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ot i lee, The Costs of Power Quality Disturbances for Industies
V" - - - -
< Related Fabricated Metal, Machines and Equipment in
3 5 - Thailand
}"/m% Panuwat Teansri, Worapong Pairindra, Narongkorratbip
349

Pornrapeepat Bhasaputra, and Woraratana Pattaoaprak

Abstract— The purpose of this paperis to examine industrial customer attitudes relating impacts from power quality
events which include voltage sags, undervoltage, overvoltage and voltage interruption. In this study, 63 industries
associated fabricated metal, machines and equipment products in Nava Nakorn industrial zoneare selected to
estimatemonetary losses from power quality events in 2010. The direct customer survey with questionnaire guideline is
introduced in the data collecting process.In the survey questionnaire, customer attitudes are represented in term of
impacts levels to manufacturing processes and thier activities. The economic impact level is then transformed into
monetary value by using weighting economic factor. The customer survey results show that the impact level from each
power quality event is diversified. It is significantly related to conditions of production capacity, product values,
manufacturing processes, amount of sensitive devices and plant recovery time. In addition, the manufacturing
industries of semiconductors, integrated circuit (IC) and electronic products perceived a large of monetary losses in
case of power quality event and as well as voltage interruption.However, power quality monitoring system, a tool for
identifying power quality problems, is till not available in some industries. Further, various industries in this survey
never perform full assessment of manufacturingimpacts. Therefore,the economic impact calculationis employed based
on industrial expert experiances. The results in this studyare information from customer attitudes related to reliability
cost which utility planners can be applied in various fields of electric distribution system including operation,
maintenance and network improvementplanning. Finally, the assessment is introduced for industries to address issues
about the consequnces ofpower quality problems and reliablity of power supply.

Keywords— Power quality, Voltage sag, Voltage interruptionFabricated metal, machines and equipment industry.

customers have an increased awareness power quality
issues which are becoming better informed fromedriv
factors in power system restructuring and deregudaif
power utility industry. Therefore, electric utigs in
several countries have been collaborated with their
customersto evaluate the impacts from powerquality
event. The results of customer impact evaluation
' applied for identifying the optimalmigrationaltetives.
Since the key factor ofnational economic growth and
social developmentin developing countries,energy
utilization in Fig. 1 shows that industrial secierthe
largest consumer in Thailand with share 42.40%ot#] t
electrical energy consumption in 2009.In additiealue
*added contribution from nine industrial sectorsig. R
displays that industries related to fabricated ineta
machines and equipment (TSIC38) is the highest
contributor of gross domestic product (GDP) for

1. INTRODUCTION

Currently, numerous developments in power system
technologies are widely utilized in electric power
industry and customers. Various loads equipmentdas
microprocessor controllerand power electronic dewic
arealso more sensitive to power quality.Further
improvements on overall power system efficiencynfro
both supply and demand sides resulted in growth
ofsensitive devices such asautomatic control system
high efficiency machines, adjustablespeed driveSO{A

and shunt capacitors. This is resulting in conceaisut

the future impact on system capabilities. Moreover
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industrial sector, followed by the food industri@sIC

31) and textile industries (TSIC 32), respectividlye to

a variety of products and value added contributtbis
paper intends to estimateeconomic impacts from powe
quality problems of industries under TSIC 38.

2. LITERATURE REVIEW

The power quality has become an issue of increasing
interest in the various segments of end user shedate
of 1980s. At that time, the dominated cause of powe
quality problems is from natural phenomena and then
thegrowth of non linear loads in several appligaids
extended into a power quality of harmonics problem.
Table 1 provides information regarding charactisst



and causes of common power
Equipment may have different sensitivity to power in
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quality problems.

quality problems which dependon the specific logabt
control setting and application. Consequentlysibften
difficult to identify characteristics of problemshen
power quality monitoring system is not installed an

factory.

Fig. 1. The electrical energy consumption in 2009.

Million Baht
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1,000,000 ~
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Fig. 2. GDP originating frommanufacturing in 2008.

Table 1.Categories of power quality problems

eS

Characteristics Causes
Momentary - Short circuit, operation of protective devic|
interruption such as breaker and fuse
 Temporary - Short circuit, operation of protective devic|
linterruptior

eS

Sustain interruption

System short circuit, accidents, tree falling

Notch

- Commutated current by operation of power

electronic devices

Transient
(Impulsive/Oscillatory

- Lightning, system fault, switching of heawy

load such as induction motor starting

- System faults, switching of heavy load,

Sag motor starting

- Remote system fault, switching off a larg
Swell -

load capacitor bank

- Large load or system switching, faulty
Undervoltage connection or wiring and loose connection

connections

- Load switching such as switching off larg
Overvoltage

bank, incorrect tap settings on transformer:

e

In general, power quality problems can be categdriz

different standards accordingto development
objectives or criteria of typical duration, voltage
magnitude and frequency content. For instance, the
general proposes of power quality standard devetopm
include IEEE standard 1159 [1], the IEEE Standdr@-5
1992 [2], IEC 61000-4-30 [3] while the SEMI Standlar
F-47 is developed for specific propose to serve
manufacturers and suppliers of hardware, ICT sesvic
and software [4].The IEEE Standard 1159 was deeglop
to provide general guidelines forpower standard
definitions and quality measurements in different
categories of power quality events while the IEEE
Standard 519-1992was designed to establish guédelin
for harmonic current and voltage distortionlevels o
distribution and transmission circuitsand the IED®D-
4-30 was set up to define the correct measuring
algorithms for power quality instrumenits addition, the
customer load model can also be used as the méshod
analyze the power quality events, however loadrdifse
and time-dependent operation makes this approach
impracticable. Instead, equipment sensitivity tovpp
quality can be considered in the power acceptgbilit
curve. One of thewidely well-known curves is Congput
Business Equipment Manufacturers  Association
(CBEMA) [5].

Since the association reorganized in 1994 and was
subsequently renamed the Information Technology
Industry Council (ITl), the CBEMA curve was also
updated and renamed the ITI curve. Typical loads wi
likely trip off when the voltage is below the CBEM#

ITI curve like a sample application for setting fstop of
load in Fig. 3. The curve labeled ASD represents an
example of voltage sag ride through capability &or
device that is very sensitive to voltage sagsriistfor
sags below 0.9 p.u. that last for only 4 cycles Tiotor
contactor curve represents typical contactor sag-ri
through characteristics. It trips for voltage shgkw 0.5
p.u. that last for more than 1 cycle.
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In electricity market, power quality is interesteg Iran [23]. The economic impact caused by voltagg sa
electric utility companies, equipmentmanufacturansl was shutdown production processes of 23 minuteshwhi
electric power customers. There aremany reasonshe company suffered losses about 138,000 US$. This
associated concerns which comprising of economicevaluation may greater losses when include equipmen
growth, rising rapidly in electricity demand, modeand and machines damage costs, reduced product quality,
advance technology developments of sensitive dsyice increased maintenance costs. For chemical industry,
customer service standard. For these reasons, numer 20,053 pharmaceutical manufacturing companies in
researches related power quality problems analysis|ndia were investigated economic impacts from poor

monitoring systems, mitigation methods,
standards, and economic impact evaluations aréncent
to publish. The study results related to power ityal
issues led to establishment power quality indices i
regulation of service standard for worldwide coigsr
[6-11]. In addition, evaluation of power quality sto
especially industrial
beginning of the 1990s for comparing with the coft
power quality services. The survey of industrial
customers contribute on underlining the power dquali
disturbances susceptibility of industrial processesl
also giving the estimation of annual costs expegerby
customers[12]. The cost of a disturbance involeossés
from lost production, damaged raw material, idleols

technical power quality in 2009. The total cost of completanp

disruption including direct costs, downtime costsda
restart processes costs due to all power qualiyptsvior
worst case scenario was approximately Rs.20 bilfibn
US$=26.474 Rs at June 2009). The losses from wltag
disturbances alone accounts for 50% of the totat ob

sector was performed at thedowntime due to all events. This results were dated

the cost of downtime due to all events and voltage
disturbances alone, account for 10.33% and 5.168%eof
national annual production of pharmaceutical congsan
respectively [24]. The power quality costs due dttage
sag in various industries were estimated as shawn i
Table 2 [25]. This literature is also addressedsineey
results of Frost and Sullivan, an independent dtingu

and in certain cases damaged equipment. The IEEHrm specializing in evaluating technology marketsput

standard 1346-1998 provides some guidelines ontbow
calculate thecost associated a voltage disturbesdeh

cost of voltage disturbances alone impact to USistg
over 20 billion US$ every year. Since the powerliga

the approach requires participation of management ain Thailand is less attention to study problemsjses

well as financial,operational, maintenance, andessal

and impacts, the paper has been examined the ceistom

staffs [13]. However, some utilities face resources attitudes related to manufacturing processes &iflect

limitation and it is so difficult in practical toierview all
participants at the same time. Some first studgsgess

from power quality and interruption statistics i01D.
Impacts of voltage sags, undervoltage and ovenyelta

the power quality cost was performed in USA and are presented in this study.
Canada [14-15]. The customer damage from power

quality events can impact from microeconomic to
macroeconomic in these countries. For instanceeder
with high number of short interruption and voltagpg
was estimated losses by 1.8 Million US$ [16]. lalyit
the survey of economic impacts in manufacturersnfro
power quality problems was evaluated in range of 50
250,000 USS$ per year per factory [17]. In Southidsy a
recent study showed that major industries sufferuah
losses of more than 200 US$ million due to voltagg
problems [18]. The survey results of European-wite
2007 suggested that several companies lost up%odfo
their annual turnover due to poor power quality][Fbr
industrial perspectives, the effects of power duatin
weaving-knitting, dyeing and finishing processes in
textile industry were assessed
interruption, major interruption and complete bigakn

to textile processes. The results of power quality

measurement showed that losses were significaigly, h
being around 15% of the annual net profit of thdile
industry [20]. In automotive industry, four-cycleltage

sag can lost over 700,000 US$ in the following 72

minutes due to shut down of process and requinedrie
from malfunction of programmable controllers anid/elr

systems working in a real-time process environment
[21]. The high technology machines of semmonductorbased on customer

companies in Taiwan including wafer manufacturing a
integrated circuit packing identified that lossase do
power quality event was greater than 5 million NJ¥$
event (LUS$=28.66NT$) [22]. Another estimation the
losses of semiconductor manufacturing was condunoted

in term of partial

Table 2. Impact of voltage sags on industries

Industry Losses (US$)
Semiconductor industry 2,500,000
Credit card processing 250,000
Equipment manufacturing 100,000
Automobile industry 75,000
Chemical industry 30,000

3. METHODOLOGY

The research of economic impacts from power quality
problems is still less attention especially in depig
countries. In addition, power service standardsare
defined only power supply reliability indices sua$ the
system average interruption frequency index (SAHAQ
the system average interruption duration index [BAI
In this study, the methodology to assess poweritgual
costs from industrial customer perspectives is libgesl
survey. The questionnaire
developed from several guidelines and publicatitms
fulfill the customer information and relevant dafihe
contents of survey questionnaire are divided irgar f
parts as following:

is
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Part I: General manufacturing information; this part is  the highest number of industry in Nava Nakhon
formed to obtain data includes factory location, industrial zone. In this industrial category, sewer
manufacturing processes, type of activity, products are the majority contributorto national
number of employees, operating time in a day economy. Considering production process, most of
and in a week, and data on the electric end-usemanufacturing industries under TSIC 38 operate with
(voltage level, demand and average electricalhigh technology machines and sensitive devices
energy consumption). In addition, personal includingautomatic control system, electronic cohtr
contact information such as name of respondent,cards and vary speed drive controlled motors. Poor
mobile phone number, fax number, e-mail power quality may damage the system andcause all
address isalso defined in this section. production lines failures. Thus, the scope of #tigly is

to investigate the economic value of various indest

under TSIC 38from power quality disturbances.The

study has been carried out by interview experthia t

factory to address level of impactin each powerlityua

category. The costs of power quality event can be
estimated with the weighting factors in Table 5t tieder

to the cost of sustain interruption.

Part Il: List of senstive devices, information about
sensitiveloads, equipment and machines in
industrial processes including programmable
logic controllers (PLC),automation control
system, ASD, soft starters, computerized
numerical control (CNC), computers, power
electronic devices, switching power supply,
power rectifier, magnetic contactors is filled in
the survey questionnaire. Further, respondents
were asked to describe different impact between  Table 3. Electric substation capacity in Nava Nakorn
power quality problems (voltage sag) and zero- industrial zone

voltage condition (sustain interruption). Supply Rated
Part Ill: Cost of power quality problems, impact level Substation Code| capacity voltage

from each power quality categorycomprising (MVA) (kV)

instantaneousvoltage sag, momentary voltage Nava Nakorn 1 NVA 2%40 115/22

sag, temporary voltage sag, under voltage, over

voltage and sustained interruption is estimated. | Nava Nakorn 2 NVB 2x40 115/22

Data on each impact level provides qualitative | Nava Nakorn3 NVC 2%50 115/22

costsat specific impact level (not impact to

complete process shutdown). In this case, Nave Nakorn 4 NVD 2x40 115/22

customer impacts from sustain interruption is
assigned as the reference cost. The power
quality costs referred to the impact from voltage
sags can be calculated by using weighting
economic factor.

Table 4. Number of industry in Nana Nakorn industrid
zone classified by TSIC

Part IV: Power quality eventsin a year; the statistic data TSIC Descriotion Nurcr:fber
of power quality problems occurred in P .
2009provided by monitoring system or manual industry
documentation system is collected. 31 |Food, beverage and tobacco 19

4. THE SURVEY ORGANIZATION 82 | Textile and apparel 8
. . ) ] 33 | Wood and wood products 5

Due to high density of industrial customer locabedthe 34 | Pulp and pape 6

logistic hubfor productsdistribution, the indusgrie - -

operating in Nava Nakornindustrial zone are thgear 35 | Chemical and petrochemical prody 38

groupof survey.Over 217 industries and more 200,000 | 36 | Non metallic mineral 3

employees are currently operating in this indusiame. 37 | Basic metal 3

The industries utilizeelectricity from distribution : :

utility,namely the Provincial Electricity Authorit{PEA). 3¢ |Fabricatd metal, r_nachlnes an 12

The electricity supply to industries consists ofnéin 39 | Other manufacturing 15

substations, each connected with 10 feeders. Al tota Total 217

capacity from 4 substations was desired at 515 N4
connected in loop circuit to prevent electric peshs.
The specification of electric substation system is
summarized in Table 3which the distribution utility
delivers electricity with the medium voltage of 1k%

and 22 kV.For industrial information, the number of
industry in each category is shown in Table 4. The
statistic data shows that 120 factories related to
fabricated metal, machines and equipment (TSICiS88)
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Table 5.The guideline of qualitative impact level ane&conomic impact weighting of power quality problers

Weighting for Guideline
Level of impact economic
analysis

All processes not impact, short process recovery

No effect 0.0 time and there is no raw material damages

Very less impact Most processes not impact. However, some

(sag with minimum voltage between 70% 0.1 processes which not critical may impact during
and 90% voltage sag

Less impact Some processes have been stopped while

(sag with minimum voltage between 50% 0.3 othersare still normal operation. However, overall
and 70%) production lines cannot full operation capacity.

Most processes were interrupted. Long recovery

Medium to quite large impact times at least half an hour was normally required

0.5-0.7

(sag with minimum voltage below 50%) to check machine breakdown and then restart
process.
Most processes interrupted and consequence pf
Large to greatest impact completedproduction lines shutdown. Long
hort and | int i 0.8-1.0 recovery time is required to inspect material
(short and long interruption) damages, machines breakdown and then restart
processes.
Cannot identified N/A Never investigate or not install power quality
monitoring system
5. STUDY RESULTS
5.1 General industrial customer survey information Table 6. Sample size and number of responses
Regarding the highest number of industry in Nava i Response rate
Nakorn industrial zone,120 companies related to| 1o/C | Population |Responden (%)

fabricated metal, machines and equipment produets a

selected as the target to estimate costs of pouality 38110 5 1 20
event and voltage interruption. The data gathering| 38198 5 2 40
process was achieved by direct customer intervigws 38500 5 2 40
case of industries preference or the questionnairg

response in case of an industry does not prefesveal 38199 S 5 100
plant information. Although survey information is/gn 32220 5 1 20
by experts in mam_;facturmg processes or well-known 38240 5 3 60
person about electric power system in the facttivgre

are some industries which the survey information in| 38292 5 3 60

questionnaire was not useful or may not represetite 38320 30 23 76
generalized results. After validating respondedagdat

63industriesare represented in the analysis andg 38330 10 2 20

evaluation costs associated power quality evene Th| 38393 10 2 20

selected data from customer survey can be clagsifte

sub-category under TSIC 38 as shown in Table 6. 38399 S 2 40

Overall response rate is approximately with 52.5% o | 38250 10 5 50

total industry. In this survey, the industry rethtéo 38439 20 12 60
i t, radio, televisi d icati otsl

equipment, radio, television and communication p Total 120 63 525

(TSIC38320) have the largest number of respondents
followed by automotive parts and general assembly
industry (TSIC 38439). The description and example
products under each sub-category can be summarized
Table 7.
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Table 7. List of sub-category under fabricated metal,

machines and equipment industry (TSIC 38)

TSIC Description Examples of produc
Factories related cutlery
38110 | tools and appliances | cutting wheel
made of steel
Factories related coatif
38198 | engraving services and mold for die casting
related services grew
Factories related Small dle_sel engine,
. walk-behind tractor
38220 | machinery and . .
agricultural equipment rice reaper tractor, oil
& spare parts
Factories related electr!c d|sqharged
machinery and special mach!ne, wire-cut,
38240 : machine centers
equipment for Lo
. . o injection mold
industrial applications :
machine
parts of air condition
Factories related air (strainer, header
38292 o atlt
conditioning systems | assembly, distributor,
reducer pipe)
Factories related color television,
equipment and radio, | video, CCTV, VTR
38320 - . .
television and ,Satellite Receiver
communication Equipments
Factories related electrical appliances
machinery and home | (washing machine,
38330 : .
appliances that use cooker, refrigerator,
electricity etc.)
Factories related electi automotive liahtin
38393 | lamps and lighting . ghting
equipment
systems
transformers,heat
. exchanger,defrost
38399 Factories rela_ted other heater,thermostat ver
electrical equipments :
mechanism and wate
pump
computer hard-disk ,
Factories related gg)sgjletfg:,?stg?ocrlrcu't
38250 | theelectronic and ; ' . '
diodes,resisters,
computer assembly parts . '
Capacitors, integrate
circuits (IC)
Factories related the ear set for
38439 | automotive industry, 9
motorcycle
parts and assembly
Factories related the | clamp meter,multi
equipment meter,wall clock,
38500
measurement and alarm clock, table
control profession clock
Factories related
38199 fabricated metal

products which are not
classified in the other

Considering industrial scale by using electricatrgy
consumption criteria from electricity tariff struce of
the Provincial Electricity Authority (PEA), the sy
shows that large scale industries which consumed
average electricity more than 250,000 kWh a moasth i
the highest participant for this study (33 facteyje
however medium scale industries (electricity
consumption between 100,000-250,000 kWh a month)
and small scale industries (less than 100,000 kWh a
month) also response significantly as shown in Fig.
4 .Distribution of electrical energy consumptionaso
plotted in Fig. 5 which the two-largest electriealergy
consumers are from the manufacturing of
semiconductors including various types of IC, passi
module, discrete semiconductors and optoelectronics
products, followed with hard disk drive manufactigy;i
respectively. When filtering the two-largest energy
consumers out of samples as Fig. 5 (below), a dfalf
remaining industries consume electricity in a ramge
100,000-1,000,000 kWh per month with the average of
346,492 kWh per month. Information about electyicit
consumption reveals that most industries categorize
TSIC 38 and located in Nava Nakorn industrial zare
large general service business sector under ealiggtri
tariff structure of PEA.
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2 30 A
I LA
o W 4
o 20 15 15
T 15
=
El 10
z i
0 T T

Small zcale  DMedimm scale
Tndnsztrial zize
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To increase respondents understanding of the difter From sensitivity of equipment and process controls,
impacts between power quality problem and religbili the customer survey conclude that advance techyolog
problem, the customers were asked their experiancefdustry especially the processes of semiconductor
about power quality problems in a year and how tteay  fabrications require high levels of power qualifycase
identify which problem was from power quality? The of 0.2 second voltage sag, a class of instantasags
guideline for customer survey in this question tke” can activate emergency off on various tools andse&au
factory has been set up power quality monitoring orproductions lines to go down for hours.From the
not?” In case the power quality monitoring systemsw specifying impact level in case of instantaneousws
not installed especially in a small scale industte sag in Fig.6 (the rms voltage decreases to betWektn
customer were asked the experiances about praectivand 0.9 p.u. for a duration time of 0.00833 sedond.5
devices malfunction such as main circuit breakippéad second), the highest number of industryis in thellef
from unknow reason while electric network was still  low impact while 8 industries indicate that instous
normal condition. In addition, the customers weskea voltage sag affected equal to zero-voltage conustio
to inform the overal processes impact from powelity However, this event was rarely occurred in the nekw
and from power interruption. The survey resultsvgho
that most industrial customersperceived a different 25 -

interruption has been activated, the productioedineed 0
to reset and investigate the material damage before =
restart process again. Based on survey questi@nair
Table 8providesinformation of installed devices,
equipment and machines which sensitive to power
quality problemsfor industries under TSIC 38.

impact between sustain interruption and power guali | o 20 20

problem while the remaining indicated an equal iotpa | £ 16

In general, the factories with continuous processes & 15 11

require a time to restart all processes since mosl z 10 7 8

production lines are driven by sensitive devices, E .

machines and equipment. After voltage sag or power = ° I I ;
5

n
low
impact
large
impact

=
=
=
=

medium
impact
on

equalto

interrupti
not

identify

Fig. 6. Impact level of instantaneousvoltage sag.

Table 8. Installed sensitive devices, machines andigment

of manufacturing in selected industry The specifying impact level of momentaryvoltage sag

is shown in Fig. 7 (the rms voltage decreases tadmn

Sensitive devices, machines and |Proportional 0.1 and 0.9 p.u. for a time duration of 0.5 sectm®
equipment (%) second). The 20 industries from survey indicaté tihay
Power electronics devices (ASD) 58.73 havepe_rceive_da Iarge impact frqm momentary voltage
sag while 11 industries had experiences of losgealdo
Computer and IT system 65.08 voltage interruption. Most of a large economic icipia
Switching power supply, rectifier, PLG 73.01 in large scale semiconductor industry.
Magnetic contactor for motor control 73.01
L2 20
Due to a variety of products, the results of cugtom | £ 20 " 16
survey show that most process characteristics off & 15
industries under TSIC 38were driven based on hand{ % 10 7 s
made operation and inspection. Human resources ar( § s
essential factor for a factory to make productsweler, “ 0 . °

some industries have a semi-continuous processgs th
mean some parts of products can be completed by
automation system while assembly process and fina
inspection arestill required human resources. The
application of power electronic devices such as W&D

widely apply in production lines while process Fig. 7.Impact level of momentaryvoltage sag.
automation system and magnetic contactorfor motor
operation control are common utilized in most irtdes.

notimpact
low impact
medinm
impact
large
impact
equalto
interruptio
n
not identify

Further, the impact levels of temporary voltage sy
assessed as shown in Fig. 8 (the rms voltage dsmgda
5.2 Economic impacts of power quality disturbances between 0.1 and 0.9 p.u. for a time duration ob @
from industrial expert perspectives seconds). The survey shows that industries hadge la
impact when temporary voltage sag wasoccurred. The
economic impacts from instantaneous, momentary and
emporary voltage sag imply that duration is siigaifit
o impact levels. The average value of impact ke@@m
voltage sags is used to estimate the costs of power
quality.

Considering economic impacts from various power
quality problems including instantanous sag, mowgnt
sag, temporary sag, undervoltage, overvoltage an(i
sustain interruption, the survey results are suriz@drin
Fig.6 to Fig.11, respectively.
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Fig. 10. Specifying impact level of overvoltage.
Fig. 8.Impact level of temporary sag. g pecifying imp g

. In addition, the specifying impact levels of sustai
For the case of undervoltage which rms voltage nierruption (duration longer than 1 minute) areveyed
decreases to between 0.8 and 0.9 p.u. for a pefidthe  \yhich the result is shown in Fig. 11. Most respatige
greater than 1 minute, distribution of economic TP jnformed that unreliable power relating sustaintagé
level from customer survey is shown Fig. 9. Most of interruption can contribute to a large economic agtp
undervoltage ~can be the result of load The yoltage interruption is caused by the operatibn
switching.Consequently,process ~ machines andprotective devices such as breakers tripping and
equipment might have operation malfunction. For fysesplown out. In this industrial area, industrial
instance, typical setting motor controller with 80% of ¢ ;stomershadexperiences about 9 sustain internsptio
norminal voltage cause an increasing heating less i 5ng 18 events of recloser operation. Industriacess

induction ‘motor during long duration_ undervc_)ltage. interruptions were caused by a wide range of phemam
However, in this survey, the power quality eventase  jncludingequipment failures, animals, trees, severe

of undervoltagewasnot frequently happened sincgelar \yeather, and human error. However, the statistic of
loads were not applied in the industries. Fig. 10 jnerruption indicates that the majority of cauaes from
illustrates customer attitudes about economic impac equipment failures. Regarding power quality and
level from overvoltage which the magnitude of vg#tds  gjiabjlity improvement programs, the distributiatility
between 1.1-1.2 p.u. for duration longer than 1utn o responsible in this service area has a great
Overvoltage can be the similar causestoundervalttige challenges opportunity to improve the network
may cause of immediate equipment failure especiallyperformance for minimizing industrial customer irafsa
electronic devices. Electric transformers and povedrie and increasing customer satisfaction.

of rotating machines can result in loss of equipniiéa
time. From daily inspection, an overvoltage eventdare

attended to concerndue to energy saving program in ;E’ 3
several factories. Forundervoltage and overvoltage 30

problems, respondents indicate that economic imnspact
can vary from medium level to the damage equakto-z

voltage conditions. It reveals that most industrial
processescan serious impact from undervoltage anc
overvoltage more than voltage sag.

Numb er of sample

T % Ev % B %
E F He 5 ZE E
= = 1 = = =
17 = = = .3 = E = =
18 3 E = g = =
E‘ 1o 15 15 S Z Eﬁ 3 E g
%12
210 &
g 2 5 Fig. 11. Specifying impact level of sustain interrption.
= 3
= 4
7 i o B - -
0 5.3 Egtimation cost of power quality problems
g 5 2 4] = P . .
e ES Ec_: & s 2E = E In order to estimate the costs of power qualitybfrms,
g ~TE $Z <8 ;= "2 the weighting factors in Table 5are applied for
=) = T = -

calculation which the cost of voltage interruptioms
used as the reference value.The estimation of dests
Fig. 9. Specifying impact level of undervoltage. inided into th_ree indust_rial scale comprising simx_ahle
industry, medium scale industry and large scalestry,
respectively. The calculation results in term of
monetarylosses per event and monetary losses per
average demand are summarized in Table9 and T@ble 1
respectively. Power quality costs in case of vatagg



P. Teansri et al, / GMSARN International Journal 6 (2012) 1 - 10

varied from 20,833 to 335,290 Baht per event intpbt
industrial scale is significant to the losses frpomwer
quality.Further, the power quality cost of this\&y is
approximate 60-70% with respect to the cost ofasnst
interruption. The calculation results revealed thatver

scale industry and large scale industry, respdgtiviene
estimation reveals that it is important to consites
impacts of both interruptions and power quality
problems. Based on customer survey results, iasitadl
monitoring system is the basic measure for indesttd

quality problems are important issue for industrial deal with power quality and reliability problemshé

customers as well as the voltage interruption.

Table 9. Power quality costs based event of problems

Scale Voltage sag Voltage Interruption

Baht/ever] US$/event|Baht/ever| US$/event
oo | 208%| gy 32,667  999.57
Z(lzz(ljéurr 37,875 1,158.93 52,000 1591.18
septs | 335290 10500 4d 503,039 1541961

Remark: 1 US$32.681 Baht (2010)

Table 10. Power quality costs based customer demand

Voltage sag Voltage Interruption
Baht/kW| US$/kW | Baht/kW| US$/kW

Scale

Small scale| 125.64 3.84 207.96 6.36

Medium
scale 34.27 1.04 85.53 2.61

Large scale] 119.82 3.67 180.09 5.51

Remark: 1 US$ = 32.6810 Baht (2010)

6. CONCLUSION

Modern technology industry has extremely high value
productionprocesses which are more sensitive toepow
quality events.This paperpresents the survey esult

about power quality costs and voltage interruptiosts
of 63 advance technology industries related toi¢abed

conditions of quality and reliability of power supgan
accelerate or decelerate various opportunities and
national economic growth.
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p e, A Techno-Economic Assessment of a Second
i . . .
$ LQ % Generation Biofuel Concept for Southern Thailand
}"’r% Magnus Fréhling, Frederik Trippe, Kannokorn Hussaral Frank Schultmann
619

Abstract— Biomass valorization concepts such as second ggoerhiofuels aim at decreasing the dependency on
limited fossil resources and reducing climate ralevCG emissions. Besides these aspects the elaboratitno
economy concepts offers great economic potentidlgleng the value chain. Accordingly, numerous qgass chains
are discussed and developed. Crucial factors reiggrdhe economic feasibility of such concepts aee availability
and costs of the feedstock, i.e. the biogenic rateral. It is one central task to ensure the psim of the necessary
amounts and qualities of biogenic raw material ahsonable costs. South-East Asian and Latin Ameracaintries
open new opportunities through often large amouwftsso far unused biogenic raw materials. The aimtho
contribution is to carry out a techno-economic asseent of one promising second generation biofaptept for
southern Thailand and compare it with findingsiafiar studies for Germany.

Keywords— Biomass-to-liquid fuel (BtL) production, palm kernel shells, techno-economic assessment, Thailand.

1. INTRODUCTION 2. METHODOLOGICAL APPROACH

A large variety of valorization chains for biogeniaw Reference configuration of a BtL production chain
materials is currently under discussion and deveakm.
Aim of these valorization chains is to substitutaited
fossil resources and reduce the dependency on,thes
reduce fossil-based G@missions in order to meet the
challenge to decrease the anthropogenic climatageha
and to open economic development possibilitiesci@aru
for the economic viability of such concepts is awse

supply of the necessary amount and quality of the : L
feedstock material at reasonable cost. As they often Igrk etgeojtj ?ns ?i(\q/geg;(;i‘iirgl)i/zrggsp;fénl—shsvi?g rghé;?)a?;

large amounts. of SO far unused raw mater|a[s SUChabout 100 MW thermal input. The produced intermiedia
concepts are W|d(_ely dlscusseq also for South-Eaitm\  _ the so called slurry or biosyncrude — is gasifiedn
and Latin American countries. Nevertheless, beforeentrained-ﬂow reactor under high pressure (40 bag

detailed studies can be carried out, pilot or itrals . .
) o high temperature (1,200 °C). Thus, a tar-free ssith
scale plants have to be built. Promising conceidsiis gas is produced. In order to fulfill the requirenseof the

be evaluated to prove the assumptions and idekéify FT synthesis, the gas is cleaned from its pollstdnyt

parameters for_asuccessful_|mplementat|on._ using conventional low-temperature gas cleaning
This s_tudy aims at carrying out such a first te_ehno techniques, i.e. cyclone, bag filter and a wetIsicen. To
economic —assessment .Of one _po_ssmle bIOmas‘?’each optimal synthesis conditions & D molar ratio
valorization chain for biomass-to-liquid (BtL) fuel of 2:1 is required. Therefore a CO conversion is
productlon,.a secp_nd generation blgfuel prqquclmm instal.led. After the I.:T synthesis in a fixed bedater
fast pyroly5|s, gasification, gas cleaning and wowing with cobalt as catalyst, the synthesis products are
and Fischer-Tropsch synthesis. In the followingtisec separated by distillation into wax, diesel and ¢jaeo

xz dreeicer:iihgurregitshgﬂgI%?;ilsseﬁgzzcgéfggx:rdSThe gained waxes are converted with a hydrocraoker
P diesel and gasoline, leading to an increased Hiofue

conclusions from our study. production. The described reference configuratisn i
depicted irFig. 1.

To carry out the techno-economic assessment wetefe
a reference configuration of a BtL production chain
Grder to achieve results which are comparable rtolasi
studies carried out e.g. for Germany (see &mor!
Reference source not found Error! Reference source
not found.). In our reference configuration the biomass
is dried and milled in order to achieve optimal ditions

Bil-

Biomass Gas cleaning Fischer Product | e
——| Preparation —» Gasification | Lo Tropsch == o csin
conditioning synthesis P 9

Magnus Frohling (corresponding author), Frederifipde and » Ik _
Frank Schultmann are with the Institute of IndwastBroduction at the g"""_”g Envainedfon | Seubber Fredbed HS:Pafa"i_"
Karlsruhe Institute of Technology (KIT), Hertzstea6, D-76187 Pyz:::is (witn02) e (Co) T |
Karlsruhe. Phone: +49 721 608 44400; Fax: +49 724 44682; E- CO”F‘,/gin"

mail: magnus.froehling@kit.edu

Kannokorn Hussaro is with the Eastern-Asia UnivgrsPathum . .
Thani, Thailand. Fig. 1: Reference process chain.
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Biomass potential analysis Index for the year 2008 is used. Finally the inwesit
data are converted from US$ to € using the yearly
average exchange rate of 1.483 US$ per € in 2008.

Based on the investment data for the main equipment
I(:omponents, the total capital investment can be
estimated using ratio factors for direct and inclire
capital investment for each component. Differeptiat
additional chargeg; (“overall installation factors”) are
BtL production network design added to consider additional direct (instrumentatmd

. i . control, buildings, grid connections, site preparat
On the basis of the reference configuration and the ' gs. 9 ’ b

. ) : . civil works, electronics and piping) and indireatsts
results from biomass potential analysis a BtL pobidun : : e . .
network is elaboratgd Sourcesyfor the l?eedstock (engineering, building interest, project continggriees,

locations and structure of the fast pyrolysis ahé t overheads, profits, start-up costs). Thus, thd tatpital

ificati lant determined I el investment is estimated according to equation 1th&s
gasification plants are determined as well as S direct costs decrease with increasing capacitigs, t
supply, transport distances and costs.

factor A, for the direct costs is scaled in dependency on
Material and energy balancing the component capacit; in comparison to a basic
capacity Py, with a factor of -0.82. Where no
differentiated factors are available a factor &395b. is
used forz,, comprising a factor of; = 0.33 for the direct
nd a factor of 0.5 for the indirect coBs The equations
-3 show the described relationships.

Based on the requirements of this reference corgtigin

a biomass potential analysis is carried out. Tioeeef
biogenic residues in Thailand are investigateegims of
available amounts, locations of accruance, chemica
characteristics and prices. Thus a suitable feekisfar

the further studies is identified.

For the described reference configuration a mask an
energy flow balancing is carried out. For the fistgp,
i.e. the pyrolysis plant a detailed analysis based
spreadsheet simulation is performed. The secon
processing step, i.e. gasification, is done usitegature
data. The further steps are balanced using the - - . 1
flowsheeting system Aspen Plus, which is capable tOTotaICapltaI Investment TC)= ) D.Zi 2 @
model thermodynamic reactions by the use of pre-

) : . Investment for main equipment components
defined reactor modules and comprehensive material ME quip P

data bases (cfError! Reference source not found, Z,  Factor for direct/indirect capital investment

Error! Reference source not found). The results of i=1..m

this balancing are characteristic dimensions of the

processing units such as reactor sizes, needethaher ~ Z =1+ A)L1+ B) (2

power etc. and the material and energy input aridubu

flows. These serve as a basis for the further enimo p \"*

assessment which is described in the followingieest A =033 — )
basis

Economic assessment

The economic assessment aims for determining
production costs of BtL fuel and to compare thest w
market prices for fossil based gasoline and diesel.
Further the production cost of the intermediate, o
called slurry or biosyncrude is compared with therket
prices for coal and gas which are the raw mateiials

The factors are adapted to process conditionsguesi
complexity and required materials of the BtL fae
considered in this study. The applied factor method
implies uncertainties of plus/minus 20.

After estimating the total capital investment, aanu
- S production costs can be derived. The annual pramhuct
coal-to-liquid (Ctl.) and gas-to-liquid (GtL) planend o " on oot investment dependent, personngl an

which could be partly replaced by biosyncrude. To . .
achieve this, the total capital investment (TCly fo consumption dependen_t COStS. Th? Investment c_ieptande
costs in turn are comprised of capital costs, reaistce

several decentralized fast pyrolysis plants and the . )
. e . as well as taxes and insurance. Biomass feedstatk a
centralized gasification and synthesis plant hasédo

estimated at first. For this purpose, all main pment transportation, - slag d|sposa_l, electricity and ‘“‘!P_'
. . water make up the consumption dependent costsllyFina
components have to be designed according to the ma

and energy flows and their investment data haseto bs[he costs for prodlucmg BiL fuels are reduced by th
gathered. revenues from selling excess electricity to thel.gfihe

Investment data for the main equipment componentscomposr[Ion of the annual production costs is

are taken from Peters et Bkror! Reference source not summarized by Equation 4.
found. for standardized components. For special
components, vendor quotes from respective suppies  C_ . :TCIEQ p.+ P+ P+ p|)+ Coerconnc

taken into account. The values derived from litemat iC iC i C 4)
data are scaled up or down using specific scaketpfs Biomass Electricity © ™ Cooling Water

for the components in order to reach the needed +Cogiag ~ Reectriciy

dimensions. Since the investment data provided by i

Peters et alError! Reference source not found.dates Pa  Annuity factor

To do so, the average Chemical Engineering Plast Co
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p.  Percentage of TCI for taxes

P

The annuity method translates the initial investimen
which is assumed to be the TCI estimated befote, an

Percentage of TCI for insurance

straw especially residues from sugarcane, ricepahioch
oil production come into focus. They accrue in osdaf
magnitude which are interesting for an industricdle
BtL plant. Contrary to e.g. rice and corn strawythe
accrue in processing plants and therefore have oolg

stream of identical payments for a given number ofvery small costs of capture. Further, the lowertihga
years. These identical payments represent inte@sts values (LHV) for sugarcane trash, rice husk and

and depreciation of the capital investment. Theudpn
factor is calculated according to Equation 5 aradest a
percentage of TCI.

especially palm kernel shells make them interestarg

further investigations (see Table 1).

Table 1: Biomass potentials in Thailand (2008)

_ @+i) o (5) Biomass | Produg¢ Biomass | Residues| LHV
o)y -1 -tion | residues | [10°{] [kd/kg]
, [10°1]
i Interest rate
n Expected lifetime Sugarcang 73.5 Sugarcan 21.315 15.479
e trash
. . Rice 31.47 | Rice 6.923 14.204
The parameters used in this study to calculate the husk
production cost of BtL fuel in Thailand are an netst
rate of 5.875% p.a. and 20 years expected lifetifhe. Palmoil | 9 Palm 171 16.900
interest rate is believed to be the average rage e 20 kernel
years time span in Thailand. The recovery valu¢hef shells
BtL production facilities after the expected lifag of 20 Empty 2.07 7.240
years is assumed to equal zero. fruit
The average annual maintenance costs for the bunch
pyrolysis plant and the gasification and synthegdant Source 5]

equal about 4% of the BtL facilities’ TCI per year.

Finally it is assumed, that insurance and taxes
contribute with annually 1% of TCI each to the aainu
production costs of the biosyncrude.

The personnel demand and costs estimation is base
on average data for workforce in Thailand. Persbnne
costs equal on average about 10,000 € per emphnete
year. The overall number of personnel needed ieethr
shift operation sums up to 46 employees.

Costs for consumption dependent material flows

Looking at the chemical analysis of the named
promising biogenic residues shows, that especgalyn

%il shells are well suited as they have acceptable

moisture content, the highest amount of carbon

combined with the lowest or very low ash, chlorared
sulfur contents (see Table 2).

Table 2: Analysis of the selected biomass residues

depend on plant availability. On average 7,000 aijiey
hours per year are assumed in the five pyrolysasitpl
and 7,500 operating hours in the gasification and

synthesis plant, which correspond to about 80% an
85%, respectively, plant availability during thepexted

lifetime. The price of electricity equals the avggain

Thailand of 49.30 €/ MWh. The excess electricityttie
gasification and synthesis plant is assumed toohk at

the same price to the existing grid. Cooling water

assumed to be available at a price of 2°&imd the slag
is considered to be disposed of at 30 €/t. Sinegtites

for biomass feedstock, electricity and cooling watél

vary during the considered life time, these prisksuld
be regarded as average values.

3. RESULTS

Biomass potentials

To avoid conflicts with the food or other estabéidh
agricultural chains we focus on a number of prongsi
biogenic residues. Thailand has a potential of @o f
unused biogenic residues of more than 30 Error!
Reference source not found.Besides cassava rhizomes,
rice straw, which is mainly burned on the fieldsd &orn

Composition| Sugarcane| Rice Palm oil
trash husk shell
[%] [%] (%]
Moisture 9.2 8.2 12
Fixed-C 18.61 21.46 18.5
Volatile 74.67 64.16 77.5
Ash 6.72 14.38 4
C 45.82 42.59 50.52
H 5.59 4.89 5.69
o] 41.22 37.8 39.43
N 0.45 0.2 0.32
Cl 0.01 0.1 0.02
S 0.2 0.04 0.02
Source: [4]

Further the geographical location of the accruarsfce

the palm kernel shells is favorable in comparisoithe
other biomass types. Currently there are somewioa¢ m
than 50 palm oil mills located in the southern prthe
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country. These are spread about seven provinces. Thbiomass for the fast pyrolysis plants is suppligdhese
biomass potentials in these seven provinces aengiv  regions, to utilize the built capacities the aualga
Table 3. The palm oil mills in southern Thailanggly amounts from Phangnga are delivered to Krabi amiah fr
combined an amount of nearly 850,000 t per yeamon Satun and Songkhla to Trang. The production netusrk
dry basis. This amount is sufficient to provide the given inFig. 2. This BtL production network serves as a
feedstock for an industrial scale realization of BitL basis for the further calculations.
plant.

Therefore palm kernel shells are selected as th& mo
promising biomass type for the further consideregiof
this study. It is assumed that with an averageepdt ‘ Fast pyrolysis plants
26 €/t on a dry basis the necessary amount of tieeds
can be secured. The price includes the transpanmtati
from the palm oil mill to a collection point or the
pyrolysis plant within the province. 197 km

Chumphon
(180,145.2 t/a)

———  Truck transport
— — Rail transport

Table 3: Palm kernel shell accruance in southern Thind

196 km_ 500 MW Surat Thani
Province Amount of Palm oil shells e Gasification (ng%g f{;;)
[t/a] A
Surat Thani 253,499
- Phangnga

Krabi 222,870 (2,242.5 t/a) |

Chumphon 180,145 86 Kk ‘l

Trang 101,430 Krabi |

Songkhla (Hat yai) 44,988 (222,870 t/a) |

Satun 34,500 |

Phangnga 2,243

Total 839,675

Source: [5] ( 267 km
BtL production network design
Taking into account the transport distances by aaill
truck (see Table 4) and the corresponding tranapont Satun Hat Yai,
costs for biomass from the collection point to aohysis (34,500 t/a) Songkhla
plant and for the slurry from the pyrolysis platsthe ' (44,988 t/a)

gasification plant a BtL production network is Fig. 2. BtL production network,

elaborated.
Table 4: Transport distances between the provinces in Resulting material and energy flows
southern Thailand .
The mass and energy flow balancing leads to an
Transport distances Distance Distance estimated prOdUCtion of apprOXimately 120,000 fusd
(rail) (truck) and a generation of excess electrical power of 8bdu
[km] [km] MW, in the centralized gasification and synthesis plan
This output is met by setting up the network ofefiv
Chumphon — Surat Thani 117 197 decentralized pyrolysis plant with each about 100/ M
Krabi — Surat Thani - 211 thermal input capacity. With a lower heating valfe
- about 14 MJ per kg palm oil residues on a wet basis
Trang — Surat Thani 220 226 single pyrolysis consumes on average 25 t of bispas
Phangnga — Krabi - 86 hour. On a mass basis around 70% of the palm oil
Satun — Trang 140 140 residues remain in the biosyncrude. The mass lasses
mainly caused by drying and burning of pyrolysis ga
Songkhla (Hat yai) -+ - 148 which cannot be integrated into the biosyncrude iand
Trang therefore used to supply the thermal energy in the

decentralized pyrolysis plants. On an energy bas#%
This network comprises five fast pyrolysis plants i of the heating value remain in the biosyncrudeylties
four locations (Chumphon, 2x Surat Thani, Krabi andin a higher heating value of about 18.5 MJ per kg
Thrang) and one central 500 MW gasification and biosyncrude. On a yearly basis the five decenedliz
synthesis plant located in Surat Thani). The neededyrolysis plants deliver combined about 600,000utrg

14



M. Fréhling et al. / GMSARN International Journa(#012) 11 - 16

to the centralized gasification and synthesis platie
gasification of the delivered slurry yields abo@61000 t

dividing it by the annual slurry production on a ¥WH
basis leads to the specific production costs of the

per year of raw synthesis gas. The entrained flowbiosyncrude. With the assumed annual operation tifne

gasification is performed at high pressure (40 lzam)

7,000 hours the pyrolysis plant is able to produce

high temperature (1,200 °C) in order to avoid the approximately 617,000 MWh biosyncrude or slurryaon
building of tar. Pure Oxygen is used as gasificatio HHV basis.
agent. Maintaining the high gasification temperatur

requires a relatively high amount of oxygen. Oreal . : . X .
baqsis around 308/00% t oxygen aryeg needed ri’%Nhidpmsyncrude in comparison with the market pricasoib
’ and gas in Thailand. To demonstrate the regional

corresponds to a lambda value of about 0.4. After ) .
cleaning the raw synthesis gas, the Fischer-Tropscﬁmvamlge of Thailand the production cost for Geyma

synthesis produces about 120,000 t of BtL fuel ymar are presented as well.
from the cleaned and conditioned synthesis gas, i.e

Fig. 4 states the production costs per MWh

carbon monoxide and hydrogen. An overview of the| . g
resulting mass flows is given ig. 3.
35,00 e
875.000 t palm oil residues
30,00 |
v
| Fast pvrolvsis | 25 00
L . 2.\
600.000 t biosvnerude
4 300,000t oxvgen 20,00 |
[ Gasification |
1235000 t raw svnthesis gas 15.00 —
\ 4
| FT-svnthesis | 10,00
120.000 t BtL tuel
35 MW 5.00
L, - el
Fig. 3. Resulting main mass and energy flows for ¢h 0,00
considered process chain on a yearly basis E€MWh  Raseline oal Natural gas  Scenario
scenario  (Thailand) (Thailand) Germany
Economic results i ,
OCapital costs B Mamtenance
The aim of the economic assessment is twofold. The O Taxes 0 Assurance
most interesting problem to be solved is deterngr'!he B Dersoncll B Rjomass fecdstock
production costs of BtL fuel and to compare thesi w . Y
. . . . B Electricity 0O Cooling water
market prices for fossil based gasoline and Diesel. T =
Previous studies revealed that producing BtL fuals B arket price 2009

Europe or the US is highly capital intensive. Tatapital
investment needed to build a complete network of
pyrolysis and gasification and synthesis plant igsim
likely to excess the amount of 1 billion €. Thisturn
leads to the assumption that the starting poinsédting
up a BtL facility network could be a first pyrolgsplant.
Therefore the production cost of the intermedidtiery Fig. 4, investment dependent costs make up a 57%
biosyncrude is compared to the market prices fal co share, personnel a 3% share and consumption degende
and gas which are the raw materials in CtL and GtLcosts a 40% share of production costs. Within the
plants and which could be partly replaced by consumption dependent costs the biomass feedssock i
biosyncrude. the most important contributor which amounts to ubo

Another aspect is to estimate the competitive 34% of total production costs. The slurry can be
advantage of South-East Asian countries, such agroduced at costs of about 22 €/ MWh in Thailand.
Thailand for biofuel production due to their relady An indicator for the competitiveness of biosyncrude
low prices for biogenic resources. This effect dan  compared to other resources for XtL-technologiethés
demonstrated impressively at the production coghef  comparison of the biosyncrude production costsaal ¢
intermediate biosyncrude. and gas market prices. Obviously the biosyncrudeots
competitive in Thailand at the moment.

But there are strategies to market biosyncrude from
Thailand. For example via exporting biosyncrude to
Germany where it is almost twice as expensive to

Fig. 4. Production costs of slurry

As indicated by the baseline scenario in the

To build a pyrolysis plant with an thermal inpupeaity
capacity of about 100 MW would require a total talpi
investment of about 40 million €. Summing up the
constituents of production costs on an annual beasis
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produce due to higher biomass feedstock pricesedls w
as higher costs for workforce. A viable option the
realization of a BtL production network would be to
place the pyrolysis plants in Thailand with relativlow
capital investments and process the biosyncrudiaen
capital intensive gasification and synthesis plamt
Europe.

Concerning the determination of the production £ost
for BtL fuels in Thailand the total capital investnt for
this network producing about 120,000 t of BtL fielr
year sums up to about 650 million €. The correspand
annual production cost divided by the annual prtidac
of BtL fuel result in the specific production cqsr liter
fuel. BtL fuel could be produced at costs of ab@@3 €
per liter. This is above current market pricesdasoline
and diesel which are currently about 0.70 €/ (see,,
Error! Reference source not found). The composition
of the BtL production costs is shownHiy. 5.

H Mamtenance

B Capital Cost

m Taxes m Assurance
® Perscnell

Water

m Slag Disposal
Electricity
Slurry Transportation Biomass feedstoclk

Biomass Transportation

Fig. 5. Composition of production costs of BtL fuel.

The composition of these costs indicates the dapita
intensity of the BtL fuel production network. Imjhg
the capital dependent costs cost from the slurry
production, the share of capital dependent costthén
total production costs of BtL fuel amounts to abthuiee
quarters. The slurry production and transportatmithe
gasification and synthesis plant contributes ald@ to
the production costs of the final BtL fuel.

4. SUMMARY AND CONCLUSIONS

In this contribution a first techno-economic assesst
of a potential BtL concept is made for Thailand s&a
on a biomass potential analysis a BtL production
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network is elaborated and economically assessed.

A possible BtL production in Thailand can be locate
in the southern part of the country. A promising
feedstock in terms of location of accruance, angunt
chemical characterization and price are palm kernel
shells which can be collected from the about 50npail
mills in southern Thailand. They are estimated & b
provided to a collection point or a pyrolysis plameach
of the seven considered provinces at about 26 rE/a o
dry basis.

The economic assessment of the BtL production shows
that additional development efforts are neededdeoto
make the process chain profitable. The productiathe
intermediate slurry or biosyncrude shows lower £p&r
MWh in comparison to estimations for Germany.
Nevertheless these costs are still higher thanettuds
comparable fuels for XtL technologies, i.e. coadan
natural gas. As the slurry/biosyncrude has a vottime
energy density comparable to crude oil they are
economically shippable and international market
potentials exist in a export e.g. to European aiest
Starting point for further developments is the talpi
intensity of the BtL production chain. Both, foreth
production of slurry/biosyncrude via fast pyrolysiad
diesel via the whole process chain investment digren
cost make up the most important parts of the ancastb
(57% and 77%). When one succeeds in reductions here
and/or crude oil prices rise without affecting téces
for the biogenic residues the gap to profitabilitgy be
closed.
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& " Bio-Gasoline Production from Bio-Diesel via Catalyic
5 5 % Cracking Reaction on Platinum Zeolite Catalyst
}"’r% Nantawat Usomboon, Malee Santikunaporn, and SudBattear
a,9

Abstract— The catalytic cracking of bio-diesel has been investigated in a continuous fixed bed reactor over Pt/zeolites.
Three different zeolites (Y, BETA and MOR) were used as supports impregnated with 1 wt% of platinum metal. The
reacations were carried out in hydrogen flow under the following conditions, the temperature range of 573 K - 653 K,
and WHSV of 22.9-43.7 h™. The results showed that these composite catalysts have the potential to be used in bio-
gasoline production. At 613 K, the Pt/MOR showed complete conversion of bio-diesel to cracking products. The Pt/Y
showed not only high conversion, but also high selectivity to bio-gasoline when compared to Pt/BETA. In addition, the
conversions were strongly dependent on both temperature and WHSV.

Keywords— Composite catalyst; bio-diesel; catalytic cracking

excellent efficiency on catalytic cracking reacgofhe
1. INTRODUCTION important property of zeolites is the shape seligtthat

S, ) controls product distribution in the process. #ityi and
The rapid increase of energy consumption and the P P e

. ; X selectivity of zeolites are managed by severalofact
environmental concerns have made biofuels gain mor

. . . &uch as acidity, pore size, pore distribution amdep
attention over last decade. B|ofugl or b'e”fj affinls shape. It is reported that cracking activity desesawith
can be substituted for regular fuel in all vehiglpes. In

d i idity [3,6]. For th talyti iof
addition, it has been literally reported that the ecreasing acidity [3,6] or the catalytic crakio

; q busti ¢ bio-fuel q palm oil on the composite zeolites, the maximurridyie
performance and combustion of bio-fuels are as guod ¢ gasoline and conversion obtained on REY comedsit

regl_JIar fuel_s [11 ) o with HZSM-5 showed 95.9 wt% conversion and 40.9
Bio-gasoline, one of alternative fuels used in 880 104 gasoline yield due to high acidity [6]. Foreth
engines, is hydrocarbon biofuel produced from bissna meso-porous material MCM-41 and SBA-15, the similar

\é\{hile much agtentionhhasl beer;] %iven to the tusg Ofresults were obtained [7-8]. The effect of acidity
iomass to produce ethanol, methods are curreethygb 5 q4viry has been confirmed by Junming et al. [dJhe

developed for producing hydrocarbon fuel from bisma main products from the catalytic cracking over basi

Thi§ is because the hy_drocarbon biofuels are energy.atalysts were liquid hydrocarbons in diesel rande
equivalent to and chemically the same as petroleu.mTor the effect of pore size on selectivity, the Hargpore
based fuels. Many novel pathways to produce bio-gj,¢ hrovided the shorter chain of products [10].

gasonline have been studied. However, it is litgral 1o 2im of the present work is to study the effefct
reported that catalytic cracking process would be t ¢ nctional catalysts (Pt/HY, Pt/beta and Pt/MO&R)

potential route to provide clean fuel [2-4]. Traalytic o conversion and selectivity to hydrocarbon potslin
cracking process shows several clear advantages IBasoline range

comparison  with  pyrolysis, fermentation and
transesterlﬂca_non processes. Th.e reaction tertyrera , cyoERIMENTAL SECTION
for the catalytic cracking process is lower thanopysis.
The production of ethanol via fermentation requiees 2.1. FEED
necessary pretreatment of feedstock with processes
as saccharification and hydrolysis. In addition,
fermentation requires a much longer reaction tilment
the catalytic cracking process. Transesterificaigoanly
applied to the production of biodiesel whereas lgtta
cracking can be applied for the production of keres
gasoline and diesel [4-5]. 2.2. Catalysts
The key factor for the catalytic cracking reactisrthe
choice of catalysts. It is well-known that zeditghow

Feed was the mixture of straight chain hydrocarbons
containing carbon atoms in range of C15-C18 produce
from the hydrodeoxygenation of palm oil. It can be
referred to Bio-diesel. The distribution of compds is
reported in Table 1.

Bifunctional catalysts used in the catalytic crackiof
bio-diesel were platinum supported on differentlites
(Y, beta and MOR). All zeolites were supplied from
Zeolyst International Corp., USA. The properties o

Nantawat Usomboon and Malee Santikunaporn (casretipg each zeolite are presented in Table 2.
author) are with Department of Chemical Engineerifgculty of
Engineering, Thammasat University, Patumthani 121PBailand.
Email: smalee@engr.tu.ac.th
Suchada Butnart is with Research and Technologyitutes
Research and Technology Institute, PTT Public Cowppamited.
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Table.1 Feed conposition

Component

Chemical structure

wt%

Total (%owt.)

Gasoline (C7-C10)

Straight chain

Branched chain

Straight chain 1.1

Kerosene (C11-C14 1.1
Branched chain

) Straight chain 98.7
Diesel (C15-C18) 98.8

Branched chain 0.1

Table 2 Zeolite properties
Properties Y BETA MOR
Pore size (nm) 0.8 0.56 x 0.74 0.4

Surface area (fig) 730 710 500
Si/Al ratio 5.1 38 4-12

2.3 Catalyst Preparation

Catalysts were prepared by an impregnation teckeniqu

2.4 Activity Test

The cracking reaction of bio-diesel was performedro
Pt/zeolites at 2.76 kPa, 22.9' land 573-653K. Fig. 1
shows the experimental setup for the catalytic lérec
reaction. The catalyst was in a powder form ineori
avoid mass transfer effect. In each run, the ddsir
amount of catalyst was packed in the middle of tarac
between quartz wool. The ceramic balls were placed
above and below the catalyst bed. Before testing,
catalyst was reduced under hydrogen flow at 728m4f

h. Subsequently, feed was injected by a syringepat

the desired rate into the reactor. The temperaias
monitored by a thermocouple positioned at the cewite
the catalyst bed. Hydrogen was used as a carier ga
when the reaction takes place. The products them w
cooled in a cooler. The condensed liquid was cteld
and analyzed by a gas chromatography equippedawith
FID detector.

2.5 Product Analysis

Organic liquid products (OLP) were analyzed and
categorized into 3 types based on molecular sirels a
boiling temperatures: gasoline fraction (C7-C10),

with 0.1 wt% of platinum metal. The precursor was yergsene fraction (C11-C14) and diesel fraction5C1

tetraammineplatinum(ll)

nitrate

(Pt(NJA(NOs).,

C18). The standard properties are shown in Table

99.995% metals basis) obtained from Aldrich Corp.
After the impregnation, catalysts were dried at BOfr
12 h and then calcined in air at 773 K for 6 h.
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Table 3 Fuel standard

Property Gasoliné? Kerosend® Diesef?
Chemical formula C4 -C12 C8-C16 C8-C25
Boiling point (K) 299.66 - 528 392 -573 453 - 613
Freezing point (K) -40 Below 233 233 -243

Auto ignition temp. (K) 530.22 No report ~588.66
Flash point (K) 230.22 311 333 - 353
Density (kg/n’? at 288 K) 718.96 — 778.87 775 - 840 848.25
Viscosity at 253 K (mfis) 0.8-1.0 8 9.0 - 24.0
Octane no. (RON/MON) 88 —98/80 - 88 - -
Cetane no. - - 40 - 55
Lower heating value (kJ/fn 32.3x16 n/a 35.8x16
Higher heating value (kJﬁj] 34.6x16 n/a 38.3x16

a.United state department of energy, www.Energy.gov

b.Fuel properties — effect on aircraft and infrasture, Aviation rulemaking advisory committee.

Table 4. Composition of liquid products obtained fran the catalytic cracking reaction over various Pt/eolites.
Reaction condition: Temperature 613 K, Pressure 2.76Pa and WHSV 22.9 A

Feed Catalyst
Pt/Y Pt/BETA Pt/MOR
Conversion (%) - 78.6 33.4 100
Straight chain - 16.9 11.8 57.3
Gasoline (C7-C10) Branched chain - 28.5 17.6 42.7
total - 45.4 29.4 100
Straight chain 1.1 3.9 2.1 -
Kerosene (C11-C14) Branched chain - 11.9 1.4 -
total 11 15.8 35 -
Straight chain 98.7 21.2 65.8 -
Diesel (C15-C18) Branched chain 0.1 17.7 1.3 -
total 98.8 38.9 67.1 -

The catalytic performance was measured in terms of

conversion, yield and selectivity to products.
conversion and selectivity are defined as follows:

. feed - OLP
conversion (%) = ——x100
roduct A
selectivity toA(%) =222 2 4 100
conversion

The 3. RESULTS AND DISCUSSION

The catalytic performance of three different cattdywas
studied in terms of conversion and selectivity toducts
in gasoline fractions. It is known that the qualdf

(1) gasoline is evaluated based on its octange ratimghw
denotes the percentage by volume of branched-ghain
the combustible mixture. In this present work, to

@) investigate on the quality of bio-gasoline, the rofeal

composition of products in gasoline range was awaly
and classified, according to their molecular stes,
into straight-chain and branched-chain hydrocarbons

19



N. Usomboon, M. Santikunaporn, and S. Butnar / GMSARN International Journal 6 (2012) 17 - 22

Table 4 shows the chemical compositions of feedtstoc yield of branched-chain hydrocarbons accordinghtirt
and liquid products obtained from catalytic crackin B/S ratio. Therefore, the catalytic cracking reats
reactions over Pt/Y, Pt/beta and Pt/MOR under #trees  over both catalysts were further studied. To itigese
reaction condition (2.76 kPa, 613 K and WHSV 22.9 h the effect of reaction temperature on the product
. It was noticed that the PYMOR gave the congplet distribution, the reactions were conducted in a
conversion and the feedstock was completely coeslert temperature range of 573 K to 653 K. Fig. 4 shdves
into gasoline fractions. The PtY gave a higher comparison between the conversions obtained from
conversion than the Pt/beta about 2 times. Thig bea  catalytic cracking on Pt/Y and Pt/BETA. In the ggace
due to their characteristics such as pore sizeaaitity. of both catalysts, the conversion of bio-dieseréases
As illustraed in Table 2, it is suggested thatpbee size  with increasing reaction temperature. It is howeve
of Pt/MOR is the smallest, followed by Pt/BETA and obvious that the conversion on the Pt/Y catalyss wa
Pt/Y whereas Pt/Y contains a higher acidity thabda. higher than that on the Pt/BETA.

100
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=2
s 215
%7 <
z w10 r
T 40 | m
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0 0.0

PHY PH/BETA PH/MOR PiY PYBETA PUMOR
(a) Selectivity to gasoline fractions. Fig. 3 The ratio of branched chain hydrocarbons totsaight

40 chain hydrocarbons in the gasoline fraction at 61&.
T3 f 100 — s
2z 80 o
£2 L < ye
5 =
o 60 |
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(b) Selectivity to kerosene fractions.

Fig. 2 Selectivity to gasoline and kerosene fractis over 553 373 593_ 613 633 653 673
various catalysts. Reaction conditions: T = 613 K, B 2.76 Reaction Temperature (K)

kPa, and WHSV = 22.9 ff. Fig. 4 Conversion obtained from catalytic crackingover

Pt/Y and Pt/BETA as a function of temperature. Symbis:
Fig. 2 represents the selectivities to gasoline and(0) for Pt/Y and (M ) for PUBETA.
kerosene fractions. It is evident that the highest

selectivity to gasoline fraction was obtained witbs Fig 5 shows the effect of reaction temperature hen t
cracking reaction were tested over PUMOR. In @Biir  sejectivity and B/S ratio of the cracking reactions
the highest selectivity to kerosene fraction wataiied Interestingly, the reactions on both catalysts sfbhigh
when the PUY catalyst was used. As mentioned @bov selectivities to gasoline whereas the B/S ratiosewmt
the branched-chain structure are preferred totth@ht- signifantly dependent on temperature reaction. It

chain structure due to its knock resistance charsitit. therefore may be concluded that the products oédain
The ratio of branched-chain hydrocarbons to sttaigh from the reactions on both catalyst would have the
chain hydrocarbons (B/S ratio) therefore was amalyz  gjmjlar octane rating.

and illustrated in Fig. 3. The B/S ratios of tleactions
on Pt/MOR, Pt/BETA and Pt/Y catalysts were 0.7491.
and 1.69 respectively. Itis implied that the Pga&e the
highest yield of branched-chain hydrocarbons.

It is evident that the Pt/BETA and Pt/Y gave thghhi
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(a) Selectivity to gasoline fraction.
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(b) The ratio of branched chain to straight chain
hydrocarbon.

Fig. 5 Comparison of selectivity and ratio of branbed

chain to straight chain hydrocarbon over Pt/Y and

Pt/BETA. Reaction conditions: T = 573-653 K, P = 2.76
kPa, and WHSV = 22.9 H. Symbols:¢ ) for Pt/Y and @ )
for Pt/BETA.

Finally, focusing on the catalytic activity of Pt/Yhe
effect of space velocity were studied The catalyst
reactions were conducted in a space velocity rasfge
23.3 — 435 H. The conversion and selectivity to
gasoline fraction were illustrated in Fig.6. Itasident
that the conversion of bio-diesel decreases with
increasing WHSV. However, the selectivity to gasel
fraction was independent of the WHSV.

100

80

60

40

20

Conversion (%)

21 26 3 36

WHSV (h")
(&) Conversion

4 46

100

80
60
40

20

Selectivity to (%)

21 26 3 36 41 46

WHSV (h")
(b) Selectivity to gasoline fraction

Fig. 6 Conversion and selectivity to gasoline frain over
PYY catalyst. Reaction condition: T = 613 K, P 2.76 kPa,
and WHSV = 23.3 - 43.71.

4. CONCLUSION

Bio-gasoline produced from catalytic cracking ob-bi
diesel was studied over three different zeolitesthe
continuous packed bed reactor in a temperaturesrahg
573-653 K. Among the three catalysts Pt/MOR showed
the highest conversion and yield of gasoline foactut

the lowest B/S ratio. Both Pt/Y and Pt/BETA showed
more suitable for this aspect. However, under the
studied reaction conditions, the Pt/Y was the most
efficient catalyst due to its high conversion arighh
selectivity to gasoline fraction compared to P/BET
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g e, SF Capacitive Voltage Divider
by %
}"’r% Cattareeya Suwanasri and Thanapong Suwanasri
349

Abstract— This paper aimsto develop a 100 kV capacitive voltage divider. The divider was separated into high voltage
and low voltage parts. The high voltage part was constructed from capacitors connected in seriesin order to obtain the
capacitance as of 114.285 pF. The low voltage part was constructed from capacitors connected in parallel to obtain the
capacitance as of 0.12 4. This capacitive voltage divider was filled with three gas insulation as air, N, and S for
each test in order to select the suitable gas insulation. The test procedures were followed the standard I1EC 60060 - 2
(1994). The test records showed that the performance of the developed capacitive divider is within the designed
standard.

Keywords— Capacitive voltage divider, measuring instrumentsulfur hexafluoride (SFs).gas insulation.

where \{, = high voltagenput (V)
1. INTRODUCTION Vour = low voltage outpuv)
C, =high voltage capacitance (F)
C, =low voltage capacitance (F)
R = matching resistan¢e)
EV = oscilloscope

The voltage divider is a simple tool for measurthg
high voltage by using two impedances connected in
series. It is a very useful device for high voltage
measurement in several circuit e.g. insulationirigst
The voltage divider can be used with resistiveuative,
or capacitive circuit elements. It can also meagshee
AC, DC or high voltage impulse voltage sources.

However, hcapacm\lle d|V|<?1ers can usually ulsed 05 always equal. Therefore, the voltage ratio ham@he
measure the AC voltage, whereas it is not suitidsiéhe numerator because of the inverse relationship hetwe

DC input voltage measurement b_ecause the _DC VOItag%apacitive reactance and capacitance as shown ih.Eq
could not pass through the capacitors. Capaciage

divider as shown in Fig. 1 produces an output gata

Voltage division refers to the ratio of a voltagaang
the components of the divider. The 1000:1 is giiren
Eq. (1). The principle is that the current in seriércuit

(Vouw) Which is a fraction of its input voltage (Y. _—— C (1)
out in C‘+C2
i < >
Since the voltage ratio of this capacitive voltage
I divider is opposite to resistive and inductive agk
G divider, this should be carefully considered in puit
vV T I.=0 voltage calculation in order to avoid the mistake.
: m
m i
i I, 2. DESIGN AND CONSTRUCTION
Viout C, @ EV Capacitive voltage divider has a large numbers of
variables. The specification is given in Table fl..igl
y ¥ designed to meet the requirement of standard IEBB®0
i L - 2 (1994) [1]. The unit consists of two capacitors

connected in series. The important components leill

N discussed.
Fig. 1. Capacitive Voltage Dividef2]
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Table 1. Specifications of Capacitive Voltage Divier

Parameter Specification
Rated voltage 100 kv
High voltage capacitance 113.00 pF
Low voltage capacitance 0.108
Test voltage 110% of rated voltage (V)
Frequency 50 Hz
Scale factor 1000:1
Dielectric medium SE Ny, Air
Accuracy 1%

2.1 Electrode length

The capacitors connected in series must be indtatie
the cylinder, which is made from Acrylic. To prevéhne

external flashover, the relative electrical cleasafrom

top electrode to ground should be 5 m/MV (rms.)A@r

voltage. Thus, the total length of 100kV divideostu

be at least 0.5 m. However to have some safetyimarg
operation, the length of cylinder in this designoise

meter long

Fig. 3 shows the equivalent circuit diagram of
measurement system that considered stray capaeitanc

¢ (pF), which is calculated as:

()

= 27E

¢ n (4s+1)
(4s7+30)

| =length of cylinder (m)

d = diameter of cylinder (m)

S= distance between cylinder-end to ground (m)
£ = permittivity of free space (8.854*16 F/m)

@n
d

For the design as ¢fd, ands are 1 m, 0. 20 m, and
0.20 m respectively, the stray capacitance is etmal
28.825 pF.

2.3 High voltage capacitance

The 100 kV capacitive voltage divider is designed f
high voltage test up to 110% of rated voltage, Whic
110 kV. The polypropylene film capacitors of
rating0.01y F, 1600dc/650Vac are selected to use by
connecting in parallel to obtain the capacitanceofs
0.02u F. At 110% of rated voltage, the number of
capacitors is equal to 110 kV/650Vac = 169.2 or fpgid

or 340 capacitors. However, the total 350 capazitwe
designed as 14-paralleled capacitors in a row auth e
row is connected in series up to 25 rows as showig.

4. Thus, the high voltage capacitangasC114.285 pF.

'

14 capacitors for each row
s ﬁl‘H‘H‘H‘H‘H‘}%
7 L B AL I R B[
Fig. 2. Capacitor Cylinder - ‘ I ‘ I ‘ I ‘ I ‘ I ‘ |
| I || || I I |
2.2 Stray capacitance — L ! ! I I ‘}i
The unavoidable stray capacitors always occur lerwe | | ' ' ' ' ‘ * | 25rows
the divider and earth or the divider and groundejéds. ml ‘ I ‘ I ‘ I ‘ I ‘ 1 ‘ I
A existence of stray capacitance can directly afthe - I I I [ I |
measurement precision. Therefore, it should be L) | | | | | I
investigated. ! ‘ i ‘ I ‘ I ‘ I ‘ I ‘ ‘
L L o
c Fig. 4. Layout for HV Capacitance
(S
|l
:: c 4 2.4 Low voltage capacitance
o The scale factor is designed as 1000:1. By usimg th
' Ce formula of capacitive voltage divider in Eq. (1)etlow
I (| voltage capacitance,Gs 114.285*1000 pF = 0.114285
MF. Thus, 12-capacitors as of 0.QEF are connected in
) parallel to obtain 0.1F. At the low voltage or output
) Ce terminal the matching resistor of 8 which is equal to
1, / the surge impedance of coaxial cable, is connetded
Iy T G, avoid the reflection of voltage wave.
|Ei i i i T

Fig. 3. Diagram of Measurement System
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R, =1500%3
o]
VAR

Connected to HV Connected to

Oscilloscope

- 0.0 Fx 12

\\}7

Fig. 5. Layout for LV Capacitance

3. EXPERIMENTAL SETUP

The acceptance tests on capacitive voltage diddemls
follows.

3.1 Components measurement

The circuit in Fig. 6 is used to measure the resist or
capacitance by using RLC meter in order to complage
actual value with the designed value.

czi R,
T

C ==

(=) me

Fig. 6. Components of Measurement Circuit.

3.2 Withstand Voltage Test

A capacitor divider shall pass a dry withstand agé#
test performed with a voltage of the required festy

or shape at a level of 110% of the rated measuring
voltage. The procedure of withstand voltage tests i

described in IEC 60-1 [3]. The equivalent circsigiven
in Fig. 7.

C divider (Reference)

114.285 pF

020V,
50Hz

Vel Gk Vy|ic,= 0.12;1F@
68nFT 1 |

C divider (Calibration)
Fig. 7. Equivalent Testing Circuit at Rated100 kV,ys

3.3 Determination of the Scale Factor

The circuit in Fig. 7 is used to determine the sdattor,
which is calculated for the ratio of,vand \{;. The
designed value of scale factor is 1000:1.

3.4 Linearity Test

Using Fig. 7, values of the scale factor of the soeiag
system shall be measured at the minimum and maximum
of the operating voltages and at three approxipatel
equally spaced voltage or current between these
extremes. These five values shall not differ by enttian
+1% from their mean value.

3.5 Stahility Test

Stability of the capacitor divider and the measugpim
system shall not vary by more than +1% for the esngf

the ambient temperature and clearances given in the
record of performance. The measuring instruments in
Fig. 7 shall comply with the requirements of cl@ss of

IEC 51 [4] or shall be tested according to thisdtad if

a peak voltmeter is used, its uncertainty shalimMiain
+1%.

4. EXPERIMENTAL RESULTS

The AC high voltage test circuit of rated 100 kVis
given in Fig. 8.

Fig. 8. Testing Circuit of Rated Voltage 100 kV;s

This capacitive voltage divider was filled by gas
insulation as air, Nand Sk for each test. The test
procedures were followed the IEC 60060 - 2 (1994)
standard.

Air-Insulated Capacitive Voltage Divider

In this test, air was filled in the cylinder of, @s gas
insulation. However before any tests, the eledtriatue
of the divider element must be measured. The s
presented in Table 2. The measured values showittbat
scale factor is 926:1 (113.000 pF/0.42%2). The factors
as capacitances and resistance are similar f@nN Sk-
insulation.

Table 2. Components Measurement

ComponenDesigned ValueMeasured Valug% Error
C 114.285 pF 113.000 pF 1.12%
C 0.12uF 0.122uF 1.67%
R 50Q 49.93Q 0.14%
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The pressure of air-insulation can be increased Bpt
bars in the cylinder. Actually for withstand teshe
withstand voltage should rise up to 110 kV. However boundary.
due to the poor dielectric withstand voltage of #ig

there was an occurrence of corona discharge when th

high voltage input was increased to nearly 30 kker
the withstand voltage test was stopped at thattpoin
avoid electrical breakdown at higher voltage. Tésuits
show in Table 3. The divider can be operated ag8idis
kV for 60 second long.

Table 3. Withstand Test for Air-Insulated Voltage Dvider

No. Test Voltage (k\c) |Time (Sec) Result
1 30.18 60 Passed
2 30.06 60 Passed
3 30.04 60 Passed

The scale factor tests were performed at only 20 an
30 kV levels to avoid the corona discharge. Thdesca
factors from the measurement shown in Table 4 are
slightly different from the designed value as 1Q00:

These result from the high and low voltage capeagito

Table 4. Scale Factor Test for Air-Insulated Voltage

The voltage ratios were plotted in Fig. 9. The ltssu
show that only at 40 kV the voltage ratio excedus t

1.025

= L L |
1.02
1.015 \
= = = \\ -
o 101 )
= \ —&— Voltage Ratio
o
- 1.005 \
E 1 A —l— Upper Limit
o
>

0.995

Lower Limit

0.99 .
~—l— Average Ratio

0.985 1

20 30 40

Testing Voltage (Vac)

Fig. 9. Linearity for Air-Insulated Voltage Divider

For stability test, the test voltage of 30 kV wapléed
to stress the divider for 10 times. The mismatcbes
voltages were within +3% as given in Table 6. Thuis
acceptable up to the voltage 30 kV.

Table 6. Stability Test for Air-Insulated Voltage Diider

Divider No. VoV, Vo (Vae) ViVt 100%
N 20 kV S0 kY 1 30.05 30.5 ref1 497%
0. . . . o
V&V, | V(v | V. &V, V.(V..)
i AC AC in __AC AC 2 30.00 30.3 1.000%
1 20.19 20.2 30.05 30.5 3 30 11 304 0.963%
2 20.12 20.1 30.00 30.3
4 30.13 30.4 0.896%

3 20.13 20.1 30.11 30.4
2 5012 501 3013 304 5 30.07 30.3 0.764%
5 20.14 20.1 30.07 30.3 6 30.11 30.3 0-63124’
6 20.14 20.1 30.11 30.3 I 30.16 30.3 0.464%
7 20.13 20.1 30.16 30.3 8 30.18 30.4 0.728%
8 20.08 20.0 30.18 30.4 9 30.06 30.2 0.465%
9 20.10 19.9 30.06 30.2 10 30.04 30.2 0.532%
10 20.03 20.0 30.04 30.2 Average 30.09 30.33 0.794%

Avg. 20.11 20.07 30.09 30.33

Scale 1001.9:1 992.0:1 Nitrogen-I nsulated Capacitive Voltage Divider

Factor

% Error 0.19% -0.8% For withstand voltage test, the Nitrogen gas was

The linearity test was also taken up to only 40tkV
avoid corona discharge. The results in Table 5 stinatv
the average voltage ratio is 1.013. The upper lfimit
standard acceptance is (1+0.01)x1.013 =1.023 viinde
lower limit is (1-0.01)x1.013=1.002.

Table 5. Linearity Test for Air-Insulated Voltage Divider

VoV, | Vi Vao) |V Oae) |
ref
10.12 10.12 10.3 1.017
20.03 20.03 20.4 1.018
30.03 30.03 30.6 1.018
40.04 40.04 40.0 0.999
Stop due to corona discharge
Average 1.013
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pressured up to 2-bars in the cylinder. The corona
discharge occurred when the high voltage input was
raised to 80 kV. This corona discharge voltage was
higher because of the better dielectric withstaoliage

of Nitrogen gas than the air. When the corona iticap
voltage was known, the withstand voltage test was
limited at 90 kV. The results of withstand voltagee
shown in Table 7. The divider can be properly ofgzta
against the voltage of 90 kV for 60 second longhuuitt

any damage.

Table 7. Withstand Test for N,-Insulated Voltage Divider

No. Test Voltage (k\c) |Time (Sec) Result
1 90.21 60 Passed
2 90.14 60 Passed
3 90.23 60 Passed
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The scale factor tests were done at only 60 ankMd0 measurement in Table 11 are slightly different frima
levels due to the corona at 90 kV. The scale fadimm designed value.
the measurement in Table 8 are slightly differeon
the designed value.

1.015

Table 8. Scale Factor Test for MInsulated Voltage Divider 1103;
) 17
No. 60 kV 90 kV &‘—; 0.995 1 —&— Voltage Ratio
Vin (kVAC) VU(VAC) Vin (kVAC) VIJ(VAC) E" 0.99 1— / "~ —m— Upper Limit
1 60.05 60.5 90.04 90.4 S 0985 1€ Lower Limt
2 60.13 60.6 90.07 90.4 N
3 60.09 60.6 90.17 90.6 057 ‘ +:veyage
‘51 28(1); 28(75 9900'015 383 10 20 30 40 50 60 70 80 90
6 60.01 60.5 90.08 90.5 Test Voltage (Vac)
7 60.01 60.4 90.02 90.3 Fig. 10. Linearity for Nx-Insulated Voltage Divider
8 60.05 60.5 90.14 90.5 o .
9 60.04 605 90.15 905 Table 10. Stability Test for N-Insulated Voltage Divider
10 60.16 60.7 90.08 90.4 VvV -V
U “ref 0
Avg. | 60.07 60.56 90.09 90.44] | No. |ViykVu ) Vier (Vao)| Vu (Vo) [ *¥100%
Scale 991.9:1 996.1:1 o
Factor 1 90.04 90.04 90.4 0.399%
% Error -0.0081 -0.0039 2 | 90.07 | 90.07 90.4 0.366%
The I ) I ‘ 9 o0 e d 3 90.17 90.17 90.6 0.476%
e linearity test was also performed up to _ 2 90.05 90.05 90.4 0.388%
to the corona inception. The results were preseiried
Table 9. The average voltage ratio is 1.000. Theeup S 90.10 90.10 90.4 0.332%
limit for standard acceptance is (1+0.01)x1.0000Q. 6 90.08 90.08 90.5 0.466%
Wh|i|e the _Iower Iimlit iSd (.1-'(1..01)1><01.?00h=0.99% IThe 7 90.02 90.02 90.3 0.311%
voltage ratios were plotted in Fig. 10. It showattbnly o
at 10 kV the voltage ratio exceeds the boundaryorf 8 90.14 90.14 90.5 0'3990&
voltage level of 10 kV only, less than five timest @f 9 90.15 90.15 90.5 0.388%
ten times of the test the results are out of thenHary. 10 90.08 90.08 90.4 0.352%
Therefore, this divider is acceptable. Avg. | 90.09 90.09 90.44 0.387%
Table 9. Linearity Test for N,-Insulated Voltage Divider Table 11. Scale Factor Test for SFinsulated Voltage
V. Divider
V. (kV vV o (V —
WV | Vie (Vo) |V V) V.. 50 kV 100 kV
No.
10.05 10.05 9.9 0.985 V, &V, )| (V)| V, &V (V)
20.06 20.06 19.9 0.992 1 50.15 50.1 100.2 1015
30.06 30.06 30.0 0.998 2 50.15 50.1 100.1 101.4
40.13 40.13 40.3 1.004 3 50.02 49.9 100.2 101.5
50.14 50.14 50.5 1.007 4 50.05 50.0 100.0 100.9
60.17 60.17 60.7 0.998 5 50.10 50.0 100.1 101.2
70.11 70.11 70.7 1.008 6 50.12 50.1 100.0 100.7
80.14 80.14 380.6 1.005 7 50.12 50.0 100.0 100.8
Stop due to corondischarg 9 50.01 50.0 100.1 101.9
Avg. 50.08 50.01 100.10 101.19
.For stability test was performeq 10 times at 90 ihé _ Scale 10013 : 1 989.2:1
mismatches of voltages given in Table 6 were within Factor
+3%. Thus, it is acceptable up to the voltage ok90 % Error 1.3% -1.08%

SF6-Insulated Capacitive Voltage Divider Similar to the previous gases, (Rsulation was
Because the test transformer was designed to @pepat pressured up to 2-bars in the cylinder. The witita
to 100 kV rms. maximum, the 110 % test was not Voltage test was taken only up to 100 kV, whichnzdn

possible. Thus the scale factor tests were dopelgt50  reach 110 % of the designed voltage due to thedtron
and 100 kV levels. The scale factors from the of the test transformer. However up to 100 kV, the
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worked properly without

discharge, because the dielectric withstand voltafye

corona Table 14. Stability Test for Sk-Insulated Voltage Divider

V.-V
SF; is better than the air or Nitrogen due to the tetec No. Vin (kVue) Vy(Vae) | 0x100%
H ref
negative gas property of §F 1 1002 101z 12979
: 2 100.7 101. 1.298Y%
Table 12. Withstand Test for Sk-Insulated Volt
ale 12. Withstand Test for Skrinsulated Voltage 3 100.2 101 1.2979
4 100.C 100.¢ 0.900%
No. Test Voltage (k\c) |Time (Sec) Result 5 100.1 101.2 0.599¥%
1 100.1 60 Passed f75 188-5 188-; 8-2882/
. . .800¥
2 100.1 60 Passed 8 100.1 10L.C 0.899Y/
3 100.2 60 Passeq 9 100.] 101 1.798Y
o 10 100. 101.( 0.798Y
The linearity test was also taken up to 100 kV thue [ Averac 100.1( 101.1¢ 1.038%

the limitation of the test transformer. The resudt®w
that the average voltage ratio is 0.997. The resuéire
plotted in Fig. 10, which shows that only at 10 d@®

kV the voltage ratios exceed the boundary. Thery onl

two out of ten times of tested voltages are outhaf
boundary. The divider is acceptable.

Table 13. Linearity Test for Sk-Insulated Voltage Divider

Vv
AU
Vin (kVAC ) Vref (VAC ) VU (VAC )
Vref
10.11 9.9 0.979 -2.077%
20.02 19.8 0.989 -1.098%
30.11 29.9 0.993 -0.697%
40.11 40.0 0.997 -0.274%
50.05 50.1 1.000 0.099%
60.07 60.3 1.003 0.383%
70.03 70.3 1.003 0.385%
80.09 80.3 1.002 0.262%
90.09 90.0 0.999 -0.099%
100.1 101.4 1.012 1.298%
10.11 9.9 0.979 -2.077%
Stop due to limitation of the test transformer
Average 0.997
1.02
1.01 -
o 11
E=] —e— Voltage Ratio
< 099 »
%ﬂ 0.98 ./ —{f— Upper Limit
Lower Limit
0.97 -
0.96 ‘ —— Average Ratio

10 20 30 40 50 60 70 80 90 100

Test Voltage (Vac)

Fig. 11. Linearity for SFs-Insulated Voltage Divider.

For stability test, the voltage up to 100 kV was

performed. The calculated mismatches of voltagesmi
in Table 14 were within £3%. Thus, this voltageider
can reliably operate up to the voltage of 100 kV.
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Comparison between Air, N2 and SF6

In term of dielectric strength, the air-insulateditage
divider could operate up to 30 kV only due to the
inception of corona. Thus, using of the air-insolatin
the capacitive voltage divider yields the lowesgging
voltage when compared with,Mind Sk gas insulation.
This is due to the poor dielectric property of #ie

Actually, the dielectric strength of the air angisl not
significantly different. However, the advantageNof is
that the contact erosion is less than the air unde®,
condition. Comparison between nd Sk, when using
N, there was a corona inception at 80 kV but no caron
for Sk at 100 kV when both gases are pressurized at 2
bars. This means ghas better dielectric strength than
air and N.

5. CONCLUSION

A 100 kV capacitive voltage divider was designed,
constructed, and tested. The experiments as comfsone
measurement, scale factor test, linearity testhstéind
voltage test, and stability test are performed and
reported. The tested results show that the capeciti
divider can be properly operated as a measurement
divider under the IEC 60060 — 2 (1994) standarce Bu
withstand voltage, stability, and chemical propestithe

SKs is proposed as the preferred insulation for tiie 1
kV capacitive voltage divider.
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g e, Augmented Lagrange Hopfield for Real Power Loss
W . . . . -
$ 5 < Minimization in Power Systems
}"’r% Dieu Ngoc Vo, Hoang Khanh Cap Le, and Khai Phucyégu
a,9

Abstract— This paper proposes an augmented Lagrange Hopfietdiork (ALHN) for solving real loss minimization
in power systems. The proposed ALHN is a convedt@mntinuous Hopfield network with its energy fiimiec based on
augmented Lagrange function. Moreover, the propasethod is a recurrent network with parallel prosieg which
leads to fast convergence for large-scale probldmshe considered problem, the real power losdeermined using
B-coefficients. The proposed method has been testdtle IEEE 14-bus, 30-bus, and 57-bus systenes.obtained
results have indicated that the proposed ALHN chtaio better optimal solutions than particle swaaptimization
(PSO) in a very fast manner. Therefore, the progos&¢HN can be implemented for solving the real powe
minimization problem in power systems.

Keywords— Augmented Lagrange Hopfield network, real power Igs minimization, neural network, power flow.

methods such as bacteria foraging algorithm,
1. INTRODUCTION conventional algorithm, and differential genetic
algorithm have been implemented for transmissi@s lo
minimization. The active loss minimization probldrmas
been solved by a predictor—corrector modified learri

In modern power systems, the improvement of opmnati
has become more important due its contributionht® t

eljh_an_cenjent of power system eff|C|ency.. The approach. In this proposed approach, the inequality
minimization of real power losses in power systdms problem constraints are transformed into equalibgs

also very important fbecause it can lead to ale moreﬁntroducing positive auxiliary variables perturbley the
economic operation of a power system. Once_rea POV harrier parameter and treated by the modified &arri
loss in power systems is minimized, the electri@ois method

more efficiently consumed [1]. For real power 10Ss |, ihis paper, an augmented Lagrange Hopfield
minimization, the existing generation and ransioiss ook (ALHN) is proposed for solving real loss
systems can be efficiently utilized without builginew  ininization in power systems. The proposed ALHN is
systems. Therefore, the objective of the real pawss 5 entional continuous Hopfield network with its
minimization is to determine power generation onp energy function based on augmented Lagrange functio
plants so das the total real pom;erlloss IN POWERSYS IS \15repver, the proposed method is a recurrent nétwor
minimized to save cost of loss satisfying power i parallel processing which leads to fast cogeece
constraint a_nd generator limits. for large-scale problems. In the considered probla

. I_Du_e to its importance, the problem of power l0ss o power loss is determined using B-coefficieiitise
minimization has been |nvest_|gated by seve_ral rebes proposed method has been tested on the IEEE 14-bus,
[2-5]. In [2], the power loss in the system is cédted 30-bus, and 57-bus systems. The obtained resudts ar

using B-coefficients and verified with traditionlI? or compared to those particle swarm optimization metho
differential power methods based on the solution of

power flow by Newton-Raphson meth(_)d. In the 5 PROBLEM FORMULATION

proposed method, the voltage control using capacito

bank or transformer tap changer will be done torovp Mathematically, the real power loss minimization is
voltage level while power loss minimized. In [3], a formulation as follows:

hybrid particle swarm optimization is implementemt f The objective is to minimize total real power loss:
loss reduction study. The proposed applicationhiis t
paper is the use of a developed optimal power Bagsed Min By Q)

on loss minimization function including two stefshe
first is to determine the critical area of the powgstem i
under the point of view of voltage instability, atie ~ Subject to:

second is to calculate the amount of shunt reagpibveer - Real power balance
compensation that takes place in each bus by [gartic
swarm optimization method. In [4], meta-heuriseach

Z IDgi = l:)D + Ploss (2)

The authors are with Department of Power SystéfosChi Minh .
City University of Technology, 268 Ly Thuong Kietr.s 10" dist., - Ramp rate constraint
HCMC, Vietnam. Emailyndieu@hcmut.edu.v(D.N. Vo).
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Py~ Pg? <UR, as power increases 3)
Pg? - P, < DR, as power decreases
o 4)
- Generator limits
PQI min < Pgl max (5)
where
N : number of generators
Poss : total real power loss
Pg  :real power output of generator
Pgi.max : Maximum real power output of generator
Pgi.min : Minimum real power output of generator
Pogi . initial real power output of generator
Pp : total power system demand

3. AUGMENTED LAGRANGE HOPFIELD
NETWORK IMPLEMENTATION

For implementation in ALHN, the real power loss(i)
is calculated using Kron's formula [6]:

(6)

whereB;;, By, andBgy, are the B-coefficients for real
power loss.

The augmented Lagrange function is formulated for

the problem:
N N N
L:ZZP B; Py +ZBO|Pg| + By
i=1 j=1 i=1

(7
where A and B are Lagrange multiplier and penalty
factor, respectively.

The energy function of ALHN is formulated based on
the augmented Lagrange function as follows:

N N N
E= Z ngi BlJVgl + Z BOIVgl BOO
i=1 j=1 i=1
N
+V/l ( F)D + I:)Ioss - Z Vgl (8)
i=1
1 2 vy
+ﬁ(PD+P.oss ] [g7™(v)av
2 i=1 0

30

where Vg is the output of continuous neuron
representing power outply of generatorn, V, is the
output of the multiplier neuron representing thedzenge
multiplier A, andg*(V) is the inverse function of sigmoid
function of continuous neurons.

In (8), the sums of integral terms are Hopfieldner
where their global effect is a displacement of Sohs
toward the interior of the state space [7].

The dynamics of the neurons are defined by:

ad, __oE
dt v,

)

N 9)

:_4+|:V/1 +/{P +P|oss Z\/gn}:|

x{(izq%i+%)—l:l+u
du, _ OE _ 10
dt "+avA Floss Z 4o

whereUy andU, are the inputs of continuous and
multiplier neurons, respectively.

The inputs of neurons at iteratiarare updated by:

UM =y -g o0E (11)
9 9 avgi
UD = +q, 9E (12)

av,

whereq; anda, are updating step size of continuous and
multiplier neurons, respectively.

The outputs of continuous neurons are calculatedyus
a sigmoid function:

Vgl = g(U gi)
P -P (13)
- gi,high 5 gi,low J[1+ tanh(aU ; )] +P o
where
F’ihigh = min{Pglmax' gi UR} (14)
PI low ma){ gl min * g| DR} (15)

The output of the multiplier neuron is calculatesing
a transfer function:

=gU,)=U, (16)
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Selection of parameters Step 8: Solve power flow problem by Newton-Raphson

In the ALHN, the parameters have to be predeterthine to determine B-coefficients

including sigmoid function slope, updating stepesifor ~ Step 7: IfErrma> € and n <Npa, N =n + 1 and return
neurons and penalty factors for augmented Lagrange to Step 4. Otherwise, stop.

function. By experiments, the values of sigmoidction

slope and penalty factors are fixed at 100 and10.00 4. NUMERICAL RESULTS

respectively. The values of the others will vary |4 proposed ALHN has been tested on the IEEE 14-

depending on the data of considered pr_oblem, It isbus, 30-bus, and 57-bus systems. The data for thete
observed that the larger the value of updating siegs systems are given in [9-10]. For result comparigbe,

the closer the discrete system behavior, producitiges PSO method [11] has been also implemented for rsplvi

at the upper and lower limits of each_ nheuron. O‘E' t these systems. The algorithms of the methods atedco
contrary, the smaller the value of updating stegssthe i, Matlab and run on a 1.6 GHz Intel PC. For obitagn

slower convergence of the network. power flow solution, the Matpower toolbox [10] has
Initialization been used. For stopping criteria of the ALHN alton,

. the maximum error and maximum number of iterations
In the proposed ALHN, all neurons need to be iliital. are set to 18and 2500, respectively.

For the continuous neurons, their initial outputs a The IEEE 14-bus systenThe system includes 14

determined: buses and 20 branches, in which there five generati
buses and three transformer branches. The totdl rea
© Pyi max (17) power demand of the system is 259 MW. The diagrem o
Vo' =Po5— this system is given in Appendix. The result congzar
Z Pyi max from ALHN and PSO is given in Table 1 and the egerg
i=1 characteristic of the ALHN for the system is givien
Fig. 1.
and the output of the multiplier neuron is initild by: The IEEE 30-bus systenThe system includes 30
buses and 41 branches, in which there six genaratio
N buses and four transformer branches. The total real
z 2B, P, + B, power demand of the system is 283.4 MW. The diagram
VR (18) of this system is given in Appendix. The result

comparison from ALHN and PSO is given in Table 2
and the energy characteristic of the ALHN for thisteam
is given in Fig. 2.

N
> 2B;P, + B, -1
j=1

The inputs of all neurons are determined based®in t
outputs using the inverse function of sigmoid fimrct
for continuous neurons and transfer function foe th  Table 1. Result comparison for the IEEE 14-bus system

multiplier neuron.

The proof of convergence and the explanation of th ALHN PSO
proposed ALHN method are given in [8]. Bus | Pimin (MW) | Pimax (MW) | P; (MW) | P; (MW)
Stopping criteria 1 50 200 67.0495 97.5830
The algorithm of ALHN will be terminated when eithe 2 20 80 80 641424
the maximum erroErr ., including constraint error and
iterative error is lower than a pre-specified tafteree or 3 15 50 50 43.8667
maximum number of iteratiord,.«is reached. i
Overall procedure 6 10 30 30 | 26.0951
Overall algorithm of ALHN for solving the problers as 8 10 35 35 31.2324
follows:

P. (MW
Step 1: Solve power flow problem by Newton-Raphson L (MW) 3.0486 | 3.9204
to determine B-coefficients. CPU (s) 0.75 4.79
Step 2: Select parameters for the neural network.

Step 3: Initialize outputs of all neurons and okdte
their corresponding inputs.

Step 4: Setn=1.
Step 5: Calculate dynamics of neurons using (9)-(1
Step 6: Update inputs of neurons using (11), (12).

Step 7: Calculate corresponding outputs of neurons
using (13) and (16).
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Energy function

40 60

Total number of iterations = 107

Fig. 1. Energy function of ALHN for the IEEE 14-bus

system.

Table 2. Result comparison for the IEEE 30-bus system

ALHN PSO
Bus l:)i,min (MW) F)i,max (MW) F)i (MW) F)i (MW)
1 50 200 51.9894 95.9628
2 20 80 80 60.8501
5 15 50 50 48.3414
8 10 35 35 30.0364
11 10 30 30 25.5737
13 20 40 40 27.2553
P (MW) 3.5886 | 4.6193
CPU (s) 1.14 5.60
I I I I
N S S
6‘0 80 160 1‘20 140
Total number of iterations = 128
Fig. 2. Energy function of ALHN for the IEEE 30-bus
system.
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The IEEE 57-bus systenThe system includes 57
buses and 80 branches, in which there seven gemerat
buses and fifteen transformer branches. The teal r
power demand of the system is 1250.8 MW. The
diagram of this system is given in Appendix. Thsule
comparison from ALHN and PSO is given in Table 3
and the energy characteristic of the ALHN for thistem
is given in Fig. 3.

Based on the result comparison given in Tables, 1, 2
and 3, the proposed ALHN can obtain better solgtion
than the PSO method for the all test systems. M@mro
the proposed ALHN also obtain the solutions much
faster than the PSO method for all systems. Thexefo
the proposed ALHN is more efficient than the PSO
method for solving the problem.

Table 3. Result comparison for the IEEE 57-bus system

A