NO
Energy Reduce?

STAGE 3: HEAT INTEGRATION DESIGNPINCH TECHNOLOGY
3.1 Thermal Data Extraction
3.2 Initial ΔTmin
3.3 Heat Exchanger Network
Design
3.4 Rigorous simulation
3.5 Energy requirements

NO

Network HEN
Feasible?

NO
Energy Reduce?

STAGE 4: FINAL DESIGN ECONOMIC
4.1 Final Design Selection
4.1.1 CAPEX, OPEX, ROI

Fig. 1: A new proposed methodology for an energy integrated
distillation columns.
The simulation models of the studied distillation columns
systems are implemented in the Aspen HYSYS process simulator.
In the first step, the number of the theoretical trays, location of the
feed trays and the reflux ratio are estimated with shortcut design
procedure. The results of the shortcut design are then implemented
in rigorous column model. In the second step, by fixing the number
of the theoretical trays obtained in the previous step, the location
of the feed trays and the reflux ratio are estimated by using driving
force method. Then, the results of the driving force design are
implemented in rigorous column model, and the total energy
consumption is compared with the previous shortcut design. In the

International Symposium on Green Manufacturing and Applications (ISGMA 2014), pp. 66-69
ISGMA2014-D-4-5

third step, the energy saving of the distillation columns systems
designed by driving force method is further improved by
implementing energy integration. The design of the heat exchanger
network is synthesized by using thermal pinch method. The results
of the heat exchanger network design are then implemented in
rigorous column model, and the total energy consumption is
compared with the two previous designs. Finally, the economic
performance is calculated and analyzed.
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The sequence obtained from the driving force method will be
then verified in terms of energy saving by using Aspen HYSYS
process simulator. Tables 2 and 3 show the results for the
percentage of energy savings for indirect and direct sequences by
using Aspen HYSYS simulations. It is verified that energy saving
with 8% reduction can be obtained by using direct sequence as
suggested by the driving force method.
5. Summary

4. Case Study for Benzene, Toluene and p-Xylene (BTX)
The separation case study of a ternary mixture of benzene,
toluene and p-xylene is selected to highlight the application of the
proposed methodology as shown in Table 1. The feed flowrate is
100kmol/hr and products consist of three components. In this case
study, A, B and C are denoted as light, intermediate and heavy
components. The temperature and pressure for feed are selected at
75°and 2 atm.
In the first stage, the separation sequence based on the short cut
design method is applied. The energy required for this separation
sequence is taken as a reference. Then, the energy requirements for
the separation is verified or further improved by using driving
force method.
Table 1: Case study of flow rate feed and product specification.
Streams
Components
Benzene (A)
Toluene (B)
p-xylene(C)
Total

Feed
kmol/hr
50.00
30.00
20.00
100

X
0.50
0.30
0.20
1.00

Fig 2 shows the driving force diagrams for two different binary
separations which are Benzene-Toluene (direct sequence) and
Toluene-p-Xylene (indirect sequence). From the figure, it can be
seen that the plot of Benzene-Toluene shows the higher point
compared to Toluene- p-Xylene. According to the driving force
method, at the higher point at the driving force diagram separation
becomes easier and the energy required to maintain that separation
is at the minimum. Therefore, by just analysing the driving force
diagram, we can identified the best distillation columns sequence
that will require less energy.
0.26

FD
Benzene and
Toluene

0.24
0.22

'Toluene and
Xylene

0.20
0.18

0.16
0.14
0.12
0.10
0.08

The methodology for designing energy efficient distillation
column systems based on driving force and heat integrated
methods has been presented. Accordingly, the proposed
methodology consists of four hierarchical steps. By applying the
proposed methodology, it is possible to make an early assumption
on the sequence of distillation column systems that is the best in
terms of energy saving.
Table 2: Separation of Toluene and p-Xylene (Indirect Sequence)
Design

Shortcut
Method

No. of stages, NS
No. of feed location, NF
Reflux Ratio
Composition at
Benzene
top
Toluene
p-xylene
Composition at
Benzene
bottom
Toluene
p-xylene
Energy Condenser, kW
Energy Reboiler, kW
Total Energy, kW
Percentage Energy Saving
with Driving Force Method, %

24
10
0.628
0.6023
0.3697
0.0100
0.0000
0.0100
0.9900
2161
2292
4453

Driving
Force
Method
24
15
0.507
0.6122
0.3651
0.0227
0.0000
0.0100
0.9900
2098
2229
4327
3

Table 3: Separation of Benzene and Toluene (Direct Sequence)
Design

Shortcut
Method

No. of stages, NS
No. of feed location, NF
Reflux Ratio
Composition at
Benzene
top
Toluene
p-xylene
Composition at
Benzene
bottom
Toluene
p-xylene
Energy Condenser, kW
Energy Reboiler, kW
Total Energy, kW
Percentage Energy Saving
with Driving Force Method, %

21
10
1.421
0.9900
0.0100
0.0000
0.0100
0.5900
0.4000
1809
1937
3746

Driving
Force
Method
21
13
1.070
0.9900
0.0100
0.0000
0.0415
0.5714
0.3871
1663
1792
3455
8

0.06
0.04
0.02
0.00

0

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

1

Composition
(x light key)

Fig 2: Driving force diagram for BTX separation system.
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In this study, flame retardant was applied to coating materials for improvement of flame retardancy. The coating materials
were applied to the surface of wood-based materials used interior materials and furniture, with high flame retardant
performance were prepared by the stirring of carbon materials, such as natural graphite(NG), expandable graphite(EG) and
exfoliated graphite nanoplatelets (xGnP), in liquid water-based paint, for confirming flame retardant performance of carbon
materials. We have conducted experiments of two types. At first, carbon materials were compared with phosphorus flame
retardant, which is used of conventional flame retardants, for expression flame retardant performance. Secondary, three
types of carbon materials are were compared to each other about expression flame retardant performance. Phosphorus
flame retardant and carbon materials were added to liquid water-based paint at same mass fractions (5.0 wt%). And these
solutions were painted to building materials which is used to interior. The flame retardant performance of prepared samples
was conducted by TGA and cone calorimeter experiment. TGA analysis revealed that Paint/Carbon materials blending
composites have good thermal durability in the working temperature ranges. In case of cone calorimeter experiments, and
the result of experiment was showed that this result satisfied standard for flame retardant performance standard in ISO
5600-1.

1. Introduction
Wood has a beautiful design, superior mechanical strength and
easy processing ability. Because of this, plate material of processed
timber has been used actively for building interiors and furniture
materials [1]. In particular, according to the latest global trends in
sustainable timber, it is being used more frequently. However, when
used as a building material, wood has a big problem of flammability.
In the combustion of wood, wood chemically reacts with the oxygen
in air to produce light, heat and the oxidation phenomena of burning.
When wood is heated in air, there were reports in the pyrolysis, even
after 180°C [2]. The ignition temperature of the wood is about 350°C
[2]; when compared with other building materials such as stone,
cement and concrete, in the event of a fire, wood can be seen as
highly flammable. There are two ways to suppress the flammability,
and improve the flame retardancy, of wood and wood-based panels.
The first method is that wood-based panels are immersed in a solution
of flames or are impregnated with flame retardant [3-6]. The second
method is that flame retardant resin is coated on the surface of woodbased panels [7-9]. In the first the for retardant performance is
expressed according to the charging of flame retardants, such as
phosphorus flame retardant, inorganic flame retardants, or carbon-

based flame retardants in the air gap of wood-based panels. In the
second case, it is a way to block the flames, by coating the surface of
the product with retardant paint or coating film [10]. There is a high
level of interest in using nano-size reinforcing fillers for making
composite materials with exceptional properties [3-6, 11]. Also,
research on the carbon material used in flame-retardant performance
improvement among nanomaterials has recently been actively
undertaken. Among the carbon materials, the kinds mainly used as
flame retardant are Graphite, Amorphous carbons, Carbon nanotubes
(CNTs) and they have some differences depending on the type and
characteristics [10-13]. However, of these carbon materials, Carbon
nanotubes (CNTs) are still expensive due to the difficulty of the
manufacturing process. On the other hand, graphite is a natural
substance that exists in abundance and are stacked six-sided colon as
a carbon layer structure is made of a composite material as a filler has
been a growing interest [13]. Expandable graphite (EG) is usually
produced by using H2SO4–graphite intercalation compounds (GICs),
through comparatively low-cost acid treatment. H2SO4–GICs are
widely used for the exfoliation process, because they can give a high
expansion volume, during thermal treatment [14]. The EG maintains
layered structures similar to natural graphite flake, but produces
admirably different sizes of pores, and nano-sheets with very high
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aspect ratio [14, 18]. If the expression of the performance of carbon
materials is to appear properly inside the material, it should be evenly
distributed [15]. In addition, during the life cycle of building materials,
such as a panel or wall, time passes, so the use of applied carbon
materials should not result in degradation of the flame retardant
performance. Building materials to which carbon materials are added
should be durable, because of being applying to a building [16]. In
addition, in order to secure safety at the time of the fire, wood-based
panels for the building interior should not only have improved flameretardant performance, but also have the properties of being
environmentally friendly when fires occur, such as smothering the
release of toxic gases. By satisfying these chemical characteristics,
the resistance to fire in the building is increased, and at the same time,
the safety can be secured. It is confirmed from previous studies that
carbon materials exhibit flame retardant performance just through a
mixture of physical agitation, without chemical treatment [16].
Therefore, in this study, the carbon material is mixed with paint for
interior construction using a stirrer, and the flame retardant
performance was confirmed through the methods of phosphorus and
carbon-based flame retardant paint being applied to the surface of
wood-based panels.
The aim of this study was to determine the combustion
characteristics of the coating materials applied to the surface
according to ISO 5660-1, using a cone calorimeter. The purpose of
this study is resolving the combustibility of wood-based panels for
use in building interiors and furniture. In order to achieve this goal,
we propose utilizing carbon material as an additive. Also, we use
thermo-gravimetric analysis (TGA), for measuring thermal behavior.

Fig. 1 Experimental specimens

2.2 Preparation
According to the standard that is provided by the company
preparing paint, they were applied to the coating of the paint. We
applied paints on the surface of MDF four times for each specimen.
Table 3 shows the condition of the specimens for this experiment.

2. Experimental

Table 2 Conditions of mixed carbon-based flame retardant.
Description
carboncarboncarbonbased
based
based
retardant
retardant
retardant
paint A
paint B
paint C
Type of retardant
Exfoliated
Nature
Expandable
graphite
graphite
graphite
nanoplates
(NG)
(EG)
(xGnP)
Weight ratio of the
5.0
5.0
5.0
components (%)

2.1 Materials

Table 3 Application to the surface of the specimen

In the experiment, we used carbon nanotubes (CNT), natural
graphite, expandable graphite, and exfolited graphite nanoplatelets
(xGnP) as carbon-based flame retardant. CNT, EG, and xGnP were
confirmed by previous research to have flame retardancy [6, 14, 19].
The xGnP was produced by the method of treatment of the graphite’s
surface acid treatment with sulfuric acid (H2SO4) and the infliction of
heat.

Description

Table 1 Conditions of mixed flame retardant
Retardant
Retardant
Description
paint A
paint B
Type of retardant
APP
CNT
Weight ratio of the
components (%)

5.0

5.0

Retardant
paint C
xGnP
5.0

MDF

Composition of
retardant filler

Number of
times applied

Applied weight
(g)

No treatment

0

5.5g/times

MDF / APP

4

5.5g/times

MDF / CNT

4

5.5g/times

MDF / xGnP

4

5.5g/times

Water-based
Paint / MDF

4

5.5g/times

MDF /NG

4

5.5g/times

MDF / EG

4

5.5g/times

The material was applied to an explosion, and crushed through
the process [14]. First, two types of flame retardant were added to the
flame-retardant coating material, with the weight ratio of flameretardant coating material A in the same manner as the ratio of the
phosphorus-based flame retardant (Ammonium Polyphosphate; APP),
and flame-retardant coating material B was prepared for
commercially available flame-retardant phosphorus-based flame
retardant based paints A, with the aqueous coating material in a
mixture of a carbon-based flame retardant Flame retardant coatings B,
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C of the flame retardant performance for comparison (Table 1). The
paint used to paint the base was SAMHWA PAINT INDUSTRIAL
CO., LTD. designed building built in water-based paint for the main
ingredient is a synthetic melanin resin. Specimens were produced by
DONGWHA NATURE FLOORING CO., LTD. for furniture
materials of medium density fiber board (MDF). For testing by Cone
Calorimeter, the foundation was of size 100mm×100mm×10mm.
(Fig 1) The second specimen was produced by coating three kinds of
carbon-based flame retardant paint. The coating material used in the
carbon materials are natural graphite (NG), expandable graphite (EG)
and exfoliated graphite nanoplates (xGnP), which were mixed at a
weight ratio of 5% in water-based paints.

specimen surface area, and is the best element that indicates the risk
of burning materials. Fig. 3 shows the results of the first experiment
by the cone calorimeter, which are the HRR curves of MDF and
coated MDF with flame retardants. The specimens, to which xGnP
and APP are applied how improved flame retardant performance.

2.3 Characterization technics
2.3.1. Flammability testing
Cone calorimeter tests were carried out according to the
procedures indicated in the standard of ISO 5660-1. The MDFs were
conditioned to equilibrium at 70% and 28°C prior to testing. All
specimens were measured in the horizontal position and the square
specimens were heated with heating intensity (Heat flux) of 50kJ/m2
for each specimen. Fig. 2 shows the cone calorimeter machine used in
this experiment. This machine is located in The Forest Research
Institute of South Korea. During the test, the following parameters
were determined heat release rate (HRR), peak heat release rate
(PHRR), total heat release (THR) and mass loss rate. Additionally,
through determining the smoke emission rate (SPR) and CO yield
data, we tried to detect the fire hazard for toxic gases.

Fig. 3 Heat Release Rate (HRR) of the comparison among the flame
retardants
In the case of xGnP/MDF specimen, the peak temperature is the
last to appear at the beginning of the experiment. This result is
determined as showing benefits of delaying combustion, when fire
occurs. After 200 seconds passed, the HRR value of the xGnP is
increased. However, it was still a lower value than the value of the
non-treated specimens. According to ISO 5660-1 standard, the value
of APP/MDF and xGnP/MDF specimens satisfied Level 3 flame
retardant criteria. Table 4 shows the ISO 5660-1 standard provisions
of the flame retardant performance in Japan.
Table 4 Cone calorimeter test of ISO 5660-1 standard [20]
Performance
standards
Class of
Determination
Flammability
reference
Heating
Heating

Fig. 2 Cone calorimeter

2.3.2. Thermo-gravimetric analysis
Thermo-gravimetric analysis (TGA, TA instrument, TGA Q 5000)
was carried out to determine the decomposition temperature.
Specimens were cut into by approximately 2-4 mg, and fitted to a
nitrogen atmosphere consisted of 99.5 % nitrogen and 0.5 % oxygen
to prevent oxidation, in the range of 0-600 °C, at a heating rate of
10 °C/min.

3. Results and discussion
3.1. Heat Release Rate (HRR)
The heat release rate is the size of the calories caused by the

conditions

time (m)

First class
(noncombustible)

50kW/m2

20

Second class
(Seminoncombustible)

50kW/m2

10

Third class
(flame
retardant)

50kW/m2

5

• Total heat release (THR)
should be less than
8MJ/m2.
• The peak HRR should
not exceed 200kW/m2 for
more than 10 seconds.
• When fire occur,
penetration, cracks, holes,
etc. that are harmful should
not occur.

Fig. 4 shows secondary data among the graphite. The specimen
applied with paint only, resulted in values of over 200kW/m2. Overall,
graphite-based MDF specimens exhibited low values, compared to
the value of the specimen applied with paint only. The EG/MDF
showed the lowest value of HRR, because, EG was a blast, while it
absorbs heat. The flame retardant performance is improved, even if
we have applied other graphite. These results confirmed the greater
safety of wood-based panels applied with graphite-based composites,
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as building materials for interiors when exposed to fire, compared to
untreated wood-based panels.

graphite have flame retardancy. The mass loss ratio indicated the
amount burned, when fire occurred. As shown in the table, MDFs
coated with flame retardant showed a lower mass loss rate. In
particular, EG/MDF showed a rate that was the lowest, with a value
of less than 10 percent. Because EG is treated by acid, it has a high
surface area, and lacks a high negative surface charge, so has a good
heat absorption capacity [14].

Fig. 4 Heat Release Rate (HRR) of the graphite-based flame
retardants

3.2 Peak of Heat Release Rate (PHRR) and Total Heat Release
(THR)
Tables 5 and 6 show the values of PHRR, THR and mass
reduction ratio that are results of all the experiments.

(a) Comparison among the flame retardants

Table 5 The results of the Cone calorimeter test by the comparison
among the flame retardants
PHRR(kW/m2)

tPHRR (s)

Mass reduction
ratio (%)

MDF

164.35

55

66.25

MDF/APP

128.23

60

47.45

MDF/CNT

155.60

60

66.39

MDF/xGnP

122.89

100

61.87

The results of PHRR confirm that, the value of all specimens did
not exceed 200kW/m2. The value of tPHRR shows that the heat
release time was delayed. When compared with the all the other
specimens, the value of xGnP/MDF is the lowest; therefore, we can
determine that xGnP has thermal stability. As a result, MDFs coated
with the surface using graphites showed flame retardant performance.
When viewing the results, it is most unique that EG/MDF showed the
best value for flame retardant.
Table 6 The results of the Cone calorimeter test by the graphite-based
flame retardants
PHRR(kW/m2)

tPHRR (s)

Mass reduction
ratio (%)

Reference

213.97

55

77.23

xGnP/MDF

122.89

100

33.61

NG/MDF

128.09

65

29.25

EG/MDF

77.95

30

7.97

Fig. 5 is the THR curve of two types of experiment. The THR
curves show the trends of retardant performance of graphite-based
coatings. As can be seen from looking at the graphs, all kinds of

(b) Graphite-based flame retardants
Fig. 5 Total heat release (THR) of flame retardants (a) and (b)

3.3 Smoke emission of untreated MDF and coated MDF
Many types of interior materials and furniture release dense
smoke that limit visibility, and can cause disorientation for people
attempting to escape from a fire situation. The production of smoke
and toxic gas along with the HRR play an important role in
understanding the risk of fire related to interior materials and furniture
[21]. Fig. 6 shows the SPR curves of untreated MDF and coated MDF.
The SPR of water-based paints/MDF and EG/MDF was the highest
and lowest among the coated MDFs, respectively. This result was
attributed to their higher HRR and lowest HRR. The SPR of
xGnP/MDF and NG/MDF were lower than that of Water-based
paints/MDF, indicating that for the graphite-based coating materials,
the coated surface of the MDF reduced the SPR. However, the SPR of
CNT/MDF was much higher than that of the other carbon-based
coating materials, because CNT has toxicity [22].
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Fig. 6 Smoke production rate (SPR) curves of untreated MDF and
coated MDFs
Wood-based panels, such as MDF, are used widely as interior
materials and furniture. However, one of the limitations of MDF as an
interior material is its flammability [23]. Therefore, the high HRR and
SPR of MDF need to be treated with flame retardant and non-toxic
materials, to improve the fire safety and behavior. Fig. 7 shows the
CO yield of the untreated MDF and coated MDFs. The gas products
released by decomposing untreated MDF and coated MDFs depend
on the chemical nature of the organic component material, oxygen
availability and the temperature of the fire [21].
As shown in the graph, the CO emitted from the MDF treated
with different types of flame retardant show various peak points,
respectively. Among the results, the CO yield of EG/MDF and
NG/MDF showed the unique shape of a curve. EG was produced by
acid treatment, so that it was exploded by being intermittently applied
to heat. In the case of that of NG/MDF, it showed intensive release of
CO gas, early in the combustion. It is apparent that an increase in the
value of HRR is almost associated with an increase in the CO yield
[21]. However, as shown in Fig. 8, the peak point of the CO yield of
NG/MDF exhibited lower value than that of the others.

Fig. 7 CO yield of untreated MDF and coated MDFs, as a function of
time

Fig. 8 Peaks of CO yield of of untreatd MDF, ans coated MDFs
Also, the CO yield of EG/MDF, which showed a unique pattern,
exhibited lower value, as compared to untreated MDF. Therefore,
graphite-based coating materials have a lower hazard of fire occurring.
The importance of reducing smoke to increase human survival in a
fire has prompted the characterization of the smoke properties for a
wide range of interior and furniture materials. From these results, it
was concluded that the HRR and SPR are important factors for
evaluating a fire hazard, and that the application of graphite-based
coating materials to interior materials as a frame retardant is an
effective method for enhancing fire safety, and resisting the fire [23].

3.4 Thermal stability of xGnP-based coating materials
The thermal stability of xGnP-based coating materials was
evaluated, by means of TGA. TGA is measured by adding the
specimens to a temperature program about changing the mass of
specimens, utilizing time and temperature as a function. It is a thermal
gravimetric analysis of ideal composition, utilized to analyze
substances into volatile materials (water, solvents, etc.), polymers,
carbon filler and ash, etc. According to the derivative weight curve,
all the samples mainly degraded in two steps. In the case of 5wt.%
xGnP-based coating materials, the first peak occurred at 358.6 °C,
and the second peak occurred at 417.3 °C. On increasing the xGnP
contents of xGnP-based coating materials, the peak temperature is
highest at 369.0 °C of the first peak, and at 425.5 °C of the second
peak. In the case of 7wt.% xGnP-based coating materials, showing a
slow peak point, the peak temperature slowly declined by 395.8 °C of
the first peak, and a second peak point didn’t appear. All the samples
showed small weight losses of almost 17%, and the mass loss of the
composite is shown in Fig. 9. Comparing the results, 10wt.% xGnPbased coating materials show the lowest weight loss; therefore, the
retardant performance is proportional to the weight ratio, to a certain
extent. However, the curves of all three are of almost similar shape.
The TGA curves show that all kinds of xGnP have thermal stability.
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2. Rowell, RM., “Handbook of Wood Chemistry and Wood
Composites ,” 2013.
3. Moon, SC. and Emrick, T., “High flame resistant and strong
electrospun
polyacrylonitrile-carbon
nanotubes-ochre
nanofibers,” Polymer, Vol. 54, No. 7, pp. 1813-1819, 2013.
4. Isitman, NA. and Kaynak, C., “Nanoclay and carbon nanotubes
as potential synergists of an organophosphorus flam-retardant in
poly (methyl methacrylate),” Polym. Degrad. Stabil, Vol. 95, No.
9, pp. 1523-1532, 2010.

Fig. 9 TGA curves of xGnP-based materials

4. Conclusions
The combustion characteristics of carbon-based materials for
coating the surface of MDF were investigated, according to ISO
5660-1, using a cone calorimeter. The kind of flame retardant, applied
to the MDF, confirmed the HRR, PHRR, THR and mass reduction
ratio. Also, the SPR emission and CO yield were measured, for
enhancing the fire safety, and resisting the fire. Among all flame
retardants, APP/MDF and xGnP/MDF showed that the application of
flame retardant to interior materials is an effective method for
enhancing the fire safety. In addition, CNT of the results of previous
studies with the different cases confirmed that the flame retardant
performance was not well expressed. Although xGnP was physically
mixed with an existing water-based paint, it was similar to the
performance of a flame retardant shown in APP. Allowing this result,
the physical dispersion of the mixture with just xGnP evenly
distributed flame retardant performance could have determined this
expression. However, in the case of CNT, was not built in a welldistributed so that low-retardant performance could not appear in our
evaluation. Also, we compared the various types of graphite on the
thermal stability and flame retardant performance. The case of
EG/MDF showed the best flame retardant performance of several
aspects data. Also, according to the TGA curves, all graphite-based
coating materials show thermal stability at occurring fire temperature.
As a result, flame retardant coating with carbon materials, like xGnP,
NG and EG, can be considered as flame retardant building materials,
such as interior construction, and furniture for buildings.
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Ultrasonic imprinting is a novel process in which micropatterns can be replicate on thermoplastic polymer films with short
imprinting time and low energy consumption. The micro-scale vibration of an ultrasonic horn causes repetitive deformation
and friction on the polymer surface, which results in heat generation due to viscoelastic dissipation energy. As the ultrasonic
vibration repeats in high frequency, the polymer temperature increases to its softening temperature, and the micropatterns
engraved on the horn surface can be replicated on the softened surface. In this study, the heating mechanism in the
ultrasonic imprinting process is numerically investigated using finite element (FE) analysis. For the simulation of the
ultrasonic imprinting process, a coupled FE analysis is performed by connecting structural FE analysis for the vibration
stage and thermal FE analysis for the heating stage. For the vibration stage, a nonlinear structural analysis is performed to
calculate the ultrasonic wave propagation and the resulting viscoelastic dissipation energy generation inside the polymer.
For the heating stage, a transient heat transfer analysis is performed using the obtained dissipation energy data. Through
the proposed coupled simulation, heating mechanism of ultrasonic imprinting is investigated numerically and is compared
with experimental measurement. Effects of imprinting conditions on the heating characteristics are also discussed through
the proposed simulation.

1. Introduction
These days, ultrasonic vibration energy has been widely applied
in various manufacturing fields such as machining, joining and
material processing. Recently, the ultrasonic energy was further
applied to ultrasonic imprinting (U-NIL) that replicates micro/nano
patterns directly on thermoplastic polymer substrates.1-2 In this
process, ultrasonic energy is converted into heat at the interface
between polymer substrates and molds so that polymer surfaces
become softened enough to be deformed by external force. 3 The
heating mechanism is similar with that of ultrasonic welding while
U-NIL uses patterned mold or horn for micro/nano pattern
replication. Owing to its simple apparatus setup and high
productivity, the U-NIL process has increasingly been applied to the
fabrication of functional components such as micro-devices and
super-hydrophobic surfaces.4-6
Several researches have been performed to investigate the U-NIL
process numerically. Lin and Chen7 analyzed the flow field and
temperature distribution during U-NIL using computational fluid
dynamics (CFD) simulation. Zhang and Li8 conducted a coupled

thermal-mechanical numerical analysis to simulate the ultrasonic
welding process of aluminum foil. Elangovan et al.9 solved thermal
FEA problems to predict temperature change at weld interface during
ultrasonic welding of metallic materials. Rani and Rudramoorthy10
performed FEA to predict the vibration characteristics and the
resulting thermal effects for various horn types in ultrasonic welding
of polymer materials.
In this study, a coupled numerical analysis is performed to
simulate the ultrasonic imprinting process, by connecting structural
FE analysis for the vibration stage and thermal FE analysis for the
heating stage. For the vibration stage, a structural analysis is
performed to calculate the ultrasonic wave propagation and the
resulting deformation energy generation inside the polymer substrate.
The estimated deformation energy is then transformed into internal
heat generation, from which a transient heat transfer analysis can be
performed for the heating stage. Through the proposed coupled
simulation, heating mechanism of ultrasonic imprinting could be
successfully investigated.

2. Overview of the U-NIL process
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The U-NIL process uses ultrasonic vibration energy to soften
thermoplastic polymer substrates for pattern replication. The microscale vibration of the horn causes repetitive deformation of the
polymer surface, which results in heat generation due to viscoelastic
dissipation energy. As the ultrasonic vibration repeats in high
frequency, the polymer temperature increases to its softening
temperature. Thus, the micropatterns engraved on the horn surface
can be replicated on the softened substrate.
The U-NIL process follows four steps, as illustrated in Fig. 1. The
first step is the vibration step where an ultrasonic horn presses a
polymer substrate with ultrasonic excitation. The next step is the
filling step where the polymer surface is softened by the deformation
heat, and microcavities of the horn surface are filled with the molten
polymer. After this filling step under ultrasonic vibration, a holding
force is maintained for several seconds in order to improve pattern
replication until the molten polymer surface is fully solidified
(holding step). Finally, the horn recedes and the replicated substrate is
ejected from the mold (demolding step).
In the U-NIL process, an ultrasonic horn should vibrate along its
longitudinal direction in order to ensure high replication accuracy. A
circular horn was designed and fabricated to resonate at the given
excitation frequency. Considering that the horn vibration imposes
compressive force only during the downward motion, the vibration
stage can be divided into loading mode and unloading mode. In the
loading mode, the horn moves downward so as to impose a
compressive force on the substrate. In contrast, the horn moves
upward in the unloading mode so that no external force is applied on
the substrate. Figure 2 plots the measured force signal under three
cycles of ultrasonic vibration. The frequency of the ultrasonic wave
was 28 kHz, and the resulting time period for each cycle was
measured to be 35.7 s. It can be seen that the measured force
showed a half sinusoidal signal during the loading mode while no
external force was detected during the unloading mode. The force
amplitude was measured to 1.861 kgf.

3.1 Structural wave propagation analysis

Fig. 1 Stepwise description of the U-NIL process

Fig. 2 Measured force signal during the ultrasonic excitation

3. Numerical Analysis for the U-NIL Process

To obtain the repetitive deformation fields during the vibration
stage, a transient structural analysis was performed. The analysis
domain was simplified using a 2-dimensional plain strain model, and
only a half section was taken by considering symmetry. The polymer
substrate is an Altuglass PMMA sheet with 0.8 mm thickness. Nine
micropatterns were modeled on the horn tip with the following
dimensions: 250 m pitch, 100 m width and 34 m depth. The
elastic modulus and Poisson’s ratio of the substrate are 3.18 GPa and
0.38, respectively. As a boundary condition, compressive forces were
applied for the contact regions between 9 micropatterns of the horn
and the PMMA surface. ANSYS™ was utilized in the transient
structural analysis and the relevant wave propagation simulation.
Figure 3 shows the transient deformation results of the PMMA
substrate during the first loading cycle (0 ~ /2). The maximum
deformation occurred at 8.93 s, which corresponds to /4 in
wavelength. The resulting strain field at this point was then set to the
amplitude of the strain signal, from which the viscoelastic dissipation
energy generated in the PMMA substrate can be calculated.

Fig. 3 Transient deformation results during the loading period (unit:
m, magnification factor: 10)

3.2 Transient heat transfer analysis
For the transient heat transfer analysis, the heat generation rate
was calculated using from the obtained strain field of the structural
analysis. Figure 4 shows the calculated heat generation distribution. It
can be seen that the heat generation was concentrated in the deformed
regions contacted with horn micropatterns. In the heat transfer
analysis, the mold region was included in the analysis domain in
order to consider the heat conduction between the mold and substrate.
Figure 5 shows the change of the temperature distribution of the
PMMA substrate from 0.1s to 0.8s with an increment of 0.1s. It can
be seen that temperature rises as the vibration time increases, showing
that higher temperature than the glass transition temperature (Tg,
105°C) at the 0.6 s of vibration time. After that, further temperature
rise proceeds and the entire deformation zone reaches to Tg at the 0.8s
of vibration time while the outside region still remains at the room
temperature. These results mean that the polymer substrate can be
heated efficiently over a short period while not raising the
temperature of the entire part.
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4. Conclusion
In this study, the heating mechanism in the U-NIL process was
numerically investigated. For the simulation of the U-NIL process, a
coupled FE analysis was performed by connecting structural FE
analysis for the vibration stage and thermal FE analysis for the
heating stage. The strain field obtained from the structural FE analysis
was used to calculate viscoelastic dissipation energy generated. By
imposing this strain energy as equivalent heat generation, the heating
mechanism in U-NIL could be simulated from the thermal FE
analysis. Through the proposed integrated simulation, heating
mechanism of ultrasonic imprinting can be successfully described so
as to investigate the effects of various processing conditions in future
study.
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This paper presents our recent work of experimental study of friction reduction investigation of surface texture on outer
cylindrical surfaces. The surface texture on cylindrical surface has been produced by piezoelectric tool holder actuator
(PTHA) which was assembled in conventional two-axis lathe machine. These experiments have been carried out to
investigate whether the surface texture is able to improve the lubrication performance of cylindrical contacts planar surface
or not. The surface texture was machined using PTHA on Al 6061 and AISI 1045 using vibration frequency ranging 50 Hz to
about 260 Hz. The normal loads of 10 N and 50 N were applied and the rotation speeds between 100 rpm and 1000 rpm
were applied in the tribology tests. The results show the evidence that the surface texturing reduces the friction coefficient in
these trials ranging 20% to 40%.

NOMENCLATURE
CoF = Coefficient of Friction
fm = vibration frequency

hardened bearing steel under lubricated oil, planar to curved surface
contact conditions.4 In this paper, we present our recent experimental
work of friction reduction on cylindrical surface with the existence of
micro dimples under wet lubrication and validating which one of the
surface textures gives a better performance compared to the other
textured surfaces.

1. Introduction
2. Fabrication of Textured Surface
Micro dimples in term of a surface texture have gained great
attention of tribology scholars due to a benefit to increase energy
efficiency. This kind of application can be implemented in engine,
ring pistons, cam mechanism, or mechanical bearing seals which need
lubrication conditions to the energy efficiency.
Based on various tribology studies, micro dimples improve the
frictional performance of sliding contact of planar surfaces under wet
lubrication condition.1 Scientists argued that the micro dimples act as
oil reservoir as well as micro-bearing in which the lubricant is
supplied into the two sliding contact surfaces producing micro fluid
film.2 As a result, the micro dimples enhance the load carrying
capacity of the lubricant film between planar surfaces in term of the
hydrodynamic pressure.3
The friction reduction depends on the tribological test and the
surface texture shapes either its parameters or texture orientations of
the sliding contact. Y. Uehara et. al investigated the effect of dimpling
on the tribological properties of a silicon nitride ceramic against

The textured surfaces have been manufactured by using the
piezoelectric tool holder actuator (PTHA). The PTHA that is installed
in conventional machine lathe as illustrated in Fig. 1, in which the
PTHA that was described in the previous work.5 The PTHA consists
of two components, the first is parallel flexure bar and piezo actuator.
The cutting tool is able to travel along x-axis about 26 µm. The total
stiffness of the parallel bar flexure is approximately 50 N/µm.
The textured surfaces which have various depths between 8 µm
and 15 µm were successfully created. The Fig. 2 shows typically the
3D topography of the textured surfaces with 15 µm and 8 µm,
respectively. The textured surfaces with various depths were
established by using vibration frequency of 120 Hz at constant
spindle speed of 30 rpm. Table 1 shows the detail micro dimple
features.
Not only the textured surfaces that have various depths were built
but also with various vibration frequencies were established. Fig. 3

81 / 2014

International Symposium on Green Manufacturing and Applications (ISGMA 2014), pp. 80-82

shows the textured surfaces were manufactured by various
frequencies varying from 50 Hz to 260 Hz. The shape of the micro
dimple will vary if the various frequencies are applied.

is shown in Table. 1. The engine oil of 5W-30 was used and the trials
were conducted in room temperature is about 22oC.
Table 1: Summary description of the experimental setup

Al 6061
Cylindrical workpiece

Micro dimple fabrication
Vibration frequencies:
Sample dimension:

The PTHA

Micro dimple dimensions:
Piezo Actuator

Parallel Flexure

Fig. 1 The PTHA installed in conventional machine lathe
Sliding Direction

Sliding Direction

Tribology test
Condition:
Oil:
Normal load:
Sliding distance:
Rotational speed:

fm = 50 Hz – 260 Hz (Al 6061) using PCD tool
fm = 50 Hz – 200 Hz (AISI 1045) using CBN tool
DIA = 25 mm (Al 6061)
DIA =27 mm (AISI 1045)
Length =45 mm
Contact Length = 20 mm
Length = 60 µm – 300 µm
Width = 80 µm – 120 µm
Depth = 8 µm – 15 µm
Distribution = 12 dimples ( in 1.25 mm2 area, depends
on ratio vibration frequency and rotational speed) in
this case fm = 120 Hz and N = 30 rpm
Block on ring test (wet lubrication)
Engine oil 5W-30 (T = 22oC) (µ=0.0577 Pas)
FN = 50 N
Distance = rpm x 10
ωN = 100 rpm to 1000 rpm (Al 6061)
ωN = 100 rpm to 1500 rpm (AISI 1045)

50 N

(b)

(a)

Fig. 2 Topography of cylindrical surfaces with micro dimples pattern,
(a) depth of 15 µm, (b) depth of 8 µm

(b)

(a)

Pin
block

Load Sensor

ω: 100 – 1000
rpm

Cylindrical
Sample

Fig. 4 The block-on-ring tribometer which was utilized in these trials

4. Experimental Results

(c)

Fig. 3 The textured surfaces are established using various frequencies
fm, (a) 50 Hz, (b) 100 Hz, and (c) 260 Hz

3. Experimental Setup
The friction investigations are based on experimental studies. In
these trials, block-on-ring friction test under oil lubrication were
carried out over sliding rotation speeds ranging 100 rpm to about
1000 rpm. The constant normal load of 50 N was used. The
commercial tribometer made by Hanmi Industries. Corp was used as
shown in Fig. 4. The tribometer has limitation of the normal load is
about 80 N and maximum rotational speed is 1500 rpm. The
tribometer has constant control normal load, so the data of friction is
considerably accurate. The detail of the tribology experimental setup

Experiments have been conducted in various rotational speeds
with constant load of 50 N. The friction trials of the Al 6061 contacts
Al 6061 surface and AISI 1045 contact SKD11 surface are
summarized.
The average CoF gradually decreases when the rotational speed
increases, as shown in the experimental results. Typically, the friction
reduction occurs in the lower speeds on two planar sliding contacts.
Fundamentally, in the hydrodynamic lubrication regime occurs at the
relative high speeds where the two solid surfaces are separated by the
lubrication. Due to the textured surface, the micro dimple acts a micro
poor that supplies lubricant so that the two contact surfaces separates
and reduces friction. As the speed is increased, the hydrodynamic
regime takes place, so the friction reduction becomes effective in this
case.
In the Fig. 4, micro dimple whose depth of 8 µm only reduces the
friction at lower speeds, instead micro dimple whose depth of 15 µm
leads in higher speeds. Fig. 5 shows the average CoF comparison
between un-textured and textured surfaces that have been made at
various vibration frequencies ranges from 50 Hz to 260 Hz. This
investigation shows that the textured surface at fm = 260 Hz has best
performance, resulting up to 40 % efficiency. On the other hand, as
shown in Fig. 6, the textured surface on the carbon steel made at fm =
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50 Hz does not show any benefit in friction reduction. It is probably
caused by the longer dimension (300 µm) compared to the contact
area. In the Fig. 6, the micro dimple at fm = 200 Hz has no significant
friction reduction, because characteristic of the textured shape is
totally different compared to Al 6061 built at fm 260 Hz, the textured
is relatively large and the micro dimple is close to each other, due to
utilization of the CBN tool.

Un-textured

∆H: 15 µm

∆H: 12 µm

3.

which have a depth of 8 µm gives the best performance.
The depths lower than 8 µm is also recommended.
By using the PTHA, the vibration frequency that is
between 100 Hz to 300 Hz is recommended to be used in
order to achieve a good lubrication performance. Then, the
length of micro dimple in range 200 µm to 60 µm is
recommended.
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∆H: 8 µm

Fig. 4 Average CoF with various depths (Al 6061)
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5. Conclusions
In conclusion, according to the experimental results, the conclusion
can be summarized as follows:
1. The textured surfaces on the cylindrical surface improve
the lubrication performance in particular boundary regime
as well as in the hydrodynamic regime. The experimental
results show the evidence that the textured surfaces reduce
the average CoF ranging from 20% to 40% in these trials.
2. Based on the experimental investigation, the micro dimples
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Currently, researchers could rely on only a subjective evaluation by human sensitivity because there is no distinct standard
for measurement or performance evaluation of vehicle seat belt tensioning force. Thus, there are large errors in evaluation
test as well as the lack of a clear definition about seat belt fastening feeling and after seat belt performance evaluation of
sensitivity test, when improve upon the belt system, it is problem that overall vehicle design and latest mold manufacturing
costs. In this paper, an electronic device in the form of a robot for measurable quantitative seat belt fastening feeling was
used, and using subjective rating, fastening force analysis with vehicle seat belt fastening force, velocity and angle data
measured by robot, fastening feeling by subjective rating developed seat belt sensitivity metrics which is connecting the
physical and sensory properties in order to define the sensitivity performance of seat belt fastening force. Using this
evaluation system, measurement device and index of vehicle seat belt fastening force, we can get the quality of vehicle seat
belt feeling more reasonably and authentically.

NOMENCLATURE
a = Acceleration of the moving mass of the seat belt
b = Width of the spring trip of retractor
E = Modulus of elasticity in tension of retractor spring
F = Force acting on the seat belt
Ff = Friction force of seat belt
Fh = Mean value of the dynamic force in the front half of
fastening period
Fi = Initial value of fastening force (static force)
Fp = Fastening force of seat belt by pulling motion
Fpeak = Peak value of fastening force
Fs = Spring force of seat belt retractor
Fv = Variation of dynamic fastening force in the fastening
period
k = Torque spring rate
L = Functional spring length of spiral spring of retractor
m = Mass of the buckle and moving belt
t = Thickness of spiral spring trip of retractor

Y = Estimated subjective rate (value of index)
 = Friction coefficient of webbing belt
∆t = Seat belt fastening time period
∆x = Displacement of buckle

1. Introduction
In the past, when design automobile, mainly improve the major
performance of vehicle but, nowadays there has been conducted
various noise and vibration reduction technology researches and the
exterior and interior design for comfort and amenity of automobile is
more and more important. In the design of automobile interior, the
seat belt fastening quality needs to be research for improve because it
also influences on comfort or discomfort of passengers. Up to now,
however, the seat belt quality evaluation is only rely on a subjective
feeling assessment by the person because there are no specified
method criteria or approach for measure and evaluating fastening
force of the seat belt system. With these subjective approaches, it is
difficult to obtain accurate and reliable results so as the measured
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value changes at each assessment, methods, evaluators and evaluation
criteria, etc. Therefore, a seat belt fastening force to enhance the
performance of a seat belt fastening force is determined on the
objective and quantitative indicators of performance are needed. This
assignment has the performance sensitivity of the seat belt fastening
force are defined, and seat belt fastening force measure device for
quantitative measurement of force development, and then the seat belt
take-feeling evaluation made by using the apparatus evaluation
fastening force is developed. In addition, the performance of the seat
belt to define emotional fastening compacts, 4 economic size, 5 full
size, 3 premium size and 6 sport utility vehicles(SUV) of various
models of the fastening force of the belt on the subjective assessment
of the sensitivity. The seat belt fastening elements of the measured
quality of objective and the seat belt fastening force index is produced
by subjective evaluation results of the correlation between the
sensitivity of analysis using multiple linear regression analysis.

Fig. 2 Virtual drawing of the robot and its moving trajectory when it
pulls the seat belt
Fig. 2 shows the robot installed at the car to measure the
fastening force and the virtual drawing of robot. When it pulls the seat
belt, the load cell, which is attached on the arm of robot, measures the
tension force.

2.2 Experimental Procedures

2. Objective Research
2.1 Measurement System (Design of Robot)
Before designing the specific robot for the measurement of
fastening force, the professional design engineer tests the moving
trajectory of seat belt by fastening the seat belt as shown in Fig. 1 and
determines the moving trajectory of a robot. The moving trajectory of
driver’s arm becomes the trajectory of the robot arm. The robot is
designed to move along the trajectory.

The robot is designed to pulls the buckle of a seat belt with
constant speed. Before fastening the belt, the initial static force due to
the spring of retractor in the seat belt system is measured throughout
the load cell as shown in Fig. 3.

50 degree

Fig. 3 Seat belt system in a passenger car
(a)

During the robot operates and moves along the trajectory with
constant speed, the fastening force is changed dynamically depending
on the friction force between webbing belt and D-ring and the spring
force in the retractor.

(b)

(c)
Fig. 1 Moving trajectory of the seat belt when a driver pulls the seat
belt
Fig. 4 Free body diagram about the acting force when a seat belt is
pulled by a robot.
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Fig. 4 shows the free body diagram about the force exciting the
seat belt when the buckle of seat belt is pulled by the robot. By
utilizing the free body diagram, the dynamic equation for the
fastening force is given by
∑ F  Fp  Ff  Fs  ma

(1)

where m is the mass of the buckle and moving belt. The friction
between webbing belt and D-ring yields the friction force Ff and the
spring force Fs is linearly proportion to the turn of the spring coil of
the retractor. The only friction force Ff and the spring force Fs
influence the fastening force Fp because the acceleration a of the
moving mass of the seat belt is zero when the moving speed of the
robot arm is constant.

2.3 Measurement Results

Fig. 6 The waterfall plot for the fastening forces measured from the
seat belts of 18 vehicles

Fig. 7 Four physical quantifications for the fastening forces measured
from the seat belts of two sample vehicles

Fig. 5 Time histories of fastening forces measured by the robot when
the seat belts are pulled by a robot.
Fig. 5 shows the fastening forces of seat belt measured by the
load cell of the robot. The number of test vehicle is eighteen. The seat
belts used for this test are the existing seat belts inside of test vehicles.
There are 4 types of vehicles such as economic size type, full size
type, premium type and SUV type. The fastening forces of 4
economic size passenger cars are plotted as shown Fig. 5 (A) to Fig
5(D), those of 5 full size passenger cars are plotted as shown Fig. 5
(E) to Fig 5(I), those of 3 premium size passenger cars are plotted as
shown Fig. 5 (J) to Fig 5(L) and those of 6 SUVs are presented as
shown Fig. 5 (M) to Fig 5(R). According to these results, the time
histories of fastening forces are different all together. There is no
relationship between the shape of time history of fastening force and
vehicle type.

Fig. 6 shows the waterfall plot for the time history of 18 fastening
forces. Fig. 7 shows the time history of fastening force for two seat
belts as an example. One is the seat belt of type H vehicle and the
other one is the seat belt of type O vehicle. The peak value of
fastening force Fpeak, the initial value of fastening force Fi of fastening
force (static force), the variation of dynamic fastening force Fv in the
region of time period ∆t and the mean value of fastening force Fh of
the dynamic force in the front half region of time period ∆t are
different for 18 fastening forces.
At the start point of the moving belt, the fastening force is the
initial vale Fi of fastening force. This is related to the spring force of
retractor. The spring force is related to the turn of spring coil. The turn
of the spring coil is changed when the seat belt is pulled by a robot.
Therefore, the peak value of the fastening force is also changed. It is
inferred that the variation of fastening force in the region of time ∆t
caused by the change of friction force and the vibration of spring in
the retractor. Therefore, the variation Fv of dynamic fastening force in
region of time period ∆t is occurred. These four physical
quantifications are used for the force metrics to measure the
emotional feeling objectively in this paper.

3. Subjective Research
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3.1 Participants and Vehicles

9(c). For the SUV, the seat belt of type P car scores high subjective
rating as shown in Fig. 9(d).

Forty-one healthy subjects, twenty-one males and twenty female
participated in the subjective evaluation about emotional feeling of
fastening force of the seat belt. Their mean height was
1.65(1.58~1.78) m and their age was 41(25~50) years old. The seat
belts of the existing seats from 18 vehicles are used for the subjective
evaluation.

3.2 Set Up
The test vehicles are parked at the parking area in the wide open place.
All participants received a short introduction before the actual test is
done to explain what they need to do. It is not allowed for the
participant to adjust the seat. All seat belts are tested for
approximately 2 hour and participant moves to car by car and seats
the car seat of the test vehicles as shown in Fig. 8
.

(a)

(b)

(c)
(d)
Fig. 9 Radial diagram for the subjective rating of four attributes of
emotional feeling for the fastening force of a seat belt

Table. 1 Seven step scale anchored at nine opposite attributes
-3 -2 -1
0
1
2
3
Uncomfortable 





 Comfortable

 Luxurious
Cheap






 Smooth
Rough






 Natural
Unnatural





They pull the seat belt the moving trajectory as shown in Fig. 1.
Participants have to rate the emotional feeling for fastening force of
seat belts. The four opposite attributes such comfortable, luxurious,
smooth, natural are given for the questionnaires about the emotional
feeling. Participants also have to rate the emotional feeling for
fastening force of seat belt as point scale (for example -3= rough bad,
+3= smooth) as listed Table. 1. The information obtained from the
questionnaire is tested to find if there is a significant relation between
the force metrics measured by the robot and the subjective rating
about four questionnaires.

3.3 Results of Subjective Evaluation
Fig. 9(a) shows the result of the subjective evaluation about the
emotional feeling of the fastening force of seat belt of the economic
size vehicles. There is a clear different of the subjective rating in the
economic type vehicles. The seat belt of type B car scores high
subjective rating. The seat belt of type D scores low subjective rating
for 4 questionnaires as shown Fig. 9(a). Form Fig. 5, we find the
difference of the time history of fastening force for both type of
vehicles. For the full size vehicles, the seat belt of type G car scores
high subjective rating as shown in Fig. 9(b). For the luxury car, the
seat belt of type J car scores high subjective rating as shown in Fig.

3
2

Mean=0.14846
STD = 0.38059

Subjective Rating

Fig. 8 Photography of a participant evaluating the emotional feeling
of the fastening force subjectively

The seat belt with good emotional feeling acquires high scored
subjective rating for all 4 attributes. The factor analysis is used to
reduce the dimensionality of the data set. Principal component
analysis is used to extract the factors. From this factor analysis, one
dominant factor is determined. The “Smooth” is selected as the major
factor for emotional feeling of the fastening force of the seat belt. The
seat belt of G type scores the highest subjective rating for the
emotional feeling as shown Fig. 10.

1
0
-1
-2
-3

D H R L K A M E C N F Q J O I B P G
T ype of vehicle

Fig. 10 Subjective rating for the emotional feeling of the fastening
forcing of the seat belt of 18 vehicles
The time history of measured fastening force of this seat belt is
plotted as shown in Fig. 5. It has almost zero static fastening force at
start point.

4. Development of Fastening Force Index of the Seat Belt
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The fastening force of seat belt is measured by using a special
robot and the subjective evaluation for the fastening force is
performed. This section is studied on the development of fastening
force index which is used to estimate the subjective rating about the
emotional feeling of the fastening force. This index is made by using
four physical quantifications as discussed in section 2.3. Firstly the
correlation between four physical quantifications and subjective
rating is obtained as shown in Fig. 11.

K
L
M
N
O
P
Q
R

Sport Utility Vehicle

-0.62
-0.79
-0.25
0.15
0.85
1.77
0.36
-1.27

0.203
0.1197
0.479
0.2613
0.4099
0.5245
0.0714
0.4355

Table.3 Subjective rating for “smooth–rough” query pair and four
physical quantifications of fastening force of the seat belt of 18
vehicles
Car Type

(a)

(b)

(c)
(d)
Fig. 11 Correlation between four physical quantifications and
subjective rating for the emotional feeling of the fastening forcing of
the seat belt of 18 vehicles
The correlation coefficient of initial force with subjective ration is
significant as shown in Fig. 11(a). However the subjective rating is
scattered at one the initial force of 4N. Peak force and the variation of
dynamic fastening force are not correlated with the subjective rating
as shown in Fig. 11 (a) and Fig. 11(b). The mean value of the
dynamic force is significantly correlated with the subjective rating as
shown in Fig. 11 (d). The correlation between four physical
quantifications and subjective ratio are listed in the Table 2 and 3 in
detail.
Table. 2 Subjective rating value for “smooth–rough” query pair of
each vehicle type
Mean
Standard
Car Type
Classification
Value
Deviation
A
-0.25
0.2242
B
1.38
0.4461
Economic Size
C
0.15
0.5595
D
-1.46
0.5824
E
-0.15
0.55
F
0.23
0.4867
G
Full Size
2.31
0.0216
H
-1.36
0.5316
I
1.23
0.3491
J
Premium Size
0.38
0.5951

A
B
C
D
E
F
G
H
I
J
K
L
M
N
O
P
Q
R
Correlation
With Mean
Value

Initial
Force
Fi(N)
4.0032
4.0061
4.0052
4.0092
4.0079
2.5126
0.6277
4.0187
1.8758
4.0025
4.0058
4.0052
4.0025
4.0206
4.0051
2.0257
4.0025
4.0142

Peak
Force
Fpeak(N)
13.32
14.65
11.71
24.44
12.62
11.99
15.00
22.62
6.20
9.11
12.21
12.94
8.53
25.88
10.84
4.41
9.35
18.57

Force
Varation
Fv(N)
0.73
0.46
0.24
1.94
0.22
0.56
0.78
0.57
0.20
0.12
0.20
0.54
0.41
0.96
0.21
0.24
0.18
0.50

Mean
Force
Fh(N)
11.88
9.63
10.48
13.49
12.17
7.71
5.14
15.58
5.46
8.64
11.59
11.7
12.42
15.9
10.09
3.94
8.578
15.46

R=0.71
p=0.0012

R=0.53
P=0.0248

R=0.35
P=0.1540

R=0.83
P=0.0001

Therefore, the mean force Fh is selected as the force matric. This
force metric is used to development of the fastening force index. By
utilizing the linear regress method, the fastening force index is
obtained and is given by

Y  2.7987  0.2519  Fh

(2)

where Fh is the mean value of the dynamic force in the front half
region of time period ∆t as shown in Fig. 7. Fig. 12 shows the
correlation between the estimated subjective rating and the subjective
rating. The estimated subjective rating is obtained by inserting the
value of mean force Fh into Eq.(2). The correlation is significant
(R=0.83, p=0).
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Test
No.

2.5
2

Y=2.7987-0.2519 x F h

1
2
3
4
5
6

1.5
Subjective Rating

D-ring

1
0.5
0

Number of
coils (turns)

Subjective
Rating

Standard
deviation

Mean force Yh
(N)

18
20
22
18
20
22

-1.01
-0.04
-1.30
0.89
0.25
0.17

0.58
0.53
0.44
0.12
0.20
0.34

12.95
12.71
14.31
8.16
9.93
10.28

Chrome

Full
Metal

-0.5
-1
-1.5
-2
-2

-1
0
1
Estimated Subjective Rating

2

Fig. 12 Correlation between subjective rating and estimated
subjective rating of 18 vehicles

5. Influence of Seat Belt Components on the Fastening
Force of Seat Belt

For the improvement of the subjective feeling of the fastening
force, the spring force and the friction force should be are modified.
In the paper, in order to change the friction force, the coating of Dring is changed from chrome to metal. The number of turn of the
spring coil of retractor is changed for the change of the spring force.
The detail modification of the component is listed in the Table.3. Two
types of D-ring and three different number of turn of spring coil of the
retractor are prepared and their specifications are listed in the table.3.
Fig. 13 shows the 6 seat belt with modified component. These
samples are applied to the seat belt of M type car.

5.1 Influence of Seat Belt Components

where E is Young’s modulus of spring material, b is the width of
the spring plate, t is the thickness of the spring plate and L is the
length of spring plate. The length of spring plate is also related to the
turn of the spring coil of the retractor. The friction between webbing
belt and D-ring influence the friction force Ff. The friction coefficient
 of the webbing belt changed depending on the materials of webbing
belt and the coating method of D-ring.

5.4 Results
30

30
1

20
10
0
0

20
10
0
0

5
Time (s)

5.2 Modified of Seat Belt Components

Force (N)

20
10
5
Time (s)

10
0
0

5

5
Time (s)

30
4

0
0

3
20

Time (s)

30
Force (N)

30
2

Force (N)

(3)

30
5

Force (N)

3

Force (N)

  E b t
Fs  k x and k 
2160  L

Total 6 samples are prepared for the improvement test of
subjective feeling for the fastening force of seat belt. The fastening
forces of 6 samples are also measured by the load cell of the robot.
These are measured at the period when the fastening forces of the seat
belts of 18 test vehicles are measured. The subject evaluation of the
fastening force is also performed at the period when the subjective
evaluation of the fastening forces of the seat belts of 18 test vehicles
is performed.

Force (N)

There are four major components in the seat belt such as D-ring,
buckle, webbing belt and retractor as shown in Fig. 3. The governing
equation for the movement of seat belt is given in Eq.(1). The spring
force Fs is linearly proportion to the displacement of buckle ∆x and
the spring stiffness k which is given by

5.3 Measurement of Fastening Force and Subjective
Evaluation for the Modified Components

20
10
0
0

5
Time (s)

6
20
10
0
0

5
Time (s)

Fig. 14 Time histories for fastening forces of 6 sample seat belts
measured by the robot

Fig. 13 Seat belt component for 6 seat belt samples used for the
improvement test of the emotional feeling about the fastening force of
a seat belt
Table.3 Representative Query of Fastening Force; Smooth-Rough

Fig. 14 shows the measured fastening force when the 6 samples of
seat belts are applied to the Type M car. The shapes of dynamic
fastening forces are changed. The mean force Fh of each sample is
different one another. The correlation between subject rating and the
mean force Fh is also obtained and plotted as shown in Fig. 15.

International Symposium on Green Manufacturing and Applications (ISGMA 2014), pp. 83-89

2014 / 89

ISGMA2014-P-D-17
3
(R=-0.84136)

Subjective Rating

2
4

1

5
2

0

6
1

-1

3

-2
0

5

10
Mean force Y h (N)

15

20

Fig. 15 Correlation between physical quantifications and subjective
rating for the emotional feeling of the fastening forcing of the seat
belt of 18 vehicles and 6 samples

of the fastening force. The sound index is developed throughout the
linear regression for the subjective rating and the mean value of the
fastening force. The subjective rating is proportion to the 1/Fh. Fh is
the mean of fastening force. The fastening force depends on the
spring force of retractor and the friction force of the seat belt system.
The six modified seat belts are prepared for the improvement of the
subjective rating. For the change of the friction force, the coating of
D-ring is changed from chrome to metal. The turn of spring coil in the
retractor is adjusted. The metal coating of D-ring reduces friction
force and the low turns of spring coil reduced the spring force. This
sample improved the subjective rating of fastening force. The
developed index is used for the objective evaluation of the emotional
feeling about the fastening force of a seat belt throughout the
modification of seat belt components.

2.5
(R=0.84136)

2
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Fig. 16 Correlation between subjective rating and estimated
subjective rating of 18 vehicles and 6 samples
The circular marks are related to the 18 teat vehicles. The
rectangular marks are related to the 6 sample. Fig. 16 shows the
correlation between estimated subjective rating and subjective ration.
The subjective ratings of the sample No. 4 and No. 5 score higher
value than that of the original seat belt attached to the Type M car.
The subjective rating sample No. 6 is underestimated because the
friction force is reduced by changing the coating material from
chrome to metal but the spring force is increased because the turn of
spring coil is increased from 18 to 22. Both forces should be trade off.

6. Conclusion
In order to development of the objective evaluation method of the
emotional feeling of the fastening force of seat belts in the vehicles,
the fastening force index is developed. The specific robot designed
and manufactured. The robot pulls the seat belt of 18 test vehicles
with constant speed. The load cell attached on the robot measured the
fastening force. It is found that the mean value of the fastening force
is related to the emotional feeling. The subjective evaluation for the
emotional feeling of the fastening force of seat belts of 18 test
vehicles is performed. Four opposite attributes are used for the
questionnaire about emotional feeling. The smooth – rough is selected
as a major factor in the paper throughout factor analysis. The
subjective rating for the major factor is correlated to the mean value
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Effect of Mg3AlNi2 Content on the Cycling Stability of
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The new composites Mg2Ni-x mol% Mg3AlNi2 (x = 0, 15, 30, 60, 100) were prepared by means of combining electric
resistance melting with isothermal evaporation casting process (IECP). Results show that the cycling stability of the alloy
electrode with Mg3AlNi2 is superior to that of Mg2Ni. XPS analysis revealed that the formation of an Al oxide film during
cycling could enhance the anti-corrosion of the surface of the composites. Among the obtained capacity retaining rates,
Mg2Ni-15 mol% Mg3AlNi2 composite had the best anti-corrosion performance. The improvement of the cycling stability of
the electrode alloy with 15 mol% Mg3AlNi2 can be ascribed to the decrease in the rate of pulverization of the alloy during
cycling, leading to retard the corrosion reaction against the alloy surface due to the formation of a dense Al 2O3 film, which
is considered as the factor in the improvement of the cycling discharge-ability of the Mg2Ni-Mg3AlNi2-based electrode
alloys.

1. Introduction

method could be applied to produce the various proportions of
Mg3MnNi2 through adding Mn element.

As the negative electrode materials of nickel-metal hydride (Ni-

To date, all of these investigations have concentrated only on

MH) batteries, Mg2Ni-based hydride materials have been investigated

improving the discharge capacity of Mg2Ni alloy through the

extensively due to their high theoretical discharge capacity, low cost

substitution of Al for Mg [4, 7, 9]. There seems to have been only a

and light weight [1]. In the recent years, most studies clearly

few publications on the capacity retardation rate of Mg2Ni-based

demonstrated that element substitution was regarded as one of the

alloys with the appropriate Al content [11]. Consequently, the

most effective ways to retard the corrosion of Mg in alkaline solution

investigation for clarifying the degradation behavior of the

and thus enhance the discharge capacity [2-5]. It was reported that the

composites Mg2Ni-Mg3AlNi2 is necessary. The effects of Mg3AlNi2

partial substitution of Al for Mg in Mg2Ni-based alloys was able to

content on their structure and electrochemical properties of the

maintain a high discharge capacity [4-5]. The addition of Al to Mg2Ni

composites were investigated. The surface micrographs and chemical

leads to the formation of Al2O3 on the surface of the alloy to prevent

compositions of the composites were analyzed by the scanning

the host alloy from the corrosion of alkaline solution. Nevertheless, it

electron microscopy (SEM) and X-ray photoelectron spectroscopy

was found that the cycling capacity degradation needs still to be

(XPS).

improved further to satisfy the practical applications.
Numerous studies have reported an improvement of the cycling
stability of composite electrode materials composed of the different

2. Experimental

metal hydride phases [6-8]. In our previous work, we have studied the
effect of Mg3MnNi2 on the electrochemical characteristics of Mg2Ni

Mg2Ni-x mol% Mg3AlNi2 (x = 0, 15, 30, 60, 100) alloys were

alloy and found that the cycling stability of the Mg2Ni- x mol%

synthesized by the method combining electric resistance melting with

Mg3MnNi2 (x = 0, 15, 30, 60, 100) was markedly enhanced with the

IECP. The mixture of Mg bulk, Al powder and Ni powder was put

increase of Mg3MnNi2 content [9,10]. In addition, the innovative

into a stainless steel crucible under the protection of argon

© KSPE and Springer 2014
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atmosphere. The concept and the procedure to prepare the composites

the Mg3AlNi2 phase turns gradually from fine (x = 15, 30) to massive

have been discussed in [9]. The phase structure and composition of

(x = 60, 100), and the large shape of Mg2Ni phase becomes smaller.

the prepared samples were measured by means of XRD and EPMA
analyses. The morphology of the particle surface was observed and
compared by SEM. In investigating the surface state of the electrode,
XPS measurements were conducted on a Thermo-Sigma type
spectrometer at 10-8 torr using Al Kα radiation. In order to study the
element distribution profiles on the alloy surface after cycle life
testing, XPS depth profiles were examined. The alloy surface was
sputtered with Ar+ ions at 3.0 keV and a rate of ca. 1.0 Ås-1.
The charge-discharge measurements were performed with a
Neware battery test system as reported in our previous work [9]. The
cyclic voltammetry (CV) curves were measured with a CH/600C
instrument. The scan rate of CV measurement was 1 mVs-1 and the
scan range was between -1.1 V and -0.35 V.

3. Results and Discussion

Fig. 2 SEM images of the as-cast alloys: (a)MAN15,
(b)MAN30, (c)MAN60 and (d)MAN100. (1: Mg2Ni, 2:
Mg3AlNi2, 3: porosity)

3.1 The microstructure of the as-cast alloys
The XRD patterns of the composites MANx (x represents Mg3Al

3.2 Discharge performance

Ni2 content in the composite alloy) are shown in Fig. 1. The result sho

Fig. 3 shows discharge capacities at 25℃ as a function of cycle

ws that the phase of MAN0 alloy is Mg2Ni with hexagonal structure i

number for MANx electrode alloys. The electrode alloys MANx (0≦

n Fig. 1(a). The new phase in the MAN15 alloy is Mg3AlNi2, which p

x≦ 100) reach their maximum discharge capacity after 1-11 cycles.

ossesses the cubic structure [12]. With increasing Mg3AlNi2 contents,

The discharge capacity of the electrode alloys gradually increases

the diffraction peak intensity of the new phase gradually increases. It

with the rise in Mg3AlNi2 content. When the phase ratio of

was found that only single phase Mg3AlNi2 was formed in the MAN1

Mg3AlNi2 reaches x = 100, the maximum discharge capacity of the

00 alloy according to the multiphase Rietveld analysis [12].

MAN100 alloy is 110 mAhg-1, which is higher than that of the
MAN0 alloy (20 mAhg-1). It means that the additional Mg3AlNi2
helped to improve the discharge capacity of the electrode alloys.

Fig. 1 XRD patterns of the as-cast alloys: (a)MAN0, (b)MAN15,
(c)MAN30, (d)MAN60 and (e)MAN100.

Fig. 2 displays the microstructure of the composites MANx by
SEM. It can be seen that the MAN15, MAN30 and MAN60 alloys

Fig. 3 Discharge capacity as a function of the number of cycles
of the as-cast alloys: (a)MAN0, (b)MAN15, (c)MAN30,
(d)MAN60 and (e)MAN100.

display Mg2Ni phase with a near atomic ratio of 67.1Mg and 32.9Ni,
and Mg3AlNi2 phase with a similar atomic ratio of 51.0Mg, 32.2Ni
and 16.8Al appears in Fig. 2(a)-(d). The morphology of the MANx
alloys consists of phases and deep holes, which mean that the loss of
Mg during the IECP. With x increasing, the surface morphology of

The cyclic stability of MANx (0≦ x≦ 100) alloys can be
evaluated by observing the discharge capacity retention rates,
C25/Cmax x 100%, of the electrode alloys listed in Table 1. In this
relationship C25 represents the discharge capacity at 25th cycle and
Cmax represents the maximum discharge capacity. MAN0 alloy can
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only maintain about 20% of its maximum discharge capacity (20

Fig. 5 exhibits the cyclic voltammograms curves of the MANx

mAhg-1) at 25th cycle. While the Mg3AlNi2 phase is an addition to

electrode alloys in the electrolyte (6M KOH + 1 wt% LiOH) at room

the alloys, it causes a rise in the discharge capacity retention rates of

temperature. It can be seen from Fig. 5 that the anodic / cathodic peak

the electrode alloys. Among the Mg3AlNi2–including alloys,

(-0.85V / -1.0V) current of the electrode alloys gradually increases

MAN100 alloy has a maximum discharge capacity (110 mAhg-1), it

with the rise of Mg3AlNi2 content. It demonstrated that Mg3AlNi2

is keeping about 61% of the storage capacity at 25th cycle. Although

promoted the reduction of hydrogen and the absorption of hydrogen

MAN15 alloy presents the lower maximum discharge capacity (50

on the electrode surface. The surface modification of the electrode

mAhg-1), it can still preserve 76% of the storage capacity at 25th

alloys gives an obvious increase in the current density and area of the

cycle. It is obvious that the Mg3AlNi2 phase has an effect upon the

anodic peak. This revealed that Mg3AlNi2 could improve the

rapid degradation of discharge capacity of Mg2Ni phase during the

oxidation activity, which helped to improve the discharge capacity of

charge/discharge cycles. It is generally accepted that the rapid

the electrode alloys.

capacity degradation of Mg2Ni alloy with cycling in alkaline solution
is attributed to the formation of Mg(OH)2 film on its particle surface
to inhibit the hydrogen diffusion and the charge transfer reaction [1-5].
While the presence of Mg3AlNi2 phase in the composite alloys
decreases the stability of Mg(OH)2 formation and improves the
hydrogen diffusion reaction, the change in the surface layer of the
alloy investigated by XPS is proved that Al2O3 can form a passive
film for retarding oxidation reaction of the alloy. However, the
appearance causes a progressive decrease in the cycle life with the
increment of Mg3AlNi2 phase. The morphologies of the MANx (x =
15, 100) alloys before and after electrochemical charge/discharge
cycling are observed by SEM as Fig. 4 shows. It can be seen that the
alloy particles are pulverized with cycling due to the cell volume
expansion and contraction during hydrogenation and dehydrogenation.
The pulverization of the alloy leads to large amount of cracks and the
particle surface morphology for each alloy changes from smooth to
rough with cycling due to the oxidization of the active components of

Fig. 4 SEM micrographs of the MANx (x = 15, 100) alloys be
fore and after cycling (x = 15 : (a) as-cast, (b) after 25 cycle
s ; x = 100 : (c) as-cast, (d) after 25 cycles).

the alloys. For two alloys after cycling, the particle size of the
MAN15 alloy is larger than the MAN100 alloy, which reveals that the
partial substitution of Mg3AlNi2 decreases the rate of pulverization. In
addition, the white and loose oxides are appeared on the MAN100
alloy surface (Fig. 4(d)), but the gray alloy matrix can be clearly
observed for the MAN15 alloy as shown in Fig. 4(b). It is suggested
that MAN15 was useful to retard the formation of corrosive reaction
against the alloy surface in the alkaline solution and enhance the
cyclic discharge stability.
Table1 The cyclic stability of the as-cast MANX (0≦X≦100) a
lloys

Alloys

Cmaxa (mAhg-1)

C25b (mAhg-1)

C25/Cmax
(%)

MAN0

20

4

20.0

MAN15

50

38

76.0

MAN30

70

51

72.85

MAN60
101
63
62.37
MAN100
110
67
60.9
a The maximum discharge capacities of the alloy.
b The discharge capacities of the alloy at the 25th cycle.

Fig. 5 Cyclic voltammograms curves for the as-cast alloys: (a)M
AN0, (b)MAN15, (c)MAN30, (d)MAN60 and (e)MAN100.
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3.2 Surface analysis
In order to further investigate the effect upon the improvement in
the electrochemical characteristics, the distribution of elements in
depth of the electrode alloys surface layer during charge-discharge
cycles is performed using XPS measurements. Fig. 6 shows depth
profiles of constituent distribution of the MANx (x = 0, 100) alloys
after 5 charge-discharge cycles. For the alloy with x = 0, it can be
seen that oxygen content is ca. 54 at.% on the alloy surface and
constantly starts to reduce until a saturated high content of ca. 38
at.%. The high oxygen content may be ascribed to the thick oxidized
layer was formed on the surface of the MAN0 alloy in alkaline
solution. It is generally known that the rapid capacity degradation of
Mg2Ni alloy results from Mg is easily corroded to Mg(OH)2 by
reacting with KOH electrolyte [1-5]. The surface layer oxidized of the
MAN100 alloy becomes thinner during charge-discharge cycling as

Fig. 7 XPS spectra of Mg2p, Al2p and Ni2p of the MAN100 a
lloy electrode.

can be seen in Fig. 6(b).
This phenomenon implies that the oxidation of the MAN100

4. Conclusion

alloy surface is effectively inhibited. To clarify the reason on the
surface characteristics of the alloy, XPS spectra of constituent
elements of the alloy was carried out before and after cycling. Fig. 7
shows the spectra of Mg2p, Al2p and Ni2p of the MAN100 alloy
electrode. It can be judged from the peak position that the elements of
Mg and Ni on the surface of the as-cast alloy are in the oxidized state
as the result of exposure to the air of the alloy surface. After cycling
in the alkaline solution, the Al2p peak moves from lower binding
energy to higher one, which indicates that Al on the alloy surface is
oxidized to form Al2O3. The binding energy for Mg2p decreases,
which can be ascribe to that the alloy particles are pulverized owing
to the lattice expansion and contraction during charge-discharge
cycling that resulted in the binding energy of metallic Mg (49.8 eV) is
lower than that of MgO (50.8 eV). This change expects that Al2O3
film should be a factor for the improvement of anti-corrosion
performance of the alloy with Mg3AlNi2 phase.

Mg2Ni- x mol% Mg3AlNi2 (x = 0, 15, 30, 60, 100) electrode alloys
were synthesized by the method of electric resistance melting and
subsequent adoption of IECP technique, and the reason for the
improvement of their electrochemical characteristics was investigated.
XRD results show that the composites are composed of Mg2Ni phases
and the new Mg3AlNi2 phases. The addition of Mg3AlNi2 brought
about improvement in the discharge capacity and cycle life of the
electrode alloys. As the Mg3AlNi2 content increased from x = 0 to x =
100, the maximum discharge capacity of the alloys increased from 20
mAhg-1 to 110 mAhg-1. This revealed that the Mg3AlNi2 phase
could promote the reduction reaction of hydrogen and improve the
electrocatalytic activities on the electrode surface according to cyclic
voltammetry. XPS depth profiles demonstrated that the surface layer
oxidized of the Mg3AlNi2 alloy became thinner and the increase in
the anti-corrosion ability due to the formation of an Al2O3 film after 5
charge/discharge cycles. Thus, the cycling stability of the Mg3AlNi2–
including alloy electrodes is improved. Furthermore, with further
cycling, the increase in the pulverization of the Mg3AlNi2–including
alloy and an Al2O3 film was gradually formed on the alloy surface,
lowering the quantity of active components in the alloy, which leads
to that the cycling stability of the MAN15 alloy electrode is
noticeable improved as Mg2Ni is partially substituted by Mg3AlNi2.
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In the case of the horizontal testing method, the weights of test set-up induce the torsional bending moments on the blade at
final deformed state because of the large deflection of blade. This torsional bending moments cause the additional stresses
which can increase risk for the static test. Additional force, which has same quantity and opposite direction, should be
applied to the loading point to compensate the unwanted torsional bending moments. In this study, this additional force is
realized by change the loading direction slightly. Applying additional force will influence on the gravitational bending
moment and target bending moment besides reducing the unwanted torsional bending moment. Therefore, the test load
planning is revised again by considering the test set-up effect.
In this study, the test load calculation procedures considering the above mentioned factors especially the effects of test setup will be introduced. In addition, a test load planning results for a real blade test is introduced. The considered blade is
3MW class II with 56 m length. The horizontal loading method is employed for a flapwise static test and the vertical loading
method is used for an edgewise static test.

NOMENCLATURE

M i = calculated test bending moment vector at a point i

r = distance vector between a moment calculation point i
ij

and a test load applied point j

F j = concentrated force applied by winches at a point j



 j =direction vector of a winch force at point j
xi =x-axis coordinate of a moment calculation point i
x j =x-axis coordinate of a test load applied point j
z i =z-axis coordinate of a moment calculation point i
z j =z-axis coordinate of a test load applied point j
F=winch force for test set-up weight compensation
 =loading angle for test set-up weight compensation

1. Introduction
During development of a large wind turbine rotor blade, full scale
blade static test is mandatory for the certification of the blade design
[1-3]. The main purpose of the test is to check the survivability of the
test blade under design load condition which is an extreme load

condition for whole wind turbine life time. The key technology for
the blade static bending test is to realize the test load which is similar
to the design load.
In the blade design load, there are six components of the load that
composed of three shear forces and there moments. However, it is
impossible to apply the six load components simultaneously during
the test. Therefore, only the main load component is applied during
the test. For example, only the flapwise bending moment is applied
for flapwise test. The other load components are unnecessary for the
blade certification test. The loading plan shall be established to
minimize load component in the other direction.
There are many factors, which should be considered during
planning the test load, such as blade deformations, gravity effects,
loading directions, test set-up and test layouts. These are frequently
ignored for a small wind turbine rotor blade test because the effects to
the test results are not severe for the small wind turbine blade.
However, with the size of the blade is getting larger, these factors
have not been negligible anymore because the effects are not small
enough to ignore for the large wind turbine blade. Nowadays, 3MW
class blades (about 40 m to 60 m length) are main item in the wind
turbine industry. And the 5MW class wind turbines (about 70 m
length) are developed and 7MW class (about 90 m length) wind
turbines are developing. Recently, a 7MW class wind turbine with
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world longest blade (83.5 m length) has been developed by
SAMSUNG heavy industry.
Test method significantly influenced on planning of a large wind
turbine blade static test considering a test set-up. There are two
different test methods for the full scale blade static test (they are
classified by the loading direction). The first one is a horizontal test
method that pulls a test blade horizontally to the ground. In this test
method, the unwanted bending moment terms in the different
direction are generated by the gravitational forces and the large
deflection of a test blade. Most of the test centers employed the
horizontal method. The other is a vertical test method that pulls a
test blade vertically up or down. In this test method, the loading
direction is same with the direction of the gravity. So it is not
necessary to concern about different directional moment. The
moment induced by the gravity shall be added or subtracted during
the test load calculation.
In this study, a horizontal test with a 56 m length blade and five
concentrated forces are considered. With this test object and test setup, the effects of the real situation of the blade static test are studied.

compensated by extra load increase during calculation of the test load.
Due to this effect, the test bending moments and the gravitational
bending moments shall be calculated at the final deflected blade
shape.

2. Factors influenced on the test loads
2.1 Large deflection of a test blade
During the flapwise static test, the test blade is largely deflected
as shown in Figure 1. In the Figure 1, the tested blade has 56 m length
and the tip deflection is about 12 m.

Loading fixture

Deformed
blade shape

Horizontal test load by load
introduction facility

x
z

Stand
fixture

Undeformed
blade shape

Moment arm for bending moment calculation
without consideration of blade deformation

Fig. 2 Schematic diagram of moment arm change with blade
deflection
For the edgewise static test, the deflection of the blade is about 3
m which is small compare with the flapwise deflection. It is small
enough to ignore the moment arm change. Therefore, the undeflected
blade geometry is used for calculating the edgewise test bending
moment.

2.2 Adverse torsional moment induced by loading fixtures
The adverse torsional moments are induced by the weights of the
blade itself and the loading fixtures mounted on the horizontally
deformed blade, as shown in Figure 3. The effects by the blade
weights are also in the real wind turbine operating situation. However,
the weights of the loading fixtures are not in the real situation.
Therefore, the weights of loading fixtures should be compensated to
reduce an adverse bending moment during static tests.

Loading fixture

(a) 0 % of the test loads

Winch forces
Adverse torsional moment
induced by the loading fixture’s
weight

#5

Deformed
blade shape

#4

x

#3

z

#2
#1

Stand
fixture

Undeformed
blade shape

Fig. 3 Adverse torsional moments induced by the loading fixture
weights
(b) 100 % of the test loads
Fig. 1 Blade shape at different load step for full scale blade static test
The large deflection influences on the test bending moments
induced by five winches because the large deflection means
shortening of moment arm as shown in Figure 2. And also the
bending moments induced by gravity are influenced by large
deflection of the test blade. Therefore, the test load shall be

3. Calculation of test bending moment considering the
factors
3.1 Compensation of large deflection
The test bending moments at each station is calculated using the
vector product. With the nomenclature illustrated in Figure 4, the
bending moment (at point i) induced by concentrated winch forces at
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vector (  j ) are expressed as following equations.
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Here, the x-axis and z-axis coordinates of the blade deformed
shape are used.
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point j, can be expressed as following equation.
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(b) Minimum flapwise test
Fig. 5 Comparison between the test bending moment considering the
large deflection and the test bending moment without considering the
large deflection.

`
j
A (x , z )
A A

Fig. 4 Nomenclatures of each component at deformed shape
Using the beam model of HC56 blade, the final deformed shape is
calculated and the bending moments are calculated with final
deformed shape of the test blade. For the blade analysis, the
ABAQUS is used for calculation.
With the above calculation method, the calculated test bending
moments with same test lay-out (loading position, loading direction
and quantity of the winch force) are illustrated in Figure 5. As shown
in Figure 5, the calculated test bending moment is reduced by
considering the blade deformed shape at the blade root (3 % for
maximum flapwise test and 5 % for minimum flapwise test).

3.2 Compensation of adverse torsional bending moment
The torsional moments induce the adverse stress on the test blade
and it can cause unwanted motion of the test blade. In this study, the
torsional moments induced by #4 and #5 loading fixtures which are
mounted on the out-board are reduced by making additional vertical
force on #4 and #5 loading fixture. Because the most of torsional
moments are induced by out-board loading fixtures and the inboard
winches have no margin to increase the loading angle. The weights of
the loading fixtures and the induced torsional moments are listed in
Table 1.
Table 1 Adverse torsional moment of loading fixtures
Loading fixture

#1

#2

#3

#4

#5

Location [m]

16

26

34

42

50

Weight [kgf]

2 406

1 393

1 245

1 028

906

0.78

1.68

2.97

5.30

8.85

x-axis coordinate
of deformed
shape [m]
Torsional

18.5
22.9
36.3
53.4
78.7
moment[kN·m]
(8.8)
(10.9) (17.3) (25.5) (37.5)
(portion [%])
The torsional moments are compensated by applying the
additional vertical forces to the blade, which have same quantity with
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loading fixture’s weights. The additional vertical forces are realized
by changing of the loading angle of winch force as shown in Figure 6.
The force ( Fx ) is determined to make enough test bending moment.
F
The angle (  ) is determined to make same quantity of y with the
weight of the loading fixture. Finally, the forces ( F ) applied by the
winch #4 and #5 are determined as following equation.

F

Fx
cos 

5 % because of the overlooking of the moment arm shortening effect
by a large deflection. It is possible to calculate more precise test
bending moments to employ the blade deflection during the test load
calculation.
For the safer static tests, the adverse side moments should be
minimized. To achieve this, the torsional moment induced by the test
set-up (loading fixtures) is compensated by changing the loading
direction. In this study, about 63.0 % of the adverse torsional
moments are compensated. As a result, the static test becomes much
safer by considering the test set-up compensation. Also the success
rate of the test will be increase.

Fy

F

ACKNOWLEDGEMENT

Fx

FLoading fixture

Fig. 6 Schematic diagram of #4 and #5 loading line
According to the above equation, the calculated angles and the
forces are listed in Table 3.2. By doing the test with following lay-out,
the adverse torsional moment induced by loading fixture is reduced to
63.0 % and much more precise and safe test can be possible.
Table 2 Test loads and the loading angles at each point
Loading
#1
#2
#3
#4
fixture
Location [m]
Winch force
[kgf]
Loading angle
[°]

#5

16

26

34

42

50

11 700

10 000

7 300

7 372

9 394

0

0

0

8.0

5.5

If the required winch height is higher than the maximum height of
the winch that the test center has, the smaller angle can be used to
reduce the torsional moment. By setting the smaller angle of the test
load, the horizontal load factor will be increased slightly but the
torsional moment compensation will be decreased slightly. It will not
be problem for the certification test because it is more conservative
test lay-out.

4. Conclusions
The horizontal test method for the full scale blade static tests has
considering factors during calculation of the test loads. The situation
and the test set-up should be considered for the precise and safe
testing. In this study, the two major factors wear investigated that is
test bending moment decrease by a blade large deflection and the
compensation of adverse torsional moment by large deflection and
gravitational force.
For the calculation of the precise test bending moment and the
torsional bending moment, all the moment treated with deflected test
blade. As a result, the test bending moment is over-estimated 3 % to

This work was supported by the New & Renewable Energy Core
Technology Program of the Korea Institute of Energy Technology
Evaluation and Planning(KETEP) granted financial resource from the
Ministry of Trade, Industry & Energy, Republic of Korea (No.
2009T00200854 and No. 20133010021750).
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The purpose of this study lies in proposing the method to effectively reduce the salt in order to utilize food waste as the
compost. Although『Fertilizer Control Act』requires the salt concentration of under 1%, crop cultivation test of specialized
research institute requires much lower salt concentration. Although many compositing facilities have been established, a lot
of wastes are not utilized due to lack of demand. With the increase in utilization of compost rather than chemical fertilizer
due to the preference of environment-friendly farming nowadays, the utilization of food waste full of nutrients as quality
compost can be considered as an important task to not only increase the earnings of farm but also resolve the environmental
problems.

1. Introduction
According to the research by the Ministry of Environment, organic
waste occupies 56% of total waste generated in Korea and food
waste and vegetables occupy 31.1% of such organic waste. The
food waste not only brings about hygienic problems including the
high content of moisture, generation of bad odor, and others but
also causes contamination of underground water, surface water, and
soil due to leachate generated with the reclamation. With the
generation of bad odor and harmful gases including H2S, NH3,
others, it induces secondary contamination. According to the report
by Rural Development Administration, about 3,000 microorganisms
exist per soil 1g of barren soil and dozens of millions of
microorganisms per soil 1g of fertile soil. Such microorganisms
proliferate with the intake of nitrogen and phosphorous. When
placing compost rich in nitrogen, phosphorous, and others,
microorganisms intake them and decomposing them into enzyme,
and then the plant intakes such enzyme. Therefore, in case the salt
concentration of compost is over 0.1%, microorganisms in the soil
are exterminated thus making the soil barren. The crops also are
killed as the microorganisms such as bacteria exist in the root of
crop and cell of root is destroyed by the salt. Looking into the
source of food waste that is food culture of Korea, it is fair to say
that it is salt oriented culture seen from Kimchi, soybean paste, food
boiled and seasoned with soy sauce, stew, etc. According to the data
on salt concentration of food waste investigated and reported by
National Institute of Agricultural Science and Technology, as a

result of examining the salinity by randomly collecting the food
waste from 50 locations in downtown Seoul, the average salinity of
food waste containing 90% moisture was presented to be 4.84%.
When the moisture of such food waste is dried or fermented as
compost, its volume would reduced to 1/10 and thus at least
10~30% salt would be accumulated in high concentration. When
the content of salt is 0.5%, it results in 50% reduction in crop and
the damage would be 60 times in case the salt concentration is 30%
thus it would bring about catastrophic result. In order to meet such
needs, it is necessary to build a foundation to make quality compost
by seeking the method to effectively remove salt contained in food
waste.

2. Establishment of Salt Reduction Process
2.1 Damage in crop and desolation of farmland due to excessive
salt concentration
Large quantity of microorganisms exists in soil. 3,000
microorganisms exist in 1g of barren soil and dozens of millions
microorganisms in fertile soil 1g. When the compost is given to the
farmland, microorganisms takes in nitrogen, phosphorous, and
organic matters among compost and secretes the enzyme. Then, the
plant intakes such enzyme and transfers it to the leaves. Due to
chemical reaction including the carbon dioxide assimilation by the
sunlight, and others, enzyme assists the formation of big fruits in
root or branch. Therefore, as excessive content of salt turns fertile
soil into barren soil as it kills the microorganisms. It can be
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confirmed that there is 50% decrease in harvest with the salt
concentration of 0.3% in over 50% of all crops and there are few
crops including rice which presents 50% decrease in harvest with
the salt concentration of 0.5% [Table 1]. Among the compositing
condition of food waste, the salt concentration of under 1.0% is
expected to change into under 0.5% in no time.
2.2 Salt Reduction Method for Aerobic Fermentation System
Aerobic fermentation is a type of fermentation which accompanies
the oxygen and it can be summarized into below reactions.
Although aerobic treatment is preferred due to relatively abundant
nutrients compared to anaerobic treatment, it has weakness in
removal of bad odor. In this case, a general method used to reduce
salt is to input bulking agent such as sawdust to absorb moisture
that generates during the fermentation and it simultaneously reduces
the salt concentration. The method to mix 50% of food waste with
50% of sawdust is widely used and remaining salt concentration
was examined to be 1.32% as a result of environmental change
assessment of soil using such compost .
As an improvement of above method, a technology to add dilution
water to dilution agitating tank of flotation type to sort out foreign
bodies among food waste and reduce the salinity as the first stage
and conduct compositing by dehydrating it to present moisture
content of under 70% through crusher and screw dehydrator,
mixing it with bulking agent, and then decomposing the organic
matters under aerobic condition as the second stage is newly
applied [2]. As the salinity removal method, 2.55 tons of dilution
water is used per 1 ton of food waste to wash off and remove the
salinity. At the moment, removal rate is 86.1% compared to input
and it maintains the salt concentration of final compost under 0.2%.
With the maintenance of outstanding dehydration efficiency, the
amount of consumed sawdust used as bulking agent is about 4%
compared to input waste (about 20% for other methods) thus
considerable amount of operating cost can be cut and it presents
relatively fast organic matter decomposition speed as small quantity
of sawdust with relatively slow organic matter decomposition speed
compared to the food. Although it has shortcoming in that it
presents relatively large amount of leftover water after the treatment,
it can be processed in association with sewage treatment plant going
through process Bad odor shall be removed with separate
installation of bad odor remover.
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- Generation of bad odor is fundamentally blocked with inner
current circulating structure.
- With recirculation of discharged waste heat, the fuel can
fully be saved.
B. It was based on principle that food waste is composed of
protein, fat, and carbohydrate and it converts into low
molecular organic matters as protein is dissolved to amino
acid and fat and carbohydrate are dissolved to organic acid
during the fermentation. Then, it can be utilized as the source
of heat when it is condensed.
In this case, the salt concentration could be reduced to under 0.8%
by spraying the water at the input of input and save hopper and at
dehydration after the crushing. Table 3 illustrates the content of
solids after anaerobic fermentation treatment of food waste[3].
Table 4 shows components after food waste treatment..
Table 1. Components after food waste treatment.
Organics(%)

Heating Low

H2O(%) Ash(%)
C
17.8

10

H

N

O

S

Cl

41.1 7.0 2.51 18.9 0.45 2.24

Value(kcal/kg)
4,432

3. Conclusion
A method to effectively reduce the salt in food waste has been
proposed. Salt reduction by water dilution is more effective
compared to the mixture of foreign bodies such as sawdust and
others. Although many compositing facilities have been established,
it is being wasted with the lack of demand. With the increase in
utilization of compost rather than chemical fertilizer due to the
preference of environment-friendly farming nowadays, the
utilization of food waste with abundant nutrients as quality compost
can be considered as an important task as it can increase the
earnings of farm and resolve environmental problems.
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2.3 Salt Reduction Method in Anaerobic Fermentation System
1) Treatment Method
A. Use peristaltic high speed fermentation and drying
equipment by common anaerobic high speed fermentation and
drying method.
B. Use complete sealing treatment method by inner current
circulation.
C. Perform treatment only with food waste without other
additives for maximum reduction through high concentration
fermentation and drying.
2) Trait of Treatment Technology
A. It is technology intensive equipment which performs
reduction by fermentation and drying in short period of time.
- Reduction is available in short period of time only food
waste is treated without use of other additives.
- Origin of leachate problem is removed as treatment is
performed without dehydration and cleaning process.
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The bimodal tram is an articulated vehicle with rubber tires. Because the bimodal tram has an extended wheel base and
articulated chassis, an AWS (All-Wheel-Steering) system is applied to it to satisfy the required steering performance. There
are many methods to control the rear wheels such as front wheel steering angle proportion, steering force feedback, yaw
rate feedback and zero side slip angle. The AWS control method using virtual rigid axles is applied to the bimodal tram. The
virtual rigid axle is defined as the virtual axle which is not steered at the point where turn center and vehicle body meet
perpendicularly. A vehicle with an FWS(front wheel steering) system has a fixed rear axle, whose extended line meets the
turn center. In case of an AWS vehicle, the virtual rigid axle is in charge of its role and controls the angles of the rear
wheels. In this paper, the steering characteristics of AWS system using virtual rigid axles were analyzed. The simulation and
driving test were also performed to evaluate the stability and turning performance of AWS system.

NOMENCLATURE
 = articulation angle
 = steering angle
P = distance of virtual rigid axle
l = wheel base

The virtual rigid axle is defined as the virtual axle which is not
steered at the point where turn center and vehicle body meet
perpendicularly as shown in Fig. 1. A vehicle with an FWS system
has a fixed rear axle, whose extended line meets the turn center. In
case of an AWS vehicle, the virtual rigid axle is in charge of its role
and controls the angles of the rear wheels.
Fig. 1 Bicycle model for the articulated vehicle

1. Introduction
The bimodal tram with a pivoting joint has difficulty in making a
sharp turn because of their long body and wheel base. Therefore, the
turning radius of the bimodal tram is effectively reduced with
AWS(all wheel steering) since all wheels are steered. Various rear
wheel control methods for AWS have been developed, but they are
generally applied only to four wheel steering cars. The AWS control
method using virtual rigid axles is applied to the bimodal tram. The
AWS algorithm contains an equation used to control the rear wheels
of an articulated vehicle and a method used to set up virtual rigid
axles geometrically. In this paper, the steering characteristics of AWS
system using virtual rigid axles were analyzed. The simulation and
driving test were also performed to evaluate the AWS system.

2. Virtual Rigid Axles

The equations for rear steering angle can be expressed as shown in
equation (1).
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Where,  is the steering angle,  is the articulation angle, P is
the virtual rigid axle, l is the wheel base, L is the distance
between axle and articulation point.
The virtual rigid axle is geometrically related to the angles of each
axle and articulation. An articulation device can be broken easily by
compulsory steering. Thus, the virtual rigid axle must be set up
according to the angle of articulation, first. Then, the turn center
should be made coincident by considering the maximum steering
angle of each axle. Assuming that the rear axles are fixed, the value of
the virtual rigid axles is zero and turn center is located at O position.
But, when the rear axles are steered, turn center moves from O to O`
position with the value of the virtual rigid axle, as shown in Fig. 1.
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Fig. 3 Comparison of the Swept path width
Table 1 Results of the turning performance

3. Performance Evaluation of AWS System
Turning radius, swing-out and swept path width were investigated
to determine the turning performance of the AWS system. J-turn(step
steering input) simulation was carried out to verify the steering
performance of the AWS system. J-turn(step steering input)
simulation was carried out for three cases to verify the steering
performance of the AWS system:
Case 1 : AWS without suppression
Case 2 : AWS with suppression of swing-out
Case 3 : front wheel steering

Results of field
test

Turning radius
(m)

Off-tracking
(m)

Swing-out
(m)

11.8

1.09

0.12

The field test of the J-turn of the bimodal tram was also carried
out. In the J-turn test, the vehicle velocity was 3km/h at the maximum
front steering angle. The turning performance obtained from field test
is shown in Table 1. The results are suitable to satisfy EC regulation
and the standards of the motor vehicle which restrict swing-out within
0.6m and turning radius within 12m.

4. Conclusions
The trajectories of the axle center for the three cases are shown in
Fig. 2 and Fig. 3. The rear swing-out was measured outside the rear
edge, and the swing-out of case 1 was bigger than the others. The
swept path width is the difference in paths between the outside front
edge and the inside of vehicle side face at the minimum turning
radius. The swept path width of case 3 was larger than the others, so a
large road width is required in the curve.

case1
case2
case3

25

The AWS control algorithm using virtual rigid axles was
presented. According to the result of the dynamics simulation, the
vehicle with the AWS system turned more smoothly than that with the
FWS algorithm, and also had good turning performance. The driving
test was performed to evaluate the stability and turning performance
of the AWS system. The turning performance obtained from
simulation and field test are suitable to satisfy EC regulation and the
standards of the motor vehicle which restrict swing-out within 0.6m
and turning radius within 12m.
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Rail corrugation wear is one of the most important types of track wear in the railroad infrastructure. In Korea, rail corrugation
had not been so serious formerly, but it began to be prevailing in recent years. This paper analyses the possible existence and
degree of rail corrugation wear on high speed tracks, and taking into account the dynamic behavior of the KTX train on rail
corrugation track. That occurs between R400 and R700 from the size of the curved rail corrugation of the high-speed operating
service to the KTX train. KTX train ride was confirmed to be slightly worse than the interval of Rail Corrugation Rail
Corrugation. KTX vehicle like if a larger wheel-base was found to be faster processing speed Rail Corrugation. However, the
section of Rail Corrugation KTX trains pass through relatively low speed ride quality of the KS R9216 standard was found that
the comfortable level.

NOMENCLATURE
Vt = vehicle speed(km/h)

1. Introduction
Adhesion types of rolling stocks generate noise and vibration
running on rail. Vibration is caused by contacting wheel and rail.
There are different sizes of noise and vibration which are caused by
difference between roughness of rail head and wheel profile. In case
of normal abrasion caused by contacting wheel and rail of wheel
profile the biggest reason is wheel profile adherence of fine particles
and foreign substances which are caused by mutual abrasive effect of
wheel and rail. Like the wheel fine cracks occur in contact part of
wheel and rail when the trains run under the condition of that some of
fine particles or foreign substances adhere to rail head in case of
abrasion caused by normal contact wheel and rail. This study does not
go over normal abrasion of contacting wheel and rail of rail head, but
tries to analyze distinctive features of ride quality caused by vibration
in the rail corrugation section which is an abnormal rail abrasion.
Most of rail corrugation occurs in curved section. It occurs when
trains run faster in the curved section in comparison to curve radius
and when trains of bogie which do not have proper curve running
performance pass fast. First, this study briefly examines why rail
corrugation occurs and its shape. Second, this study analyzes the test

of ride comfort which has strong influence directly on comport
evaluation of passengers. The method of analyzing ride comfort is
based on KS R9216. The analysis of ride comport in the rail
corrugation section is based on as followings; the ride comport is
measured and analyzed when KTX train runs on the rail corrugation
section which is a type of abnormal rail abrasion and when it runs on
normal abrasion section of rail head.

2. The Reason of Occurring Rail Corrugation and its
Shape
The rail corrugation is caused by torsional vibration of the wheel
and axle due to irregular sliding between inside and outside rail when
the train runs on the curve section. The vertical contact force between
wheel and rail causes cyclic changes of wheel load. Since maximum
value of creep force which can occur in contact surface of wheel and
rail changes, in case of lessening wheel load it slides due to not
occurring horizontal contact force. And when there is wheel load, the
sliding disappears. In other words there is a stick-slip vibration
because of cyclic changes of wheel load. Since the abrasion loss is
proportional to creep force multiplied by slip speed, cyclic abrasion of
rail occurs with frequency of changes of wheel load. Here excessive
creep means slip with heavy creep force and slip rate is more or less
1%. This abnormal slip rate is frictional characteristic. The selfinduced vibration of sound damping generates stick-slip vibration.
Since changes of maximum contact surface caused by changes of
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vertical contact force is big, the main reason is changes of vertical
contact force. Excessive creep does not matter whether it is
longitudinal creep or lateral creep. The longitudinal creep is caused
by lack of radius difference of wheel rotation at inside and outside
track when the trains run on curve rail and the lateral creep is caused
by excessive attack angle. Deutsche Bundesbahn(DB) classifies rail
corrugations as 8 types according to shape as shown on Fig. 1. ①
Band type of rail corrugation : mountain and valley are shining. The
edge of inside and outside of shining band is corrugation or it gets out
of saw-toothed pattern. ② Non-continuous band type of rail
corrugation : the range of rail corrugation is cut by shining band. The
valley side looks like dull-finished steel. ③ Disconnected rail
corrugation : shining part of peak is parallel to driving direction of the
train. ④ Disconnected lateral rail corrugation : On the single track
shining part of peak lies at right angles to driving direction of the train
and on the double track it has a slope of 105°to driving direction of
the train. ⑤ Dot shape of rail corrugation ⑥ Hook shape of rail
corrugation : there are various irregularity, but shining part of rail
corrugation has various hook shapes. ⑦ Irregular rail corrugation:
the size of shining part of rail corrugation is different and there are
differences in shape. ⑧ Double track rail corrugation: there are two
lines of shining surface side by side. Like Deutsche Bundesbahn(DB)
rail corrugation is classified as in detail, but it can be classified as two
according to wave length of rail corrugation.
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found on inner rail of curve section with small radius. Whenever the
wheel and axle repeatedly slip (stick-slip vibration) in lateral, this
fault occurs. It is a concavo-convex rail surface with the abrasion
depth of 0.1~1.2mm. Mountain and valley parts of wave are shining.
In addition to taxing of the wheel, it occurs on the inside rail which
has curve radius under R400~R700m.
3. Present Condition of Rail Corrugation at Seoul-Pusan High
Speed Railway
The rail corrugation in Korea occurs at Geumjeong tunnel of
Dongdaegu and Pusan line which began to run in December 2010.
The rail corrugation occurs on the curve section which is R400~R600
of Geumjeong tunnel, that is, 409km ~ 415km far from Seoul. This
curve section is located in high speed line, but railway is small section
with R400~R600 of curve radius. The train speed in this section,
R400 which is severe curve section, is 90km/h and current set-up cant
amount is 130mm. The KTX trains running in this section is
articulated bogie and bogie center distance is 18,700mm which is
larger than normal trains. The fixed wheel base of bogie is designed
as 3,000mm which is appropriate for high speed trains. When the
train runs on the curve section, the bogie does not rotate well. And
when the wheel contacts the rail, the rail corrugation occurs due to
increasing of lateral creepage by stick-slip. The reason why there is
the rail corrugation is that standards of designing and building a
connecting line between an existing line and an express line do not
fully consider characteristics of KTX trains. Fig. 2 shows that the
example of rail corrugation which occurs at Geumjeong tunnel of
Seoul-Pusan High Speed Railway.

Fig. 1 DB classifies rail corrugations as 8 types
First, a long wave length of rail corrugation occurs in severe
curve and wave of abrasion is about 60∼2,300mm. The depth of
abrasion is 0.5~4mm. The fault on wheel profile is a concavo-convex
wave form. One of reasons why a long wave of rail corrugation
occurs is that a wheel and an axle are fixed as one and it has a big
suspension system with lateral hardness or there is big distance
between centers of fixed wheel base and bogie and there is big radius
of wheel and when the train runs on curve due to lack of self-handling
in lateral direction. Second, short wave length rail corrugation occurs
on curve and straight section and the wave is 40∼300mm. The reason
why there is short wave length rail corrugation is that with dynamic
vertical force reduction the stress of wheel/rail contact is getting
smaller and slip and taxing occur. Especially on the curve there is
difference in electromotive force of inside and outside wheel
according to time, but since the wheel is fixed to an axle, on the curve
there is vibration of distorted wheel and there are repeated vibration
and taxing. The fault of short wave rail corrugation is occasionally

Fig. 2 Rail Corrugation Shape
4. Test and analysis of ride comfort of KTX trains in the
section of rail corrugation
The testing ride comport of KTX trains is carried out at
Geumjeong tunnel which is newly built as 2nd plan of SeoulPusan High Speed Railway and where occurs rail corrugation.
Geumjeong tunnel is one of the weakest sections. Testing section is
newly built, but it is connected with an existing line and is a concrete
track which is planned and built with comparatively small radius line.
The test was carried out at the spot of 409km~415km far from Seoul.
The curve radius of the testing section is R400∼R600 which is pretty
small, but cant amount is 130mm according to minimum cant
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standard of high speed express. The conditions of measuring and
analyzing ride comport of KTX trains are as followings ;
- Test train : car number #3 of KTX #45 fleet train
- Speed of train : operating speed
- Direction : Downward (T1) Shingyeongju → Pusan
Upward (T2) Pusan → Shingyeongju
- Object : Ride comport of up/down and right/left movement of
the car
- Method of analysis : According to KS R9216, that is standard of
ride comport, level (dB) of comport about vibratory acceleration
as a unit of 1km is analyzed. Table 1 shows the standard of ride
comfort in KS R9216-2000.
Table 1 Ride comport index in the KS R 9216-2000
Level(A)
100dBA > A
100dBA ≤ A <
105dBA
105dBA ≤ A <
110dBA
110dBA ≤ A <
115dBA
120dBA ≤ A <
125dBA
125dBA ≤ A

Effectiveness
value(㎨) (B)
0.1 > B
0.1 ≤ B < 0.178
0.178 ≤ B < 0.315

Index
very good comfortable
good comfortable
not comfortable

0.562 ≤ B < 1.0

a little uncomfortable

1.0 ≤ B < 1.779

very uncomfortable

1.779 ≤ B

extremely uncomfortable

Fig. 3 and Fig. 4 are the result of testing ride comport. The value of
ride comport is as follows; in case of T2 (upward) the value of right
and left is 88dB∼94dB and in case of T1 (downward) the value of
right and left is 88dB∼92dB. They are in very good level according to
standards of ride comport by KS R 9216-2000. The comport value of
vertical direction is as follows; in case of T2 (upward) the value is
96dB∼100 dB, in case of T1 (downward) the value is 95dB∼100dB.
Like the ride comport of right and left direction, they are in very good
level according to standards of ride comport by KS R 9216-2000.

Fig. 4 Experimental value of ride comfort at KTX train
; down line(T1)

5. Conclusions
This study analyzes characteristics of ride comport which decide
comport of passengers when Korea high speed train, KTX, runs on
the section of rail corrugation. It is known that when KTX trains run
on the curve section, bogie center distance is big and the fixed wheel
base within bogie is long, thus performance of passing curve section
is not good. The result of testing ride comport at the section of rail
corrugation is as follows; the level of ride comport which speaks of
vibratory characteristics is very high according to standards of KS
R9216, although there is rail corrugation. When the train runs on the
section of rail corrugation, noise inside of trains increase 2~3dB due
to abnormal contact of wheel and rail. It is found out that the study on
reducing noise rather than reducing vibration for better comport
which affect the comport of passengers when the high speed trains
run slowly with curve radius of R400~R600 is necessary for the
future.
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Tool wear plays a vital role in influencing the ease of cutting, the quality of the resultant machined surface, and machining
costs. In this paper, a new hybrid machining process (HMP) is proposed. The system has a milling spindle with ultrasonic
vibration for the sake of the HMP system. In this system, the core technology is to design an ultrasonic vibration horn for the
spindle using finite element method (FEM) and impact testing method. After the assembly of the HMP system, the final goal
that is to reduce tool wear and to improve the surface roughness was investigated. Contrast to the conventional cutting
systems that has large tool wear to the SM45C HRC28 steel workpiece, the tool wear as well as surface roughness has been
greatly improved by the HMP. The machining cost and burr has also been reduced efficiently.

1. Introduction
Nowadays manufacturing industry is facing challenges from
advanced difficult-to-machine materials (tough super alloys,
ceramics, and composites), stringent design requirements (high
precision, complex shapes, high surface quality), and machining costs
[1].The reasons for developing a hybrid machining process (HMP) is
to make use of the combined or mutually enhanced advantages, and
to avoid or to reduce some adverse effects of the constituent processes
produce when they are applied individually [2].
In recent years, there has been a rapid increase in the demand for
micro-parts in many industries. However, the micro-parts are very
sensitive to ultrasonic vibration. Vibration-assisted machining (VAM)
combines precision machining with small-amplitude of tool vibration
to improve the fabrication process. The VAM was first used in the late
1950s for traditional macro scale metal-cutting applications. These
VAM experiments of the glass, steel, and brittle ceramics confirmed
that the tool life could be extended and allow economic machining of
such materials; improvements in the surface roughness and ductile
cutting compared to conventional machining were also demonstrated
[3]. The VAM has been applied to a number of processes from turning
to drilling as well as grinding
Ultrasonic vibration assisted micro-drilling (UVAD) process can
reduce the exit cracks of micro hole and increase the tool life [4], and
improve the quality of the machined surface [5]. Jin et al. found that
ultrasonic vibration cutting (UVC) could be carried out for a
workpiece with high hardness and the tool life could also be increased

[6]. Zhou et al. found that surface roughness of the aluminum-based
metal matrix composite became better in ultrasonic vibration assisted
turning [7]. The UVC is an effective method to obtain better cutting
performance, and this combined machining technology has been
widely used in successful turning and drilling. However, very less
data is recorded in case of ultrasonic-assisted milling (UAM).
The purpose of this research is to investigate the effects of
machining length on tool wear and surface roughness in UAM and
CM of steel SM45C HRC28. The research was done through many
experiments to compare the difference between UAM and CM.

2. Hybrid Processing Machine

ultrasonic
vibration

Fig. 1 Ultrasonic-assisted milling machining mechanism
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The HMP system mechanism and setup are shown in the Fig.1and
Fig. 2. The capability of the system allows us to perform various
hybrid machining experiments. Two or more different processing
methods can be combined, for instance, EDM-Milling, US-Milling,
or EDM-US-Milling, etc. Maximum spindle speed is 9600 rpm. We
designed an ultrasonic vibration horn for the spindle using FEM and
impact testing method, and the horn has been manufactured and
tested. The resonance frequency of the transducer is 40 kHz and for
cooling of spindle, air is used as coolant.

UAM and CM. From this figure, the tool wear of the CM is very
obvious than UAM. This results in rapid increase in workpiece
roughness as shown in Fig 5. By using UAM, the surface roughness
is reduced up to 61.5% compared to CM. The variation of surface of
the workpiece (SW45C HRC28) after different machining method is
shown in Fig. 6.
UAM

CM

Fig. 3 Microscopic images of tool condition after (a) UAM and
(b) CM the workpiece of SM45C HRC28 for 3000 mm

Tool wear (µm)

160
140
120
100
80
60
40
20
0

Fig. 2 Hybrid machining setup

3. Experiment
3. 1 Design of Experiments
The conditions of experiment are shown in Table 1. The variables
of the experimental conditions are machining length and ultrasonic
displacement. In this experiment, the workpiece (SM45C HRC28)
was used. In order to prevent the tool fracture, the high-speed 9,000
rpm and slow feed rate were used.
The purpose of the experiment is to observe the tool wear and the
surface roughness to compare performance UAM and CM.

UAM
CM

500

1000 1500 2000 2500 3000
Machining length (mm)

( (mm)
Fig. 4 Variation of the flank wear of the tool with the distance in
machining SW45C HRC28 of UAM and CM

Table 1 Experimental Parameters
Fluid
Tool diameter

Kerosene
1 mm
Two-flute end mill

Tool material

Tungsten carbide

Workpiece material
Feed rate
Spindle speed
Ultrasonic displacement
Machining length

Steel SM45C HRC28
0.002 mm/tooth

Ra (µm)

Tool type

9000 rpm
0 , 1.50 µm
500, 1000, 1500, 2000, 2500, 3000 mm

3.2. Experimental results and discussion
CM and UAM experiments were completed in the same CNC
machine tools (Hyper-15). Tool wear and the surface roughness
results are shown in Fig.4 and Fig. 5, respectively. As shown in the
Fig. 4, UAM improves the tool wear in comparison with CM by
34.9% on average. Fig. 3 shows microscopic images of tool condition
after performing 3000 mm machining length on SM45C HRC28 by

Machining length (mm)
( (mm)
Fig. 5 Variation of roughness of the workpiece of SW45C
HRC28 with the distance in CM and UAM
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UAM

UAM

CM

CM

UAM

Burr

CM

Burr

(a) After 1000 mm

(b) After 2000 mm

(c) After 3000 mm

Fig. 6 Variation of surface of the workpiece of SW45C HRC28 with the distance (a) after 1000 mm
(b) after 2000 mm (c) after 3000 mm in UAM and CM

4. Conclusions
Experiments were carried out to study the tool wear and surface
finish during CM and UAM of SW45C HRC28. Milling machining
of difficult-to-cut materials generates concentrated thermal/frictional
damage at the cutting edge of the tool and rapidly decreases the tool
life. The tool wear is reduced up to 34.9% by using UAM.
The tool wear can lead to rough machined surface. From the Fig. 5,
experimental results show that the UAM can significantly reduce the
surface roughness and burr.
Our experimental investigations revealed that ultrasonic vibration
enhances the abrasive resistance of the cutting tool and produces
better surface finish in our developed hybrid machining. This result
could be due to accelerated heat transfer by ultrasonic vibration.
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The novel supercapacitor cell has been developed based on polypyrrole(PPy) and TEMPO-oxidized bacterial cellulose
nanofibers (TOBCN) films. Flexible nanocomposite films of PPy/TOBCN are synthesized by the chemical oxidative
polymerization of pyrrole with TOBCN. Resulting composite films are characterized by Fourier transform infrared
spectroscopy, x-ray diffraction, scanning electron microscope and therogravimetric analysis. The polymer electrolyte based
on electrospun PVdF fiber is prepared by immersing PVdF film into 1-Ethyl-3-methylimidazolium tertrafluoroborate
(EMIMBF4) solution. The electrochemical performances of the supercapacitor cell are measured through cyclic voltammetry
(CV) and charge-discharge tests. It’s found that the supercapacitor cell demonstrates a mass-specific capacitance of 133 F/g
at the current density of 0.2 A/g. With high specific capacitance and excellent cycle life, this supercapacitor indicates the
exciting potential for high-performances energy storage applications.

1. Introduction
Recently, the supercapacitor has received much attention due to
its high power density and long cycle life.1 Conducting polymers
could be employed as adaptable energy storage devices because of
their inherent fast redox switching, mechanical flexibility, low weight
and high conductivity.2 Among the conductive polymers, polypyrrole
(PPy) has drawn much attention, owing to its high conductivity,
flexibility, thermal and environmental stability. However, the poor
mechanical properties and process-ability of PPy have limited their
applications.
In our study, for the first time, a flexible TEMPO-mediated
oxidized bacterial cellulose nanofibers (TOBCN)/PPy composite was
synthesized by the chemical oxidative polymerization of pyrrole on
the surface of cellulose nanofibers. TOBCN can be obtained through
the treatment of BC using 2,2,6,6-tetramethylpylperidine-l-oxy
radical (TEMPO)-mediated oxidation.3 The advantage of using
TOBCN is clearly because of the presence of hydroxyl (OH) and
carboxylate (COOH/COO-Na+) moieties on the surface of TOBCN.4
In the present work, we investigate the possibilities of using these
materials for energy storage in supercapacitor.

2. Experimental Section

The PPy/TOBCN composite films were prepared by dispersing
0.45 g of TOBCN in the distilled water (100 ml). A solution of 1 g of
FeCl3 was added to the TOBCN solution. After the mixture solution
was stirred for 40 min, 1 ml pyrrole and 2 ml HCl were added to the
PPy/TOBCN solution. The polymerization time was allowed to react
for 1 h at room temperature. Finally, the resulting structure was
collected on a filter paper and air-dried to a constant mass on a Petri
dish.

3. Results and Discussion
To investigate the surface morphologies of TOBCN, PPy and
PPy/TOBCN films, SEM micrographs were examined, as shown in
Fig. 1. Fig. 1(a) shows a typical morphological structure of TOBCN
composed of individual nanofibers with a diameter of about 10 nm.
SEM of PPy/TOBCN exhibits that the PPy nanoparticles were
entangled in the TOCN network and uniformly coated on the surface
of TOBCN surface, as shown in Fig. 1(c and d).
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4. Conclusion
In summary, a novel supercapacitor based on PPy/TOBCN and
PVdF-EMIMBF4 electrolyte was developed. The conductive
PPy/TOBCN film was successfully synthesized by oxidative
polymerization of pyrrole with iron (III) chloride as an oxidant and
TOBCN as reinforcement agent. Our results demonstrated a flexible,
stable and conductive composite film because of PPy nanoparticles
well coated the surface of TOBCN network. The supercapacitor
showing a mass-specific capacitance of 134 F/g at the current density
of 0.2 A/g paves the way toward promising applications in future
high-performance and flexible energy storage devices.

Fig. 1 SEM images: (a) TOBCN (5K×), (b) PPy (500×), (c) TOBCN
(5K×), and (d) TOBCN (50K×)
Electrochemical behavior of the supercapacitor cell was
investigated by galvanostatic charge/discharge, as shown in Fig. 2.
Two pieces of PPy/TOBCN films were used as the electrodes and
PVdF-EMIMBF4 was used as the electrolyte, which was prepared by
immersing electrospun membrane into EMIMBF4 solution. The mass
specific capacitance was carried out using the equation Cm = (I × Δt) /
(ΔV × m), where Δt is the discharge, ΔV = 1 V, and m is the total
mass (~40 mg). The value of Cm as high as 134 F/g was gained for
the supercapacitor based on PPy/TOBCN and PVdF-EMIMBF4
electrolyte at the current density of 0.2 A/g. The high Cm may be due
to the good dispersion of PPy coated around TOBCN, which could
provide a good electrolyte-accessible surface area to enhance
utilization of PPy nanoparticles for redox reactions.5
The presented PPy/TOBCN composite material is high
conductive, light-weight and flexible. It can be molded into various
shapes. In addition, the thin sheets of PPy/TOBCN can be rolled to
prepare compact energy storage devices. Also, the novel
supercapacitor based on PPy/TOBCN composite material and PVdFEMIMBF4 electrolyte has a potential application in high-performance,
wearable/stretchable and flexible, light-weight and environmentally
friendly energy-storage devices.

Fig. 2 Charge/discharge curves of the supercapacitor cell
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A successive suturing device (SSD) has been developed for continuous suture operation using an endoscope. It is a device
developed to make continuous suture operation to be performed using a bead and suction cap. In this paper, a basic
mechanism of SSD is explained and its limitation is discussed. While a suction cap can effectively fix a stomach wall during
suturing is being performed, it has a problem of interrupting a sight of operator and of increasing a difficulty of control of
an endoscope. However, There is a risk that a problem which stitching fiber is cut because of a friction force of a stitch fiber
and bead in the process of tightening the fiber tightly. In this paper, a new suturing method and several assistance tools to
resolve the limitations of SSD will be introduced. It is a reversed needle tool to pull a stomach wall instead of a suction cap
and a protection cap positioning a stomach wall and preventing unintentional wound. Due to this, some limitations of SSD
have been overcome and a result has been proved through an in-vitro experiment.

1. Introduction
Due to reduced recovery time, difficulty of operation and beauty,
minimally invasive surgery has widely developed.1,2 Many suturing
devices using endoscope including T-tag, Eagle Claws, endoscopic
staplers, endostitches, over-the-scope-clip system(OTSC) and
successive suturing device (SSD), have already widely developed.3-12
Few of them are verified for their feasibility and safety, but others
have disadvantages on successive suturing operation since they do not
allow consecutive suturing. In addition, some of them need additional
equipment installation other than endoscope and suturing devices
which make relatively difficult to pass through patients’ throat. Most
of equipment are not convenient and safe enough to be
commercialized. Many researches on these issues have been
continued.
We have been developed SSD.13 It is a full thickness suturing
device which sutures both muscular coat and mucous layer by using
anchoring beads. Full thickness suturing has an advantage of recovery
speed and safety compared with only suturing mucous layer.
Currently, SSD can consecutively suture up to 6 times and also only
using channel of conventional endoscope without any additional
equipment attached. The better suture strength was proved in
comparison with conventional endoscopic clip and hand suturing by a

specialist.14
SSD has relatively simple mechanism and good suture capacity,
but there are some limitation to be solved before going on to clinical
stage. In this paper, those limitations are discussed, and explain
suturing process and development of a new equipment. Thus, through

Fig. 1 Basic mechanism of SSD
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in-vitro animal testing, increased work stability and suture efficiency
are proven.

2. SSD
2.1 Basic mechanism

(a) Front suction cap

Basically SSD can perform suture operation by using a needle, a
bead, and an anchoring bead. In previous research, its suture capacity
has been proven.14 The basic process of the device is Shown Fig. 1.
Firstly, a suction cap approaches to the target position in the stomach
and pulls a part of tissue to be sutured. Then, a needle from one of
endoscope channel pierces through stomach wall and anchoring beads
are discharged from the needle. A stitching fiber goes through the
anchoring bead and comes back to inside of the stomach. The bead,
then, is positioned on the opposite side of the stomach and holds the
stitching fiber. The incision part used in previous experiment was a
wound made by 18mm balloon for endoscope, and to suture this, six
suturing operation was performed. To confirm its suture capacity,
endoscopic clip and specialist’s direct suture method were compared.
Front suction cap was used to perform the experiment and thus,
anchoring bead was placed on outer side of the stomach.

(b) Side suction cap

2.2 Limitation of SSD
2.2.1 Suction cap
Two suction caps were used in previous research stage. One was
normal endoscopic front suction cap, and the other one was side
suction cap (Fig. 2).
In case of front suction cap, it does not block the view of
endoscopic camera so that it allows accurate suction operation in
relatively desired position. However, the main downside of it is the
needle which pierce through from inside stomach to outside stomach
so that can make unintended wound on organs outside stomach, as
shown in Fig. 3(a). In previous experiment, such suction cap was used
since it was only for proving suture capacity on extracted stomach. In
animal test or clinical test, this method cannot be used.

Fig. 2 Front suction cap and side suction cap

Fig. 3 Suction and piercing through by needle
To overcome such difficulties of front suction cap, side suction
cap has been developed. The side suction cap is designed to approach
to tissues on stomach wall at right angle to suction direction. After the
needle passes through tissues, it allows to discharge a bead inside
stomach (Fig. 3 (b)). With this, it removes the possibility of damaging
organ outside stomach and allows to perform in-vivo test. However, it
has a limitation blocking the view of endoscopic camera, which gives
inconvenient environment to an operator. Also the suction direction is
fixed so that it is difficult to perform suture operation accurately. In
addition, for thin tissue suction, 8mm*7mm suction area is required
while larger area is needed when practicing thicker tissue in muscular
coat suction. The suction area is more than required area for 18mm
incision part suture for NOTES and therefore performing precise
suture operation in small part is difficult. This issue will be discussed
in following section.

2.2.2 Bead and stitching fiber
A system using a bead and a stitching fiber is one of methods that
allows to perform suture operation overcoming limitation of
endoscope which the task should be fulfilled on only one side of
stomach wall. However, there are some limitations discovered in
previous experiment. This device used a titanium bead and nylon
stitching fiber. Six times suture operation results in very
complicatedly tangled structure and frictional force on six points on a
hook of the bead. When tightening stitching fiber tensely, frictional
force on each point of contact increases and when over-tightened, it
may be cut.
Also in the process of suture operation, bead and stitching fiber
might disturb suction cap’s work. When a bead is in the area of
suction near incision site, they might be pulled up together and if a
needle pierce through in this case, then a situation like fiber being cut
or bead blocked inside a needle might happen. As successive suture
operation is practiced, there are more beads and the fibers to be
avoided in suction work and with the side suction cap’s vision
problem, it gets harder to operate.
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Fig. 4 Procedure of stitch using protection cap and reversed needle tool

3. New suturing mechanism
New suturing mechanism including reversed needle tool and
protection cap was developed to overcome limitations of current
equipment mentioned above. The reversed needle tool is designed to
pull tissues replacing suction cap. The protection cap prevent needle
from making unintended wounds while positioning stomach wall in
the center of front endoscope so that the needle can pierce through
stably. Using this, above mentioned limitations of SSD could be
overcome and due to half-reduced number of process and beads
needed for suture, operation time was reduced greatly. Also the part
where blocking the view of endoscope was lessened providing more
convenience to an operator, and with decrease in the number of beads
needed the cut of stitching fiber due to friction between beads and the
fiber can be solved. The procedure of stitch is shown in Fig. 4

3.1 Reversed needle tool
In case of using suction cap, all the parts of that except suction
area should be sealed so it is inevitable to block the view of
endoscope. Endoscope, though, should approach close to the incision
part for suction. To overcome this, a new tool to bring stomach tissue
to the front of endoscope instead of suction cap was developed. This
equipment uses one of two endoscope channels so to perform
suturing operation, two channel endoscope is needed. Two channel
endoscope (GIF-2T 240, Olympus) was used in the development of
this equipment. This tool, like a fish hook, the needle is hooked
opposite to the direction of an endoscope and can be opened and
folded as necessary (Fig. 5). The work process is as follows. To avoid
making unintended wound, the folded needle goes through an
incision part to outside of the stomach and opens up reversed needle.
At that point, the needle faces toward the stomach wall from outside
stomach and since there is no sharp part facing outside the stomach, it
does not make any damage on outer organ. The reversed needle in
opened position hooks the stomach wall from outside of the incision
part and brings it to the front of an endoscope. Later, suturing process

(a) Endoscope head equipped with reversed needle tool

(a) Side suction cap

(b) Front suction cap

(c) Protection cap

(d) Extruding reversed needle tool

(b) Extrude the tool and open reversed needles

(c) Fold revered needles to grab tissue
Fig. 5 Reversed needle tool

Fig. 6 Views of each caps
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Incision

Reversed

part

needle

(a)

(c)

(b)

Anchoring
bead
(d)

(f)

(e)

(h)
(g)
(i)
Fig. 7 Sequence of suture operation using new method. (a)Incision part is made on stomach wall. (b) An endoscope is controlled to aim incision
part. (c) A Reversed needle tool grabs tissue. (d) Stomach wall is pulled at front of endoscope. (e) A Protection cap is fold to position incision
part. (f) An anchoring bead is extruded. (g) A protection cap opens and reversed needle tool is took out from stomach wall. (h) A result of suture
on inner side of stomach wall. (i) A result of suture on outside of stomach wall
is performed, and the reversed needle tool is removed from the
stomach wall and is folded to come back into the stomach. This gives
several advantages over suction cap, which provides clear view and
decreases the limitation to approaching direction toward incision site
on stomach wall. Unlike the case of side suction cap, with the
reversed needle tool, an endoscope can face the incision part at front,
which gives more convenience to an operator. Also both side of the
incision parts are positioned in front of the needle at the same time
which allows the needle to pierce through two layers of the stomach
wall at once. As a result, number of beads needed for one stitch is
reduced to one from two.

closing the cap by pulling the wires connected to it. Then when the
needle pierces the stomach wall, both side of incision parts will also
be pierced, and at that point, the needle does not damage any other
parts by the protection cap positioned at opposite side. After a bead is
discharged, the needle is retrieved. Such task gives convenience
compared to previous method since an endoscope is looking at the
incision site from the front directly while operation is performed. Also
less area is needed when pulling tissues compared to suction cap,
relatively precise suture operation can be performed, and with one
pierce and one bead the same result can be obtained as two
performance of the former method.

3.2 Protection cap

3.3 Result of suture operation

In addition to application of the reverse needle mentioned above,
a new cap to improve suture safety and convenience was developed.
The role of this cap is to prevent inadvertent wound when the needle
pierces as well as positioning stomach wall so that the needle can
pierce two layers of the wall at once. Not to block the view of an
endoscope, this cap was installed opened to outside by torsion spring
and can be closed using wire when necessary. The views of each caps
is shown in Fig.6
First the reverse needle tool explained earlier moves forward to
drag tissues in the incision part which to be sutured toward the front
of an endoscope. Then, both sides of the incision part will be
positioned to the front of the channel where the needle is installed as

If suture operation is performed using previously mentioned tool,
the final suture form is shown in fig. 8. Three beads are used and
three stitch works were performed. It is equivalent to six beads and
six stitch works by previous method. As a result, the number of
operation performed was halved, and also the frictional force on bead
and stitching fiber when tightening the fiber was also halved.

4. Experiment
To verify the feasibility of the equipment, in-vitro test was conducted. A stomach similar to humans was extracted from a pig which
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(a) Former method

(b) New method

Fig. 8 Result of suture operation
often used for endoscope experiment was used. Whole stomachs were
acquired from a local butcher shop immediately after sacrifice, and
the specimens were tested as soon as they were obtained. The
sequence of suture operation using new method is shown in Fig. 7.
To compare with previous equipment, 3 stitching were performed,
and time taken was compared. The reverse needle has 5mm of length
and 15mm when opened maximum. This was long enough to cover
both sides of incision part but sometimes, it could not drag both sides
of incision part or only stitching muscular coat except mucous layer.
Depending on the size of incision part, adjusting the length of the
reverse needle should be improved. For protective cap, it positioned
stomach wall effectively and prevented damaging unintended parts.
However, there is a situation that a bead is discharged cannot be seen
at all as it is covered with a stomach wall.
A process of tightening a suture after completing suturing has
clearly improved compared to the past. A suture could be tightened
relatively smoothly and a condition of a stomach wall after
completing suturing can be seen in Fig. 8. It is similar with a result of
suturing of existing SSD. It also expected that suturing strength
would be also similar but it needs to be verified by an additory
experiment.

5. Conclusion and discussion
There are few limitations to be solved for current SSD before
clinical test stage. In this paper, the new stitching method to
overcome the limitation and the tool to realize this was introduced.
Those can be simply installed on a conventional endoscope and keep
having strong points of SSD which are simple structure and
mechanism and ability to practice successive suturing operation, they
give more convenient operation with shorter working hour. The short
working hour and the convenient operation will give less fatigability
in surgery environment and avoid medical accidents, which is
imperative in application of the clinical test. This is a prerequisite for
an endoscopic suture device to be commercialized other than effective
suture capacity.
There are several problems to be resolved. First, even though a
reversed needle tool was effective to grip and pull a stomach wall, a
case that the tool cannot be collected as a reverse needle and stitching
fiber became entangled in the process of releasing a stomach wall.

Also, this is too big at present so it is not easy to install and remove
from an endoscope. A study on a miniaturization method is necessary.
Because this mechanism has a structure that a worker cannot see a
process of a bead being discharged, a function which can guarantee
discharge of a bead should be added to a protective cap. There is a
possibility that suturing strength became weakened because a number
of beads used for suturing is reduced compared to an existing method.
An additional study comparing suturing strength is also necessary.
Suture device introduced in this paper needs less number of
beads compared to previous one, but since the number of stitches for
suture are the same so the suture strength is expected to be similar.
This is a part where it needs further investigation in other research.
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Passengers in subway train are exposed to a worse noise environment when they are in the tunnel than in the open field.
Many of research on the noise reduction techniques such as the attachment of the sound absorbing materials on the tunnel
wall or rail ballast, rail coating and rail grinding have been progressed for the improvement of the noise environment in
subway train. From the previous study on the proposed noise reduction techniques, it is shown that the bulk reacting type
sound absorbing materials such as the polyester, light weight concrete block with air pocket and polyurethane foam have a
good sound absorbing performance, but they have some disadvantages like corrosion by moisture, dust scattering,
malfunction of absorbing performance by repetitive wind pressure, difficulty with water cleaning and fire problems. In order
to overcome these problems, thus, an locally reacting type sound absorbing system which consisted of the dimensions such
as thickness, hole diameter and porosity, the depth of airspace and the number of the perforated panels is proposed as an
alternative for the improvement of the noise environment in a cabin by the reduction of tunnel noise.
The objective of this study is to investigate design parameters on the multiple layer perforated panel sound absorbing system
for the reduction of the tunnel noise in the subway. Multiple layer perforated panel sound absorbing system composed of the
perforated panel with sub-millimeter holes and the airspace backed a rigid wall or between panels. The experiment is
performed through the change of number of perforated panel, cross sectional area and the depth of airspace of the
perforated panel absorbing system under the conditions of the normal and random incidence sound, respectively.
From the experimental result, it is shown that the acoustic resonance frequency at which acoustic absorption becomes
maximal is well consistent with the number of perforated panel for multiple layer perforated panel system. This acoustic
resonance frequency can be controlled by the adjustment of the number of perforated panel, cross sectional area and the
depth of airspace. It is found that it has better absorption performance at lower frequency band to increase the number of
perforated panel.

1. Introduction
Passengers in subway train are exposed to a worse noise
environment when they are in the tunnel than in the open field. The
reason is that the sound intensity of the acoustic field in the tunnel
significantly increases by reflected waves occurred in the closed
space. Many of research on the noise reduction techniques such as
the attachment of the sound absorbing materials on the tunnel wall
or rail ballast, rail coating and rail grinding have been progressed
for the improvement of the noise environment in subway train. The
noise reduction effects of sound absorbing material showed

2~3dB(A) and rail coating and rail grinding showed 2dB(A).(1)
From the previous study on the proposed noise reduction techniques,
it is shown that the bulk reacting type sound absorbing materials
such as the polyester, light weight concrete block with air pocket
and polyurethane foam have a good sound absorbing performance,
but they have some disadvantages like corrosion by moisture, dust
scattering, malfunction of absorbing performance by repetitive wind
pressure, difficulty with water cleaning and fire problems. In order
to overcome these problems, thus, an locally reacting type sound
absorbing system which consisted of the dimensions such as
thickness, hole diameter and porosity, the depth of airspace and the
number of the perforated panels is proposed as an alternative for the
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improvement of the noise environment in a cabin by the reduction
of tunnel noise.(2)
The objective of this study is to investigate design parameters
on the multiple layer perforated panel sound absorbing system for
the reduction of the tunnel noise in the subway.
,

2. Experimental theory
Fig. 1 schematically shows an impedance tube having no flow of
plane sound field with two microphones used to obtain acoustic
characteristics at one end of the tube.

rectangular acrylic pipe of 35mm  35mm cross-section, 900mm in
length, and 10mm in thickness. Two microphones are mounted
flush with the inner surface of the impedance tube. Microphones
used in this experiment are 1/4inch pressure type. A loudspeaker is
located at one end of the impedance tube, and the multiple layer
perforated panel sound absorbing system is attached at the other end.
A random sound generator provides sound signal through an
amplifier to the loudspeaker. The frequency range of the frequency
analyzer is up to 4,000Hz and the resolution is set to 8Hz.

Fig . 1 Schematic of an acoustic impedance tube
The acoustic pressures at p1 and p2 are Eq.(1) and Eq.(2),
respectively.
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The reflection coefficient can be calculated by measuring only the
transfer function as follows (3)

H e jk ( s1s2 ) e jks1
R  12jks
e 1  H12 e jk ( s1s2 )

(4)

Fig. 2 Experimental setup for sound absorption coefficient
measurement
A sound transfer function is measured using two microphones
mounted at two locations of the tube. Where s1(=80mm) is the
distance between the first microphone and perforated plate and
s2(=40mm) is the distance between two microphones.

3. Results and discussion
For studying the effect of the number of perforated panel on the
normal sound absorption coefficient of the multiple layer perforated
panel system, the measured absorption coefficients with increasing
the number of perforated panel are compared in Fig. 2. Here the
symbol n in the figures indicates the number of perforated panel.
The length of airspace is 30mm and the porosity of perforated plate
is   1% .From the results shown in Fig. 3, it can see that
increasing the number of perforated panel has better absorption
coefficient at lower frequency bands and more broadband
absorption ranges.
(a) n=1

By substituting Eq. (4) into Eq. (5), the normal incidence sound
absorption coefficients of multiple layer perforated plate systems are
obtained.

n  1  R

2

(5)

3. Experimental setup
Fig. 2 shows the experimental setup for measuring the normal
incidence sound absorption coefficients of multiple layer perforated
panel sound absorbing systems. The impedance tube is a
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3. J. Y. Chung and D. A. Blaser, “Transfer Function Method of
Measuring in-Duct Acoustic Properties. Theory, II Experiment”,
J. Acoust. Soc. Am., Vol. 68, No. 3, pp. 907-921, 1980.

(b) n=2

(c) n=3

(d) n=4
Fig. 3 Effect of the number of perforated panel on the normal sound
absorption coefficients

4. Conclusion
The acoustic resonance frequencies can be controlled by
adjustment of porosity and length of airspace. Multiple layer
perforated panel has better absorption performance than single layer
perforated panel at lower frequency bands and more broadband
absorption ranges.
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Abstract In this paper, a method for drying a variety of untreated fish waste, and carbonizing the dried material under a
reduced pressure, thereby achieving a more stable and economical treatment for the waste materials, and an apparatus for
performing the method were discussed. We proposed updated speedy dryer which have continous input and screw conveyer.
If we use updated speedy dryer, fish waste can be changed to useful feed and liquid composts. With the method and
apparatus, it is possible to separate condensate water from a high-temperature and high-humidity air stream and discharge
the condensate water having passed through a purifying operation, while utilizing the residual air stream as burning air
required for drying and carbonization of waste material. This has the effects of preventing from generation of contaminants
and environmental pollution while reducing fuel costs, and a carbide, obtained via the drying and carbonization of the waste
material, is available into solid fuel having superior burning efficiency. The condensate water can be used to deodorants.

1. Introduction
In general, the reclamation, fermentation & drying, drying,
combustion, and others are used for waste treatment. With the
contamination surrounding the landfill, generation of leachate, bad
odor, and others, the allowance of reclamation among them is very
limited thus it does not function as fundamental resolution for waste
treatment. Also, considerable amount of time and effort are required
for the utilization of it as compost using fermentation treatment and
there is difficult of resolving environmental contamination as large
quantity of harmful gas or bad odor is generated during the
fermentation & drying process. Also, it is improper to be directly
utilized due to high content of salt within compost and particularly it
has shortcomings in that there is only limited numbers of waste types
to which fermentation & drying treatment can be conducted among
non-treated waste available for such fermentation & drying process.
Moreover, although the drying methods include hot-air drying,
floating air input drying, rotary kiln type drying, micron spraying type
drying, and others, all of these mixes outer air and puts inside and
presents high ratio of exhaust in inner current thus it spreads the
exhaust related contamination with the difficulty of disposing the
exhaust, brings about fuel loss due to the direct outer exhaust during
the treatment, and present very low combustion rate as solid fuel
because drying substance cannot adhere to floating inner current due
to supply of outer air in drying process. Moreover, as it performs the
drying operation with the use of separate heat source from the outside,
it is uneconomical as it requires high fuel cost, difficult to recycle as

there is imbalance in property even in case of substance completed of
drying treatment, and recognized as unpleasant facility as
environment contaminants generated during the drying treatment
deteriorates surrounding environment. The purpose of this study lies
in introducing complete recycling method to conduct distilled drying
of fish waste rich in fat and protein using, utilize the solids as
livestock feed, and utilize the condensate water as deodorant and
external source of carbon for sewage treatment plant using continuous
dryer[1].

2. Continuous High Speed Dryer

2.1 Design
Continuous high speed dryer is composed of transmission and
agitating device with L-shaped wing, heating device, heat exchanger,
condensate water producing device, inner current circulator, and
others. In regards to the agitating device, it was devised so that screw
with L-shaped wing performs not only the rotation but also drying
function of lungfishes by the heat. Weighing feeder adjusts and
supplies adequate amount of waste to be circulated inside the dryer.
Heat exchanger and condensate water producing device induces the
congelation by quenching at the moment gas with high temperature
and moisture passes through. Then, it discharges the condensate water
outside and circulates dry gas once again with high temperature to
assist the heating. When such process is repeated, solids are dried.
Inner heating temperature shall maintain at 80~100℃.
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2.2 Production of Testing Equipment

3.2. Manufacturing of Test Feed

For the testing equipment, facility of 10 ton/day was
manufactured based on daily treatment capacity. L-shaped spiral
screw for transmission and drying was made to perform smooth
agitation and prevent the foreign bodies from adhering to the inner
wall. In regards to condensate water producing device, dryer and heat
exchanger were installed outside to increase the efficiency of drying.
The efficiency of drying process enabled 1 ton of lungfishes to dry
with water content of under 5% in 8 hours. Fig 1 illustrates the
example of installation.

Dried matters were temporarily stored after removing foreign
bodies with vibrating screen. Location with great ventilation
was necessary as it solidifies under high moisture atmosphere.
Fig. 2 illustrates the property of dried marine waste.

Fig. 2. Dried sea waste

3.3. Test Application of Feed
Fig. 1 Sample(Speedy dryer)

Drying process can be briefly summarized as below [3].
1) Input and seal the lungfishes and intestines of fish to storage

Feed was applied to nearby duck farm. As a result of 1 month
use, there was no problem with the growth of duck under
naked-eyes. We showed the components of lungfishes waste
after drying, also heating low value is 5200kcal/kg. Location
with great ventilation was required as it solidifies under high
moisture atmosphere.

hopper of collection vehicle for temporary storage.
2) Crush the waste input to storage hopper.

Table 1. Components of lungfishes waste after drying.

3) Transfer food waste within crusher to weighing feeder through

Heating Low
Value

Organics(%)

sealed transporter.
4) Produce solids and condensate water by continuous drying process.
5) Adjust the speed so that water content of dried matters is under 5%.
6) Transport to sorting machine through an outlet for automatic
sorting and separation.

3. Sampling and Component Analysis

3.1. Test Operation
Only lungfishes and intestines of fish except those with hard
shell including clams, conches, and others were used for test
operation. In case of drying the lungfishes only, the drying was
unsuccessful with the formation of mass during the drying
process caused by large quantity of fatty substances. 1 ton of
marine waste could be dried within 5 hours when the drying is
conducted together with foliage powder rich in fiber.

C

H

N

O

S

Cl

Ash

41.1 7.1 3.32 33.0 0.45 2.24 13.2

5200kcal/kg

4. Conclusion
Although relatively large amount was used as the compost in
regards to the recycling of organic waste such as food waste, it is
high time for development of new substitute feed with the increase
in feed price. When waste fish and shellfish are effectively dried
and utilized as quality feed to meet such demand, simultaneous
performance of waste treatment and recycling becomes available.
Although petroleum was generally used for heat source of dryer in
the past, it is inadequate with the increase in oil price thus the
drying with relatively inexpensive nighttime electricity or steam
boiler which uses the waste heat of incinerator is beneficial. We
have succeeded in effectively making dry powder by adding
external fiber material to marine waste and using sealed high speed
dryer. Above method could fundamentally prevent the generation of
bad odor during the drying process and presented potential for
effective feed production through standardized packaging. As a

International Symposium on Green Manufacturing and Applications (ISGMA 2014), pp. 120-122
ISGMA2014-P-N-03

result of test feeding on poultry, no distinctive impediment was
detected and growth status was similar compared to using previous
feed. Condensate water can be utilized for deodorant, external
carbon source of sewage treatment plant, and others. Therefore,
complete recycling of marine waste can be accomplished when
using solid/liquid separator method by evaporation with sealed type
high speed dryer.
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Reliable measurements of energy efficiency relevant developments are of increasing importance to decision makers on
various levels. In order to effectively assess the current situation as well as future advancements in the field of energy
efficiency, index concepts are inevitable. The paper briefly reviews existing energy efficiency figures applied in Germany
followed by the description of the concept and implications of a new leading energy efficiency indicator that is tailored
towards the manufacturing industry, the new Energy-Efficiency-Index (EEI) for the German manufacturing sector. Its
ascertainment-based concept is related to the ifo-economic climate index, detecting the overall rating of the importance of
energy efficiency for German companies, investments into energy efficiency measures and achieved energy savings. The
index takes into account both assumptions of future development of energy efficiency relevant aspects of the companies and
their achievements in the recent past. The Energy-Efficiency-Index is composed of several sub-indices structured in three
categories – the importance of energy efficiency to the companies, the investment in energy efficiency means and the energy
savings. The Energy-Efficiency-Index climates in a top index figure representing the energy efficiency climate in the German
manufacturing sector.

Index

1. Index calculation and Energy Efficiency Indices
1.1 Theoretical background of index figures
Indices, or index numbers, are ratios that can be classified into
elementary indices, growth indicators, and composite indices (Cramer
et al. 2008). Before creating an energy efficiency index of the German
manufacturing sector, the differences of the three terms will be briefly
explained.
Elementary indices are expressed as the quotient of two measured
values, using time series to track the trend of the measured values.
For the denominator of this quotient, a fixed reference value is
defined, while the numerator indicates the measured values of the
reporting period. Examples for elementary indices are the prices
quoted for bonds. For instance, the price for a Unitymedia GmbH
(WKN A1CRZ6) bond on 11.02.2013 was quoted as 109.85% of its
face value. This shows that the current market value always relates to
the face value.

Calculat ion

Not es

Element ary index

Fixed dat e
Report ing value
Base value

Grow t h indicat or

Report ing value
Report ing value of
t he previous period

Laspeyres price index

Laspeyres quant it y
index
Paasche price index

Paasche quant it y index

It ems under
considerat ion at
base dat e (
)
and report ing dat e
(
)

Prices f or it ems
under considerat ion
at base dat e (
)
and report ing dat e
(
)

Fisher price index
Fisher quant it y index

Fig. 1: Selected rules for calculating index numbers
Growth indicators, unlike elementary indices, have no fixed reference
value but instead use the measured value of the preceding reporting
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period as the denominator. The ratio is therefore expressed as a
quotient of the measured values of the reporting period and the
immediately preceding period.
Growth indicators can be used, for example, to point out the
population growth. The Federal Statistical Office, for instance,
projected an overall population growth in Germany of 0.1% for 2011
(Destatis 2013a).
While elementary indices and growth indicators provide a ratio for a
single item, composite indices can be used to produce a ratio for
groups of items (e.g. baskets of goods) as quantity, price or sales
indices. To calculate them, the methods of Paasche, Laspeyres and
Fisher are applied (Cramer et al. 2008). A sales index is an elementary
index, while price and volume indices require a more detailed
description. A price index compares the current price of an item to its
price in a base period, weighting the resulting ratio for all items
considered, whereas a quantity index compares and weights the
quantities for all items considered.
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calculated as a mean of the balances of the business situation and the
expectations as follows:

The Ifo Business Climate balances can thus fluctuate between
extreme values of -100 and +100. The negative value of -100 is
realized when all responding firms appraise their situation as poor or
expect business to become worse. The positive value of +100
visualizes the situation if all responding firms assessed their situation
as good or expect an improvement in their business. For calculating
the index values the business climate balance under review is
normalized to the average business climate balances of a base year.
Both nominator and denominator are increased by 200. The index
value is thus calculated by:

1.3 Energy Efficiency Indices
The methods of Paasche and Laspeyres differ in how they apply
weighting. With Paasche, the price index uses the quantities of the
reporting period and the base prices, while the quantity index uses the
prices of the reporting period and the base quantities. For each
reporting period, the weighting is adjusted accordingly. By contrast,
the Laspeyres price index uses the quantities of the base period, while
the quantity index uses the prices of the base period. Thus, the
weighting remains constant across all reporting periods. Applying
Fisher’s method for calculating an index means to take the geometric
mean from the Paasche and the Laspeyres results (Cramer et al. 2008).
The stock market index DAX 30 exemplifies how to calculate an
index according to the Laspeyres price index. The reported stock
prices reflect the prices of the analyzed objects (i.e. stocks). The
relevant numbers of stocks used for calculating the index are subject
to regular reviews and are adapted, if necessary. Correction factors are
used to take account of the fact that the DAX 30 is not a price index
but a performance index (Stankov 2008).

1.2 The Ifo Business Climate Index
The Ifo Business Climate is a leading indicator for economic
development in Germany (Ifo 2013). It is based on about 7,000
monthly survey responses of firms in manufacturing, construction,
wholesaling and retailing. Companies are asked to give their
assessments of the current business situation and their expectations
for the next six months. The assessment differentiates three categories
for the current situation: good, satisfactorily and poor. The
expectations for the upcoming six month are divided into: more
favourable, unchanged and more unfavourable. The replies are
weighted according to the importance of the industry and aggregated.
As a first step of the calculation of the index balance values of the
current business situation and the expectations are quantified as the
difference of the percentages of the responses "good" and "poor" and
the difference of the percentages of the responses "more favourable"
and "more unfavourable". The business climate is subsequently

Pérez-Lombard et al. (2013) review some energy efficiency
fundamental topics by addressing the problem of measuring energy
efficiency both in qualitative and quantitative terms and discussing
main methodological problems of the construction of energy
efficiency indicators including the links between energy efficiency
and energy savings. Their work focuses on the precise measurement
of efficiency ratios. The recent development of energy efficiency
indicators in Germany follows a different approach. Subsequently,
four main indices applied in Germany are highlighted.
DENA publishes the quarterly German Energy Turnaround Index
(Deutscher Energiewendeindex, DEX) in cooperation with Ernst &
Young (Edelmann, Kohler 2013). The aim being to contribute to an
objective discussion of the consequences and requirements of the
‘Energiewende’ or energy transition, the DEX tries to fully capture
the mood of the stakeholders and all that are concerned. To this end,
about 2000 executives and directors from different sectors are
surveyed in writing. The DEX gives an impression of the sentiments
at every stage of the value chain in the energy sector and the energy
supply industry, as well as among consumers and investors. It also
collects data from politics and organizations as a reference but this
data is not included in the overall index. On a scale from 0 (very
negative) to 200 (very positive), the respondents are asked to rate
their current situation as well as the past three and the next 12 months.
The effects of the energy transition are then estimated with reference
to the energy triangle. So far, the energy transition has been rated
positively only in terms of environmental objectives, receiving more
negative scores on efficiency and on supply security.
With a focus on the electricity sector, McKinsey examines the present
state of energy transition in its Energiewende-Index Deutschland
2020 (Vahlenkamp & Gohl 2013). Along the three dimensions of the
energy trilemma, its aim is to provide a quarterly analysis of the
achievement of energy policy objectives up to the year 2020. Five
relevant indicators are assigned to each dimension, e.g. failure of
power supply as an indicator of supply security. Based on the
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reference year 2008, each indicator is related to an initial value and a
target value for 2020, in line with the objectives set out by the Federal
Government. Assessments are marked on a scale from 0 to 100. For
indicators where continuity in the development between start and
finish is needed, target values are defined for a year or quarter by
linear interpolation. For indicators with annual targets defined by the
Federal Government, interpolation is performed on a quarterly basis.
In addition, a maximum permissible deviation from the target value is
defined for each indicator, which should neither be exceeded nor
underachieved. This way, the success of the energy transition is
measured at regular intervals and appropriate adjustment measures
are identified.
The Energiewende-Kosten-Index EKX (Energy Transformation costs
Index ETCX) is published by the Oeko-Institut (Institute for Applied
Ecology) and focuses on the costs of the “Energiewende” (Matthes et
al. 2012). As a control and assessment indicator, this index allows
attributing important cost items in the power supply system. The
EKX confines itself not to a single price-increasing element in the
mix of energy and climate policy instruments. Instead, it captures the
overall context of price-increasing and price-decreasing tendencies as
well as the underlying objectives. The EKX has different parts: The
electricity price index, defined as the sum of wholesale prices and the
full apportionment of costs under EEG & KWKG regulation (German
Renewable Energy Act & Combined Heat and Power Act); fuel
market effects; redistributive effects of the EEG; and the contribution
of CO2 costs. The EKX is displayed as a time series from 2003
onwards, because sufficiently reliable and comprehensive data
weren’t available for the liberalized electricity market before that time.
To sufficiently differentiate between the causes leading to a reduction
in electricity prices regarding intensified competition and merit-order
effects, a correction factor for adjusting electricity prices was
introduced in the reference year 2003. The electricity price is thus
reduced to a level that corresponds with the cost of fuel in the EKX
model.
Deut scher
Energiew ende
Index (DEX)

Energiew endeIndex
Deut schland 2020

Energiew endeKost en-Index (EKX)

Published by

DENA, Ernst & Young

M cKinsey

Oeko-Inst it ut

Object ive

Capt ures overall sent iment
t o cont ribut e t o an
object ive discussion of t he
consequences of energy
t ransit ion and t he necessary
act ions

Tracks and show s current
t rends and cont ribut es t o
public debat e by an
object ive analysis based
on f act s

Creat es an object ive
measure f or t he changes in
elect ricit y prices =>
Balanced view of priceincreasing and pricedecreasing ef f ect s

-

Subject of
analysis

-

Environment
Supply Securit y
Ef f iciency

Climat e and
environment al
prot ect ion
Supply securit y
Ef f iciency

Cost it ems in t he pow er
supply syst em; changes in
elect ricit y prices including
price-modif ying ef f ect s

Scaling

0 bis 200

0 bis 100

---

Basis of
index

Business survey: Assessment
of current sit uat ion;
assessment of past t hree
mont hs; expect at ions f or
t he next 12 mont hs

Def ines t arget s f or 2020
f or each of t he 15
indicat ors => analysis of
t arget achievement and
development based on
st at ist ics

Wholesale prices,
EEG&KWKG apport ionment
of cost s; f uel market ef f ect s;
redist ribut ive ef f ect s of
EEG; cont ribut ion of CO2
cost s

Focus on
energy
ef f iciency

Yes, direct f ocus

Yes, indirect f ocus

---

Fig. 2: Comparison of indices
The Energiewende-Navigator (energy transition navigator) also aims
to analyze the present state of energy transition (Bundesverband der
Deutschen Industrie 2012). This annually updated index is published

by the Federation of German Industries (Bundesverband der
Deutschen Industrie BDI) and adds the dimensions of acceptance and
innovation to the energy trilemma. It resorts to 42 differently
weighted indicators, such as overall greenhouse gas emissions or
investment in energy efficiency, to numerically evaluate these five
dimensions. In addition, by looking back on the history of each
indicator in the last two years it helps to estimate future developments.
For some areas, target values were defined on a scale from 0 to 100,
which are in line with the ‘Energy Concept’.
In general, energy efficiency is only at the focus of attention in the
DEX index and the Energiewende-Navigator. Indirectly, McKinsey
touches on the subject in the Energiewende-Index but does not deal
with it in detail. Besides, it examines energy efficiency measures
mainly for companies that are directly related to the energy industry.
So far, a targeted energy efficiency analysis, presented as an index for
industry as a whole and especially the manufacturing sector, has not
been undertaken (Fig.2).

2. Concept of an energy efficiency index for the German
industry sector
As explained above, a number of different indices on the subject of
energy transition already exist. However, none of these indicator
systems is tailored to the manufacturing industry in Germany and
takes into account both the evaluation of the current state and future
prospects. The new Energy Efficiency Index (EEI) is designed to fill
this gap. The EEI has three major objectives: Based on regular
surveys, it is to continually provide benchmarking data for
manufacturing companies. Another goal of the EEI is to provide
regular feedback to policymakers on the situation of the German
manufacturing industry. Last but not least, the index data and the
trends they display can be used to point out the need for action and
the challenges for research. The EEI is not meant to precisely
calculate a ratio between any energy service and the amount of
required energy input but to aggregate both quantitative figures and
climate factors. This is realized by three sub-indices that address the
importance of energy efficiency (EBI), the amount of investment into
energy efficiency measures (EII) and the development of energy
intensity (ESI). The top indicator, the Energy Efficiency Index (EEI),
is computed from the geometric mean of all three sub-indices as
follows:
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Cont inually updat ed
benchmarking dat a
f or indust ry

Object ives

Ident if icat ion of need f or
act ion and challenges f or
research

Feedback t o policymakers
on business sit uat ion

Fig. 3: Objectives of the Energy Efficiency Index

2.1 Data collection
The collection of index data follows the survey system of the Ifo
Business Climate Index. Field data are collected and evaluated in
regular surveys twice a year. As with the Ifo Business Climate Index,
data on the current situation and on expectations are collected to
provide an outlook on the near future. The data collected by the EEI
survey refer to three sub-categories:
•
•
•

overall importance of energy efficiency. Consistent behavior of
companies most probably will lead to a correlation between the
importance of energy efficiency and the investment into energy
efficiency measures. A third logical verification of the consistency is
assured by the third sub-category of the index - achieved and planned
energy savings. Increasing importance of energy efficiency and
increasing investments in energy efficiency measures should also lead
to an increase in planned energy savings.
Subsequently the EEI is composed of the three sub-indices EBI
(importance of energy efficiency), EII (investment in energy
efficiency), and ESI (trend in energy intensity) (Fig.5). The three subindices can be aggregated for each of the 28 business sectors in the
manufacturing industry defined by the Federal Statistical Office of
Germany. This methodology allows for the calculation of separate
energy efficiency indices for each business sector. If aggregated
across all sectors to allow for an integrated index for the
manufacturing industry as a whole, the collected data of each sector is
weighted by a parameter relevant to the three sub-indices. The data
used for this refer to energy consumption, investment, and gross value
added in this sector.

index of importance

Each sub-category represents a particular intention (Fig. 4). While the
evaluation of the current and future importance of energy efficiency
by the interviewee gives an impression of the overall attitude of
manufacturing companies towards energy efficiency improvements.
With other words, what do companies think about the criticality of
energy efficiency to their businesses?
Current and f uture
importance of energy
efficiency
Test,
collection

Complet ed and planned
investment in energy
efficiency

Periodically updated data
collect ed t hrough surveys

Achieved and planned
energy savings
EEI
Energy consumption
Federal
Stat istical
Office

Value added

Basic data provided by t he
Federal St at ist ical Off ice
f or index calculat ion

Investments

Fig. 4: Design and collection of the Energy Efficiency Index
The assessment of completed and planned investment in energy
efficiency is meant to give an impression on future energy intensity.
The underlying hypothesis is decreasing energy intensity by increased
investment in energy efficiency measures. Like in many
macroeconomic models the amount of investments is used as a
leading indicator for the development of energy intensity in the future.
Furthermore the amount of investment can be correlated with the

EBI
f or each
sect or*

EII
f or each
sect or* *

Dat a f rom
Fed. St at .
Off ice

EBI1

EII2

ESI³

Driver

Energy
consumpt ion

Invest ment
volume

Value added

Field dat a

current and future importance of energy efficiency
completed and planned investment in energy efficiency
achieved and planned energy intensity

ESI
f or each
sect or* *

EEI4
f or each
sect or

EEI4

* Giving equal w eight t o t he responding companies irrespect ive of t urnover or energy consumpt ion
* * Dat a are w eight ed according t o t he t urnover of t he responding companies
1 Cross-sect or w eight ing depending on energy consumpt ion of t he surveyed sect or
² Cross-sect or w eight ing depending on invest ment volume of t he surveyed sect or
³ Cross-sect or w eight ing depending on value added in t he surveyed sect or
4

Fig. 5: Sector-specific and cross-sector evaluation methods of the EEI

Table 1 shows the population of companies in Germany that shall be
covered by the EEI. The “WZ08-xy” codes are representing the
different business sectors corresponding to the statistical data of the
Federal Statistical Office of Germany. In total about 36,000
companies shall be covered with total turnover of 1,659,955 million
Euros, a gross value added of 473,558 million Euro, Energy
consumption with a value of 37.709 million Euro and an investment
volume of 45.768 million Euro. These basic data is used for the
normalization of the comprehensive sub-indices.
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Table 1: Basis for calculating the EBI sub-index

Table 1: Business sectors of Germany and main characteristics for the
Energy Efficiency Index (Destastis 2013b)
Period under
Companies

Gross value

Energy

added

Consumption

1,000 EUR

1,000 EUR

Turnover

review: 2010

Investment

1,000 EUR

Business Sector

1,000 EUR

To calculate the EBI (Fig.6) across all sectors, the balances of
assessments on the situation and the expectations concerning energy
consumption are weighted for each sector. Energy consumption here
means the energy consumption of the sector expressed in Euro in a
base period defined by the Federal Statistical Office. The creation of
the sub-index EBI for all sectors is performed correspondingly to the
above procedure. The sub-index can assume values between 0.33 and
3. The value of the EBI is calculated as follows:

WZ08-05

6

3.921.379

1.062.536

220.910

WZ08-06

4

2.762.103

1.217.492

66.880

WZ08-08

346

4.626.287

1.644.668

429.625

WZ08-09

14

419.976

189.449

10.062

34.144

WZ08-10

4.643

134.877.372

25.780.201

3.376.947

3.345.648

Data on high and low importance of energy efficiency
is balanced for each sector with a view to expectations

WZ08-11

483

18.495.352

6.368.061

536.556

844.498

Geometric mean is calculated from the balances of
current situation
and expectations

WZ08-12

21

16.955.937

12.526.254

50.573

193.739

WZ08-13

647

10.942.924

3.263.168

407.083

253.034

WZ08-14

281

7.602.930

2.043.285

45.675

93.851

WZ08-15

131

2.391.540

615.879

21.592

129.092

WZ08-16

953

17.116.171

3.978.356

635.712

505.507

WZ08-17

785

38.667.811

9.170.282

2.565.822

1.201.643

WZ08-18

1.374

16.497.628

5.691.888

396.644

694.157

WZ08-19

44

120.370.589

38.853.895

967.545

885.205

WZ08-20

1.151

147.033.945

36.713.891

7.112.982

4.335.022

WZ08-21

240

39.793.209

15.706.696

518.966

1.460.657

WZ08-22

2.643

67.264.889

20.782.400

1.824.594

2.219.789

WZ08-23

1.461

36.294.857

11.742.621

2.664.244

1.494.376

WZ08-24

898

91.753.357

17.364.221

6.621.059

2.271.909

WZ08-25

6.486

92.102.049

33.801.418

2.057.932

2.954.714

WZ08-26

1.535

63.841.910

21.040.713

643.202

2.844.452

WZ08-27

1.837

102.311.976

35.872.943

927.825

2.529.933

WZ08-28

5.094

199.423.836

66.754.469

2.018.473

4.647.896

WZ08-29

1.020

322.454.607

67.880.767

2.592.248

10.442.422

WZ08-30

251

32.812.417

9.256.020

258.959

676.443

WZ08-31

945

16.348.653

5.353.045

246.534

383.072

WZ08-32

1.385

22.934.763

9.164.820

255.248

912.466

WZ08-33

1.364

29.936.222

9.718.828

234.748

414.019

Calculation step

2.2 Calculation of the sub-index EBI – importance of energy
efficiency
For the EBI companies are asked for their assessment concerning the
importance energy efficiency for their business. The assessment
differentiates three categories for the current situation (relatively
small, comparable to other factors, relatively high) and three
categories for the expectations (decreasing, more or less constant,
increasing).
First, the assessments given by the companies on the importance of
energy efficiency are accumulated and mapped for each sector before
being normalized to all responses that were taken into account. In line
with the ifo Business Climate Index, neutral responses are not
included and a geometric mean of the assessments of the business
situation and the expectations is calculated before being normalized to
the sub-index EBI for each sector.

Notes
Data on high and low importance of energy efficiency
is balanced for each sector with a view to the current
situation

Geometric mean index is calculated for the base period
of a specific sector
Balance of current situation in a sector
weighted regarding energy consumption
Balance of expectations in a sector
weighted regarding energy consumption

is

is

Geometric mean index of the weighted balances of
current situation and expectations is calculated across
all sectors
The cross-sector geometric mean index of a base period
is calculated

j
i

=1: reporting period, l=0: base period
sectors surveyed (SC)
companies surveyed

Fig. 6: Basis for calculating the EBI sub-index

2.3 Calculation of the sub-index EII – investment in energy
efficiency measures
For the EII companies are asked for their assessment concerning the
ratio of the investment into energy efficiency measures in relation to
their overall investment activities during the last 12 month and for
their expectation for the upcoming 12 month. The replies can be
given on a cardinal scale with ten units. The lowest value possible is
“<1%” and the highest value that can be declared is “>20%”.
The first step for the calculation of the EII is to weight the collected
data that indicate the investment in energy efficiency measures
relative to the total investment. The weighting for a specific sector is
based on the turnover of the surveyed company and applies to the
values concerning current situation and expectations. The subsequent
calculation of the geometric mean creates a balance of situation and
expectation values. The relationship between the balances of the
reporting period and the base period allows producing a sub-index EII
for each sector.
To calculate the sub-index EII across all sectors, the weighted
percentages of investment for the current situation and for the
expectations of each sector are weighted based on the investment
volume of the individual sector. Corresponding to the above
procedure, a balance is calculated from the geometric mean of the
weighted investment percentage for the current situation and for the
expectations. The relation of this balance for the reporting period to
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the base period produces the sub-index EII across all sectors. The
minimum value of the sub-index is zero. From a mathematical point
of view, a limitation in the positive direction is not given, so a suitable
base period should be selected as a starting point. The value of the EII
is calculated as follows:
Calculation step

Notes
The current share of investment
in
energy efficiency measures is weighted, based
on the turnover
of t he companies surveyed
in a specific sector
The expected share of investment
in
energy efficiency measures is weighted, based
on the turnover
of t he companies surveyed
in a specific sector
The geometric mean creates a balance of t he
current situation
and the
expectations
regarding the share of
investment in energy efficiency measures for
each sector
The geometric mean index
is
calculated f or a base period f or a specific sector
The current share of investment
for a
specific sector is weighted, based on its
investment volume
in the base period

The expected share of investment
for
a specific sector is weighted, based on its
investment volume
in the base period
The geometric mean creates a balance of t he
current situation and t he expectation values
regarding t he share of investment in energy
efficiency measures across all sectors
The cross-sector geometric mean index of a
base period is calculated

j
i

=1: reporting period, l=0: base period
sectors surveyed (SC)
companies surveyed

Fig. 7: Basis for calculating the EII sub-index

2.4 Calculation of the sub-index ESI – energy intensity
For the ESI companies are asked for their assessment concerning the
energy intensity. The current situation is given by a free value with
the dimension megawatt-hours per thousand Euro of turn-over. The
assessment of the upcoming future in terms of the next 12 month is
derived by a cardinal scale with eleven units. The lowest value
possible is “<1%” and the highest value that can be declared is
“>10%”.
The third sub-index calculation of the ESI follows similar rules. The
expectations and the current situation with a view to the energy
intensity (energy consumption in proportion to value added) of the
surveyed companies are at first weighted separately for each sector.
The calculation of the geometric mean for the current situation and
for the expectations serves to create a balance for the energy intensity
in each sector. The sub-index ESI for a separate sector is derived from
the reciprocal value of the relation of the balance of the energy
intensity in the reporting period and the base period for a sector. The
reciprocal value is necessary at this point, since an increase in the
sub-index is meant to signify a reduction in energy intensity.
The aggregation of the weighted energy intensities of the individual
sector follows the creation of a price index according to Laspeyres.

Energy intensity is here understood as price. The value creation
within a sector can be interpreted as quantity. Since an increase in the
index here is meant to signify a reduction in energy intensity, the
reciprocal Laspeyres price index is defined as an index for the energy
intensity across all sectors both referring to the current situation and
to the expectations. The sub-index ESI across all sectors is calculated
as a geometric mean of the indices for the expected energy intensity
and the energy intensity of the current situation. From a mathematical
point of view, the sub-index for energy intensity ESI can take any
positive value. The basis of the sub-index should therefore be
reviewed regularly. The value of the ESI is calculated as follows:
Calculation step

Notes
The current energy int ensit y
is
weight ed, based on t he t urnover
of t he
companies surveyed in a specif ic sect or
The expect ed energy int ensit y
is
w eight ed, based on t he t urnover
of
t he companies surveyed in a specif ic sect or
The geomet ric mean creat es a balance of
t he current sit uat ion and t he expect at ions
regarding energy int ensit y f or each sect or
The geomet ric mean index is calculat ed
f rom t he reciprocal value of t he relat ion of
t he balance of energy int ensit y in t he
report ing period
and t he base
period
f or a specif ic sect or
The geomet ric mean index f or t he current
sit uat ion of all sect ors is calculat ed f rom
t he reciprocal value of a Laspeyres price
index f rom energy int ensit y
(price) and value added
(quant it y)
f or each sect or
The geomet ric mean index f or t he
expect at ions of all sect ors is calculat ed f rom
t he reciprocal value of a Laspeyres price
index f rom energy int ensit y
(price) and value added
(quant it y)
f or each sect or
The cross-sect or geomet ric mean of t he ESI
index is calculat ed f rom current sit uat ion
and expect at ions regarding energy
int ensit y
=1: report ing period, l=0: base

period
j
i

sect ors surveyed (SC)
companies surveyed

Fig. 8: Basis for calculating the ESI sub-index

3. Sensitivity analysis of the EEI
To understand and interpret the complex index figures sensitivity
analyses of the three sub-indices and the interdependency with the top
indicator have been performed.
The following chart (Fig. 9) shows an increase in the current
importance of energy efficiency. The abscissa indicates the proportion
of respondents assessing the importance of energy efficiency for their
businesses as “relatively high”
. The ordinate shows
the value of the sub-index EBI and the index EEI. The trends of the
sub-index EBI and the EEI rise in a proportional manner.

2014 / 129

International Symposium on Green Manufacturing and Applications (ISGMA 2014), pp. 123-130
ISGMA2014-P-N-07

rises from 25 to75 while
stays constant at a
level of 25 and
. This represents an increase of 200% of
the base value. The sub-index EBI ascends about 10.6% and the EEI
about 5.1%.

Fig. 11: Decrease of energy intensity

4. Summary
Fig. 9: Increase in the current importance of energy efficiency
The Fig. 10 shows an increase in the investment into energy
efficiency measures. The abscissa indicates the proportion of the
investment of the respondents into energy efficiency compared to the
overall investments
. The ordinate shows the value of
the sub-index EII and the index EEI. The trends of the sub-index EII
and the EEI rise in a proportional manner.
rises from
2.5% to 3.0% while
stays constant at a level of 2.5%
and
. This represents an increase of 20% of the base
value. The sub-index EII ascends about 9.5% and the EEI about 4.7%.

The paper presents the theoretical background of index figures to
highlight the differences between the basic concepts followed by a
brief description of existing energy efficiency related indices in
Germany. The presented new Energy Efficiency Index is designed as
a leading indicator for the trend of energy efficiency in the German
manufacturing industry. It collects information on the business
situation and the expectations with regard to the importance of energy
efficiency, to investments, to increase energy efficiency and to the
trend in energy intensity. In combination with the basic value of the
Federal Statistical Office of Germany, it is possible to draw
conclusions on the current situation and on the expectations for a
single sector as well across all relevant business sectors. The quality
of the conclusions depends very much on the number, the turnover,
the energy consumption and the investment intensity of the
responding companies, and how evenly they are spread across the
different sectors.
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With the enormous challenges of global warming and the transformation of development, the concept mechanical and electri
cal products low-carbon design had been highly valued by the research institutions in the world. Lowcarbon design is a design approach which aims to reduce greenhouse gas emissions in each period of the whole life cycle in
cluding designing, manufacturing, transporting, using, recycling etc. This review stated briefly the recent progress of the me
chanical and electrical products low carbon design. Implementation of low-carbon design study was discussed from the ecodesign for energy saving, lightweight design, modular design etc. The following aspects of carbon footprint calculation and
evaluation for low carbon design were summarized. The future development trend of mechanical and electrical products low
carbon design were discussed to clarify the key points and research direction of low carbon design.

1.

Introduction

With the global economy making astounding advances and
products quickly updating process, resources shortage, ecological
unbalance and environmental degradation have become one of the
most serious challenges for human beings in the new century. Under
the background of global climate warming, "low carbon economy"
based on low energy consumption and low pollution has attracted the
world’s attention, meanwhile low carbon development has become
an inevitable trend of social development.
Low carbon refers to lower or less greenhouse gas (mostly CO2)
emissions. Low-carbon design is a design approach aimed to reduce
emissions of greenhouse. Mechanical and electrical products (MEPs)
refer to all the mechanical and electrical equipment. With the progress
of science and technology, the traditional MEPs have been highly
developed with abundant kinds, involving all aspects of people's life,
so low carbon design of MEPs is of great significance to the
development of economy and environment. MEPs low-carbon design
is a design approach which aims to reduce greenhouse gas emissions
in each period of the whole life cycle including designing,
manufacturing, transporting, using and recycling etc. Due to the
products carbon emissions related to all aspects of the life cycle and
many impact factors as well as the complex carbon emissions
distribution, so low-carbon product design is a very complex process.
Some methods such as energy saving, emission reduction,
lightweight and modular methods are used in MEPs low carbon
design and manufacture process, which provide more opportunities

for products to win the market. But due to the extension of products
life cycle and the incorporation of environmental factors, product
development, manufacturing and processing technology are facing
more challenges. For example, with products low carbon performance
improving, the cost of the product manufacturing may be increased as
well, resulting that the market competitiveness of products is reduced.
Meanwhile MEPs low-carbon performance is associated with
multiple factors, such as carbon footprint evaluation,1 disassembly
and recycling, structural module reuse, maintainability2 and the
evaluation of environmental friendliness. From low carbon design
and manufacturing proposed come so far, there is no carbon footprint
evaluation method which is widely and consistently accepted, the
basic concept, connotation, framework, criterion as well as design
guidelines and methodology of low carbon design are urgently need
to be formed.3 Focusing on the particular stage of products life cycle,
the relative theory and methods have been put forward including the
green design and manufacturing which are used in the early stage of
design,4,5 and the component disassembly and recycling,6-8 key parts
remanufacturing,9,10 maintenance repair design, green supply chain1112 and product LCA13 which are performed at the end of life.

2.

MEPs Low Carbon Design Method
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MEPs low carbon design process is a complex system decisionmaking process involving multi-disciplinary, multi-field knowledge.
Scholars in the world have studied on different aspects of MEPs low
carbon design on the whole life cycle of producing, manufacturing
and using etc. Implementation of MEPs low-carbon design study was
discussed from the eco-design for energy saving, lightweight design a
nd modular design in this paper.

2.1 Eco-design for Energy Saving
Eco-design means environmental factors are taken into
consideration in the whole life cycle including product designing,
using, maintaining and recycling. Eco-design is not only satisfying
the people’s needs, but also paying attention to environmental
protection and sustainable development principle. Eco-design for
energy saving is a modern design method considering the carbon
emissions and energy efficient synthetically without reducing product
proper function, quality and service life.14 At present, some related
work can be summarized into two aspects, one is the analysis of
product energy design factor, the other is the optimization and
improvement of energy saving design.
GutowskiT.et al. used a thermodynamic framework to
characterize the material and energy resources used in manufacturing
processes, and studied the energy consumption of machine tool model
under different processing strategies, proposed that the necessity and
feasibility of thermodynamic analysis on the machining process.15 A
generalized model of a manufacturing system is depicted as shown in
Fig 1.16 A. Hassanpour et al. studied on the influence factor of energy
consumption on motor in order to optimize and improve the
efficiency of it.17 ElFerik S. and Belhadj C.A. et al. analyzed the
relationship between environment temperature with humidity and air
conditioning energy consumption, and established air conditioning
product energy consumption model based on neural network,
stochastic Markov chain method respectively.18-20 Liu Z.F. et al. used
dishwasher as the model to analyze the energy consumption during
use stage and to extract the energy design factor.21 The energyconsuming framework of product system and the product life-cycle
energy model is set up based on the analysis of energy-consuming
characteristic of mechanic products, the dynamic characteristic of the
energy property is expounded by Qi Y.H. et al..22 NC machine energy
consumption model in use stage was established, and the conception
of EDF which reflected the control mechanism and elements of
product’s energy property was introduced EDF decomposition of
coupling mechanism was established by Zhou D. et al..23 Zhang H.C.
et al. integrated the axiomatic design and modularity design theories
with energy factor, presented a mathematic energy model based on
energy factor to calculate the total energy consumption within entire
product lifecycle.24 All the overview above is focused on MEPs
energy design factor analysis.
Researchers have carried out a lot of research from different
aspects on energy saving design optimization and improvement. Kim
H.G described the optimization problem of energy saving design
process, studied reusing, remanufacturing and recycling of product
from the point of energy saving.25 The energy relation in several
aspects are analyzed and quantized by QI Y.H. et al., such as the

Fig1. Diagram of a manufacturing system (modified and redrawn
from reference 16)
materials compatibility, the assembly and disassembly, the energy
transmission in the use stage, the part life and EOL. Then a low
carbon product structure combination design method from the
perspective of energy clustering optimization was proposed.26 Wakui
T. and Cipollone R. et.al. did some energy-saving research on some
kinds of electric vehicle through use the model to optimal the fuel cell
system.27-28 T.A. and Minav et al. studied opportunities of utilizing
electric servo drives in the control of hydraulic lifting systems directly
by an electric-servomotor-driven hydraulic machine and enabling
energy recovery in them. 29 Zeng X. et al. proposed that hybrid
technology was a new energy saving method for wheel loaders.
Currently, several energy management strategies (EMSs) have been
applied to hybrid electric wheel loaders (HEWLs).30 Hsu, Y. L and
Saidur, R. et.al. researched on energy-saving strategies for motor in
any mechatronic system. 3 1 , 3 2 Hu S.H. and Avram. O. I. et.al
monitored the machine tools system to measure and evaluate the
energy consumption in use stage then divided the energy
requirements of a machine-tool system into two parts, i.e. constant
energy consumption and variable energy consumption in order to
enhance energy efficiency of machine tools.33,34
Eco-design for energy saving emphasize on reducing MEPs
energy consumption in use stage, which could reduce greenhouse gas
emissions directly, so it is an important way of low carbon design.
Additionally, eco-design also includes sustainable design,35 and lifecycle assessment36 etc, with emphasis on reducing the degree of the
impact on the environment in product whole life cycle. It contains
disassembly and recyclability after scraped and life cycle analysis,
which can be subdivided into disassemblable structure unit map for
products,37 disassembly sequence planning38,39 and evaluation40,41 etc.
Recyclability design emphasizes on recycling technology research42,43
and recycling management and recycling schemes evaluation44,45, etc.
Green design was expanded to the whole life cycle in the research of
Pan Y.H. 4 6 and Li F.Y.’s 4 7 , of which the essence is that the
environmental factors are taken into consideration in the whole life
cycle from the beginning of design and manufacturing. Vinodh, S.,35
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Yang, C. J.,48 Chou J. R.,49 and Victor Poudelet50.et.al applied TRIZ
method to the product life cycle assessment, studied on the integration
methods which can benefit for achieving ecologicalization, and
provided a method reference for the future research.

2.2 Lightweight Design
MEPs light weight method is mainly to use the higher strength
material to substitute the lower strength material, or use structure
optimization to improve the material utilization rate, in order to
reduce weight, its essence is that lightweight design concept is
considered in optimization design to satisfy low carbon design
requirement, which is particularly important in large MEPs design.
Some theory on lightweight was studied by Liu X.L.et al. who
divided the machinery processing low carbon manufacturing
technology system structure into product low carbon design, low
carbon production process, low carbon energy development and so on.
The paper involved low carbon manufacturing technology such as
lightweight，modular and ecological design method, summarized the
importance of product structure optimization in low carbon design,
and pointed out the basic direction of low carbon operation.51 Robert
A. and Erik T.et al proposed while meeting the requirements of
lightweight design may cause an increasing in manufacturing costs,
and the results indicated that weight reduction will not always lead to
improved environmental performance. Materials offering high weight
savings such as carbon fibres and magnesium have been shown to
give limited or negative environmental benefits over their life cycles
due to increased environmental burdens associated with their
production. Thus it needs to consider the conflict between lightweight
and other aspects in the design process.52,53 A breakeven analysis
determined at which stage in the vehicle’s life the lighter weight
components would yield a cost benefit. The results of this analysis are
shown in Fig2. The first of the lightweight scenarios to breakeven is
SMC, which has the lowest materials and manufacturing costs after
steel and benefits were achieved after only 17,200 km. The carbon
fibre component had the lowest weight of all scenarios, but had the
highest materials and manufacturing costs, resulting in benefits
obtained relatively late in the vehicle’s life at 121,000 km.52

Fig2 Breakeven analysis results(modified and redrawn from
reference52)

The typical lightweight design of MEPs will be illustrated as
follows. Guo L. and J. J. Zulaika have studied on machine tool
structure optimization and achieved the lightweight goal.54,55 Cao H.J.
applied the lightweight design and remanufacturing design to reduce
fixed carbon emissions in the machine tool carbon emissions process.
56 Shi G.H.,57 Zhao H.,58 Li Y.P.,59 Peng Y.,60 Zheng S.L.61 and Clain
B.62 all focused on the vehicle structure optimization to achieve
automobile body and engine lightweight under the conditions of
satisfying its functional and performance. Li Y.,63 Yan Z.64 used new
materials to achieve the lightweight of MEPs. Lightweight
optimization design of press frame structure is made through
parametric finite element analysis by Zhao H., in the premise of not
reducing the stiffness, it is showed that body weight was reduced by
20.3%, the maximum stress is reduced by 16.1%, the angular
distortion is decreased by 13.8%.65 The lightweight and stiffness of
upper beam of hydraulic press is optimized by Li Y.C., the size of
different parts of upper beam is distributed reasonably, the stiffness of
upper beam is increased by 5% and its mass is decreased by 10% in
comparison to the original design. 66,67 The structure and matched
equipment of aircraft is lightweight operated by Tan H.F.68 and Yang
H.,69 then the aim of aircraft lightweight is obtained. The mass of
industrial robot is decreased by 10% through topological optimization
of its structure and control system by Albert Albers.70
There is a larger optimization space in MEPs Lightweight design
with satisfying the functionality, performance and quality conditions,
which plays an important role in reducing equivalent carbon
emissions in materials processing and carbon emissions in
manufacturing process, so the MEPs lightweight design itself is a
low-carbon design.

2.3 Modular Design
The concept of modular design was put forward in 1950s, 71
modular design is defined as a design method that “on the basis of
function analysis of different function or same function with different
performance, different specifications of products in a certain range, a
series of functional modules were established and designed, then diffe
rent module is selected and combined to make up various
products which can meet different needs of the market”. Module
identification and division, 7 2 module evaluation and decoupling
design,73 module interface design,74,75 module reuse degree evaluation,
76,77 module modeling78,79 and generalized modular design80 etc. are
gradually developed on this basis. At present, environmental factors
were taken into account in modular design, green modular design,81
low carbon technology based on modular design 82 and modular
design for life cycle83 are gradually came into being.
Modularity can increase the number of standard component of
products, achieve rapid configuration of products and improve
disassembly of products. These advantages can reduce the direct or
indirect carbon emission in various aspects of product life cycle. With
the rapid development of modular theory and application, the aim of
series steps of green modular disassembling operation of structure,
disassembly sequence generation and concrete disassembly methods
was achieved based on the methods of standardized module structure,
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module standard interface, module reusability and module
disassembly and recyclability,84,85 which will indicate the direction of
structure low carbon operation as well as structure combination
technology.

3.

Carbon Footprint Analysis and Evaluation

Product carbon footprint analysis and evaluation is one of the
criteria and constraints in product design. Low carbon is short for low
"carbon emissions" or "carbon footprint". The term "carbon
emissions" or "carbon footprint" originates from ecological footprint
proposed by Wackemagel and Rees which is often used as
environment performance indicators to measure the product property.
86,87,88 The scholars have different understanding on the definition of
low carbon footprint which is used as an important scientific basis for
design.
3.1 Carbon Footprint Analysis
Scholars in the world have carried out the exploratory research on
the analysis carbon footprint. Some researchers focused on the
analysis of components carbon footprint, for example, Zhang X.F. et
al.89 analyzed the parts connection characteristics, the GHG emissions
of connection units are calculated by the proposed recursive
distribution approach of connection units’ carbon footprint based on
analytic hierarchy process (AHP) method. Song J S. proposed a lowcarbon product design system in the entire life cycle based on BOM
using the embedded GHG emissions data of the parts.90
And some other researchers focused on specific MEPs, Toby et al.
put forward the heuristic method of telecommunications and
electronics products carbon footprint.91 Jeong I T. et al. proposed an
assessment method for eco-design improvement options using global
warming and economic performance indicators.92 The external cost
which converts the external effect of global warming into a monetary
value was chosen as the global warming performance indicator in
order to measure the performance of the GHG reduction of the
product, and this assessment method was applied to the liquid crystal
display (LCD) panel for a case study. G.Lucchetta et al. addresses the
multi-objective problem of minimizing the overall environmental
impact by incorporating the numerical simulation of the process and
the structural analysis of the part in a CAD-based shape optimization
environment.93 Cao H.J. et al. introduced a method for assessing the
carbon emissions of machine tools lifecycle according to the analysis
of product structure and life cycle characteristic of machine tools,
based on the principle of LCA. 94 Yin J. analyzed the dynamic
characteristics of carbon flow for mechanical manufacturing system,
proposed a dynamic modeling method of carbon flow based on
extended first-order hybrid Petri nets, simulated and optimized the
time domain characteristics of the energy flow and material flow, and
calculated the corresponding carbon emissions.95
These carbon footprint calculation methods were studied from
different aspects and different levels, the factors involved are more
and more comprehensive, which provides a good reference for the
future carbon footprint calculation integration at the manufacturing
stage.
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3.2 Carbon Footprint Evaluation
Based on the carbon footprint analysis, scholars in the world
have carried out carbon footprint evaluation from different
perspectives, such as manufacturing system, craft process, material
preparation and energy production.
Narita Hirohisa et al proposed to build a future manufacturing
system based on LCA, which can calculate the carbon footprint
according to the exact processing information including machine tool
unit, the condition of tool, the quantity of coolant and lubricating oil
and workpieces.96 Through the supply chain modeling and linear
programming method, the function between resource utilization and
related variables during low carbon manufacturing process is
described by S.Tridech at the workshop level and extension process
chain level.97,98 Sun L.F. et al. built the library of basic components
by tracking the carbon emissions in production of each parts and
describing them by their manufacture process. The hierarchical model
for carbon emissions of complex equipment products was constructed
from bottom to top by constructing the structure and drawing the
information of carbon emissions layer by layer. 99 The UK transport
carbon model is built by Christian Brand in order to explain the
calculation method of carbon footprint external cost. And the carbon
emission prediction and evaluation method was proposed through
researching energy circulation mechanism in system based on the
model of technology, economy and energy system (such as
MARKAL model and DFT model). 100 Venkatesh A. built uncertainty
evaluation model of greenhouse gas emissions during fossil fuel life
cycle by employing process framework and statistical modeling
method. 1 0 1 Yoshioka Takuyuki proposed a method of energy
balance analysis and calculation of CO2 emissions by LCA, and a
way of reducing CO2 emissions by using biomass energy.102 The
process of quantify energy efficiency by LCA is proposed by Portha
Jean-Francois, and the relationship between elements in the process
and the environment are considered. The aim is to build the function
between carbon dioxide emissions and the related thermodynamic
quantities based on thermodynamic functions, which can calculate
carbon dioxide emissions. 103 Streamlined life cycle assessment is
first proposed by Riffa Gianluc, and these studies were used to
evaluate three types of carbon footprint.104 In Japan, in order to
facilitate the boundary division and specific calculation, 45 kinds of
product category rules were set in the calculation of carbon emissions
by Inaba Atsushi, and the low carbon products were developed at the
same time.105
Although the methods of carbon footprint evaluation are not the
same, the same target of evaluation is to obtain the product strategy
which is low-carbon and the function, quality as well as performance
could meet the demand.

4.

Conclusions and Prospect

This paper reviews the research status of MEPs low carbon
design, the study was discussed from the eco-design for energy
saving, lightweight design and modular design etc. Carbon footprint
calculation and evaluation for low carbon design were summarized in

2014 / 135

International Symposium on Green Manufacturing and Applications (ISGMA 2014), pp. 131-139
ISGMA2014-P-N-04

this paper. In the view of research status in the world, the specific
operation of MEPs low carbon design started earlier and has been
relative mature. However, the analysis and evaluation of MEPs low
carbon design starts later. Systematic approach system has not been
established and it is still in initial stage.

4.1 Conclusions of MEPs low carbon design method
MEPs lightweight design is an efficient method to reduce the
direct and indirect carbon dioxide emission, but justly focusing on
weight reduction will not always lead to improve environmental
performance. So it is important to consider the conflict between
lightweight and other aspects in the design process.
Ecology mainly reflects the concept of the harmony between
human and nature as well as sustainable development, but MEPs ecodesign in purely energy saving perspective is not comprehensive. The
environment impact should be considered from each stage of the life
cycle which is from producing to recycling, and the impact level
should be measured by certain standards.
Additionally there are some problems need to be solved on
modular design: ①Module can reduce carbon emissions under nonmodular operation, and achieve modular or group calculation of
carbon emissions, but at the same time of module standardized
operation ,module internal scalability will be weaken; ②Problems of
the combination sequence in sub module combination process, sub
module selection scheme, auxiliary unit transformation after sub
module changing are still need to be solved; ③Performance
parameters coupled calculation model of combined module is also a
problem.
Carbon footprint analysis method is a new perspective to
calculate and evaluate carbon emissions, which plays an important
role in evaluating the greenhouse effect. But in engineering
machinery field the carbon footprint database of parts information has
not been completely established. The current carbon footprint
calculation is obtained by a rough calculation rather than experiment.
In addition, the carbon footprint is affected by working environment,
artificial operation as well as the calculation deviation, and
corresponding function models of the influence factors has not been
established. In order to calculate the complex product carbon
footprint, the systematically logic system need to be established. In
life cycle design process, evaluation standard of carbon footprint in
each link has not been formulated, therefore the carbon footprint
detection and evaluation will be a little subjective. Thus, when one or
several links carbon emission exceeds the standard, but the whole
carbon emissions is below the standard, how to distinguish low
carbon products from high carbon ones become the key point, which
need to give the bounds of each link in the comprehensive evaluation
system based on establishment of each link evaluation and the whole
life cycle evaluation system.

4.2 Prospect of MEPs Low Carbon Design
In the method of MEPs low carbon design, only taking the carbon
footprint as an indicator is not enough to judge whether each step of
structure design fit the requirements. One of the effective methods to

achieve product low carbonization is considering multi-factors
including carbon footprint, optimization of cost and structure property,
and estabilishing the reasonable feedback mechanism, which is also
one of the difficulties in research.
The methods of carbon footprint calculation need to be further
improved, such as calculation boundary, data selection and carbon
emission coefficient in process analysis method. Taking Carbon
footprint as a target condition and combining mature algorithm in the
process of carbon footprint calculation. In the specific carbon
emissions calculation at different stage, various methods should be
considered to calculate product carbon footprint. These calculating
process highlight the analysis of the relationship between emissions
of carbon footprint and other factors of product, as well as the
influence to other stage of whole life cycle while optimizing carbon
footprint of each phase, then corresponding decoupling model and the
influence equation will be built. In this context of carbon footprint
optimization, improving the competitiveness of products effectively is
the decisive factor to ensure the effective implementation of the low
carbon products design.
Carbon footprint evaluation method application should be
strengthen in the field of engineering, especially the application in
concept design, process design and recycling design. The product
carbon footprint evaluation range and corresponding evaluation
system should be established, part satisfy the principle and whole
satisfy the principle of the various stages of the product life cycle
carbon footprint evaluation should be confirmed.
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Enhanced global trade forces companies to comply with a variety of environmental legislations each being subject to
continuous modifications. Apart from various maximum permissible values of certain substances and different requirements,
e.g. for registration or authorization, latest developments in the field conflict minerals constrain enterprises to adjust
internal processes. This puts high pressure especially on global players with multiple thousand active suppliers and
hundreds of global sales regions. For OEMs global environmental compliance requires involvement of the entire supply
chain and multiple internal business units. Additionally, law enforcement agencies expand activities while competitors may
easily take misconduct to court and thus may temporarily refuse market access. This may induce dramatic costs for
companies. In order to reduce risk and prevent undesired obsolescence of their products, companies seek a standardized
process to guarantee global environmental compliance.
Recently, scientific improvements in this area have been rare. In this paper we introduce a highly applicable approach that
has been tested successfully in over 70 companies in Germany. We divide efforts in five categories (1. targets; 2. actual
company status; 3. risk assessment 4. required actions; 5. long term validation) and 14 steps towards global environmental
compliance. Thereby, we identify affected divisions and define distinct methods to effectively map legal requirements,
evaluate suppliers and rate a company’s material stock. Hereupon, we combine supplier and material rating in order to
evaluate a company’s general risk and name a number of distinct actions for supplier communication. We come up with
solutions to adjust internal processes such as data processing and IT as well as recommendations for detailed work
procedures and audit plans to effectively ensure long term global environmental compliance.
Although integral risk validation might not be possible, our paper shows a high demand in industries for future research in
the field standardizing environmental compliance processes by applying unique algorithms. Additionally, current
environmental risk assessment methods leave room for interpretation. We identify possible approaches for improvements as
well as solutions for current methods.

Green manufacturing is one of today’s major challenges to
industries.1 Besides the reduction of material and energy use, policies
seek to prevent consumers and the environment from certain
hazardous substances. Most governments have realized their
obligation to remove these substances from consumer products and
have introduced appropriate legislations. Most relevant legislations in
the field of hazardous materials in consumer products within the
European Union (EU) are ELV, WEEE, RoHS, and REACH.2–5 Other
countries and regions will or have introduce(d) similar regulations
with slightly different requirements. Differing specifications
essentially cover scope of application, maximum permissible values,

exception, exemptions and documentation requirements. Since 2003
global legislations and requirements in this field thus have increased
exponentially as displayed in figure 1.6
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On a long term, the amount of global legislations and
requirements are expected to continuously increase. Enhanced global
trade due to globalization hence forces companies to comply with a
variety of environmental legislations each being subject to continuous
modifications. Companies generally have to ensure legal compliance
over their entire supply chain. This eventually increases complexity
of business and puts high pressure especially on global players with
multiple thousand active suppliers and hundreds of global sales
regions.
Non-compliance may significantly affect profit, sales figures and
reputation. In 2013, the use of a banned cooling agent by regulation
(EC) No 842/2006 in Daimler vehicles forced the French government
to refuse market access.7 Although concrete numbers were not
published by Daimler, estimations account for 4500 vehicles not
being sold in France.8 Substantial monetary losses and reputation
damage remain as results of this case.
In this context, three sources of risk are predominant: [1] law
enforcement, [2] competitors and [3] obsolescence of products. Over
the past couple of years, law enforcement agencies have expanded
activities. Furthermore, competitors may easily take misconduct to
court and thus may temporarily refuse market access. A temporary
loss of market access may induce dramatic costs for companies. Most
important for industrial enterprises is, however, the avoidance of
undesired obsolescence of their products. Generally, governments
grant exemptions if appropriate technologies for certain applications
do not exist. These exemptions are limited to the date of a novel
technology being introduced. If a company is not able to follow
technological development and adjust products this leads to rapid
undesired obsolescence. This especially represents a major challenge
to those companies that have long development periods and apply
batch production.
Companies thus face a wide variety of challenges in order to
guarantee global environmental compliance. We identify five problem
areas.
[1] Decision makers lack in explicit knowledge about relevant
legislations and methods of risk assessment. Furthermore, legislative
amendments are not being followed properly.
[2] The product spectrum is source of further complexity.
Following the current trend towards individualization, companies
often manufacture a wide variety of products, each being subject to
other legislations and exemptions. Also commonly modules from
predecessor generation that might not fulfill requirements of today’s
legislations are integrated into new products.
[3] The exposure to master data represents another source of
concern. The value-added process of industrial companies requires
the application of different data bases, e.g. for design (CAx) and
resource planning (ERP). In order to guarantee global environmental
compliance, up to date information about prohibited substances have
to be present at each level of business, especially R&D, procurement,
sales as well as quality, project and environmental management. This
again requires an interface data base that commonly does not exist or
is poorly managed. Additionally, often imprecise definition of
materials and other attributes makes it difficult to overlook the entire
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material spectrum.
[4] Procurement and distribution in terms of high numbers of
suppliers and sales regions with low levels of informational
connection additionally increase complexity.
[5] Responsibilities concerning hazardous material management
within industrial enterprises are dubious. It often is not clear who
documents legislative amendments, calculates business risk, releases
materials, etc.
Considering the information above, two main problems for
further research occur:
1. What elements are essential for a hazardous materials
management system (HMMS)?
2. How can companies effectively introduce and live HMMS?
Recently, scientific improvements in this area have been rare. In
this paper we introduce a highly applicable approach that has been
tested successfully in over 70 companies in Germany.

2. Basics and boundaries
Although many authors have aimed at defining the term business
process its understanding remains universal.9–11 In the following, we
refer to the most common definition from Davenport and Short
(1990). A business process is a “[…] set of logically related tasks
performed to achieve a defined business outcome”.9
Generally, industrial companies seek standardization of administrative
processes as they do not directly add value to final products. Many
authors have highlighted benefits from business process
standardization.11,12 These are essentially improving operational
performance, reducing processing costs, increasing consumer
satisfaction and enabling compliance with regulations.13
In this context, a variety of management systems have been discussed
in literature and successfully implemented in industries. On this basis
standards have been developed and legislations have been introduced,
including quality (International Organization for Standardization
2005), environment15 and energy16 as well as EMAS (acronym for
Eco- Management and Audit Scheme)17 and compliance
management18. None of these involve concrete instructions for
hazardous materials management in companies.
The implementation of HMMS is essential for global compliance in
the field of environmental law and might be linked to a compliance
management system as described in18. While formerly being related
to finance and health care, the term compliance today refers to the
general adherence of all relevant legislations.19–21 A distinct focus on
substances in industrial products was not found in any of these
sources.
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Nevertheless, companies have to face a certain risk of not being
compliant. This might either be caused by lack of external (e.g.
relevant requirements) or internal information (substances in applied
materials). Both, the term risk as well as concepts for risk
management have been discussed in literature excessively.22–26
According to the International Organization for Standardization, the
term risk describes the “effect of uncertainty on objectives”.27 In the
context of HMMS risk is understood as the probability of being noncompliant. Thereby, HMMS essentially follows recommendations
from ISO 31000 as displayed in figure 2.28

1
2

• Identifiy risk in selected area of interest

• Plan the process
• Map social scope of risk management, identity and objectives of

3
4
5

stakeholders and basisof risk evaluation and constraints
• Define a framework for actions and an agenda for identification

• Develop an analysis for risk assessment involved in the process
• Mitigate risks using available technological, human and

6

organizational resources

Figure 2 ISO 31000 risk management implementation28

3. Legal requirements
In the following we illustrate the introduction of HMMS using the
example of RoHS, REACH and Conflict Minerals for the EEE
industry. Therefore, the following paragraphs present essential legal
requirements that arise from these three legislations.
The RoHS2 directive (2011/65/EU) is specifically designed for the
EEE industry.4 It restricts the use of certain hazardous substances, i.e.
the heavy metals lead (Pb), mercury (Hg), cadmium (Cd) and
chromium IV (Cr6) as well as the flame retardants polychlorinated
biphenyles (PBB) and polybrominated diphenyl ethers (PBDE).
These substances are permitted to certain maximum permissible
values (0.01 % w/w for cadmium, 0.1 % w/w for the rest) related to
the homogeneous material. The European directive currently grants
41 exemptions for applications where these substances are not easily
substituted. In summary, the European RoHS2-Directive essentially
requires the compliance with its maximum permissible values as well
as a technical documentation. Similar legislations are found in many
other countries and regions, including China, Japan, Korea, the
Eurasian Economic Community customs union, etc., each having
slightly deviating requirements.
The regulation (EC) No 1907/2006 concerning the Registration,
Evaluation, Authorization and Restriction of Chemicals (REACH) is
a centerpiece of European chemical law and its efforts to harmonize
jurisdiction.5 Based on the principle of direct industrial responsibility
it targets all chemical substances that are placed on the EU market

(scope of REACH). Apart from its multiple specifications, its
requirements may essentially being summarized as: [1] registration
(“no data, no market” – all chemical substances), [2] information
requirements (article 33), [3] authorized substance use (annex XIV)
and [4] restriction (annex XVII). While the RoHS directive sets a
uniform reference value (homogenous material), REACH currently
has a variety of reference values leaving each affected country space
for law enforcement interpretation. This leads to ambiguity even
within the EU. Similar legislations have been introduced in many
other countries and regions, including parts of the USA, Turkey,
Japan, the Eurasian Economic Community customs union, etc., again
each having slightly deviating requirements.
Conflict minerals may not be defined as hazardous substances.
Latest developments and requirements in this area however justify a
consideration within HMMS. Conflict minerals are referred to as
minerals mined in conditions of armed conflict and human rights
abuses. In the USA section 1502 of the Dodd–Frank Wall Street
Reform and Consumer Protection Act (Dodd-Frank Act) forces
several, mainly U.S. companies to report if these minerals are applied
to their products.29 Currently, the section 1502 of the Dodd-Frank Act
focusses on eastern provinces of the Democratic Republic of the
Congo. Affected minerals are cassiterite (tin), wolframite (tungsten),
coltan (tantalite), and gold, each predominantly being applied to EEE
products. Compliance is requested over the entire supply chain. Since
companies being traded at US stock exchange generally have multiple
thousand suppliers, section 1502 of the Dodd-Frank Act affects
organization globally. Requirements for companies may essentially
being summarized as: [1] information, [2] documentation, [3] audit
and [4] due diligence requirements. The EU is planning to implement
a slightly different approach based on voluntary participation in
2014.30,31 Figure 3 summarizes requirements for companies from the
EEE industry from RoHS, REACH and Conflict Minerals.

Figure 3 Summary of legal requirements from REACH, RoHS and
Conflict Minerals

4. An approach towards standardized hazardous materials
management
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In the following we introduce basic elements of HMMS. We
distinguish between five superior categories: [1] targets, [2] actual
company status, [3] risk assessment, [4] required actions and [5] long
term validation as illustrated in figure 4.

First, a company has to identify relevant legislations in each
distribution country. Two approaches are common: [1] the acquisition
of country warrants of apprehension from a specialized service
provider. These services are generally expensive and limited to a
single product. [2] A self-employed documentation of relevant
legislations is by far less expensive and data sources are manifold.32–
34

4.2 Identification of customer requirements

The five categories are furthermore divided into 14 steps of concrete
actions as displayed in table 1.

Additional customer requirements, e.g. aluminum free, may
significantly affect product development. Generally, these
requirements should be clear before design and manufacturing, e.g.
from contracts, terms and conditions, etc. In certain industries, e.g.
consumer electronics or industries with long development periods,
additional customer requirements might occur after sales start. In
certain cases a company thus is forced to re-design a product which
decreases earnings per unit significantly. Customer requirements have
to be documented similar to legal requirements.
In both cases, we propose a two-step approach: [1] the construction of
a requirement matrix as displayed in table 2 followed by [2] a detailed
description of legislation specific requirements.

Table 1 HMMS - 14 steps towards global environmental compliance

Table 2 Requirement matrix

Figure 4 HMMS five step, closed loop approach

Step

Action

1.

Identification of legal requirements

2.

Identification of customer requirements

3.

Identification of documentation requirements

4.

Clarification of affected products

5.

status

Risk and impact assessment

11.

(internal)
Risk
assessment

Initiation of actions - communication, control,
analysis
Re-evaluation of suppliers, manufacturers and
material

Required
actions

This matrix guarantees a comparatively effective overview of relevant
legislations and enables a company to develop its distinct definition
of a certain legal group according to relevant sales regions (e.g. EURoHS + Korea-RoHS + China-RoHS).

Development and continuous improvement of

4.3 Identification of documentation requirements

supplier and manufacturer audits
Overall process development, integration and
continuous improvement
Development and continuous improvement of

12.

Actual

manufacturer communication / rating

7.

10.

(external)

company

Evaluation of status quo of material classification

9.

Tagets

Evaluation of status quo of supplier /

6.

8.

Category

instructions for design, purchase, sales, control
and analysis

13.

IT integration and support

14.

Documentation and allocation of responsibilities

Long term
validation

The following subsections discuss each aspect of HMMS in detail.

4.1 Identification of legal requirements

According to article 7 (b) of 2011/65/EU (EU-RoHS2) manufacturers
are required to draw up a “[…] technical documentation and carry out
the internal production control procedure in line with module A of
Annex II to Decision No 768/2008/EC […]”.4,35 Decision No
768/2008/EC regulates fundamentals of CE labeling according to
article 30 of Regulation No 765/2008.36 With the CE label a
manufacturer declares compliance with all relevant EU regulations
and requirements. For EEE products RoHS2 compliance thus is a
basis for the CE labeling. Decision No 768/2008/EC essentially
demands for internal manufacturing controls and technical
documentation. EEE product specific documentation requirements are
normed within EN 50581.37 Required contents of a technical
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documentation according to EN 50581 are: [1] a general description
of the product, [2] documents covering applied materials, components
and assembly groups, [3] information regarding connection of
previously described documents as well as [4] a list of standards and
technical specification and norms that have been applied. A
manufacturer is obliged to determine, collect and evaluate relevant
information as well as secure validation. Approved documents are
standards, supplier / manufacturer / material declaration and
analytical results.
Currently, EN 50581 does not exhibit validity for conflict minerals
and REACH. Project experience has however shown sound
compatibility.

4.4 Clarification of affected products
As the first step of internal status-quo analysis a clarification of
affected products has to be conducted, in this case according to
REACH, RoHS and Conflict Minerals. REACH targets all products.
A separate REACH specific clarification thus is not needed. Since
most companies are also not directly affected by conflict minerals but
indirectly as supply chain member, the clarification of affected
products occurs within customer / supply chain communication. A
product however has to fulfill a variety of specifics to be affected by
RoHS. According to article Q1.7 of the RoHS-FAQs the chronology
of decisions is illustrated in figure 5.38

communication
After the clarification of affected products, status-quo information of
supplier and manufacturer communication / rating is gathered. Within
this step two major topics should be analyzed: [1] fundamentals of
supplier communication and [2] methods of supplier rating.
First, supplier communication should cover all relevant legislations.
Many companies claim compliance of supplier goods with relevant
legislations but assure themselves inadequately. The development of
standardized supplier / manufacturer communication letters has
shown to be most effective. In this context, phrasing should be legally
harmonized. Furthermore, written and signed letters are the only
acceptable form of communication and legal references should be
updated frequently.
Depending on size, companies generally have implemented a system
of supplier rating. General methods of supplier rating have been
described in detail.39 Common measures are supplier quality,
constancy and branch codes. Since suppliers may be spread globally,
another measure of credibility may be appropriate according to EN
50581.37 Information from various countries have been shown to not
be equally reliable. The corruption perception index, annually
released by Transparency International, provides a sound measure for
supplier information credibility and is widely accepted by
enforcement agencies.40 In addition, it is easily implemented and
combinable with other measures due to its simple scale (0 – 100). In
summary, supplier rating may be carried out as displayed in table 3.
Thereby, measure grading is autonomously selectable by a company.
Table 3 Supplier measures and rating example
Measure

Rating

CPI

100

Supplier quality

80

Supplier constancy

50

…

…

Summary

230

Each supplier has to be rated according to the previously defined
measures. This enables a company to define risk categories with
respect to its ratio.

4.6 Evaluation of status quo of material classification

Figure 5 RoHS specific decision tree38
According to figure 5 a tabular form as illustrated in annex 1 has
shown to be most effective.

4.5 Evaluation of status quo of supplier / manufacturer

Material evaluation also follows the idea of risk categorization. A
wide variety of materials exist in industrial companies, e.g. standard
materials, drawing parts, and components. We developed a systematic
approach for material evaluation that is displayed in annex 2 based on
material and component categories of IEC 62474 and IEC 623212.41,42 According to willingness, we differ between two common
approaches: [1] the simple material evaluation and [2] the integral
material evaluation. The simple method is entirely based on analytical
experience, e.g. from IEC 62321-2. Thereby the risk is calculated on a
material category level. This approach is rather fast and offers a sound
start for companies that have not applied HMMS before. On a long
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term, it however reveals great weaknesses since it does not respond to
specifics within a material category and additional requirements from
other legislations are not easily transferred. In contrast, the integral
material evaluation allows a by far superior risk calculation. Thereby,
each material and component that is affected within a company is
analyzed in detail and apportioned in chemical components. Accepted
methods for identification of chemical composition are technical
standards, material declarations being linked to specific material data
sheets and analytical test results (e.g. X-ray fluorescence or wet
chemistry analysis). This method is associated with great efforts but
allows complete coverage of all relevant legislations and allows long
term validity due to its overall transparency.
Against the background of the discussed exponential increase of
environmental legislations only an integral material evaluation
facilitates long term validation. Essentially following the described
approach above, a variety of enterprises have developed solutions in
terms of compliance tools.43–46 In many cases these tools are of great
help, although mostly providing an environment but leaving the user
with maintenance issues.
A reasonable approach for risk classification is based on the
probability that a prohibited substance may appear. Common risk
categories are low (L), medium (M) and high (H).

4.7 Risk and impact assessment
Risk assessment is an integral part of HMMS as it displays the current
level of compliance and allows the deviation of urgent actions.
Various methods of risk assessment in industrial enterprises have
been discussed in literature and successfully implemented. 47 As
described in section 2, risk refers to the probability of failing to be
compliant. In terms of HMMS it is dominated by two attributes: [1]
material risk and [2] supplier / manufacturer risk.

and high (H).

4.8 Initiation of actions - communication, control, analysis
In a next step specific actions are allocated to each of the categories.
While for materials from low risk categories a single supplier /
manufacturer declaration is satisfactory, additional control sample
analysis (e.g. XRF) are appropriate. Continuous analytical testing is
advisable for materials and components from high risk categories. On
a long term high risk categories should be substituted. Table 4
exemplifies the initiation of actions according to categories from
previously defined risk matrix.
Table 4 Initiation of actions according to risk category

4.9 Re-evaluation
materials

of

suppliers,

manufacturers and

All actions have to be conducted frequently and results have to be
integrated in the continuous risk assessment of materials and suppliers.
Generally, a company is free to determine intervals of re-evaluation.
Against the background of continuous legal modifications, practice
has however shown that periods of six to twelve months are most
effective.

4.10 Development and continuous improvement of supplier
and manufacturer audits
Supplier and manufacturer audits are common for company and
product specific qualification and an essential element of many
quality and environmental management system. In the context of
HMMS supplier and manufacturer audits are to be conducted for
medium and high risk suppliers that might not easily be substituted or
strategically relevant.

4.11 Overall process development, integration and
continuous improvement

Figure 6 Risk matrix
Although not exposing each case of risk consistently, the
implementation of a risk matrix has been shown to be most applicable
in practice. It allows an application for both single materials and
entire products. Figure 6 illustrates an example of a risk matrix.
Previously defined supplier and material risk span a nine field matrix
in which three categories of risk are differed: low (L), medium (M)

The first step of long term HMMS validation is the development of
an appropriate overall process. The process is the centerpiece of
HMMS. It has to cover all essential steps of compliance management,
responsibilities and has to be practical. After its integration a system
of continuous improvement is required in order to guarantee
compliance while regulations may be amended. An example for an
appropriate HMMS process covering all essential steps is found in
annex 3.

4.12 Development and continuous improvement of
instructions for design, purchase, sales, control, and
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analysis
Work instructions are present in nearly every industrial company in
order to guarantee standardized operational procedures. Affected
divisions are essentially R&D, purchase, sales as well as project,
quality, and environmental management. A variety of urgent questions
have to be answered within this step, e.g.:
At what point does the developer need to be informed
about the legal applicability of certain materials?
Who is responsible for material and component clearance?
How shall compliance be guaranteed and documented
before material and component clearance?
How shall procedural methods of incoming inspection be
extended in order to fulfill previously defined requirements
of control and analysis?
Etc.
HMMS specific work instructions have to be subject to continuous
improvement.

4.13 IT integration and support
IT integration and support is essential for long term compliance. From
stage one of product development legal compliance has to be assured.
Developer, purchase and sales employee have to have access to
accurate information at the right time. A developer needs to know
what materials he can use for a legally compliant design. A purchaser
needs to know what documents and analytical test he needs to run for
a certain material. In this sense, a company’s IT structure has to
represent the previously defined process and work instructions. A
sound IT environment thus demands for an adequate interface
between data bases. As discussed above, a variety of enterprises have
developed IT solutions for environmental compliance interfaces.43–46
A serious discussion of pro and cons of different concepts has to be
abandoned at this point.

4.14 Documentation and allocation of responsibilities
According to documentation requirements, defined in step three, long
term validation closes with the compilation and continuous
actualization of the technical documentation. Besides its external
purpose, the assurance of compliance against law enforcement
agencies, it has to serve as a tool for knowledge transfer within an
organization. Due to increasing fluctuation, companies a forced to
effectively pass knowledge from one employee to another. Since
hazardous materials management represents an expansive field and
knowledge goes along with experience, a technical documentation is
essential for knowledge transfer.

of REACH, RoHS, and Conflict Minerals. The approach currently
however exhibits flaws in certain range areas. These areas are
essentially limited to risk assessment where the matrix approach
leaves space for interpretation. Since material and supplier are equally
rated, the approval via supplier declaration would eventually lead to a
downgrading of a risk material. This is not in the interest of the
authors. We thus propose a disparate quantitation of supplier and
material risk, with a stronger focus on materials (e.g. 60:40). Other
methods of risk assessment, e.g. FMEA, are also possible, have been
shown to be too complex in practice. A holistic approach of hazardous
materials risk calculation has not yet been developed.
Although complete elimination of risk might not be possible,
HMMS comprises all essential elements of legal environmental
compliance in the field of hazardous materials.

6. Summary and forecast
A variety of management systems have been discussed in
literature and successfully implemented in industries, as discussed in
section two. Nevertheless, none of these have been able to fulfill
essential requirements of hazardous materials management. In this
paper we presented a highly applicable approach referred to as
HMMS that has been successfully tested in over 70 companies in
Germany and is expected to be universally transferable to industrial
companies globally. HMMS is divided in 14 steps covering five
superior categories: [1] targets, [2] actual company status, [3] risk
assessment, [4] required actions and [5] long term validation.
On a long term, against the background of the dramatically
increasing global amount of environmental legislations, the
implementation of a standardized hazardous materials management
system as proposed in this paper is essential for nearly every
industrial company. In turn, governments and law enforcement
agencies are requested to adjust activities and find interfaces in order
to reduce complexity of business. A fair balance of legal requirements
and industrial expenses has to be realized in order to guarantee
success of environmental policies.
Additionally, extended research is needed on a downstream basis
in order to provide governments with accurate information on the
status of implementation of different legislations. Traditionally,
communication between governments and industries is poorly
distinctive and circular. Novel methods are needed, e.g. for
quantification of obsolescence potentials of certain substances and
technologies.
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Annex 1 - Clarification of affected products
Product details

No

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Product
group

Product
type

Relevant product characteristics
Order
number

Electric
Independent
power
EEE function
supply (Y/N)

Camera
…
connection

RoHS categorization
Is my
product
EEE? (Y/N)

Is it excluded
from the
scope? (Y/N)

Expiration
date?

Are exemptions
being applied?
(Y/N)

Further legislations and customer
requirements

REACH categorization
Expiration
date?

Equipment
category

REACHSVHC?
(Y/N)

REACH
SVHC
reference
value

REACH
annex
XIV? (Y/N)

REACH
annex
XVII?
(Y/N)

Priority

Dodd-Frank
Customer
Customer
Relevance according to
Act - Section requirement requirement … numer of legislations
1502
1
2
being applied
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Annex 2 - Material classification and evaluation
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Annex 3 – HMMS process

International Symposium on Green Manufacturing and Applications (ISGMA 2014), pp. 140-151

International Symposium on Green Manufacturing and Applications (ISGMA 2014), pp. 152-159

2014 / 152

ISGMA2014-D-4-02

High Income Return and Safe Investments
through Financing of Energy Efficient
Measures in the Industry
Robert Kasprowicz1#, Siegfried Stender²and Thomas Bauernhansl²
1 Fraunhofer Institute for Manufacturing Engineering and Automation, Nobelstrasse 12, 70569 Stuttgart
2 Fraunhofer Institute for Manufacturing Engineering and Automation, Nobelstrasse 12, 70569 Stuttgart
#Corresponding Author / E-mail: Robert.Kasprowicz@ipa.fraunhofer.de, TEL: +49-(0)7119701908
KEYWORDS : Energy Efficiency, Green Investment Funds, Contracting, Financing of Energy Efficiency Measures

Energy-efficient technologies may induce large energy and monetary savings in various industries. Based on our study,
investigating the German industry by covering over 250 publications, we show that investments of merely 5 billion euro may
generate cash-positive savings of about 20 billion euro until 2020. Until 2030 the savings are increasing up to over 60
billion euro. However, plenty of commonly identified potential in industries remains unrealized due to comparatively short
requested payback periods in order to minimize a company's investment risk. According to our last survey of industrial
enterprises it can be seen that usual payback periods for energy efficient machines shall not exceed 3 years. Energy efficient
measures with higher payback periods often remain unused, but regardless can generate a payback rate of over 20% over its
entire lifetime.
Against this background we compare different methods for industrial energy efficiency investment evaluation and come up
with effective recommendations for operators to realize more energy savings and reduce energy costs. Recent studies show
that enterprises are realizing more energy efficiency measures while using a total cost approach as a basis for an investment
decision than enterprises which concentrate only on short-term profit maximization.
Furthermore, new funding models for efficiency measures could be an alternative to take full advantage of specific monetary
potentials. In times of low market rates investors gain less interest rate income as years before. 2009 fixed-period interest
rates dropped to 0,5% and today they are partially still under the inflation rate. As a result the demand for classical asset
management with mutual funds dropped steadily in recent years and investors are looking for alternative investments. Using
private capital to invest in energy efficiency will solve two problems at once:
Capital assets in energy efficiency may significantly improve portfolio compositions of investors while simultaneously
provide required financial resources for efficient technologies. As a result investors gain high income returns and
enterprises are able to reduce their overall CO2 emissions. Furthermore, through the use of different funding models the
payback period for enterprises can be considerably shortened. In this paper we discuss several funding and business models
and show the specific impacts on cost-effectiveness, payback-periods and common requirements.

1. Introduction
1.1 Importance of energy efficiency
Due to continuing risks of climate change, increasing scarcity of
resources and rising energy and resource prices, sustainability today
influences more than ever decisions in business, politics, science, and
also private behavior1,2. In order to be able to exist in the marketplace
and to be competitive in the future, therefore energy-efficient
production of goods and services is essential for manufacturing
enterprises to reduce energy costs. This situation is reflected on the
energy costs and trends. For example, electricity prices in the industry

increased dramatically in the last 13 years: between 2000 and 2013
the price for a kWh electricity in Germany rose by an average of
140%. Additionally the average electricity price in 2013 for the
German industry was about 10.6 euro cents/kWh. The vast majority
of the EU have considerably lower prices: Sweden (5.5 cent/kWh),
France (6.6 cent/kWh), Spain (6.9 cent/kWh) are only 3 of 25
countries in the EU with lower energy prices than Germany3. Based
on this, German industry is operating under a high competitive
pressure.
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Besides the economic impact on the industry, there are also
environmental reasons for energy efficiency. With a share of more
than 40% of total electricity consumption the German industry has a
great impact on the national CO2 footprint of Germany4. In addition
to the climate goals within the EU, Germany also intends to reduce its
primary energy consumption by 20% by the year 20205 compared to
2008 and additionally double its energy productivity6 compared with
1990, which corresponds to an increase of 2.1% per year until the
year 2050.7 Based on the latest developments, national objectives will
be jeopardized if actions are not taken with respect to an intensified
energy efficiency in the industry: the industrial energy consumption
increased since 1992 by 0.1% p.a. Simultaneously the industrial
energy productivity increased by an annual average of 1.7% between
1995 and 2008.8 Based on this development an increasing energy
productivity of 3 to 3.7 is necessary for the remaining period until
20209,10. Thus, due to a continuation of actual developments, the
current diffusion of energy efficiency is not sufficient to achieve
national goals11.
3,000

600
500

2,800
CAGR: + 0,1 % p.a.
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Fig. 1: final energy consumption in the industry12
In the past periods, the German industry has already achieved
significant energy savings through efficiency measures. Final energy
savings of more than 500 PJ where realized.13 However, a larger part
of Energy savings where therefore neutralized by economic growth,
which increased in the past 20 years by 0.7% p.a.
1.2 Efficiency potentials in German industries
As a part of our latest meta-study of energy efficiency potentials,
over 250 publications were reviewed and analyzed with respect to the
type and amount of existing potentials. These potentials vary
depending on technology, branch and assumptions for the future.
Based on our study, the following illustration Figure2 summarizes
both electrical and thermal energy saving potentials. The electrical
potential consists of individual potentials of common cross-sectional
technologies14, which have a share of 87% of the electrical saving
potential in the German industry15. Potentials based on thermal
energy are mainly induced by branch- and process-specific
5

and 50% by the year 2050
Energy productivity is defined as the ration between energy consumption and
gross domestic product
7
Energy productivity is defined as the ration between energy consumption and
gross domestic product
14
such as pumps, electric motors, fans, compressed air and lighting
6

technologies and are summarized from individual saving potentials of
energy-intensive industries. These aggregated potential-categories
hereinafter are compared to the specific saving objectives of the
industry by 2020.
300
250
energy saving potential [PJ]
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Fig. 2: energy saving potential of German industry16
At the same time the specific potentials are classified according to
their level of realization: the market potential is based on a business
as usual scenario. This is generated by 2020 based on the actual
diffusion of technologies and efforts and has a value of 51 PJ each,
considering electrical and thermal saving potentials. However, the
overall possible saving potential which can be economically tapped is
much larger and has a value of 160 PJ. Thus current efforts need to be
tripled to tap the full economical electricity potential. To meet energy
saving objectives (100 PJ) current efforts in the areas of energy
efficiency still need to be doubled. The economical viable thermal
potential has a value of 111 PJ. Based on this, current efforts must be
doubled to achieve the energy saving goals in the area of thermal
energy16. However, these economical potentials might induce high
monetary savings. An incremental investment of roughly 5 billion
Euros would return nearly four times as much – 20 billion euros by
2020.

67

2030

8

20

2020

5
0

10

20

30

cumulated cost savingst (2009)

40

50

capital investment

60

70
billion €

Fig. 3: monetary savings through energy efficiency by 203015
The longer the observation period is chosen, the more saving
effects manifest themselves through reduced energy costs. Figure3
shows the development of both necessary investment and
corresponding monetary savings. Other studies anticipate that
investments of 24 billion euros may indicate a return of 100 billion
euros by 205017. In summary, it can be concluded that huge
economical saving potentials still exist for the German industry with
high profitability.
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1.3 Common obstacles

payback period in months

The current situation especially in German industry seems
paradoxical: As a leader in the global market for environmental and
efficient technologies Germany has a share of 15% and therefore an
absolute international leading position. Whereas the current global
market volume for environmental and efficient technology in 2011
was about 2,000 billion euros and is intended to rise to more than
4400 billion euros by 2025.18 Despite these impressive development
forecasts Germany itself has still many unused saving potentials,
particularly in the industrial sector19.
Despite the high quantified monetary saving effects, a major part
of existing energy saving potentials is left unused. For the nonrealization of efficiency potentials a variety of factors can be
mentioned that make implementation of efficiency measures difficult.
Apart from well-known non-monetary reasons, such as lack of
transparency, corporate-culture, organizational framework conditions,
two reasons are considered to be the main cause of unused
economical saving potentials: lack of knowledge about the existing
potentials and insufficient financial resources20. Furthermore even if
companies have sufficient financial capital, strict assessment
standards will cut investment opportunities. This is reflected in recent
surveys on primary criteria guiding any investment decision: 80% of
companies surveyed based their investment decisions only on the
payback-period.15 According to our latest survey of industrial
enterprises the generally accepted period for efficiency measures
typically shall not exceed 3 years.20 Depending on the technology,
field of application and branch the acceptance-range may vary.
90
80
70
60
50
40
30
20
10
0

unused or will not be realized. This connection is best reflected by the
following table, which shows the internal interest rate of an efficiency
measure for selected lifetime ranges in dependence on the payback
period time. For example, an investment with a payback period of 2
years and an overall lifetime of 3 years generates an internal interest
rate of 24%. Additionally a lifetime of 4 years will generate an
interest rate of 35%. Assuming that no investments are made within a
payback period that exceeds 3 years, internal interest rates between 24%
and 11% depending on the plant lifetime are left unused.
Table1: Interest rates and payback periods16
Internal interest rates

Pay-

Plant lifetime

back
period

3

4

5

6

7

8

12

15

2

24%

35%

41%

45%

47%

49%

49%

50%

3

0%

13%

20%

25%

27%

31%

32%

33%

0%

8%

13%

17%

22%

23%

24%

0%

6%

10%

16%

17%

19%

0%

4%

11%

13%

15%

0%

5%

7%

9%

4
5
6
8

Not-realized measures

In summary, it must be emphasized that there is a huge unused
economical potential in the German industry which partly can be
realized through an approach which neutralizes on the one hand the
difficulties of insufficient funds and on the other hand the required
short payback-periods.

2 Performance Contracting

ø buildings

ø infrastructure

ø facilities

Fig. 4: accepted payback-period industry20
Figure4 shows that companies accepting longer payback-periods
in the area of efficiency measures for buildings rather than in the area
of machinery, infrastructure, and process measures.
However, a decision based on a payback period does not give any
indication of the economic viability of specific measures.
Furthermore most of energy efficiency measures have a significantly
longer technical lifetime referring to the payback-periods and a high
profitability across their entire lifecycle. Due to the required short
payback periods many high profitable efficiency projects are left

Energy efficiency measures often require both high organizational
and financial efforts. New territories are being entered and thus new
experiences had to be made. In order to reduce complexity, areas of
competence are outsourced by providing the necessary services
through an external partner or service provider, called contractor.
The contractor creates or optimizes an energy efficient
technology for the customer on his own account. The customer
enterprise neither owns nor runs this technology. Therefore the
customer is saving the investment costs for specific technologies to
increase energy efficiency. The final payment for the provided
technology and service will be calculated and charged by the amount
of working hours or produced pieces. Therefore the contractor takes
the entrepreneurial risk while the customer only pays per use. The
overall advantage derives from the reduced complexity and monetary
risk on the user’s side22. The contractor commonly focusses on
specific areas, such as lighting or pump contractors, and is therefore
able to bundle expertise, synergies and economic advantages23.
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Fig. 5: scope of supply and services within contracting24
Additionally the company is able to focus on its core business,
while the contractor can expand his business and sales. Overall, there
is a variety of specific contracting models, which are differentiated by
rules of ownership as well as rights and obligations. The so-called
delivery-contracting found a broad acceptance in the last few years24.
Due to the growing need to minimize complexity of non-core
business activities, common technologies and business models used
within contracting have traditionally nothing to do with the
company’s main business. Therefore a lot of contracting business
models in the industry focus on building services, power generation,
and equipment as well as on cross-sectional technologies.
In contrast, contracting models based on branch- and process
specific technologies, which are dominating the thermal energy
saving potential in Germany, are uncommon and did not prove
feasible yet. Due to the missing knowledge about process- and
product-specific framework conditions within a company, possible
process-based solutions are too complex and diverse. Resulting
benefits of a contracting model would be lost with a high degree of
probability. Therefore common contracting approaches are not able to
solve the problem of unused thermal saving potentials in the industry.

2.1. New approach: investment fund models
Based on the specified disadvantages of contracting models, a
new approach to finance unused efficiency potentials was developed.
Within this new approach industrial companies should be motivated
to realize previously unrecognized energy efficiency measures.
This approach is based on the assumption that more than ever
investors are looking for attractive investment opportunities with
appropriate profits. One of the most influential developments over the
past five years has probably been the way in which the inflation and
effective interest rate has been infiltrated. Since the second half of
2009, effective interest rates with a term between at least one year and
more than three years, is remaining below the inflation rate. This
development is shown in figure 6.

Fig. 6: inflation and interest rate in Germany25
Based on the development of the interest market, the value of
saved money calculated on the basis of the nominal rate is gradually
eroded by inflation. As a result, both private as well as commercial
investors are investing in material assets. Combining the need for
investment opportunities and at the same time the need in the industry
for capital to finance efficiency measures might be a win-win solution.
To exploit unused energy saving potentials in the industry within
the new approach, necessary financial capital is provided by an
investment fund. Therefore an investor will generally purchase shares
in the fund directly from the fund itself. Simultaneously an
independent authority or agency is mandated by a customer enterprise
to deliver a technical evaluation of possible enterprise-specific
measures and quantifies the potential. This agency possibly provides
specific efficiency technology itself or uses an adequate distributer
network to ensure and supervise the implementation.
It is also likewise conceivable that industrial enterprises already
analyzed their specific efficiency potentials and requests the fundorganization for financial support. The main difference to a common
contracting business model is that the technology provider and the
financial capital provider are fully independent from each other. But
as long as there is no expert appraisal confirming, the investment fund
will not be disbursed. If the technical rating is successful, the
recommended technology will be supported. The generated cost
savings through the efficiency measures will be divided between the
customer enterprise and the investment fund. Within the fund the
insurance agency takes a share of the returns as well.

Fig. 7: new investment fund approach
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2.2.2 Investment fund scenario 1
This three-way partnership creates a triple-win situation: investors
benefit from stable returns and make a contribution to environmental
protection. The company realizes energy and financial savings
without using their own capital. And last but not least, the technology
partners also benefit from increased orders and reputation.
Furthermore, Due to the realized returns, further efficiency measures
can be financed and unused energy potentials can be exploited.
In the following, the investment fund approach will be explained and
quantified based on a developed decision making tool using the
example of a typical energy efficiency investment.
2.2.1 Baseline scenario
The following example will serve as a basis for the following
explanations. For a better understanding, the original example has
been simplified in order to provide an initial impression of how the
funding approach creates benefits. The starting point of this baselinescenario is an energy efficient plant which has aggregated investment
costs of 10.000 euro and provides a cost reduction of 2.500 euro p.a.26
Additionally, the entire period of use of the facility is 15 years and the
market interest rate is 10%. Within this baseline scenario, it is
assumed that 100% of the necessary investment is going to be
financed from the company’s financial resources.
Due to an assumed initial period of 1 year, the usual payback
period is 5 years.27 The resulting cash flow and net present value
(NPV) of the investment is shown in the following figure 8. Based on
that scenario, the annual cash flow (CF) of the investment is 2.500
euro and the total net present value of this efficiency measure after 15
years is 9.015 euro.

The first business model assumes that the necessary investment of
10.000 euro is partly financed through the participation of the
investment fund. The basic conditions for this scenario are: the fund
lifetime is also 15 years, the required rate of return within the fund is
20%, and the share of the investment costs is 75%. However, this
share is not fixed and only serves as an example.28 Furthermore it is
assumed, that the participating private investors within the fund
accept a long-term periods to receive the 20% rate of return.29 The
enterprise share of the total investment is 2.500 euro, while the
investment fund covers costs of 7.500 euro. Due to the required
interest rate of 20% of the fund, the annual return is reduced to 896
euro for the enterprise (CF fund model), which has also an impact on
the net present value. Based on the defined cost and return ratio, the
company’s specific payback period changes as well. The following
figure 9 summarizes the changed framework conditions and compares
it with the baseline scenario. Within this scenario, the payback period
has been shortened to 3 years from the company’s point of view.
However, the investment is still profitable for the enterprise. Despite
being shortened by over 50%, the investment has a net present value
of 4.314 euro from the company’s point of view, while the fund
interest rate of 20% has been completely fulfilled.
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Fig. 9: cash flow and NPV fund model 1
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Fig. 8: cash flow and NPV baseline scenario

Against the background of required payback periods of at least 3
years, this scenario shows a method to exploit unused potential and
simultaneously ensures an economic incentive for companies. It also
enhances the attractiveness of investments for efficiency measures. As
shown in figure 7, the fund finances the investor and the insurance
company by dividing the realized interest rate.
2.2.3 Investment fund scenario 2

26

In the original calculation tool the costs are sub-divided into: personal costs,
energy costs, other resources costs, installation and disposal costs, and
maintenance costs. Furthermore a dynamic development of production and
energy consumption as well as a volatile production output is implemented to
support a realistic development of possible cost reductions.
27
Assuming that time within the initial period is needed for start-up,
adjustment, learning effects, and manifestation of cost reduction effects

This second scenario quantifies the impact on the first scenario, if
the funding contract is shorter than the facility’s entire period of use.
Within this scenario it is assumed, that the facility’s use period is still
15 years, but the duration of the fund is limited to 9 years.
28

The share can be optimized within the required return of the participating
enterprise
29
Therefore this fund can also be seen as a bond fund.

157 / 2014

International Symposium on Green Manufacturing and Applications (ISGMA 2014), pp. 152-159

Furthermore it is assumed, that the fund covers 100% of the
investment costs for the facility. Conversely, this means the efficiency
technology and the corresponding energy and CO2 emission savings
are provided free of charge for the enterprise. To achieve the required
20% rate of return, the investment fund takes the complete returned
cash flow until the contract expires after 9 years. From year 9
onwards, the facility remains with the company. From that moment
the ownership and cost savings are transferred to the company. The
following figure summarizes this scenario and compares it to the
baseline scenario.
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Fig. 11: cash flow and NPV fund model 3
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Fig. 10: cash flow and NPV fund model 2
Due to the assumption, that 100% of the costs born directly by the
investment fund, the payback period of the efficiency measure is from
the company’s point of view zero. Furthermore a higher the net
present value can be realized compared to scenario 1. Within 15 years
the investment has a NPV of 4728 euro. The big advantage of this
scenario derives from the company’s possibility to avoid investment
costs and simultaneously take advantage of the opportunity to reduce
energy consumption and CO2 emissions. Furthermore an even higher
net present value can be realized compared to scenario 1 due to the
shortened fund duration.
2.2.4 Investment fund scenario 3
The third scenario is an extended version of scenario 2. It is again
assumed, that the fund covers 100% of the investment costs for the
facility. The fund duration is assumed to be 15 years, as well as in
scenario 1. The main difference to scenario 2 derives from the
assumption, that the investment fund pays expected future cost
savings already in the first period to the company. Except for the first
payment, the investment fund keeps all future savings. In contrast to
the baseline scenario and scenario 1, where the company has to pay
fully or partly for the facility, the participating enterprise receives the
cumulated cash flow in the beginning.

As well as scenario 2, this scenario enables the enterprise to release
itself from investment and other costs, such as maintenance or
disposal costs. The customer completely outsources the necessary
facility and every financial and organizational part of it. Every
organizational necessity to monitor energy and cost savings is the
responsibility of the investment fund. Therefore, the advantage
compared to scenario 2 is the lower necessary organizational and
coordination effort between customer and fund operator. Additionally
the customer enterprise receives a financial incentive in the beginning,
depending on the specific efficiency measure. Simultaneously energyand CO2 savings are realized. In summary, this scenario provides the
possibility to realize energy saving potentials without any necessary
financial investment for the enterprise.

3. Conclusions
Energy efficiency is the key technology to achieve both reducing
national greenhouse gas emissions and ensure global competitiveness
of the German industry. However, an essential part of the existing
saving potentials are unused due to reservations towards high
investment costs and long payback periods. In order to address this
issue, common approaches, such as contracting models, are focusing
only on cross-sectional technologies to increase energy efficiency of
companies. Therefore, a considerably high share of energy saving
potential remains unused.
Using private capital to invest in energy efficiency will solve two
problems at once: Capital assets in energy efficiency may
significantly improve portfolio compositions of investors while
simultaneously provide required financial resources for efficient
technologies. As a result investors gain equally distributed high
income returns (assumption: 20%). Simultaneously a large number of
individual funding projects can be aggregated in one fund in order to
ensure a risk diversification and minimize the risk of default30. The
investment fund raises on the one hand capital from investors, on the
other hand the fund identifies, finances, and supervises projects.
Additionally customer enterprises are able to reduce their overall
energy consumption and CO2 emissions and are benefiting from an
enhanced image. Furthermore, through the use of different funding
models the payback period for enterprises can be considerably
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shortened. Depending on the technology, risk affinity and knowhow
of the involved participants, shares and contract term as well as
obligations can be adapted.
However, a complete exploitation of existing saving potentials is
not exclusively necessary for German industries in future periods.
Recent studies show, however, that it cannot be assumed that the
energy consumption is significantly lowered in the future: The
international agency assumes that the final energy demand of EU is
rising until 2035. Both in the CPS and NPS the main objective,
reduction of energy consumption by 20% by 2020, will not be met. 8
Based on the NPS the reduction will be only 14% by 2020. Only in
the so called 450 Scenario, which assumes that the atmospheric CO2emission concentration is limited to 450 ppm, slightly decreasing
final energy consumption is approximately achieved31.
320
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