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ic and R"’e - . .
e s, Performance and Durability Test of Diesel Engine Geerator
LQ % Using Hundred Percent of Jatropha Curcas L. Ol
%"/y
foa1 Sovanna Pan, Romny Om, Norith Phol, Thavarith Cremd) Yoshihisa Shimizu,

Yukimasa Yamamura, Keiji Oyama, Ichiro Uchiyamajfkni Nakamura, and
Toshiki Yamasaki

Abstract— The research paper aims to develop the process of generation technology using neat Jatropha Curcas Oil
(JCO) as diesel engine fuel. In this paper, an experiment on a four-cylinder diesel engine generator is carried out. The
research is started by development of fuel oil processing technology from Jatropha seed. The phosphorus, which is
forming as phospholipids in Jatropha oil, was removed up to about 10 ppm by water degumming method. The
development of power generation technology by straight use of Jatropha oil in diesel engine has been performed. The
result is shown that operating conditions of medium size diesel engine with the Dephosphorized Jatropha Oil (DJO)
were stable. The effects of DJO on the engine performance, durability and exhaust gas emission had been investigated.
The Oxides of Nitrogen (NOx) and Carbon Monoxide (CO) concentrations in exhaust gas of diesel engine with
Jatropha oil were lower and higher, respectively, than that of the light oil. The combustion has been improved by
raising the fuel injection pressure. The result of the overhaul consideration after long time 300 hours durability test is
shown that engine main parts related to the fuel combustion are till in normal functional conditions. Finally, this
research experiment confirms that diesel engine generator can be operated by hundred percent of DJO with respect to

some moadifications of engine cooling system.

Keywords— Biofuel, Diesel engine, Generation technology, trapha Curcas L.

1. INTRODUCTION

Due to the depletion of the world petroleum resewand
the increasing of exhaust gas, further efforts ba t

In present experiment, Jatropha oil is a promising
alternative fuel that can be used in diesel enginee its
properties, except viscosity, are similar to thokdiesel
fuel. This viscous oil has been studied in variowsy/s.
Some researchers have investigated the viscositfieof

research to seek for new energy and reduce theusikha light/Jatropha oil blends to be used in diesel ead#]-

gas emission have been made to fulfill the hugegsne

demands today [1]-[3]. From this aspect, biofuek ha

been discovered as the most promising fuel for gner
production and emission reduction.

Jatropha oil has various uses. Apart from its sa a
liquid fuel, the oil has been used to produce saag
biocides (insecticide, molluscide, fungicide
nematicide). The oil can be directly used in oldersel

engines or new big motors running at constant spee

and

[7]. It is shown that the viscosity of the blendlasv as
much proportion of diesel fuel is contained. Duéhigh
viscosity and the present of wax and gum, raw jdteo
oil as such cannot be used in diesel engine prp &l
An approach to use it appropriately is considered t
JCO must be de-gummed before it is supplied teesedli
engine so that why the simple dephosphorization
rocessing technology was developed to remove gum i
he oil through an examination test devices and atds

(e.g. pumps, generator), blending with fossil diese ; ;c-hieve an expected aim.

and/or other fossil fuels belongs to options ad.vildie

oil can be transesterified into Jatropha methyérssthat
can be used in conventional diesel engines witiptada
parameters.

This research is one of the international jointeagsh projects
funded by New Energy and Industrial Technology Depment
Organization (NEDO) for International CooperatioesRarch Program,
which has been done with Chugoku Electric Power I@o., Japan
under the supervision of Ministry of Industry, M@and Energy.
Special thanks to NEDO for providing the fund andtiie Chugoku
EPCO team for the cooperative research duringlfigears 2009 and
2010.

Sovanna Pan (corresponding author), Romny Om, iIN&titol, and
Thavarith Chunhieng are with Institute of Technglagf Cambodia,
P.O. Box 86, Russian Confederation Blvd, Phnom P&a#mbodia.
Phone:  +855-12-552-556; Fax:  +855-23-880-369; H:mai
pans@itc.edu.kh

Yukimasa Yamamura, Keiji Oyama, Ichiro Uchiyama, ifaRni
Nakamura, and Toshiki Yamasaki are with Energia nBouc &
Technical Research Institute, The Chugoku Ele&dwer Co., Inc., 3-
9-1, Kagamiyama, Higashihiroshima-city, 739-0046roshima-
prefecture, Japan.

The objective of this research paper is to study th
development of power generation technology utiizin
hundred percent of JCO and to investigate behafian
unsteady power of diesel engine. The research was
covered the process of oil squeezing technology fitee
Jatropha seed, technology of removal phosphonm fr
Jatropha oil and the process of the generatiomtdoby
in order to operate engine by neat JCO. In thie,cas
preheating of the dephosphorous oil had been pteden
before it supply to the engine fuel system to avibie
difficulty of pumping. Diesel engine had been maatif
to be used in dual fuel, light oil and neat DJO.eTh
emissions, gum formation and injector deposits have
been observed in standard condition and in the tege
the injection pressure is increased about five grérto
sixteen percent. Engine overhaul was checked a@ér
hours running test to evaluate the effects of the
phosphors remaining in utilized JCO. Diesel engine
generator was also tested for performance compariso
between light oil and DJO. Experimental resultshsas
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limit of phosphorus content, brake specific fuel phosphorus from Jatropha oil and also developmént o
consumption (BSFC), thermal efficiency and also power generation technology by using DJO.

amount of exhaust gas composition during long t@nch
performance tests will be reported in the nextisast
Finally, the research and development of perforreanc As reported hereinabove screw press machine SRs100
and durability test of diesel engine generator gisin used for the experiments. The Jatropha seed sdpplie
hundred percent of JCO had been applied and achievefrom the seed hopper moves into the space of tlevsc

at the Institute of Technology of Cambodia. Baseoon  and the screw casing, where capacity becomes small
research plan, the development of biomass gasditat heading for exits, and Jatropha seed is compressed
devices are under construction in objective to mix between its. The screw casing is a slit where t@hns
combustion between Jatropha oil and biogas producedquare sticks were combined like the cylinder, &l
from Jatropha squeezing cake and other mixturesiatropha oil is squeezed from this space. Jatroplde
consisting of agriculture wastes that are availaible oil squeezed contains fine residues of seed cdkis. |

Squeezing process

Cambodia. naturally precipitated spending at least three daye
supernatant is filtered with the cloth while natlyra
2. EXPERIMENTAL SETUP precipitating. The Jatropha seed cake is defechted

small shape if thérequency of squeezing oil increases.
This cake contains various toxins and is therefooe
usable as fodder. However it is useful as fertilizehe
seed cake can serve also as feed for biogas produict

The pilot plant is composed from six units: oil gging
machine, de-phosphorizer, filter press machinesalie
engine generator, switch board and Jatropha seast ro
machine. The new model of SP100 screw press maChinSasifier
was us_ed for the_ 0|I_pressmg from Jatropha seée. T Seed heating before oil squeezing was conducted
squeezing capacity is 80 to 100 kg seed/h. The debecause it was reported that oil and the proteparste
phosphorizer type BDK-100S was used in researdt pil when the temperature of the seed is adjusted 6 @60°
plant with capacity of 130 L, powers supply AC200V

with a 30A for heating resistance and together With renfzg?er:(; vierICrP:)Vtgse ?L%teel)?hgﬁgtau;fzf?r?g d(i)(lal pirric]gessm
kW of agitator motor. Jatropha oil filter pressing y Imp ' 9 59

machine was used to screen small debris and othe azzlng through roasting unit was used for heatiiteg

undesired substances from oil before putting itfuee
into engine. The filtering capacity is 100 to 150.L

A four-cylinder water-cooled turbo diesel engine
generator developing 40 kW power at 1500 rpm was
equipped in pilot plant. Power output from the uhiat
joining to the switch board unit are installed wittain
circuit breaker for supplying electricity to all\dees and
connected to four heating resistance loads of five
kilowatt each. A several thermocouples are arrartged
the generating sets for recording all necessarya dat
values from the heat. These sensors are connertbe t
digital data acquisition interfaces “Data logger 600"
for recording and documentation. An exhaust gas
analyzer “Testo 350" is also interfaced to datagkrgfor
measurement of exhaust gas composition. Jatropth se Dephosphorization process
roasting device had been reserved for heatingebd by
using an extra-heat from exhaust gas during diese
engine operation.

Experiments were initially carried out on dual fuel
diesel engine generator. Light oil is used to start
warm engine for maintaining the temperature of icapl
water about 80°C. The last one is used like heat-
exchanger for heating DJO as fuel before it switnhto
fuel injection system. Light oil is also resuppliem the
fuel injection system at the end of diesel engine
operation for cleaning DJO from the fuel systemavoid
any difficulty in starting process of the next cgt@rn.

It is noted that the efficiency of squeezing oiliis
range of 80%. In average, for Cambodian Jatropbd,se
oil yield in the seed is equal to 36% by weighte deed
roasting at 70°C to 100°C is effective to improlve bil
press efficiency. The time squeezing is also rediucgl
can be hardly squeezed at second or third time
processing. But it is preferable to squeeze oibby time
at best seed condition from the viewpoint of theveo
consumption, in average 0.05 kWh/kg seed, fortype
of oil pressing machine. Particularly, oil squeeggzin
efficiency is depended also from the quality of Heed
collected, from the types of squeezing machinefeo
qualification of the operator who managed this work

I'I'he phosphor removal process was examined using the
water degumming method, basically by adding water t
the Jatropha oil and exhausting phosphorus witindra
This method had been developed in laboratory dwale
joint researchers from National Institute of Advedc
Industrial Science and Technology, Japan and ITC.

In pilot project, the amount of JCO after firstriiition
was poured into dephosphorizer. Qil is preheated an
stirred by machine agitator for about 20 minutesetich
a temperature 70°C. After that, the amount of wgget
by weight regarding to JCO) must be added like stow
into JCO. Afterward, the temperature of 70°C was
3 DEVELOPMENT OF THE FUEL OIL g10ain'gained and the process of ag_ita;ion is conn'@u’ld_)r

PROCESSING TECHNOLOGY 0 minutes at 180 rpm. Dl_mng thls time the emuﬁsm_tﬁ

oil and water was formed immediately. For separatib

The reference [9] had been reported the methoddlgy waste water from oil the agitation was stopped tired
development of the fuel oil processing technolognt mixture was left for 30 minutes at the room tempee
Jatropha seed, development of removal technology ofAfter that the drain water with soluble substanees
drawn out from the bottom of dephosphorizer. Watas
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added three times for one dephosphorisation expatim cylinder was disassembled to examine the situadibn
The second and third washing were done with theesamthe fuel injector nozzle. The results showed thad t
process as the first one. The samples of DJO amidedt  abnormal carbon sedimentation inside of engine and
water after each washing process were obtained foobstruction of jet pressure of fuel injector nozalere
measuring its phosphor content. In pilot scale DO not recognized. For long term durability and
filtered second time by press filter before it asediesel  performance tests a 16% of fuel injection pressise
engine fuel. (25.0 MPa) was adjusted. This choice is done dui¢ to
Project experiments provided the results as follgwi  good fog spray injection which improved the comimrst
crude oil after seed squeezing contained phospbmuta  of heating DJO.
1328 ppm, then this amount is reduced to about®Bd p
and to around 10 ppm respectively for Jatrophaefibre 5. DURABILITY TEST
and after dephosphorization. The experiments wer
confirmed that the amount of around 10 ppm of phosp
remained in oil is satisfied to be used as fuetliesel
engine without any troubleshooting.

eFrom the result of the combustion improvement dred t
collection of the basic data in the JCO raisingl fue
injection pressure improved fuel injection chardstees
inside of engine. It was confirmed that the CO dgris
Production cost analysis fall down by the improvement of the incomplete
combustion; the NOx density is increased by rigimg
combustion temperature.

The long term durability test was carried out imsth

According to the quality of Jatropha seed for tHeole
process, in average, we need 4 kg seeds for progldci

kg DJO. In Cambodian market the price of Jatro S . . . . .
isg around 0.175USS$/kg seed. 'FFhe labor (fggj forpnot project. The duration of the test is 300 reowith

producing DJO is estimated to 0.02US$/kg seed. Asproximately constant load equivalent to 20 kW okpo

mentioned hereinabove we spends in average O'O%i?fggtr:tcl)?rtlhJ?jelpg;pgfﬁaagtthzseesr;iI:s;t(())nIr{:\\:gmgaz
kWh/kg seed, so electricity cost is equal to 0.0125 9 ngm

US$/kg seed. And for the mass production we colsat a components. Engine had been running consecutively
. o from eight to ten hours per day. The test cond#tioere

for the equipment amortization that costs aboutthe same as mentioned hereinabove. Light oil igl tise

0.005US$/kg seed. Finally, including some other - 19

. starting and ending the operation and in the reimgin
expenses (0.005 US$/kg seed) for producing 1 Kl . ; :
we spend around 0.87 US$. This price is considerec}Ime engine was running by neat DJO.
high. We expect that it will be decreased in tertrew  Results and discussion
the price of the seed reduces with growing of jditao

plantation against the price of fossil fuel. Table 1 shows the long term test result of exhgast

temperature and four kinds of exhaust gas emission
4. DEVELOPMENT OF POWER GENERATION respectively such 0, T10x, carhon dlaxice ghand
TECHNOLOGY USING DJO ygen (Q). For comparison, in average the exhaus gas
temperature of JCO measured at exhaust gas manifold
In this experiment diesel engine generator was fimatli  increased around 39°C regarding to which of lightlb
to be used dual fuel system. Light oil is suppliediesel is reasonable, because the high viscosity and &Etane
fuel system directly while DJO was oriented for g number of JCO provoke the late pre-ignition andmmai
by heat exchanger. A special faucet is installed fo combustion. In consequence, the retardation of main
changing fuel supply from light oil to Jatropha aitd combustion results to remain more fuel burnt ae lat
inverse. Cooling water with operational temperature combustion.
varied from 70°C to 85°C exited from engine head
cylinder is flown through heat exchanger and exgedn Table 1. Data of exhaust gas emission in average
heat with DJO before entry back to radiator.
Experimental data records are shown that duringetlie
engine operation the temperature of DJO was ina@eer Light _\
50°C, when the temperature of cooling water in heat| 5 | 225 499 | 5.54 | 1432 250°C
exchanger reached above 80°C. In consequence, th pjo | 425.9 | 4252 6.0 133 289°C
kinematic viscosity of JCO at this time was lesant!30

mn¥/s. The value of kinematic viscosity is considered The Figure 1 presented more details about evolation
decrease to around 20 rfimin instant of fuel jet from exhaust gas emission during long term durabilitst.te

injector nozzle into engine cylinders. . The amount of CO emission for engine running by DJO
_ Engine combustion has been improved also by risingig higher than which of the light oil, but it isistimited
injection pressure. In experiments, we changed thenqer standard environmental requirement (500 ppm).

injection pressure two times. Injection pressure is\ye opserved that the amount of CO became higheeat
increased by adding the thickness of injector digs  ong of long time testing period. Some time it wised

shim. Engine was operated using neat DJO by sténdary, giandard limit value. This explained the incoetel
fuel injection pressure (21.6 MPa), then by 7% &68  compustion due to some formation of the gums in
pressure rising respectively. New injectors Wwith iyiactor nozzle and due to effect of viscosity 61 The
corresponding pressure adjustment were changed aftqyox emission of DJO is decreased compared to tight
every 40 hours engine review check. An engine headrhe |ower combustion temperature results the réafuct

Fuel CO, NOx, C0O2, 02, Exhaust gas
type | [ppm] | [ppm] [%] [%] | temperature
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of NOx emission. CO2 emission is an exhaust gasoverhaul of engine after long running time wasaéd

producing by the fuel oxidizing reaction. The ambah

us to recognize the effect on inner engine compisnen

CO2 increases due to increasing of the mass of DJQrigure 2 shows that the gums were found only around

consumed. Oxygen content in the exhaust gas isete
of O2 in the combustion reaction. For this experitne
the amount of O2 contained in the exhaust gas @f 3J
lower compared to the light oil.

| ——NOx -+ CO -+ Exhaustgastemp. ——CO2 —--02 I
600 -

i
F
>

z
® =
58 !\?Xl ) 5 " 5l
P AN S v
=3 + "

/‘( /'_"“h r g A
-1 N ‘\/’\M-ﬁ"
Q E200 o}
U: H4U
g §100 L s
“ e e SILAN o o s s e s o s s

& & 0 N oAb
G SRR I IO A
Run time, [h]

Fig.1. Evolution of exhaust gas emission during dutality
test.

Fig.3. State of top side of pistons after overhaul.

During long time durability test engine was opedate
smoothly, no any troubleshooting was found. The

84

injector nozzles in small quantity. Separated igec
were checked for injection spray by manual injettio
pump. Injection spray was in good condition for all
injectors, obstruction of nozzle holes was not fhun
Besides that, as shown in Figure 3, the inner sile
combustion chamber and top side of the pistonstilie
cleaned. That means the gums caused by phosphorus
content in oil are reduced and the remaining wasitbu
by high combustion pressure. The other components
related to combustion chamber were in normal
conditions.

6. PERFORMANCE TEST

The long term durability test was surely confirntbdt
diesel engine can be operated by DJO. Performamte a
exhaust gas emission tests were pursued an expgrime
for comparing the results of engine performance and
exhaust gas emission. Diesel engine generator was r
on constant speed 1500 rpm using light oil and Bd®
the variation of the power output. Four resistances
heaters and one heating resistance of dephosphorize
were used as the engine loads corresponding résglgct
to 20, 35, 50, 65, and 80 percent of engine lodtie
data of exhaust gas emission such as CO, NOX,
Hydrocarbon (HC), CO2, and O2 were recorded by
exhaust gas analyzer during performance test period

The main properties of diesel and Jatropha oils are
given in Table 2, as in [6]-[8]. The results shdwttthe
calorific value of the vegetable oil is comparatiethe
diesel oil and cetane number is slightly lower tlha
diesel fuel. However, the kinematic viscosity ofQ&
several times higher than the light oil.

Table 2. Fuel properties

. . .| Jatropha |
Dy a
Properties Light oil Cureas oil
Density at 40 °C, [g/em’] 0.8253 0.933
chznmtlc viscosity at 40 °C, 315 344
[mm®/s]
Calorific value, [MJ/kg] 42.7 38.2
Cetane number 51.5 38
500 - —— Light oil
. —=DJO
— 400 —
§ .\\‘___»\7\
% 300 ‘\“;—:\:
8 200
@
2 100
“ T T

20 35 50 65 80
Brake power, [%0]

Fig.4. Evolution of brake specific fuel consumption.
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Results and discussion of the performance test Results and discussion of emission test

The performance of the diesel engine was evaluisted The Figure 7 shows that CO emission levels aredrnigh

term of brake specific fuel consumption, brake tidr  with DJO as compared to light oil at all loads. The

efficiency and exhaust gas temperature. concentration of CO is become higher with increased
The figure 4 compares the BSFC of light oil and DJO load on the engine. It is noted that for the pennce

at varying brake power loads in the range of 82kW/. test the maximum value of CO emission is around 382

It was observed that the specific fuel consumptfrthe ppm. The amount of CO concentration for DJO is too

light oil as well as the DJO were decreased withhigh at low brake power load. It is due to low

increasing of the loads. The fuel consumptionsddO temperature of cooling water in this condition that

were found higher for about 19% compared to lighino  effected to viscosity of DJO and in consequence the

the entire load range. This is mainly due to thenlcimed combustion was not complete.

effects of the relative fuel density, viscosity amehting

value of the oils.

450 -
400 — —=
45 - 350 ————— e e
= T 300 —"
g 40 =
£ 35 r____ﬂ_*ff: E 250 F——
E- 30 ;’//*—ff“ S 200 —
£ s / 150 : :
% = 100 —— nght oil ——
- = 50 —--DJO |[—
E 15 —— Light oil 0 . 1 . ; |
= 1: - DJO 20 35 50 65 80
[=]
0 . . . . Brake power, [%0]
=0 35 S0 63 a0 Fig.7. Evolution of CO emission.
Brake power, [%0]
Fig.5. Evolution of brake thermal efficiency. 800
700 =
The variation of brake thermal efficiency of thegare — 600 g
running by light and Jatropha oils is shown in F&6. E 500 s
From the test results it was observed that injtiafith 400 —— =
increasing of brake powers the thermal efficienaés g 300 = = —— Light oil
both fuels were increased. The efficiency of DJMbis 200 —a DJO
for about 8% with large deviation at high load camgul 100
to light oil. This is because of it low heating waland its 0 - r - r -
poor combustion which reduce the ability to contbe 20 35 50 65 80
energy from the oil. Brake power, [%6]
_ Fig.8. Evolution of NOx emission
E‘ 400
,f 350
£ 300
2 250 - 160 . —— Light oil
- e 140 == —=— DJO
§ 200 —— ey T
2 150 = e
2 100 —— Light oil E 100 = —
= - DJO | B B
E 50 d ig \ e ®
4] 0 T T T T 1 - 2
20 3s 50 65 80 40
Brake power, [%0] 20
0 T T T
Fig.6. Evolution of exhaust gas temperature. 20 15 56 65 80

The Figure 6 shows the variation of exhaust gas Brekcpemer: []

temperature with loads in the range of 8 to 32 kW f Fig.9. Evolution of HC emission
light oil and DJO. The results show that the exhgas o _ _
temperatures increased with increasing of brakeepdanv The NOx emission is related to the combustion

all cases. Exhaust gas temperatures of each faeh@r temperature. Higher combustion temperature givesemo
so much different, this shows that most of the fugin NOx emission. The Figure 8 shows that the values of
in the main combustion and they have similar NOx emission for light oil and DJO are close eagh t
combustion temperatures. For records these values aother. These values are increased with increadirigeo
started from 150°C to 368°C respectively for 20% toloads. The values of NOx were varied from 231 ppm t
80% loads. 701 ppm respectively for 20% and 80% loads.
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The HC concentration found in exhaust gas is shownresults which is proven that the higher BSFC and lo

in the Figure 9. Jatropha oil exhibits higher HC
emissions compared to standard diesel operatios.i$h

thermal efficiency of DJO are proportional to it
properties as vegetable fuel regarding to fossél,fu

because JCO have higher viscosity which causes poowhereas an exhaust gas temperature was presemrted th

atomization. The poor atomization leads the incatepl
combustion and increases more unburned fuel inwestha
gas. The gap of HC density between these two kifids
fuels is in average 22%. The Figure 9 shows fohbot
fuels the drop of HC density when loads are inerdas
For DJO it changes from 149.4 ppm to 82.24 ppmevhil
for light oil the variation is from 124.37 ppm t®.@
ppm.

An evolution of the CO2 and O2 emissions with
variation of the power loads is shown in Figure The
concentrations of the CO2 for light oil and DJO are
similar. The values of CO2 for both fuels were gased
from 3.04% to 7.51% with increasing of the loads
respectively from 20% to 80%. In inverse, the valoé
oxygen for the both fuels were decreased with asirey
of the loads. The amounts of O2 emission for batHsf
are very close each to other in range of 16.73%2086

similar evolution with the loads. The results ofigsion
test were also acceptable. The amount of NOx, HQ2,C
and O2 gases were very close each to other fortheth
fuels, except for CO emission that shown higheloat
power load. As mentioned hereinabove it is not esce
382 ppm. This result seems better comparing toevalu
recorded at durability test.

The durability and performance tests are fully
confirmed the possibility of straight wuse of
dephosphorized Jatropha oil as alternative fuali@sel
engine generator. The research and development is
continuing to improve the combustion technology and
energy efficiency from Jatropha seed oil.

For improvement of the combustion we recommend
that the viscosity of DJO should be reduced moems th
indicated value by modifying heat exchanger. This
change is not caused any damage for diesel engiste,

load and around 10.71% for 80% load. This shows theto extend the flown time of DJO in heat exchanger.

regular proportion of the combustion product aftexl is
burned with oxygen in air.

—— Light oil (CO2)
—— DJO (CO2)
—+— Light oil (02)

« DJO (02)

20 35 S0 65 30

Brake power, [%6]

Fig.10. Evolution of CO2 and O2 emissions.

7. CONCLUSIONS

An experimental investigation was conducted to
explore the performance of Jatropha oil in diesgiree
generator. The improvement results show that nogsti
seed is squeezed efficiently. Jatropha crude ail loa

extracted 30% by weight from the seed. Phosphor

remaining in DJO was around 10 ppm. It has been
removed by development of water degumming method.
The combustion has been improved by rising injectio

pressure for 16%. The kinematic viscosity of DJGswa

reduced to around 20nffa by using the heat released

from cooling water that allows engine operated
smoothly.

The results of exhaust gas emission during dutgbili
test show that only the amount of CO concentratoyn
DJO was higher than which of light oil, but it islls
acceptable for this kind of machine. The valueghaf
other exhaust gas emission for DJO are comparaitie w
light oil. Overhaul check has been done and shdwb t
the engine components are still in normal operation
conditions.

The engine performance test provided us very sadisf
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As mentioned before, we advise to use DJO as fuel f
diesel engine generator. In this case we can ieserea
energy balance by using biomass gasification from
Jatropha seed cake to mix with DJO for running aelies
engine generator. The development of generation
technology by mixed combustion of biomass fuel from
JCO and Jatropha seed cake is being experimented.

In the near future, we expect that with increasifighe
price of the light oil Rural Electrification Entregneurs
(REE) in remote areas, where Jatropha seeds are
available, will refer to use straight DJO or biosas
gasification in their power plant to generate eleity.

We estimate also, when DJO production is grown, in
term of industrial scale, widely practical applioas of

DJO will be suitable for many kinds of agricultural
machines with modification of diesel engine fuepsly
system.
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e e, Diagnosis Techniques for Condition Assessment of Rer
VL
LQ < Transformer Load Tap Changer
}"’r% Juthathip Haema, Rattanakorn Phadungthin, and PoeagaSuwanasri
a,D

Abstract— Power transformers in Thailand are failed mostly due to load tap changer failures. To evaluate the
condition of the load tap changer, four categories of diagnostics consisting of contact condition analysis, oil
contamination analysis, dielectric property analysis of the insulating oil and dissolved gas analysis are proposed in this
work. Catastrophic consequences of the tap changer are caused by its aging mechanisms, which subsequently generate
abnormal gasesin the insulating oil. Hence, the historical test data of gases dissolved in the load tap changer oil of ten
sample transformers rating 230/115 kV 200 MVA and 115/22 kV 50 MVA are selected and analyzed by key gas, ratio,
and Duval triangle techniques. The worst case of each transformer group is investigated further by the oil
contamination and dielectric property measurements over a period of time. Then the result of this work is useful for
planning an appropriate maintenance strategy to keep the load tap changer in acceptable condition.

Keywords— Condition assessment, diagnosis techniques, fakustatistics, load tap changer, power transformer.

35.0%

1. INTRODUCTION 30.0%

@ Flashever

W Dity

Power transformer is one of significant equipmemt i .. |
power system. Its main function is to transforncleal ::””U
power from one voltage level to another in ordemieet 200% ek
various requirements in the networkAs power . & Notwark
transformer is very costly, adequate routine maimtee ®Dzmage

is required.Failure statistics in the last 10 years of the 10« Hshorterecit
scattering 144 failure events of 71 power transésm somer
rating 115/22 kV 50 MVA in Thailand are shown in *"

Fig.1. The failures of power transformers are cdusg 0o | =

aging effects of on load tap changer (OLTC). Thénma ActivePart Tank  Piotestion  OLTC  Bushing  Artester  Others

cause of failures from the recorded data is crabk. tap

changer aims to modify the voltage ratio of a power Fig.1. Defective Components and Their Failure Causeof
transformer by means of adding or subtracting thePower Transformer, Rating 115/22 kV 50 MVA.

tapping turns from the main windings. There are two
types of OLTC for tap selection and arcing control
method. The first part is a selector switch, atolihthe
tap selector and diverter switches are combinedthey,

as shown in Fig. 2(a). The other is so called ardér
switch type, at which both the selector and diverte

switches are separately enclosed, as shown in2f.
According to current limiting method, OLTC can be

EWrong Operation
@ Leakage

® Hotspot

classified into two types: reactor and resistore Titst is ‘
frequently used for the voltage regulation at tbev | i 5 &Es B
voltage side of the power transformer [1]. Theelais NREY g TR 8
mainly used on the high voltage side. To eliminiue 5 H‘ il > &AL i
problem of oil contamination, vacuum interruptees/é s 1 ‘;' 2 I
been introduced and used in both reactor and oesist = - ‘. Zf
types as well as for both of the selector and ikerter el N
switch types.

(a) (b)

Juthathip Haema and Rattanakorn Phadungthin &umomaling Fig.2. Type of On Load Tap Changer [2].
author) are with the College of Industrial Techgio(CIT), King (@) Selector Switch  (b) ~Diverter Switch

Mongkut’s University of Technology North Bangkok NKUTNB),

Thailand. Phone: +66-2913-2500 Ext: 2914; Fax: 2863-5805; However, only reactor type with the selector anel th
Email: rattanakornp@kmutnb.ac.th diverter switches is investigated in this paperhwit

Thanapong Suwanasri (Dr.-Ing.) is an Assistant ésir at the ; i it ;
Sirindhorn International Thai — German Graduate oBth of proposed diagnostics for the condition evaluatiés.a

Engineering (TGGS), KMUTNB, Thailand. tap changer faces various aging mechanisms,
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insulating oil inside the tap changer housing bee®m when the oil is service-aged. This accelerates a
dirty. Moreover, the abnormal gases from arc anat he degradation of transformer insulation and decreases
due to the switching of diverter switch are gerestat transformer cooling efficiency [3]. The maximum weat
Thus, the quality of the insulating oil is primaril content in the insulating oil for all high voltage
concerned. Therefore, this paper focuses on conditi transformer ratings is 45 parts per million (ppm).
assessment of OLTC insulating oil of ten transfasme . . . .
rating 230/115 kV 200 MVA and 115/22 kV 50 MVA as 23 %ﬁ'ec”'c Property Analysis of OLTC Insulating
examples by applying dissolved gas analysis method

with three techniques: key gas, ratio and Duvalngle. Two measurements consisting of dielectric streragtt
The integrity of the insulating oil is firstly chieed by power factor are used to analyze dielectric prgpeft
the key gas and ratio techniques. The Duval triangl OLTC insulating oil. The limit values are presentad
subsequently used to identify the fault type. Mesrp  Table 1.

the investigation on the worst case of each tranmsfo 1) Dielectric Srength

group is performed further by means of the oll ! ; . .
contamination as well as dielectric property tests. Dielectric strength or d|_electr|(_: brgakdown voltage
measures the ability of the insulating oil to withred the

2 BASIC KNOWLEDGE electrical stress. The low value of breakdown \g#ta

' implies that the oil has been contaminated by gelar
Due to the fact that the condition of tap changesrie of  amount of particles. Referred to the standard ASTM
significant causes to an operating performanceogign D1816 with 2 millimeter gap, the acceptable minimum
transformer, the condition of the tap changer amel t breakdown voltage is 30 kV for all power transforme
integrity its insulating oil should be evaluatedheT
diagnosis tests comprise four main groups such as
contact condition analysis, oil contamination as&ly
dielectric property analysis of the insulating adnd
dissolved gas analysis (DGA). The first three gsoop
the diagnosis tests are utilized for accessingtmelition
of the tap changer and its insulating oil. The,|l&GA
analysis, is applied to identify the possible fayles
from gases dissolved in the insulating oil.

2) Power Factor

Power factor indicates the dielectric loss in the
insulating oil. A high power factor means detertama
and/or contamination of the oil. As the power facto
value is dependent on temperature, the measuregsval
should be converted to the reference temperatii@ Bo

a correcting factor (CF). The value above or eqodl.0
indicates poor condition of dielectric property.[4]

2.1 Contact Condition Analysis Table 1. Limit Value of Each Diagnostic Test
Condition of tap changer contact can be assesséddy Analysis Diagnostic Test Limit Value
measurements: transition resistance and contact. wea Transition
The limits of these tests are shown in Table 1. Resistance =5 Good
1) Transition Resistance OLTC Contact—eDeviation) >5 Poor
The measured value of transition resistance is Contact Wear <1 Good
compared to the nameplate value. The maximum bifit (mm/100,000 51 Poor
deviation for transition resistance is 5% otherwibe operations)
contact condition is poor. <1.0 Good
2) Contact Wear Color 1-54 Suspect
The wear of the main switching contacts and the OLTC Oil 255 Poor
transition contacts is measured in terms of miltene  Contamination <20 Good
(mm) per 100,000 tap change operations to evalhate Water Content 5 _ 44 Suspect
contact wear condition. If it exceeds 1 mm/100,000 [ppm] > 45 Poor

operations, the contact is in poor condition.

. . > 46 Good
2.2 OLTC QOil Contamination Analysis D|elect[L|<\:/]Strength 31-45 Suspect
Condition evaluation of the oil contamination cae b Dgll_e-lt-:(t:ric =30 Poor
performed by two measurements such as color aner wat Property o4 Power factor at <0.05 Good
content. The limits of these tests are shown inéab 20 °C 0.06 -0.9 Suspect
1) Color >1.0 Poor

Color is represented by a number, which is compared
with co_lor standard to assess v_vhether or not thésoi. 2.4 OLTC Dissolved Gas Analysis
contaminated. Poor condition is represented by high _ _
color number. The maximum limit of the color number Dissolved gas analysis, so called DGA, is a wetn
for the load tap changer is 5.5 for all high vottag technique for insulating oil analysis to identifycipient

transformer ratings. faults inside transformers before catastrophic dpesa
occur [5]. Nowadays, it becomes one of routine
2) Water Content measurements for all power transformers. The DGA of

Some water content always occurs in the transformer
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OLTC, insulating oil used in the analysis, consisfs
three techniques as key gas, ratios and Duvaldgiean
The key gas method is primarily used to evaluate th
condition of the insulating oil by applying scorimad
weighting technique. The scoring is utilized fonddion
classification into three levels: good, suspect podr. #

Key Gas

The weighting is determined according to the imaioce

of each gas. The oil condition is eventually préseérby S

color indicators: green indicating good conditiar - Z(S W)

40% DGA factor (DGAF), yellow indicating fair %HI = =———*100
condition for 41%-60%, and red indicating poor Z(Sma&*V\A)
condition for 61%-100%. Subsequently, the ratiolrodt i=

is used to evaluate the oil condition accordingito
specified good and poor limits. Finally, the Duval
triangle technique is applied to identify the fayle.

1) Key GasMethod
The four key gases are GkMethane), GHg (Ethane),
C,H, (Ethylene) and @1, (Acetylene). The limit values  Fig. 3. Working Procedure of OLTC Oil Condition
of each key gas for OLTC are summarized in Table 2Evaluation by Key Gas Method.
[6]. Working procedure of the oil condition evaligat is
shown in Fig. 3. The abbreviation “n” is 4 becao$el Table 3. Limit Value of Each Ratio for OLTC Oil

types of key gases

Gas Ratio Limit Value
Table 2. Limit Value of Each Key Gas for OLTC Oil 1. Ratiol: (CH+CHg+CoHy) / <0.5 Good
Si (Ho+CHg+CoHy+ CH, +CoHe) >0.5 Poor
Type 1 4 Wi <2.0 Good
Gas 2 3 2. Ratio2: (C Hg+C,H,4)/(CoH
Good Poor atio ( H+C2 6 CZ 4)( 2! 2) 220 Poor
CH, <30 30-50 50-100 >100 3 -+ Ratio 3 o <1.0 Good
Vacuu C:Hs <20 20-30 40-50 >50 3 - Ratio 3 : (GH4/CHy) 51.0  Poor
m CH, <50 50-100 100-200>200 4
CH, <3 3-4 4-5 >5 5
CH; <100 100-200 200-300 >300 3
... CHg <50 50-100 100-200>200 3
Resisti
ve C,H,; <200 200-400 400-600 >600 5
500- 1000-
C,H, <500 1000 5000 >500 3
~ CH; <200 200-300 300-700 >700 3
Reactiv
e C,Hg <100 100-150 150-500 >500 3
(Divert ) 500-
or C,H,; <300 300-500 1400 >1400 5
Comp.) <100 1000- 3000-
Reactiv CH; <50 50-150 150-250>250 3
€ CHs <30 30-50 50-100 >100 3
(Select ° ° -
or C:H; <100 100-200 200-500 >500 5 Fault Codes:
Comp.) C,H, <10 10-20 20-25 >25 3 N: Normal Operation
T2: Severe thermal fault (300-700°C), coking
T3: Severe thermal fault (above 700°C), heaking
2) Ratio Method X1: Abnormal arcing or thermal fault in gress
The five combustible gases dissolved in the insujat X3: Fault T3 or T2 in progress (mostly) with ligtaking or
oil and used for ratio calculation are fHydrogen), CH increased resistance of contacts. O, sevemegarc
(Methane), GHg (Ethane), GH, (Ethylene), and &, D1: Abnormal Arcing
(Acetylene). The ratios and their limits are shon gy 4 coordinate and Fault Zones of the Duval Triagle
Table 3 for Oil Type Load Tap Changer.
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3) Duval Triangle Method :333
The Duval triangle method concerns only three 3500
hydrocarbon gases: GH GCH, and GH.. 3000
Concentrations in ppm of the gases are expressed s g 250
percentages of the total of GHC,H,+C,H, and plotted &> 2000

as a coordinated point of %GH6CH,, and %GH, in a 1500
Duval triangle. Fig. 3 shows several fault typesthus éggg
Duval triangle for load tap changers of oil typé [7 0.000
Tx=1 Txz2 T=3 Tz4 T=5
3. ANALYSIS AND TEST RESULTS
M Eatiol 0.828 0.604 0.445 0,553 0,489

The available historical test data of OLTC insulgtboil
of ten sample transformers rating 230/115 kV 200AVMV M Ratio2 | 3.923 2.663 2.040 2.645 2.323
and 115/22 kV 50 MVA are selected in the analysis.
Firstly, the data in 2009 of the first group indhugl five
sample 200 MVA transformers is analyzed by the DGA kg5 Ratio Values of Dissolved Gases of the First
method with three different techniques. It is falled by Transformer Group.

focusing on the worst case by means of oil contatitn

[ Ratio3 2,887 1.911 1.329 1.564 1.581

and dielectric property tests. After that the secgroup Table 5. Percentage of Duval Gases of the First
data in 2009 of five sample 50 MVA transformers is Transformer Group
analyzed with a similar procedure. Tx
. . Tx1 Tx2 Tx3 Tx4 Tx5

3.1 TheFirst Group of Transformerswith 200 MVA Key G

1) OLTC Insulating Oil Condition of Five Sample %CH,  24.052 29.485 36.010 30.083 32.877
Transformers o

According to the DGA test result of the 200 MVA #CH,  64.624 56.350 47.846 56.087 51.971
transformers shown in Table 4, concentrations im o %CH, 11.323 14.165 16.145 13.831 15.152

gases dissolved in the oil of all five transformars very
high. To interpret the result, three techniquethefDGA
method are applied.

* Duval Triangle Technique

The percentages of three gases in the Duval tgang
technique are represented in Table 5. By plottmegé

Gas percentages of five sample transformers in the Duva

Tx H» CH; C)H, GCHy CoHg triangle, all coordination points are in X3 zoneshswn
in Fig. 6. It means that the OLTC should be inspador
Tx1 14349 7033 14939 40138 11437 light coking sign or resistance of contacts or seve
Tx2 220 1141 2375 4539 644 arcing.
Tx3 27977 6861 15303 20333 4022
Tx4 12688 5249 11417 21286 3661

x5 19749 6283 12146 20767 3690

Table 4. DGA Result of the First Transformer Group

» Key Gas Technique

The %DGAF is obtained from the calculation of
OLTC insulating oil condition. The obtained resudise
that the %DGAF of four transformers equals 100%davhi
the other is 89%. This implies very poor condit@frthe
insulating oil for all sample transformers reprasednby
red color indicators.

* Ratio Technique

The results of three ratios calculated by using the
concentration in ppm of three gases generatedeiroih
are shown in Fig. 5. It can be seen that threestoamers
which are Tx1, Tx2 and Tx4 encounter critical OL®IC

problem as their three ratio values exceed thedimi Purple = Tx1, Green = Tx2, Orange = Tx3, Red =
Tx4, and Blue = Tx5

Fig.6. Duval Triangle of the First Transformer Group.
All oil conditions of the first transformer grouphich

are assessed by three distinguish techniques d@r
methods, are summarized in Table 6.
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Table 6. OLTC Qil Condition by the DGA Method of the addition, the values of power factor corrected @C2
First Transformer Group seemed to increase over time even in good condition

200MVA These results indicate that the insulating oil bé t
Rated transformer faces the problem of withstanding the
electrical stress due to oil contamination withtigées.

Test

Key Gas Method 3.2 The Second Group of Transformerswith 50 MVA

: 1) OLTC Insulating Oil Condition of Five Sample
Ratiol
_ Transformers
Ratio Ratio2 The DGA test result of the 50 MVA transformers is
Method - shown in Table 9. The number of gas concentration i
Ratio3 ppm dissolved in the insulating oil of these fiva@ple
Duval Triangle transformers is very high when compared to theiits.
Method Three techniques of the DGA method are applied for
R=Red or poor condition and G=Green or good result interpretation.
condition
Table 9. DGA Result of the Second Transformer Group
2) OLTC Insulating Qil Condition of the Worst Case Gas
of the 200 MVA Sample Transformers (Tx1) TX H, CH,  CH CHs GCoHe
* Oil Contamination Test Tx1 7227 1713 15239 3243 307
The test results of color and water content during Tx2 11032 2636 2208 2440 220

2006-2009 of Tx1 are shown in Table 7. It is sdwat t
the values of water content have been in suspect T3 33971 26250 19924 31197 6189
condition since 2006, but poor condition occurslity x4 3899 542 4877 1024 172

2009. The values of color have been zero, whichewer Tx5 8888 2269 207 887 299

within the limit. However, the water content result

imply that the insulating oil of this transformes i

contaminated with water and other particles. * Key Gas Technique _ .
As the very high concentration of combustible gases

the calculated %DGAF is 100% as very poor condition
for all five sample transformers. This indicateattthese
transformers must be immediately inspected to avoid
severe problem.

Table 7. Oil Contamination Test Result of 200 MVA Tx1

Diagnostic Test Result for Oil Contamination

Date Color Water Content [ppm] « Ratio Technique

19/04/2006 0 37 The calculated results of three ratios are showfridn
7. The result shows that the most critical tap gean

19/09/2007 0 32 o . NS !
condition is TX3 with all out-of-limit ratios. Itsi clearly
26/11/2007 0 38 seen that Tx5 may face a problem of its OLTC irtiuga
24/06/2008 0 42 oil because the value of second ratio is very high.
04/06/2009 0 33
18,000
13/07/2009 0 45 16.000
14,000
Table 8. Dielectric Property Test Result of 200 MVATX1 . ﬁggg
Diagnostic Test for Oil Contamination > iggg
Date Break Down Voltage %PF 4.000
) 0 g L kb
04/05/2003 37.30 0.01 0.000 = —
21/12/2004 28.46 0.01 Txlo| Tx2 | Tx3 ) T TXS
04/06/2006 45.42 0.03 W Ratiol | 0178 0.125 0.643 0.135 0.346
11/03/2007 41.98 0.04 W Ratio2| 0345 | 2399 | 2194 | 0356 | 15691
* Dielectric Property Test M Ratio3 | 0.213 1105 1.566 0.210 4,285

The results of dielectric strength and power factor
tested during 2003-2007 are presented in Tableh&. T
values of dielectric strength have mostly beenuispsct
condition, but in 2004 the condition was poor. |

Fig.7. Ratio Values of Dissolved Gases of the Sedon
n Transformer Group.
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» Duval Triangle Technique

2) OLTC Insulating Oil Condition of the Worst Case

Referred to the percentages of Duval gases in Tablef the 50 MVA Sample Transformers (Tx3)

10, the coordinated points of Tx2 and Tx3 are in X3
zone, indicating arcing problem. The coordinati6éi ol
and Tx4 are in N-zone indicating normal operation,
while Tx5 is in T2 indicating severe thermal fault.

Table 10. Percentage of Duval Gases of the Second
Transformer Group

Key O b Tx1 Tx2 Tx3 Tx4 Tx5
%CH, 75.459 30.313 25.751 75.695 6.155
%CH, 16.058 33.498 40.321 15.893 26.375
%CH, 8.482 36.189 33.927 8.412 67.470

Purple = Tx1, Green = Tx2, Orange = Tx3, Red =
Tx4, Blue = Tx5

Fig.8. Duval Gases of the Second Transformer Group.

The oil conditions of the second transformer groyp

* Oil Contamination Test

As seen from Table 12, the values of water content
have been in good condition since 2008. These teesul
show that the transformer did not face the probdémil
contamination.

Table 12. Oil Contamination Test Result of 50 MVA Tx3

Diagnostic Test for Oil Contamination

Date Color Water Content
19/03/2008 0 9
08/04/2008 0 8
11/03/2009 0 10

* Dielectric Property Test

The available results of dielectric strength anevgo
factor were recorded during 2004-2008 and sumnmrize
in Table 13. The value of the dielectric strengthsvin
good condition in 2007. After that it decreasesuspect
condition in 2008. For power factor values corrdcte
20°C, the data is not available for the analysisese
results referring to the dielectric strength impiat the
insulating oil of the transformer should be takarec

Table 13. Dielectric Property Test Result of 50 MVATX3

Diagnostic Test for Oil Contamination

Date BD %PF
10/02/2004 42.32 N/A
27/02/2006 44.82 N/A
21/02/2007 46.32 N/A
06/02/2008 42.46 N/A

4. CONCLUSION

Condition evaluation of power transformer load tap

three different techniques of the DGA methods arechanger can be accessed by four diagnostic teatstiqu

accessed and summarized in Table 11.

Table 11. OLTC Oil Condition by the DGA Method of the
Second Transformer Group

Rated 50MVA
Test TX1 | Tx2| Tx3| Tx4| Tx5
Key Gas Method
Ratio Ratiol
Method Rat!oz
Ratio3
Duval Triangle
Method
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OLTC contact, oil contamination, dielectric propyeand
DGA. Due to available historical OLTC test resutts
data of reactor type with the selector and the rifive
switches is used in the analysis by applying tfugppsed
diagnostics. First of all, the insulating oil cotiolis of
ten transformers rating 230/115 kV 200 MVA and
115/22 kV 50 MVA are assessed by the DGA method
with key gas and ratio techniques. The Duval triang
subsequently applied to identify the fault type.idt
clearly seen that only one technique is not reconuaé

to detect faults inside the transformer. After thhé
investigation on the worst two cases is additignall
performed by using the oil contamination and diglec
property tests.Therefore, according to the known
condition and specific problem of power transforsner
OLTC, it is recommended that maintenance strategly a
time interval should be planned to diminish catgstic
damage occurrence to the power transformer and its
network. As the OLTC condition evaluation is still
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further researched in the utility in Thailand foeting
higher reliability, all proposed techniques excBpival
triangle are used in practice now. The trianglepsonal
because it is one of popular techniques in the dvorl
Among the proposed techniques, the DGA with key gas
technique is more popular in practice althougls inuch
more expensive tool than the others. Furthermdter a
some transformers in the network are untanked hed t
inspection is done, it seems that the ratio metnaght
be unreliable technique whereas other techniquesldh
be combined together to increase the reliabilitythof
analysis.
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e e, A Multi-objective Optimal Placement of Multi-Type DG for
$ 5 % Enhancement of Power System Performance by NSGA-II
}"fm% Kittavit Buayai, | Made Wartana, Sasidharan Sreegiha

619

and Weerakorn Ongsakul

Abstract— This paper proposes a multi-objective optimal placement of multi-type distributed generator (DG) for
enhancement of power system performance. A Pareto-based non-dominated sorting genetic algorithm 11 (NSGA-I1) is
proposed to determine locations and sizes of specified number of DG units within the power network. Three objective
functions are considered as the indexes of the system performance: maximization the Normal Operation Loadability
(NOL) (i.e. the maximum loading which can be supplied by the system while the voltages at all nodes and transmission
lines loading are kept within the limits), minimization of the system real power loss and minimization of the annualized
investment costs of DG. A fuzzy decision making analysis is used to obtain the final trade off optimal solution. The
proposed methodology has been tested on modified |EEE 14-bus system. Test results indicate that NSGA-I1 is a viable
planning tool for practical DG placement in improving the steady state system performance of the power system by the
optimal allocation, setting and sizing multi-type DG.

Keywords— Distributed Generation, Multi-objective optimization, NSGA-II, PSAT, System loadability.

profile for radial network. The fuzzy power flow is
1. INTRODUCTION presented in [6]. In [7] DG siting and sizing pretn is

L fulfilled to compromise multi-objective function
Distributed generators (DG), based on renewableggne consisting of energy not-supplied cost, improvingtof

technologies are becoming popular as they addres§anvork and energy loss cost. In [8, 9], DG sitamy

climate change and energy security issues to S.om%izing problem in distribution network are analyzed
extent. Renewable energy based DGs do not Com”bUtimprove only power loss by particle swarm

to GHG emission and also diversity of sources also . the previous work, we can conclude that the
increases due to different renewable energy optibats most of the problem of optimal placement and sizfig

address energy security concerns. Apart from cémat o5 g generally formulated as single-objective
change and energy security concerns, there are othgnimization problems that optimize a single ohijext
driving forces for increasing penetration of DG in gnction or transform several objectives to a sngl
distribution system [1]. There are a number of téchl objective by aggregating them. Two the most common

benefits that the DG can bring such as better gelta used of this optimization are the weighted sum weth
profile, loss reduction and reliability improvement and the £-constrained method [10]. More study is

Several approaches to solve the DG siting and gizin required to define adequate weights and master

problem in distribution system have been proposed. objectives, respectively, and the problem is derimand

[2], they use evolutionary programing approach for hi ; ; .
. . . : gh computational effort. Therefore, multiple otijee
optimal placment and size of DG in a radial feeddre optimizations are needed in DG placement.

objective is minimize the system real power losdyriu . A .
distributed generation for a mixed realistic loaddal is plz-;lr: elfn erﬁ)? p;r m%ﬁzﬁ?/zzs Ofa D(rsn u:grozjﬁﬁgxien?gr?tmg;
and sizing of DG units In & MG based on joss sty POVET System performance. A Pareto-based NSGAI i
R ; . proposed to find locations and sizes of a specifie

factor and priority list compare with analyticalpapach L oo
is develo eF:j b {3] Asimple methodolow form‘t)ag:ia number of DG within Power system. Multi-objective
distributeg ger?lerat'or withp the view ofgi%cre;sir’rget functions include maximize NOL within system setwri

- T . margin, minimize system real power loss and annedli
loadability of the distribution system is presentsda]. investment cost. The final decision will be madethg

In [5], Fhey use exact loss .forml.JIa.for .optimalqﬁment fuzzy method to find the tradeoff solutions amohgeé

and size of DG in radial distribution system. The different objective functions

objectn_/_e is_minimizingthe system real power IOS.S’ The rest of this paper is organized as follows:tiSec
Ioada_b|I|ty and voltag_e stab!hty index. A Ge_znenc 2 illustrates the DG placement problem formulation.
Algorithm (G.A) com_bmed with power analysis to Section 3 presents a NSGA-II approach for the DG
evaluate DG impacts in system power losses andgelt placement. Results and discussions are presented in
Section 4. Section 5 summarizes the conclusion and
contribution of the paper.

Kittavit Buayai (corresponding author), | Made Wamd, Sasidharan
Sreedharan, and Weerakorn Ongsakul are with Erfésdg of Study, 2. DG PLANNING PROBLEM FORMULATION
School of Environment, Resoureces and Developn#aian Institute
of  Technology, Pathumthani 12120, Thailand. Email: The normal operation of power system presupposas th
st104642@ait.ac.th.
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a number of constraint parameters are maintainduirwvi  The equation indicates that appropriate voltage
predetermined bounds of which the most significargs magnitudes are close to 1 p.u. The valuB¥¥, equals
are voltage and frequency. The quality of interemted to 1 if the voltage level falls between the voltage
operation of DG to the grid is specified in terms o minimal and maximal limits. Outside the randavV;
operational constraints. DG cluster is assumed €0 b increases exponentially with the voltage deviation.
under the direct supervision and control of thdityti The second parQLL;, relates to the branch loading
operators. The system design assures that thesalys  and penalizes overloads in the lines. SimilaBy,;, The
unidirectional power flow from DG to the grid artiete value ofOLL; equals to 1 if the jth branch loading is less
is safe operation in the event of fault conditiemsboth than its rating. OLL; increases logarithm (actual
sides (DG and grid) by using suitable protectioniakss. logarithm) with the overload and it can be calcedat
The harmonics analyses are not considered. The Imoddrom:

study is conducted in MATLAB - PSAT environment

using NSGA-Il algorithm. The multi-objective 1 if P <pP™
optimization technique to determine the optimal ! !

locations and sizes of DG units within power sysism OLL; = Pi |l . i
as follows: exp| Mo L- e || if P, = P™,
]
2.1 Multi-objective 7)

where P; and P"*are the real power flow between
Min f(x) =[f,(x), f,(x), f5(x)] @ busesi andj and the thermal limit for the line between
buses andj respectively.l o, is the coefficient which

wheref,, f, and f,represent : normal operation . i )
is used to adjust the slope of the exponentialtfanc

loadability, system real power loss, and annualized

investment cost respectively. 2.1.2 Minimize the systemreal power l0ss
2.1.1 Maximize the normal operation loadability
Min f,(x,u)=R (8)
Ma.X fl(x! U) :{A} (2)
2.1.3 Minimize the annualized Investment Cost
Ne N,
SUbjeCt towL= BW + AL . Npg
le ] ,Zl H 3) Min  fy(x,u)=>" AR xUC XCpg nax ©)

i=1

whereVL is the bus violations and thermal limit factors,

BV, and OLL; represent the bus voltage violation factor __1N€ annualized investment cost of DG uiitis
and the overloaded line factor respectively and bel ~ @sSumed to be proportional with the maximum raohg

expatiated on latelNe and N, are the total load buses DG, where the unit cody C, is in ($/KVA). TheU C, is
and numbers of transmission lines respectively;lasc different for different type of generating unitshed total
loading parameter of the system, i.e. a scalarabbgi  of investment cost is transformed to cash valuéhm

which multiplies the load direction as follows: beginning of the planning period by using econoimica
expression (i.e. annual cost based on certaingstteate
R()=AR, 4 and life span)AF; is the annualized factor associated
with the installation cost (annual cost based ortage
Q,(1)=1Q, 5) interest ratei' and life spanT’) as shown in (10).
If the A = 1, indicates the base load case. The NOL is _(i/100)(1+i /100) (10)
the maximum loading which can be supplied by the P @+i/100y -1

system while the voltages at all nodes and the all
branches loading are kept within the limits. _
The NOL constrain contains two parts. The firsttpa 2-2 Dependentand Control Variables

BWV; in (3) concerns the voltage levels for each bus of|n the three objective functionss is the vector of

the power network. The value BWV is defined as: dependent variables such as slack bus pdwegr load
bus voltageV,, generator reactive power outp@g and
B L f0.9<V, <11 (4 apparent power flow. x can be expressed as:
7 lexp(Tgw L-V,|); otherwise

x" =[Ps Vi,V Qg Qs . S,Sy, 1 (1)
where BV, is the bus voltage violation factor at bjus
and g, represents the coefficient used to adjust the
slope of the exponential function in the above #&qua

Furthermorey is a set of the control variables such as
generator real power outpug except at the slack bus
Pc1, generator voltagegs, the locations of DG unitg,,
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and their setting parametetscan be expressed as:

=[Ps,..Ps,_.
Qs,,1 4]

Poo Ve, Ve, oLy --Ly 1 Qq -
(12)

where Ng is the total number of DG devices to be
optimally located, and\; to N, are the total numbers of

PV and MT respectively. The equality and inequality f(x) =[£,(X), f,(x), f (X)]+Z (P

constraints of the NRPF problem incorporating D@ ar
given bellow.

2.3 Equality Constraints method.
These constraints load flow

equations as follows:

represent the typical

3. NSGA-Il FOR DG PLACEMENT

A NSGA-Il combined with NRPF based on PSAT [12] is
used to solve multi-objective optimization to idént
appropriate sizes and locations of a specified rarbles
unit within power system. The fitness function fibe
above problem can be written as

u, @6

kp=1

The final trade off solution is determined by thizdy

3.1 NSGA-11 Algorithm

In case of multiple conflicting objectives, theraymot

; Fa = ; Ri+R (13)
ZN: i instead of
QGI QDI +QL

where N is the number of busefs and Q; are real
power reactive power generated by generating unit
(including slack bus) respectively, in MW.

2.4 Inequality Constraints

exist one solution which is the best compromisedibr
objectives. Therefore, a “trade-off” solution iseded

a single solution in multi-objective

optimization. Non-dominated sorting genetic aldurit
(NSGA) uses nondominated sorting and sharing has no
been widely used mainly because of
computational complexity, (i) nonelitism approaahd
(i) the need for specifying a sharing parameid8GA-
Il'is developed to overcome these difficulties [1B3].
NSGA-II is one of the most efficient algorithms for

() high

multi-objective optimization on a number of benchikna

The inequality constraints are limits of controkiahles
and state variables. Generator active poRgrreactive
powerQg and voltage/s are restricted by their limits as
follows:

problems [14].
approach, the multi-objective of MG planning isaiaed

without the need for any tunable weights or paranset
As a result, the proposed methodology is applicable

In addition, with NSGA-Il based

solving microgrid planning in a distribution networ

I:)DGi,mm = PDGI = PDGI max
QDGi,min = QDGi = QDGi ,max (14)
Mln <M =M .
follows:
‘ ‘ <R bi,max
Step 1
The load factof. is constrained by its limits as: Step 2
OSA<A™ (15) Step 3

2.5 Distributed Generation Model

DG units are modeled as synchronous generators for Stept:
small hydro power, geothermal power, combined &ycle
and combustion turbines. They are treated as immuct

generators for wind and micro hydro power. DG units
are considered as power electronic inverter geoesat

such as micro gas turbines, solar power, photaeolta
power and fuel cells [11]. In general, DG can be
classified into four types:

Step 5
Step 6

Step 7
* Type 1: DG capable of injecting constant P only
(PV)
* Type 2: DG capable of injecting both P and Q
(Micro Turbine)

e Type 3: DG capable of injecting constant P but
consumes Q (Wind Turbine)

e Type 4. DG capable of delivering Q only
(Synchronous condenser).

Step 8

Step 9

NSGA-II has been developed to determine locatioms a
sizes of DG units within MG area. The NSGA-II
procedure can be found in [14] and may be stated as

Create a random parent population of size N;

Sort the population based on the
nondomination;

Assign each solution a fithess (or rank) equal
to its nondomination level (minimization of
fitness is assumed);

Use the usual binary tournament selection,
recombination, and mutation operators to
create a new offspring population of size N;

Combine the offspring and parent population
to form extended population of size 2N;

Sort the extended population based on
nodomination;

Fill new population of size N with the
individuals from the sorting fronts starting
from the best;

Invoke the crowding comparison operator to
ensure diversity if a front can only partially

fill the next generation (This strategy is called
“niching”);

Repeat the steps 2 to 8 until the stopping
criterion is met. The stopping criterion may

be a specified number of generations.
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It is clear from the above description that NSGA-II
uses (i) a fast non-dominated sorting approach,afii
elitist strategy, and (iii) no niching paramete4].1

For each iteration k do:

1) R* =P* O Q¥ (combine parent and offspring
population)

F =non _dom _ sort (R") (Application the
non-dominated sorting on KR

P¥*l=pgi=1

2)

3)

4) until ‘pk*l

+|F|< N (until the parent

population is filled)

a. i=i+l

b. Calculate the crowding distance for each
particle inF;

c. P“=P“'OF!

Sort (F) (sort in descending order)

‘Pk+1 :‘Pk+l 0 Fi (N _‘Pk+1

_‘ k+1

5)
6)

) (Choose the

first N elements of P

Q“* (use selection, crossover and mutation to
create a new population with usinf\

k=k+1

7)

3.2 Fuzzy Method for Best compromise Solution

Once the Pareto optimal set is obtained, it is taralcto
select one solution from all solutions that satisfi
different goals to some extent. Such a solutichésbest
compromise solution. In this paper, a simple linear
membership function is considered for each of the
objective functions. The membership function isireked

as follow [15].

1 f(z)< fmn
@)= g @)
0 f(2)2 fm™

The membership functionu, (z) is varied between 0
and 1, wherey;, (z) = 0 indicates incompatibility of the
solution with the set, whiley, (z2)= 1 means full

compatibility. Figure 1 illustrates the graph ofisth
membership function.

The compromised solution can be found by using the
normalized membership function [16]. For each non-
dominated solutiok, the normalized membership
function y* is calculated as:

(18)

100

et al. / GMSARN International Journal 5 (2011) 97 - 104

» fi(2

f max
i
Fig. 1. Linear type membership function.

In all optimizationproblems several cases in terms of
use of

Multi-type DG is considered namely:

(1) Basecase(without DG).

(2) Case 1: PV only.

(3) Case 2: GT only.

(4) Case 3: coordinated PV and GT.

4. SIMULATIONS
4.1 Analytical Tool and Test System

The load flow analysis used NRPF based on PSAT. [12]
Multi-objective optimization problem is solved by
NSGA-II.

Bus 12

High voltage side

Fig. 2. The IEEE 14-bus test system.

The power system is the modified IEEE 14-bus test
system [12, 17], which consists of two generators,
located at bus 1 and 2; three synchronous compmasat
used only for reactive power support at buses&éhd8.
The system has 11 loads totaling 362.6 MW and 513.9
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Table 2. Comparison of the results of the 3 casesesthe

14-bus test system is depicted in Figure 2. base case
4.2 Assumptions and Constraints Cases Objectives Best Compromise
In this section, it is assumed that: Base NOL(pu) 0.85
- Loads are typically represented as constant R@slo Ccase RPL (pu) 0.327
with constant power factor, and increased according Location (bus) 10,14
(4) and (5). PV only Setting (P,Q) inpu  (0.7531,0), (0.2614,0)
- NOL constrains are0 < 1. and § <100MMA (case 1) NOL (pu) 1.0211
) _ RPL (pu) 0.1710
- The maximum allowable number of DG is two. Cy(million $/year) 0.2165
- DG placement is not allowed at the same bus. Location (bus) 6,9
- All DG resources are evenly distributed within Setting (pu (0.9612,0.1207),(1.70:
medium voltage area of system. MT only 9 (pu) 0.3411)
o ) ) (case 2) NOL (pu) 1.1261
- Limitation of DG capacity taken into account (as RPL (pu) 0.0992
shown on Table A.1 in Appendix), in this paper @& n C, (million $/year) 0.5701
dependent on the category but depend on the totat Location (bus) 14.7

demand of considered power system.

4.3 Evaluation of DG placement within power system Coordina Setting (pu) (0.400,0),(1.7090,0.592
he decisi iabl idered he | i dtedPV 3)
The decisionvariables considered, are the location and ;. mT  NOL (pu) 1.0464
setting of DG units. The DG should be formed at
. : . (case 3) RPL (pu) 0.1071
medium voltage sid€13.8kV), consisting of buses &, C, + Cy(million
9,10,11,12,13, and14The NSGA-II combined with NR $/1year) 0.4172

approach is maximized the NOL loadabilityf,{,
minimizing system real power loss), and annualized
investment costf,). The best parameters for the NSGA-
Il, selected through ten runs, are given in  Table
Parameters of all DGs are shown in Table A.l in
Appendix. The number of DG to be installed will be
initially specified to two. Simulations have beearried
out for optimal placement and size of DG in 3 difet

DG configurations compared to the base case (withou
DG) as shown in Table 2.

Table 1. NSGA-II parameters

Tour
Size

. . Pool
Population Generation size Nm

c

100 100 25 2 20 20

4.3.1 Case 1: PV only

The best configuration plan of DG within MG is faliat
buses 10 and 14 with sizes of 0.7531p.u.(75.31Mhd) a
0.2614 p.u. (26.14 MW), respectivelyhe process has
been repeated for all the three cases and compéase
case as shown in the TableRigure 3 shows the Pareto
front, in the objective function space (objectivmdtion
NOL, system loss and annualized investment cost) fo
PV only. This set of solutions on the non-dominated

Case 4.3.2: MT only

The best configuration plan of DG within MG is faliat
buses 6 and 9 with sizes of 0.961 p.u. (96.12 MW a
1.703 p.u. (170.3 MW), respectively. Their optimal
setting of reactive power found to be 0.121 p.2.11
MVAR) and 0.341 p.u. (34.1 MVAR), respectively.

Case 4.3.3: Coordinated PV and MT

The best configuration plan of DG within MG is faliat
buses 14 and 7 with sizes of 0.400 p.u. (40 MW)and
1.709 p.u. (170.9 MW), respectively. Their optimal
settings of reactive power are found to be Op.u. (0
MVAR)and0.592 p.u. (59.2 MVAR), respectively.

o
[e]
o TN

o
o
*

i
g

o

L 3

o
IS

Slected solution
(1.021, 0.171, 0.2165)

EERE
B o
.

(million $year)

Annualized investment cost

1.6

. . .. . - 1.4
frontier is used by the decision maker as the irtput 'ea/po 12 L on)
select a final compromise solution by using the "er,% 01 s 1 o€t
normalized membership function in (17). Yy, ® o oadine?

Fig. 3: Pareto front to find optimal location and s$ze of DG

only.
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15 04 410 Q. System reactive power loss, in p.u.
D NOL D Real Power loss D Annualized investment cost . . . . .
0327 AF. Annualized factor associated with the installatiost of DG
5 unit |
_ ax g % ucC Unit cost of DG uniti ($/kVA)
Y Lozt Bl looB 1 o5 i Interest rate (%)
g o1 0417 g E T Life span in year
& ; g| £ P, Real power generated by generating uniin p.u.
o217 | B Q; Reactive power generated by generating unin p.u.
E S, Apparent power flow of transmission lingin p.u.
0O Beme Ol G2 om3 0 0 f™"  Minimum value of thei" objective function among all
Fig. 4. Comparison of NOL, system real power loss an max SquFlons non-domlnaﬁd. L i
annualized investment cost of DG (Typel, Type 2, aritype f Maximum value of thé™ objective function among all
1&2) and base case. solutions non-dominated.
H; (2)  Membership function (varied between 0 and 1).

Figure 4 shows the comparison of the level of NOL
improving, system real power loss and annualized H
investment cost for the base case, DG type 1, 2yand
type 1&2. Obviously, the DG type 2 is the best plath
respect to system NOL improving of 91.0% and system p,
real power loss reduction of 81.8% compared tabtme
case. For economic consideration, DG type 1 shbald
the best plan due to the lowest annualized invastme
cost. The annualized investment cost for highest. NO
level is the lowest at 0.2165 million $/year.

P

kp
N,

5. CONCLUSION

This paper proposes an efficient multi-objective DG
placement methodology. NSGA-II is used to determine
locations and sizes of a specified number of disted
generators (DG) within power system. A fuzzy dexisi
making analysis is used to obtain the final trade o
optimal solution. The proposed methodology is tbste
IEEE 14-bus system. Using the fuzzy method, DG can
improve the system performance by trading off the
maximize system NOL, minimize system real powes los [2]
and minimize annualized investment cddbreover the
method does not impose any limitation on the nunatber [3]
objectives. This work will be further extended tideess

the problem of optimal location of multi-type of DG
units to enhance system reliability.

(1]

(4]

NOMENCLATURE
A Loading parameter of the system, in p.u. [5]
VL Bus violation and thermal limit factors.

BVV, Bus voltage violation factor.

OLL  Overloaded line factor.

Ne Total load buses. [6]
N, Number of transmission line

P, Load demand at buis, in MW. [7
Q. Load demand at buis, in MVAR.

Pyoi Load demand at buisof the base case, in MW.

Qoo Load demand at bus of the base case, in MVAR. [8]
\A Actual voltage magnitude at bis in p.u.

P, Real power flow between buseandj in MW.

P System real power loss, in p.u.

102

NOL
DGi,max

Gi,min

Pf,,

Normalized membership function.
Normal operation loadability, in p.u.
Upper real power generating limit of unit in kW.

Lower real power generating limit of uriit in kW.

the violated constraint

the total number of violated constraints
the penalty factor associated with the violated
constraintu
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APPENDIX
Table A.1. Parameter for simulation
Description | Parameter of Simulation
No.
DGs

Photo Gas Turbine Wind
! DG technology Vaoltaic (Biomass) Turbine
2 DG type 1 2 3
3 Size (MVA) 0.001-200 | 0.001-200 | 0.001-200
4 Unit cost { 3/ EVA) 5250 1800 2150
3 Fuel Solar energy Biogas Wind
& Equipment Life (years) 20 10 20

Economic
1 Interest rate [ 7%
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e e, Optimization of Off-grid Hybrid Wind-Diesel Electri fication
W . .
$ 5 % in Thailand: A Case Study of Remote Island
}"’r% Bundit Limmeechokchaind Prachuab Peerapong
a,9

Abstract— This paper investigates the influence of energy efficiency in the process of siziing and optimization of
operation of off-grid hybrid wind-diesel system for electric power supply to a remote island of 90 households in the
south of Thailand. System sizing is optimized using HOMER model. The techno-economic analysis is used to investigate
the hybrid wind-diesel power plant to serve the loads of the village. This study found that the use of efficient lamp and
efficient electric appliances, which consume less electrical energy, reduces the time of operation of the diesel generator
by about 15-20% in comparison with using only diesel generator. Furthermore, the results show that greenhouse gas
emissions can be avoided by the proposed hybrid power plant.

Keywords— Off-grid electrification , Hybrid wind-diesel system Optimization, Remote island, Techno-economic analysi

Energy Development Plan (AEDP) for a fifteen years
1. INTRODUCTION period (2008-2022). The objective of AEDP is to
increase the portfolio of renewable energy to 20&%

During the past 15 years (1993-2009), electricity y,q fina| energy consumption in 2022. At the efithe
consumption in Thailand increased significantly niro plan, the portion of renewable energy in power

63,279 GWh to 146,182 GWh and peak demandgeneration will be 2.4% or 5,608 MW. The electsicit
mcrgased from 9,839 MW to 22’3],'5 MW [1-2]. As of accessibility level in island areas in Thailandiésy low
April 2009, peak demand of electric power systens wa 4 a to long distance from the grid, and high cdsgril
rgcorded at 22,315 MW which was 78.4 MW or 0.35% gyension to the areas, compared with 98% accéssibi
hlghe_r Fhan the record of 2008 z_;md peak consummlion o0 in the urban area. In island areas, elegtriigt
electricity was 146,182 GWh with 74. pe_rcent o_sido supplied by using diesel generators. Though diesel
factor. As of December 2009, the total natlonalac?g systems have their distinct advantages of elettrici
was 2,9'212 MW comprising 14,328 I\{I)W (49.0%) (.)f generation, but their operational and maintenarassc
EGAT's power plant, 14,243 MW (48.8%) of domestic 5. high especially at low loads, and storage &
private power produpers (IPPs and SPP) and 640 IV'Wtransportation of fuel to the remote island is also
(2.2%) of neighboring power purchase [1]. ENergy yigic\ it There is also a problem of oil leakaged the
Policy and Planning Office (EPPO) reported thatltot neighboring areas. In Thailand, application of vemisle

energy consumption in 2010 can be categorized byonergy technologies (RETS) for rural and islanchsys
economic sectors: residential; 33,213 GWh (22'34%)'increasing in recent years, but not very widespread

CommerCial; 35,980 GWh (2419%), industrial; 65,956 Therefore, the Concept of wind-diesel hybrld eiew
GWh (44.36%), agricultural sectors; 335 GWh (0.22%)
and others 13,222 GWh (8.89%). The power forecaste
in PDP 2010 for peak load demand in 2030 i
approximately 52,890 MW or 2.37 times higher thiaax t
of 2009 (22,315 MW). The growth rate of the foreéeds
peak demand during 2010-2030 is 4.19 percent per ye ) :
compared with 2.44 percent per year during 2009200 2. WIND-DIESEL OFF-GRID HYBRID MODEL
The forecasted energy demand in 2030 is about 327,9 2.1 Wind energy as a source of renewable energy
GWh or 2.38 times higher than that of 2009 (146,182 . : . . .
In Thailand, the wind speed in island has high pié

GWh). An average growth. rate 2f forecasted energy 0 produce electricity with an average speed of/§ on
demand during 2010-2030 is 4.22% per year compare(ﬁnore depending on seasons and times of day

. 0 ; i , .
with 2.83% per year during 2005-2009. Thus, the_g!on The probability density of the Weibull distribution
term load factor is between 74% and 75%. The Minist (Patel, 2006) is commonly used for calculation of
of Energy has come up with a policy to develop the average available power in wind turbine per unéaar

renewable energy (RE) and released the Alternativer, . \weinyil distribution function (Weibull, 19573 ia
two parameter function, which is written as:

ystem is a reliable alternative energy source ussc#
ses wind energy combined with diesel energy tatere
IS a stand-alone energy source to provide electribity
remote islands.

Bundit Limmeechokchai (corresponding author) is Associate K
Professor at Sirindhorn International InstituteTethnology. P.O. Box f(v) = (7)(!)'“1 exp[— (X )k] (1)
22, Klong Luang, Pathumthani 12121, Thailand. #€62-986-9009; c c k
Fax: +662-986-9112-3; E-mabundit@)siit.tu.ac.th

Prachuab Peerapong is with Sirindhorn Internatiomastitute of h kis the sh t d ibina the di .
Technology. P.O. Box 22, Klong Luang, Pathumthaii2il, Thailand. Wwherek Is the shape parameter, describing the dispersion

E-mail: prachuab@siit.tu.ac.th. of data, andc is the scale parameter, with the unit of
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speed (m/s). The two parameterandk are related to
the average wind speed by the following relation:

v= cr(% +1) (2)

wherel is the gamma function. To fit a Weibull
distribution to measured wind data, HOMER modeksuse
the maximum likelihood method. The predicted and
actual wind speeds are also investigated.

The wind energyK) that can be extracted by a wind
turbine is defined by the following equation:

E:TTP(U)D‘(V)W(U) 3)

wheref (V) is the probability density function of wind T

speed,P(U) is the power curve of the turbine, amds
time period.

Using the equation (1) substitutes in equation (&),
can obtain the wind energy in terms as of Weibull
distribution.

E=T j (%)(HA)“ exp- G F PUYEL) @)

The capacity factorQ; ) is one element that enables to
measure the productivity of a wind turbine. It cargs
the plant’s actual production over a given peribdirne
to the amount of power that the plant would have
produced if it had run at full capacity of the saameount
of time. It can be calculated by the following efjoia,
and expressed in %.

Wind energy produced (Wh/year)
Max wind energy produced (Wh/ye:

Ci (%)= (5)

2.2 Diesel electricity generation in Thailand

The consumption of diesel to produce electricity in
Thailand is only a small portion, and decreased
significantly. For example, the annual consumptiate
decreased from 177 GWh in 2005 to 45 GWh in 2009 or,
with the average of -12.6% annually. However, imoge
areas or island or the areas that are off-grid ection,

the diesel fuel-based for electricity production tie
most alternative way to supply the most needed ddma

2.3 Thehybrid configurationsin Thailand

The most hybrid electricity configuration in Thaithfor
decentralized generation (DG) or off-grid electsicis
diesel-PV hybrid system. The most successful cdse o
diesel-PV hybrid system in remote island is instilin
Kojig island located in Chantaburi province on the
eastern coast of Thailand. This project was irestialh
2004 through the cooperation of King Mongkut's
University of Technology Thonburi, Kasetsart Unisigr
and Mabhidol University. Another alternative hybrid
electricity configuration is diesel-wind turbine.itW the
limitation of wind potential in Thailand, the di¢seind
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turbine is also a site specific. The most wind pté
areas are in seashore coastlines or in islandsthés
selected site for this study has a high wind padént is
located 45 km from the main land in the gulf of
Thailand.

3. METHODOLOGY
3.1 Optimization model

Hybrid systems consist of several renewable energy
production structures and storage units. One has to
consider lots of probability calculations while ptang

the proper hybrid system in order to respond to the
energy demand. Hybrid Energy Performance Equations
and the associated Energy Performance Curves are
derived and introduced, respectively, which provale
visualization model, simplifying hybrid system aysisé.

he cost effectiveness of the present diesel systedn
the wind/diesel electricity for the remote island the
South of Thailand is evaluated employing the HOMER
model, developed by the National Renewable Energy
Laboratory (NREL), USA. HOMER is a powerful
simulation tool, considering sustainability factstsh as
system efficiency, weather, fuel costs, O&M costs.
Subsequently, simple novel HOMER software is a user
friendly micro-power design tool that simulates and
optimizes stand -alone and grid connected power
systems. Recently, it has been used widely initié bf
hybrid systems. It can be used with any combinatibn
wind turbines, PV arrays, run-of-river hydro power,
biomass power, internal combustion engine genesator
micro-turbines, batteries, and hydrogen storagevirgp
both electric and thermal loads. HOMER expresses th
economics of controllable energy sources with two
values: fixed cost and energy cost per kWh. Thesgsc
represent the cost for generating energy at ang tona
power source. HOMER searches for combination of
sources meeting the load and then finds the sy#tain
achieves the goal with minimum costs. The advantdg
the HOMER is that it can involve also all costslsas

the initial capital and the maintenance costs idicig
pollution penalties. The simulation considers opary
time period using minimum time-step of 1 minute. It
performs a sensitivity analysis which can helpahalyst

to investigate the effects of uncertainty or change
input variables. The Objective of the optimization
simulation is to evaluate the economic and technica
feasibility for a large number of technological iops,
while considering variations in technology costsdan
energy resources availability. Results obtainedhis
study show that combined power scheme is more
sustainable in terms of electricity supply to tleenote
islands and in terms of avoided greenhouse gas
emissions when compared to stand-alone dieselrsyste

3.2 Literaturesreview

Many literatures reported to determine the optimum
hybrid energy system for small loads (ranging frimw
watts to few kilowatts) in a given location [3—@]hese
studies showed that the renewable energy-basegridff-
hybrid generation systems can compete with poveen fr
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the gird in remote locations, where the grid isthmesi 4 PLANT DESCRIPTIONS

feasible nor nonexistent. : . :
The hybrid systems such as wind/diesel are nowKO Tao is used as a model for study of wind-diexel

proven technologies and options to supply SmaIIgrid hybrid electrification for remote island. & & small
electrical loads at remote locations as reported byfamous tropical island, dest|nat|_on for tourism. '?t
Lundsager and Bindner [7] and Zhang Hongyi etajl. [ located on southeast coast of Thailand (latitudéa.8l°,
In developing countries, interest in medium to ¢arg Iong|_tude 99.83°E), about.45 km ffom Ch.umphon
scale wind-diesel hybrid power system for rural Provmc.e. The 33 kv eIeptnc system s suppheq ty
electrification has grown enormously. small diesel generators with a capacity of appraxaty
With growing global awareness of the need for cleang'eon(:gngvgor?spuer;aetgdb bgzgigbit:\ ?1?3 Si)s/S;eergrl pgagmcl)osd
sources of energy, wind energy in particular, Many as of April 2009. It ca¥1 be seen that t’hes ster):eéled
researches on scientific study are being carriediou P ’ : y
Saudi Arabia. Rehman et al. [9] conducted a sty t to extend more power generators in the future tetries
perform an economical feasibility assessment of anlncreased demand. The wind-diesel is a good option

existing grid-connected diesel power plant suppglyin con§|der Wlihl much poter11_tr|]al of wmfd_ almddm terr]rrfs 0
energy to a remote village by adding wind turbiimethe I(iljw{on_lt?]en.al c%nc_er?sl.l N matp. ot islan 'Sd St own
existing power System in order to reduce the diesel &30 The AN 19 Tbe TRTIEIN, e SR Toble
consumption and environmental pollution, using the difficullt o extend the diesel-based PEA small caiad
HOMER model. They found that the wind-diesel hybrid . . A oA
system becomes feasible at wind speeds above 6.0 mpemg of diesel generation fimit.

and a fuel price of 0.1%/L or higher.

3.3 Optimal wind turbine size selection

The optimal wind turbine size selection is based on : oo
results that are listed of best system configurafiist, to : —
worst system configuration last. The most important
parameters to consider are the Cost of Energy (GDH)
the Net Present Cost (NPC). So, the hybrid systeins
wind turbines and diesel are based on wind potientia
wind velocities and diesel prices. The system idetu
battery banks for energy storages and inverters for
converting DC to AC electricity. The least cost@DE 1

and NPC of the system is the optimal solution. For ‘ PRTMENS
example, when the wind velocities and diesel pries R
both high, the selected wind turbine optimal sigalso S Rl
high in terms of renewable energy (wind) penetretio o —
In contrast, when the wind potential and diesetgwiare A T S

both low, costs of wind turbine system are hightHis R S

case, it means that it could not be competitivén \itly =5 sumarria

diesel systems, the wind turbine optimal size setbés Fig. 1 Map of Ko Tao, 45 km from the coast of Thailad.
also low in terms of renewable energy (wind)

penetrations, or the only diesel system is thenmgdti 5 \WIND-DIESEL HYBRID OPTIMIZATION
case. Therefore, the variation of input valueséasded o )

for both annual average wind speeds and dieseptir 21 Theelectricity load demand by the islander

perform sensitivity analysis on these variablesMER  The monthly mean wind speed of this island is shawn
software allows the users to explore variationaverage  Fig.2. The annual peak load is approximately 3,R00

annual wind speed and diesel prices affecting fiienal  observed in April. The higher demand exists fronréha

design of the system. to July due to high season for tourism while retl

3.4 Wind data collection and power demand ![owe_r in September to November due to low season fo
ourism.

The wind data and electrical power demand was The energy consumption mostly depends on diesel
collected by Provincial Electricity Authority (PEAThe  generation. The increased demand is due to its damo

system is consisted of the tiled-up tower with 4&ters  destination for tourism and its population growth.
in height, instrument, sensors, and accessoriesin@u

January-December 2009, wind data and electricity>-2 Wind speed data

demands were collected. Performances of wind powerrhe wind data were collected at the height of 4@ense

are obtained, processed and analyzed using HOMERyhove the ground level. The 250 kW wind turbineorot

optimization model. are placed at the hub height at 50 meters by ubifig
power law. At 50 meter height the average wind dpee
became 5.48 m/s as shown in Fig. 3.
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Table 1. Diesel generator information

Parameters

Value/ information

Rated power

Minimum allowable power
Full load fuel consumption
Power factor

Voltage

Rated current

Frequency

Rotating speed

Battery (voltage)

500 kw
74 kKW
140 L/hr
0.82
400 V
902 A
50 Hz
1500 rpm
24V

Table 2. Diesel generator data

Rating Capital cost  Replacement O&M cost
kw (Us$) (Us$) (Uss$/hr)
500 80,355 53,570 0.301

108

Table 3. Fuel cost and technical data

Parameter Value
Cost 0.75 US$/L
Lower heating value 45.62 MJ/kg
Density 0.831 kg/L
Carbon content 80%

5.3 System components

The main components of an isolated grid-connectied-w
diesel hybrid system are 3 diesel generators &2&D&kW
wind turbine. The diesel system consists of geperat
with capacity of 1,500 kW, generator 2 with capadit
1,000 kw, and generator 3 with capacity of 500 KWe
cost of each component, the economical and control
parameters required by the HOMER software are
discussed in the forthcoming paragraphs. The dveral
system includes converter and battery as showigird-
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Table 4. Wind turbine technical data

Parameter

Value/ information

Rated power 250 kW
Cut in speed 3.5m/s
Cut out speed 22.0m/s
Rotor diameter 285 m
Hub height 50 m
Voltage 400 V
Rated current 410 A
Frequency 50 Hz
Rotating speed (High/Low) 39.8/26.5 rpm
Wind turbine capital cost ($) 25000
Replacement cost ($) 175,000

Table 5. Converter and battery cost

Cost Capital Replacement o&M
$) ) ($1yr)
Converter
Cost per kW 150 100 0.1
Battery
Cost per set 420 360 0.2

5.3.1 Diesel generator

The diesel power plant consists of 6 units of 500 k
rated capacity; three units for generator 1, twisufor
generator 2, and one unit for generator 3. Theildath
each unit in terms of both technical data and tist data
are shown in Tables 1 and 2, respectively. Taldbdvs
the fuel cost and its technical data.

locally, including the transportation cost of 0.8, as
given in Table 3. This table also includes technica
information related to diesel fuel.

5.3.2 Wind turbine

The other major component of the wind-diesel hybrid
system after the diesel-generating set is the wimelgy
conversion system.

of these machines varies between 40 and 110 m @.mo
The modern wind turbine produces more energy due to
high wind speeds at higher hub heights, since tieegy
yield from the wind energy conversion system depend
on the availability of wind and its variation. lhi¢ case,
WES30 of 250 kW from Wind Energy Solutions
manufacturer is used. The technical and cost irdtion
of the wind machines is summarized in Table 4. The
annualized operation and maintenance cost of $1p800
wind turbine has been used for analysis.

5.3.3 Converter and battery

A battery bank consists of 24V H3000 batteries and
inverters. The battery nominal capacity was 300QpAh
set. It is noted that the converter functions ath tam
inverter (converting DC to AC) and converter (AC to
DC). The costs of converter and battery are shiown

6 RESULTS AND DISCUSSION

HOMER provides results in terms of optimal systems
and sensitivity analysis. In the analysis, the rof#ed
results are presented on a particular set of $etsit
parameters. The results are presented in the fimltpw
paragraphs.

6.1 Optimization results

The optimization results for a wind speed of 5.5 anid

a fuel price of 0.80 $/L are summarized in Figry this
case, a diesel power system seems to be most
economically feasible with the minimum total ne¢gent
cost (NPC) of $35,619,588 and minimum energy cost
(COE) of 0.288%/kWh, although the system represants
higher initial capital when compared to the systemby
diesel only. Generally, at wind speed less than'€} the
only diesel system was found to be most feasitigisn
with COE, less than 0.277 $/kWh corresponding with
diesel price of 0.7 $/L.

As seen from Fig.8, about 55% of initial cost ohdA
diesel hybrid system was accounted for diesel power
system, and 98.6% of the operation and mainteneoste
and fuel cost were accounted for diesel system.tatad
annualized cost for wind equipment including coteer
and battery system are accounted for $80,187 (38beof
entire wind-diesel power plant cost), while for ské
power system is accounted for $ 2,706,218 (97%ef t
entire wind-diesel power plant cost). The energgidyi
from different components of the wind-diesel power
plant cost is shown in Fig. 6 for the total energy
requirement of the island. The wind machine produce
313,428 kWh/yr (3% of the total energy served), l&vhi
the diesel generators produced 9,482,455 kWh/ye Th

System with battery back-up was almost no excess
used in the simulation. The fuel costs are obtained Y y P

electricity with any capacity shortage, as showhim 7.

The modern wind machines are very efficient and are

found in big sizes. Today’'s standard market siz¢hef
wind turbine is greater than 1.5 MW. The rotor déen
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Senzitivity Results  Optimization Fesults ]

Sengitivity vanables

wind Speed [m/s] | 5.5 *| Diesel Price ($/L]0.8 hd

Double click on a syztem below for gsimulation results.

" Categarized

Aol mlp S Lot | Lot Labal| Haton [ Co [ bl | Ooermbg [ T | e p | Pl | Ut | Label | Latel
P Y tuc 11500 1000 500 250 300 $880000 2717564 $35619588 0288 003 3194694 3425 3924 2229
A tniais e 1 1500 1000 500 200 300 $859000 2719301 $35E20796 0288 003 1896823 3455 3939 2187
Enitsis 6 1 1500 1000 R00 200 300 $ 907,000 2716852 $35k631.483 0288 003 3183429 3412 3897 2266

1 1800 1000 ] 350 300 4 922,000 2715902 $35640340 0282 003 3182141 3392 3900 2274

1 1500 1000 RO0 400 300 4945000 2715360 $35ER4.ZBE 0289 003 3181338 3482 3892 2294

1 1500 1000 R00 200 280 $ 851,500 2722823 $385ERE.36 0289 003 3197992 3699 3936 2062

1 1800 1000 ] 2580 250 4 872500 272248 $38674132 0289 003 3157164 3E85 3935 2077

1 1500 1000 RO0 200 280 4 8925500 2722450 $3BE95540 0283 003 37196758 3E81 3927 2089

1 1500 1000 R00 350 280 $ 914,500 2722396 $35.715.852 0289 003 3196363 3673 3931 2092

1 1500 1000 R00 400 280 $ 935,500 2723283 $35.745.200 0289 003 3196176 3672 35928 209

1 1800 1000 ] 200 500 4 931,000 2738578 $35933220 0291 003 3180158 3008 4144 226

1 1500 1000 RO0 S50 RO0 4 952.000 2737430 $355945540 0291 003 3178550 2992 4116 224

1 1500 1000 R00 250 R00 $ 910,000 2741 e64  $35957668 0291 003 31835946 3089 4112 2188

1 1800 1000 ] 400 500 4 972000 2736760 $35957472 0291 003 3177302 2947 4152 2240

1 1500 1000 RO0 200 RO0 4 885.000 2744888 $3R977848 0291 003 31878934 3168 4090 2180

1 1500 1000 R00 200 BOO $ 946,000 2,748,981 $ 36,087,208 0292 003 3180279 2010 4141 2216

1 1800 1000 ] 350 EO0 4 957,000 2747 BT $36091476 0292 003 3178510 2990 4118 2240

1 1500 1000 RO0 400 EOO 4988000 2747067 $ 36104608 0292 003 3177325 2845 4153 2240

1 1500 1000 R00 250 BOO $ 925000 2752168 $36.106,944 0292 003 3184161 3090 4111 2188

1 1800 1000 ] 200 EO0 4 904,000 2755189  $36124556 0292 003 3188027 3165 4091 2178

1600 1000 RO0 200 300 4 E51.000 2792882  $3B.30R0844 0294 000 3281072 3R4E 3919 2180

1500 1000 R00 250 300 $ 630,000 2.794.551 $26303,736 0294 000 2283357 3886 3911 2157

1500 1000 ] 200 250 4 601,500 2796827 $36354328 0294 000 23293704 3845 3896 2039

tB CB CB &) 1500 1000 RO0 200 300 4 605,000 2796889 $3B368.792 0294 000 32854959 3E23 3928 211
C{) C& CIB 1500 1000 R00 250 280 $ 622500 2.795.841 $26362,736 0294 000 2292412 32825 3893 2083

Fig. 5. Optimization for wind speed of 5.5 m/s, disel price of 0.8%/L and renewable energy fractioof 3%

System Architecture: 1'WES 30

1,500 k' Generator 1
1.000 kw' Generator 2

Cost Summary | Cash Flow | Electrical

Cozt type:

B00 kv Generator 3 300 kw' Rectifier
290 Hoppecke 24 OPz5 2Cycle Charging
300k Treeerter

WES30 Label  Label  Label | Battery  Coreerter Emizsions

Cash Flow Summary

Howrly Drata

Total MPC: § 35,619,588
Levelized COE: § 0.288/kwh
Operating Cozt. § 2,717,564/

* Met present 20,000,000
Annualized
v Reverse sign 15,000,000
e
J:
Categonze: g
+ By component E 10,000,000 +
By cost type =
Shaw details E
5,000,000
_ | —
WWESSO Label Hoppecke 24 OPzZ 3000
Compare...
Component Capital [$] Feplacement [§) Q&M [F) Fuel [$] Salvage [§] Total (]
WES 30 250,000 73021 19,175 i 13,592 328,605
Generator 1 240,000 337,972 394,047 16,580,762 -10,907 17 601,876
Generator 2 1E0.000 316168 300,97 12,600,330 11,468 13,366,002
Generator 3 20,000 77 BB a5 4582 3387791 -3.503 3626788
Hoppecke 24 OPz5 300 105,000 99,104 63917 0 371 257 k50
Corverter 45,000 12,518 383,50 1] -2,330 438,683
Syztem 880,000 965,850 1.247.094 32,568,336 42,221 38 E19.608

Fig. 6. Cost analysis of wind-diesel hybrid powesystem of island electrification.

110




B. Limmeechokchai and P. Peerapong / GMSARN International Journal 5 (2011) 105 - 112

Diesel Price (/L)

System Architecture:

1wES 30 500 kM Generator 3 300 kwf Rectifier Total NFC: $ 35.613.588
1,500 kN Generator 1 280 Hoppecke 24 OPzS 2Cycle Charging Levelized COE: § 0,288/ Wh
1,000 k' Generator 2 300 kKM reverter Operating Cost: § 2,717,564/ v

Cost Summary | Cash Flow  Electrical | WwWES30  Label | Label | Label | Battery | Corverer | Emiszions | Houwrly Data

Production K hfur 4 Conzumption K hfyr 4 Huantity ko k4
213428 3 AL primary load 96E4.4723 100 Excess electricity 0.0830 0.o0
Generator 1 4,841,291 45 Toatal 9,664,478 100 Unmet electrc load 0.0215 0.0
Generator 2 JE72TH kr Capacity shortage 0.00 0.00
Generator 3 963433 10 Quantit el
uantity alue
Total 379839 100 Fienewable fraction 0.0320
1400 Monthly Average Electric Production !
mrind
= Generator 1
1.200 — Generator 2
= Generator 2
1,000
R
% SO0
o
400
200
a
Jdan Feb hdar Apr b 3w Jun Jul Aug Sep Oct Mo Des
Fig. 7. Monthly energy yield from wind-diesel hybid electrification for the island electrification

=]
w
=

=)
o
[

=1
o
=

Optimal em Type System Types
; 5 [ Labelt abel abelattery
7] winciabell_abelAabel Batt

Superimposed
3251 | evelized COE (BMAh)

Wind Speed (m/s)

Fig. 8. Optimized wind-diesel hybrid system for ignd electrification.

Pallutant Emnizzions kg Follutant Ermizzions (kgew)
Carbon dioxide i Carbon dioxide 9.396.349
Carban monaxide 2,327 Carbon monaxide 20,7
Unburned hydrocarbons 2382 IInburned hydrocarbons 2,293
Particulate matter 1,608 Particulate matter 1,561
Sulfur dioxide 17,351 Sultur diowide 16,847
Mitrogen oxides 130,202 Mitrogen oxides 194 712
Fig. 9. GHG from diesel system Fig. 10. GHG from wind-diesel hybrid system
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6.2 Sensitivity results

The HOMER eliminates all feasible systems and prtsse
the results in ascending order of NPC. In this gmées
case, wind speeds (3.0, 3.5, 4.0, 4.5, 5.0, 50, @5,
7.0, 7.5, 8.0 m/s), and diesel prices (0.7, 0.78),00.85,
0.90, 0.95 and 1.0 $/L) were used as sensitivitiabtes.
However, when the different interest rates areuitet,
the cost of energy or electricity price slightlyaciges.
For example, interest rate in this calculation.E%, the
cost of energy (COE) or electricity price is 0.Z288Wh.
The sensitivity studies showed that when interagés

5.5 m/s and fuel price of 0.80 $/L or higher. le ttase,
wind turbine was accounted for only 3% of energy
consumption. The feasibility expansion of wind-éies
hybrid to other remote island is studied for theame
future.
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are increased to 8.5% and 9.5% COEs are ConStantIXaboratory (NREL) for the support on HOMER model
increased to 0.293 $/kWh or increased by 1.73%. Ing, this study.

contrast, when interest rates are decreased to Gri&o

5.5%. COEs are decreased to 0.273 $/kWh and 0.258

$/kWh or decreased by 5.5 % and 5.8%, respectively.
The optimization results are shown in terms of wind
speed and diesel prices, as shown in Fig.5. Tiis tf
graphical representation of optimal system-typevioies
information that a particular system will be optinad
certain wind speed and a certain fuel cost. Funibee,

the wind speed and diesel cost are usually site-

dependent, so one can conclude that at a partietet
speed and fuel cost the system will be optimal dor
particular place or location.

The hybrid wind-diesel optimal system for this
network shows that the cost of energy or elecyriprice
is 0.288 $/kWh or 8.68 Baht/kWh in comparison with
retail price of 0.116 $/kWh or 3.50 Baht/kWh frohet
national grid. When the network operation is opzieai,
it shows that the cost of energy or electricitycerin
wind-diesel

generator-based or decreased from 0.348 $/kWH&80.
$/kWh or decreased with 0.06 $/kWh. It can beedav
587,753 $lyear.

6.3 Greenhouse gases (GHG) reduction

The GHG pollutes the environment, which adversely
affects the life of human beings. An indirect oddén
cost, which is not taken into consideration whikng
fossil fuels, is paid by the human beings. The alies
power system being used at this island emits 80®13,
kg of pollutants into the local atmosphere of thkand
every year. The wind-diesel hybrid system can reduc
pollutants to 8,612,457 kg per year. It shows aicédn

of 260,634 kg of pollutants per year. The concédiaing

of various constituents of pollutants like &OCO,
nitrogen, etc. for diesel and hybrid system are
summarized in Fig.9 and Fig.10, respectively.

7 CONCLUSIONS

The aim of this study is to perform an economical
feasibility of an existing grid-connected dieselwgo
plant supplying energy to a remotely located vildny
adding wind turbine in the existing power system in
order to reduce the diesel consumption and
environmental pollution, using the HOMER simulation
model. It was found that in this study the windsdie

system can be decreased significantly
compared to the energy production cost on diesel
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e e, The Successive Development of Nuclear Energy in
& % 1
5 ] Southeast Asia
O}"/r«% Vivat Chutiprapat, Woraratana Pattaraprakorn andm@peepat Bhasaputra
aJD

Abstract— Southeast Asian countries are embarking on a pnogta develop nuclear energy. While this promises to
help satisfy the region’s growing energy thirstanhigh cost-efficient and friendly environmentaitiendly way,
nuclear power also has its risks. The specter ofifgration looms large and the potential for nuateaccidents exists
remains high in a region inclined to natural disast and averse to strong institutional safeguandd axport controls.
Policymakers will have to be alert in mitigatingetie threats in order to ensure the region’s safespge to a nuclear
future. Electricity in Southeast Asia is primardigurced from coal, oil, natural gas, and hydro-pov#hile the region
is awash with energy resources, rising demand hesep as starin on them. Southeast Asia has bewt ail importer
for some years and significant natural gas reseraes often located far from demand centers and éeargjuire
massive infrastructure investments. Given this mlpgicture, the region is turning to alternativeusces, including
nuclear power, to meet its growing appetite forrggeSeveral regional trends suggest that thisdrerill accelerate in
the decades to come.

Keywords— Association of Southeast Asian Nations(ASEAN), Feign Direct Investment (FDI), Asian Development Bak
(ADB), Asia Pacific Energy Research Center (APERC), Electricity Generating Authority of Thailand’'s (EGAT),
International Atomic Energy Agency (IAEA),Vietnam Atoms Energy Commission (Vinatoms), European Union’s Ewpean
Atomic Energy Community (EURATOM), Tenaga Nasional Be(TNB) , Korean Electric Power (Kepco), International
Atomic Energy Agency (IAEA).

1. INTRODUCTION

The Association of South East Asia Nations (ASEAN)
consists of 10 member countries, namely,Indonesia,
Thailand, Malaysia, Singapore, Philippines, Vietnam
Mynmar, Brunei, Cambodia, and Laos. ASEAN has, by
and large, been an open and outward looking region
External trade and foreign direct investment (FBig

the principal means for globalization as well a®agine

of economic growth among the ASEAN economics.
Economies that are members of ASEAN have been
growing at an annual averge rate of 5-6% since 2@@0 b

Real GDP Growth (%)
(=]

detail on Fig 1. The volume of trade in the region P oo B s B @
recorded 18% increase annually,with US$ 7 billion & é@b &oo"" e ‘@5’ ‘!\f @‘9 F&E
annual trade balance, before the current globat@o v = L

crisis. Investment in ASEAN has surged at an annual W Average 2000-08 & Average 2010-14

average rate of 37% since 2003. [1] Fig. 1. Economic growth in ASEAN.

Energy consumption and economy in the Southeast

Asia region have been growing in tandem over tis¢ la  The current energy mix in the region is dominatgd b
few decades. This trend is expected to continueyitite oil, which accounts for more than half of primaneegy
future as Southeast Asia economies move towards th@onsumption in top energy consuming nations. Amece
GDP per capita levels of developed nations. Th&g®  study carried out by Asian Development Bank (ADB)
energy demand however, is likely to put pressure onanalyzed the energy mix of countries, namely, |reim
existing energy sources and supplies, forcing theThailand, Philippines, and Vietnam. The study peint
government to think about energy security. towards a rise in energy consumption shown in &g.2
Going forward, the role of coal and gas is expedted
increase at a fast rate. Use of alternative ensogyces
such as nuclear and biomass is also expected Iteaise
overtime. However, while the share of oil consuimpti
V. Chutiprapat (corresponding author), P. Bhaspuand W. in total energy mix is expected to decline, it il s
Pattaraprakorn are with Department of ElectricagiBeering, Faculty expected to remain a large contribution. The ADBoré

of Engineering, Thammasat University, 99 M18 Phattblin Road, i ; 0
Khlongluang, Pathumthani 12120, Thailand. E-mail: forecasts oil's share in energy at above 40% by)Z02

5310030027 @student.tu.ac.bporr@engr.tu.ac.th the four countries analyzed- [1]
pworarat@engr.tu.ac.th
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00 industrialization, has expanded regional economic
growth rates since 2001. This is turn sharply bebst
energy consumption in the region — for examplethim
period from 2001 to 2003, consumption increased by
8%. If the region's economies continue the growehd
of the last decade, rising energy consumption puit
m Singapore more pressure on conventional sources and place eve
20 m Thailand more urgency on investing in alternatives way like
150 m e nuclear energy. Despite the fact that the globahemic
downturn has put a dent on this growth, Southeagim
economies are still expected to bounce back stinng
2010 and will likely continue on a path of sustaine
L& P T FS TS economic growth. In fact, the International Energy
Agency’'s World Energy Outlook 2009 projects that
Fig. 2. Primary energy consumption in key ASEAN  Southeast Asia’s primary demand could expand by 76%
countries. between 2007 and 2030 and at an annual growthofate
2.5% — much faster than the average rate in theofes
the world [3].

The region’s rising awareness of global climatengea
may also cause it to turn toward low emission eperg
alternatives like nuclear energy. Nuclear energy aa
very low carbon footprint, producing minimal levei$

=Gt carbon dioxide (mostly during certain processesius
= Gas build and fuel the plants) comparable to geothermal
o hydro power and wind energy detal show in Fig Ahd
while Southeast Asia has relatively low per capita
emissions of carbon dioxide compared to the deweslop
world ( 4.2 tons per capita is expected by 2030 in
— contrast to 23 tons in the United States), APERC's
_ | =0 _ Institute for Energy Economics expects a whopping
Fig. 3. Primary energy consumption in fours counties,  foyrfold increase in total carbon-dioxide emissigtie
Indonesia, Thailand, Philippines and Vietnam. green house gas) from 2002 to 2030 produced byggner
Southeast Asia states will similar pursue nuclearProduction and consumption in Southeast Asia [4].
energy over the next few decades. Rising energyaddm
and Energy prices, both with increasing aware aboul Comparison of Life-Cycle Emissions
climate change and the relative unattractiveness an [SSFRRCEET L LUl T g c i ey L
unavailability of alternative energy sources, widimbine
to create a strong impulse to embark on a nuclatr. p
According to the Asia Pacific Energy Research Qente
(APERC), are sustained by at least three main ffeicto 622
first, Incresing energy demand in the most econsmie
despite price increases; second, the unwillingrefss

B
major players to expand production and export dapac =
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coupled with intensifying resource nationalism ihamd
natural gas producing economies; and, third, a evong
geopolitical situation in the Middle East [2].

Despite price decreases in the short term, allethre [P EC L Ll AL L L

18 17 15 14

imi i i Source: "Life-Cycla Assessment of Electricity Generation Systems and
factors are not s_|m|lar to depllne in th(_e long temnd e Al Lo B ey ot
energy prices will thus continue only increase. thié *" " Wisconsin-Madison, August 2002.

prices of conventional energy resources continugir th
upward turn, the demand for alternatives like nacle Fig. 4. Comparison of Carbon Footprints for Various
energy will increase. Nuclear power is much higstco ~Energy sources.

efficient compared with fossil fuels, costing
approximately 1.76 cents per kilowatt hour coregatio
coal (2.47cents), natural gas ( 6.78 cents) an¢lOi26

If Southeast Asian states act on this warming trend
they may consider nuclear power as a path to cdeari
. green house gas emissions. There are already
cents) that is. . . . .
c 4ing to risi . th il also # gimplement signs of such climate change consciassn
orresponding fo rising prices, there will aiso &€ 5, g theast Asia. For example, the ‘Singapore

greater thfan th'trﬁt flort energy, p_artlé:ularl); as t%g'o?h Eeclaration on Climate Change, Energy and the
emerges from Ineé late economic down turn. sSoutheas nvironment, which Southeast Asia states inkedhat t

Asia’s recovery after the Asian Financial CrisisligO8, 3 annual East Asia Summit in 2007, specifically etat
coupled with strong economic reforms and burgeonmgthey will be a part of their commitme,nt to “urgentct
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to address the growth of global green house gaf®. THE NUCLEAR ENERGY SITUATION IN
emissions”, “intensify ongoing cooperation to imypeo SOUTHEAST ASIA

energy efficiency, and the use of cleaner energy by . . : . .
cooperating for the development and use of civilian Nuclear power is being explored in Indonesia, \aetn

nuclear power ”. Thailand and possibly eleswhere in the region asqfa

. . e solution to meeting the need for very largedses in
The increasing consensus on nuclear power as a forrhh 9 y larg

of defense against climate change is bolsteredubiear ngec:rtgtehneelcﬁgf?ngsgt?gltér?(\j/el;régi n?;m\évoE%Z(éwes
power’s relative availability in comparison to othe PP 9 : n

forms of low emission alternate energy. In case of,gﬁdﬁarspeocvlﬁ; IS(?:reglzitﬁcriTt]e)aES %fi\?érriﬁsitr?en;;ﬂée
Indonesia has learned that natural gas requirestozih PPy y y) by %

supply infrastructure — a major structural problémat reliance on fossil fuels. Much less of a driver in

probably will not be remedied in the near futu®ther planning, at this stage, Is concerned over regucin
options, like Capital in Thailand or hydro-power the greenhouse gas emissions and threat of climategehan

Greater Mekong Sub-region, have recently raised theOf course, arguments for nuclear power can be roade

specter of environmental damage and dislocatiod,ian the basis of its far lower output of carbon dioxisled

some cases have generated widespread protestows s otfé%ru%]rt?envf\;ic;léselggsﬁzéia Vietnam and Thailand are
this region hydropower Dams plan in Fig. 5 In y ' '

Addition, while they may appear promising in theory the “Leader” who have already floated proposalstlfier

countries are beginning to grasp that energy ssuike (l\e/llglcatllOsr;aOfclaan;]ggilsa;nrae?\;I:tc:arr?ﬁ;vrhI.'l;?etrt]ﬁeP“?m\/’ver"
solar ‘energy can only function as marginal POWET that gre éonsiderin the nuclgaro tion. It is fidesthat
generators in reality [5]. 9 ption.

by 2020, all six “Leader” and “Follower” could pess
some form of nuclear facility. The four “abstairfers

9 : Brunei, Cambodia, Laos, and Singapore, for various
L Mekung Mainstream Dams reasons, will most likely abstain from nuclear gyer
| @ Opsratisnal Dami absent any tectonic geo political changes in tlggore
{  Planned Dams that may compel nuclear ambitions.The advance
 Sitha it Southeast Asia have plan for NPP shown in Table 1.
Yaowin @g mewan  China
Dachaushan Table 1. Advanced Southeast Asia Nuclear Efforts
& Huozhadu Reactors Research Bein
Arpons B i Countty  pjanned PrOPOSed eactor rebuiﬁ
Myanmar - Ly Hengaon) M_,-fﬂ'j""-_;: 1. Ind?nesia 2 4 3
i P 2.Thailand 2 4 1 1
Pk By Lumng Pratisey 3.Vietnam 2 8 1
T , Laos £ .Philippines 1 1
&::: r::: 0 paim, | ~—r} 5.Malaysia 1
,.-i- "; . Total 6 17 7 1
\ Thailand vietnam | gemark
'{_.,.,, -, . *= Approvals, funding or major commitment in plaoestly
L . expected in operation within 8 year
\ £ e o ‘I Progosgz Clear intention or proposal but still without firm
) BN Ot § commitment
% [ = % Cambodi d oaibay £ Indonesia, T.hailand and Vietnam are the most sgriou
g vy ) about developing nuclear energy in Southeast AMlia.
. / Ly three have set targets of possessing a functionictgar
A/ B T 1&3" energy program by 2020, and the International Atomi
- J Energy Agency (IAEA) has concluded that they argyve
I / advanced in developing the capabilities necessary f
ML = constructing such a program. Their motive thus &,
W = FTIMSON mentioned earlier, has been purely energy-cendiic,

three are trying to ease a growing gap betweengrisi
Fig. 5 Hydropower Dam in the Greater Mekong sub-  electricity demand and the declining availabilifyother
region. non-nuclear alternatives in a cost-effective fashidth
light of stratospheric energy prices [6].
N“C'eaf power, by contrast, can produce eNergy oN a 1he Follower are countries that are considering the
much wider scale, effective COSt COMPEtiveness,  vjaar option but are either not that enthusiaatiout
accessible fuel supply, and limited environmental and are not yet deeply invested in it, or face iigant

|mpacf. These.factors are likely to contribute teclear obstacles that may obstruct a potential pursuitlaykia
power’s attractiveness.
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and Cambodia have both shown signs of considehiag t
nuclear option. However, they probably will not ¢ak
concrete steps in that direction any time soonesthe
former has sufficient oil and gas reserves for natile
the later is focused on developing its infrastreetand
investing in other forms of renewable energy sush a
hydro-power in the short term. Resource-rich Myanma

neghbouring Phu Yen, Regulation frameworks aredein
fashioned. A law on nuclear energy is before th@nal
legislature.

The Philippines, is considering reactive the 621 MW
Bataan nuclear power plant in Morong. In April 2007
the philippine goverment made the final paymenttfer
plant and the Philippines Depaertment of Energyped

does not need nuclear energy for power generatiorproject to study the development of nuclear energym

purposes, but only initiate the early stages aoifhgyto
build a small research reactor with Russian assista
While the Philippines may embark on the projectaln
few years, it is still reeling from its failed exjence
with nuclear energy in the 1980s, when its 630-mada
Bataan nuclear plant was embroiled in corruption
allegations under Goverment Leader. That alone will
make nuclear energy a difficult sell in the Philipgs.

Although, the resultant nuclear power generation fo
both Leader and Follower, it must be stressed, amily
make a small dent on total projected power demand i
these countries. For example, Indonesia , has glane
initial tranche of 4,000 MW of nuclear generatiohigh
would serve the main Java-Bali grid which meets ©%
total energy demand, where total capacity is ptefbto
increase from 15,000 MW in 2006 to 59,000 MW in
2026. The target is for nuclear power to contribate
least 4% of total enegry output by 2026. Unde20a6
Law on Nuclear reactors, the project seems likelypé
given an independent power producer to build and
operate, on one the three sites on the centrah modst
of java, around 450 kilometers east of Jakatam$ e
to call tender in 2008 for two 1,000 MW units, Maurl
and 2, leading to adecision in 2010 with constaorcti
starting soon after and commercial operation frdh&?
and 2017,respectively. The goverment says reastilrs
be purchased from abroad and fuel world preferdiely
leased. Used fuel would be stroed centrally in the
medium term. Tenders for Muria Units 3 and 4 are
expected to be called in 2016, for operation frad22
[7].

In Thailand, the Electricity Generating Authority o
Thailand’s (EGAT) has put forward the goal of 5,000
MW of nuclear capacity by 2020, to make a dent th®
additional 30,000 MW, where totoal capacity is potgd
to increse from 26,999 MW in 2006 to 50,000 MW in

the context of an overall energy plan for the courin
early 2008, Manila asked the IAEA to advise as to
whether Bataan could economically and safety be
operated, and to recommend a policy framework for
nuclear power development in the country. The IABA
turn has recommended that the goverment undertake a
extensive feasibiity study of possible role shoulatlear

in the Philippines power system [9].

Malaysia is also looking at the atomic power option
with an energy policy study including conseratioh o
nuclear power to be completed before 2010, In March
2008, the Malaysia state power utility, Tenaga biaai
(TNB) signed a prelininary agreement with its South
Korean counterpart, Korean Electric Power (Kepa) t
co-operate in the sale of region and beyond, at agel
other energy resources and electricity businessisets.
Kepco has strong expertise in nuclear power generat
which a subsidary operating more than 17,000 MW of
nuclear plant.

Myanmar’s Military leader is embarking on a small
research reactor, to be built with Russian assiatan
through Moscow's Federal Agency for Nuclear Energy,
Rostaom - which it says would be in line with
inetrnational standards and safetguards in placidn
IAEA.

Abstainers in Southeast Asia are countries that, fo
various reasons, are similar as pursue nucleagener
the near future. For Singapore, the complication is
technical: it lacks the necessary space for theired
safety stand-off range of a nuclear site from urbeas
(30 kilometers), which generates the majority of it
power from increasing scare gas, has a feasitiiy for
power under way. Neither Brunei nor Laos see a iheed
nuclear energy in the short- term — the former has
wealth of other resources like oil and natural gelsile
the later has significant proven hydro- power cé#jiigs

2020. The government plans to establish safety and10].

regulatory infrastructure by 2014 and commissioaed
three-year feaibility study early in 2008. Howewrese
efforts could also be precursors to much greatentrg
commitments to nuclear energy in the future sholdy
prove effective or should energy demands become mor
urgent [8].

Vietnam seems determined to establish civilian ewicl
power plants. Hanoi wants to have 8,000 MW in
operation by 2020 in the Ninh Thuan. To make a dent
into the additional at 48,700 MW , where totoal aeipy
is projected to increasing from 12,000 MW in 2006 t
60,000 MW in 2015 and 120,000 MW in 2025. To ease
public concerns over plan, state power utility dfeity
Vietham , the Ministry of Industry and trade and
Vietham Atoms Energy Commission ( Vinatoms ) have
held public exhibitions about nuclear energy andigro
genergation in Hanoi, Ho chi Minh City, Ninh Thuand
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Table 2. Estimate Nuclear Power Plant in Southeastsfa

Country Estimate Nuclear Time Line
1. Indonesia Between 2016 and 2020
2.Thailand By 2020
3.Vietnam By 2020
4.Philippines By 2025
5.Malaysia By 2023
6.Cambodia As early as 2020
7.Mynmar By 2014
8.Singapore Abstain
9.Loas Abstain
10.Brunei Abstain
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Country/Year 2005 | 20006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023
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Fig. 6. Road Map of Nuclear Power Plant Developméin Southeast Asia.

Overall, as the nuclear timeline below illustraias  Kashiwazaki incidents in Japan (1999 and 2007).
Table 2 and Fig. 6, a futuristic assessment of @ner Though Chernobyl was the result of a mechanicairerr
portfolios shows that at least three and up to seve (a chain reaction got out of control), detailed
Southeast Asian countries could possess some férm dnvestigations into the Chernobyl and Tokaimura
nuclear power generation or begin using nucleargoow incidents clearly found that they could have been

by 2022 [11]. ameliorated or avoided entirely if there with bette
education, training, quality control and safetynsi@rds.
3. THE FUTURE OF NUCLEAR ENERGY IN And the Kashiwazaki case, where nuclear reactore we
SOUTHEAST ASIA placed above a fault plane prone to earthquakes,

indicates the importance of knowing the geographica
terrain before positioning nuclear facilities.

Such problems are not merely historical or hypo-
thetical for Southeast Asia. For example, Indorigsia
decision to locate its first nuclear power plantasite
near Mt.Muria, a dormant volcano, has already thise
eyebrows among engineering safety experts and dvoke
comparisons to the Kashiwazaki case. Total disdster
Indonesia is recorded in Fig. 7. The concern isnev
more palpable because Jakarta is particularly ptibte
to natural disaster sowing to its location in tiRirig of
Fire” — an area where the hightest numbers of
earthquakes and volcanic eruptions occur in thefiPac
Ocean. Furthermore, Southeast Asian industries are

There are several sources of anxiety as more Smagh-
Asian nations strive toward a nuclear future. In
particular, the environmental and proliferation dvais
associated with nuclear power, combined with tlo&
strong regional policing and global norm adhereree,
worrying trends that ought to concern policymakers
going forward.

The environmental and safety sizing of nuclear is
especially prominent in Southeast Asia. Since #ggon
is inclined to intense natural disasters, nucleawgr
experts and managers will have to deal with the
challenge of seismic hazard and the risk of rauimati
leakage in the future. While most plants are desigto
withstand these natural disasters, much will depamd : : :
how adequate their safety standards are in aradsas, notorious for their poor quality control standardsd

e i : ome countries like Vietnam face a shortage of seary
radiation protection, predisposal management, antf 9

echnical expertise. These indicators are worrisgimen

emergency preparedness and response, and howl;strong[he sensitive operating conditions for nuclear psses
these standards are enforced. According to APERE, t 12]
main concern as nuclear energy expands its reach il[l i
Southeast Asia will be “safety issues a increading
fuel handling and the operation of nuclear power”.

History offers several cautionary tales about rarcle
safety, such as the Three Mile Island incident he t
United States (1979), the Chernobyl disaster in the

former Soviet Union (1986), and the Tokaimura and

The specter of proliferation will also loom largs a
more countries pursue nuclear power. As more Sasthe
Asian countries have their own fuel enrichment céga
they will also possess the ability to build nuclear
weapons indigenously if they wish to do so. Thisuis
increases the risk that nuclear weapons, or theiura
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and plutonium used to make them, will fall into the
hands of non-state terrorist groups or rogue regime
which can then use them to construct deadly boifibs.
Terrorist network, where the father of worild 'satear
program, terrorist sold critical nuclear technolotry
Libya, Iran and North Korea. There is also cleadence
that suggests terrorist not only possessed a eeétail
knowledge of nuclear weapon, but attempted to aequi
nuclear material on the black market.

Total disaster in Indonesia, 2008

Floods
Whirlwinds
Landslides
Fires
Earthquakes
Plane crashed
High waves
Strong winds

Poisoning

Volanic...

Fig. 7. Total Natural Disasters in Indonesia, 2008.

While this concern is a legitimate one, most Soashe
Asian nations have not shown intent to pursue deauc
weapon or proliferate. Experts find it highly urdli¢ that
either Indonesia or Vietham will move toward a bomb
because they have what is termed a ‘responsive oew
weaponizing’ — they will only veer toward a weapbn
they see neighboring countries doing so first. Nag,
for its part, has also displayed clear intent iis tiegard
by recently agreeing to return weapons-grade uraniu
from its Da Lat research reactor to Russia for essing
via the U.S. - led Global Threat Reduction Initieti

The more pressing concern for Southeast Asia as itl.

moves forward will be the risk of a targeted and
devastating terrorist attack on nuclear facilitighis is
particularly salient in the case of Indonesia ahdilind,
which are both known transit points for transnagion
terrorists, along with the persistence of otheucttrral
factors conducive to terrorism, indicate that greup
still has the capacity for spectacular attacks @y k
infrastructure.

This lack of regional over sight is compounded by a
weak and uneven commitment to global norms. For all
the criticism leveled at international agreemesigning
key treaties and conventions related to nuclearggne
and nuclear power is a powerful marker of a nason’
commitment to responsible energy use. Currentlly an
few Southeast Asian countries have ratified all ttiree
basic relevant UN documents — the UN Convention on
the Physical Protection of Nuclear Material, the UN
Convention on Early Notification of a Nuclear Aceit,
and the UN Joint Convention on the Safety of Sparm
Management and Safety of Radioactive Waste
Management. If more countries begin handling nuclea
power and refuse to be wedded to global normsimglat

118

to their use, there will be less legal accountgbifor
potentially irresponsible actions and less confitden
about how they will be managed.

4. THE NUCLEAR ENERGY IN THAILAND

Thailand had considered nuclear power plant as an
alternative enegry sources from 1966. The govetmen
set the feasibility study during 1967-1970, apprbve
NPP site on Ao Phi in chonburi province, Approved
NPP type as 600 Mw and BWR reactor type in 1972,
reserved nuclear fuel with Energy Research and
Development Administration (ERDA),US on 1974,
proposed call biding on 1976, and proposed thigepto

in 1978. The government was started review the NPP
again in 1982-1996.

On 9 April 2007, the National Energy Policy Coilinc
(NEPC) had agreed on the principle of PDP 2007
introducing NPP as an alternative future supply.
Thereafter, NEPC appointed the Nuclear Power
Infrastructure Preparation Committee (NPIPC) ardd it
subcommittees to carry out preparatory works falear
power program which were reported as Nuclear Power
Infrastructure Establishment Plan (NPIEP). On 30
October 2007, the Nuclear Power Program Development
Office (NPPDO) was established under the Ministfy o
Energy to coordinate the NPIEP implementation dyrin
2008-2010 including work plan and budget for NPPDO.
On 18 December 2007, the Cabinet appointed the
Nuclear Power Infrastructure Establishment
Coordination Committee (NPIECC). The period of
Y2008-2010 is in the Pre-Project Activities Phadejor
activities in this phase include work on infrasture
establishment to accommodate a nuclear power progra
survey potential sites for construction and perfamnital
environmental examination, complete NPP feasibility
study with human resources development plan, premot
public communication and participation.

On March 23, 2010, Thai Cabinet has approved
hailand Power Development Plan 2010 (PDP 2010)
often referred see Table 3, to as Green PDP duts to
promote emission free energy sources. The PDR 2010,
there will mention 5 units of 1,000 MWNPP in
operation between 2020 and 2028. Nuclear power will
consequently contribute up to about 10% Thailand
electricityby 2028.

Table 3. Nuclear Power in Thailand Power Development

Plan (PDP)
Power Development Plan  |Nuclear Power Plant |
Description

PDP 2007 4 units of 1,000 MWe:

(15 years: 2007-2021) 2020(2 units) and 2021(2 units)

PDP 2007 Revision 2 2 units of 1,000 MWe:

(15 years: 2007-2021) 2020 and 2021

PDP 2010 5 units of 1,000 MWe:

(20 years: 2010-2030) 2020-2021, 2024-2025 and 2028
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There are 5 sub-committees under
coordinate the NPIEP implementation:

1. The Sub-committee on Legal System, Regulatory

System and International Protocols

. The Sub-committee on Nuclear Power Utility
Planning Coordination

. The Sub-committee on Industrial and Commercial
Infrastructure, Technology Development and
Transfer, and Human Resources Development

The Sub-committee on Nuclear Safety and Envi-
ronmental Issues

The Sub-committee on Public Information and
Public Acceptance

EGAT, as the major agency in the Sub-committee on
Nuclear Power Utility Planning Coordination, hired
Burns and Roe Asia Co., Ltd. to perform feasibititydy
of NPP development preparation in Thailand in vasio
aspects. The study lasted for 20 months startimgp fL
October 2008 and covers:

4.

5.

Task 1: Energy Economics and Financing :

National energy market analysis,

Electri system analysis,

Choice of unit size,

Nuclear cost estimates,
e Generation set
e Fund review.

Task 2: Technical and Safety Aspects of Nuclear
Power:

Technical aspects,
Safety aspects,
Security and safeguards.

Task 3: Fuel Cycle and Waste Management
Task 4: Reactor Technology, Supplier and Fuel
Supplier Selection:

Safety and Technical aspects,
Economics,

Performance and realiability.
Task 5: Site and Environmental Study:

Safety and Engineering aspects,
e Evironment aspects,

Cost estimate

Task 6: Human Resources Development
Management Aspects:

and

Human resources development plan,

Project development,

Legal framework and licensing process
Public information and national parti-cipation.

NPIEP was developed base on IAEA Guideline
Technical Document, Consultant with IAEA expert,
and current infrastructure and capacity of Thailand

NPIECC tofrom NPIEP, Thailand’s nuclear power program can be

divided into 5 stages as below Fig. 8.

PRELIMINARY
PHASE

PRE-PRO]ECT\W PROJECT
ACTIVITIES\MPLEMENTATIO
PHASE PHASE

OPERATION

2011- 2013

: | 2014- 2019 |

2020

2007 -1
| 00 | E008 OOI

Fig. 8. Milestones in the development of Thailand
Infrastructure for Nuclear Power.

For the public Voice, EGAT had conducted
preliminary opinion survey on site in late 2008 lehi
commencing survey of potential sites. The
Questionnaires were sent to target group by regiwh
occupation via the country. The result was expeeted
the country as a whole recognized and agreed \wih t
development of nuclear power plant in Thailand, fatt
in their area or communities. The details are shawn
Table 4.

Table 4. The summarizes preliminary opinion survey o
nuclear power

Nuclear Power Plant ~ Agree  Disagree Not
Development in Specified
Thailand 64 32 4
Their provinces 32 59 9
Their communities 24 66 10

Thailand is developing a nuclear power plan for
emission free base-load electricity generation. |&arc
Power Plant Technology is a proven technology #ed t
nuclear industry has continuously improved efficign
and safety for the plant. Thailand is conducting th
Nuclear Power Pant Feasibility study and preparing
necessary infrastructure for support this pan. Stoely
will be complete by the end of this year as planrstl
the readiness report will submitted to the Thai iGatb
for approval in the first quarter of next year [15].

5. CONCLUSION

Despite these potential dangers, ASEAN policymakers
can take several measures to chart Southeast Asifés
passage into its nuclear future. First, SoutheasrA
countries spotty commitment to international agreets

on nuclear security must be addressed. All ASEAN
members should sign and ratify key global agreesjent
at the very least the four basic relevant UN domise

the UN Convention on the Physical Protection of
Nuclear Material, the UN Convention on early
Notification of a Nuclear Accident, and the UN Join
Convention on the Safety of Spent Fuel Managemaaht a
Safety of Radioactive Waste Management. Though this

119



V. Chutiprapat, W. Pattaraprakorn and P. BhasaputGMSARN International Journal 5 (2011) 113 - 120

is a first step, it is a necessary benchmark testithte  [13]Pachimpattapong, A. 2010. Thailand’s Nuclear

their adherence to global standards on the regulati Power Program: Progress and Public acceptance
management and exercise of nuclear power as tlis an  challenge. CEPSI 2010 Taipei, Taiwan, October 24-
would sooth any international anxieties. While & i 28.

unrealistic to expect ASEAN to achieve the samelle¥ [14]WongSawaeng, D. and Research Team, 2007.
cohesion as the EU on nuclear power, several messur Assessment of Thailand’s Readiness for Nuclear
can be taken to boost regional over sight and dgpac Power Plants.
For example, ASEAN should strengthen cooperation[15] Pachimpattapong, A. 2010. Development of
with IAEA, focusing on how ASEAN can better ensure Thailand’s First Nuclear Power Plant, PEA-AIT
enforcement of regional agreements like SEANWFZ by International Conference on Energy and Sustainable
continuing to work toward institutionalizing regian Development: Issues and StrategiESD 2010, 2-4
measures like an early warning system for nuclear  June.
accidents and a regional emergency preparedness and
response plan, which were both proposed in 2007.
Southeast Asian countries should also enlist
international help for expertise if they do not dahe
commercial operation as specific technical capacity
required for handling nuclear power. Countries with
greater experience — such as the United Stateacéra
Canada or Russia, may be willing to provide trajrémd
assistance since securing nuclear material is @ir th
interests as well. Even if these measures are tdken
fact that nuclear power will gain salience in Seatst
Asia in the coming decades means that nuclear dange
and accidents will become more likely. But if ASEAN
states, other willing countries, and multilateral
organizations work together, they can manage and
minimize these risks in order to avert potentially
catastrophic  disasters from  happening  while
simultaneously tapping the potential of nuclearrgye
Only then can the region’s safe passage into itdean
future be assured
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e e, The Successive Development of Nuclear Energy in théorld
v{.
}"%% Pornrapeepat Bhasaputvdyat Chutiprapat and Woraratana Pattaraprakorn
a,a

Abstract— The world electric energy consumption has been steadily increasing since 2004 due to growth in population
and world industrial output. Use of carbon based fuels has increased the problems of global warming and climate
change and, as such, renewable sources of energy are being pursued in many countries but these sources are limited
and cannot fully address the global need for new increased power consumption. The increased development of nuclear
energy is an important option for many countries to address the need for increased electric power supplies. Nuclear
Power Plants (NPP) have been used in worldwide for more than 50 years. Nuclear energy represents a cost efficient
and stable source of power and it reduces the need for the use of non-renewable fuels with high carbon emissions.
Currently, there are more than 439 operating NPP and a further 50 plants are under construction or in the planning
phase. There are many well established International Organizations and International Agreements to oversee and
regulate the safe use of nuclear power. These include control of the proliferation of nuclear weapons materials and
nuclear wastes to prevent these from falling into the hands of non-state, terrorist groups or rogue regimes. Thus,
nuclear energy remains one of the primary means of meeting the increased world demand for electric energy when
developed in compliance with global standards for nuclear safeguards and security.

Keywords— Nuclear Power Plant (NPP), International Atomic Erergy Agency (IAEA), European Union’s European Atomic
Energy Community (EURATOM), The Atomic Energy Commissicn (AEC), The Nuclear Training Centre (ICJT), US.
Energy information Administration (EIA), The World Nuc lear Association (WNA), the UK Atomic Energy Authoity
(UKAEA), Atomic Energy of Canada Limited (AECL), Prolif eration Resistance and Physical Protection (PR&PP, North
Atlantic Treaty Organization (NATO), Organisation for Economic Co-operation and Development (OECD), Nucle&nergy
Agency (NEA), Proliferation Resistance and Physicdrotection (PR&PP).

's statements in February and March 2007 that 6ifi y
1. INTRODUCTION really do want to become less dependent on foreign
sources of energy and want to worry about the
environment, there’'s no better way to protect the
Cenvironment than the renewable source of enerdgctal
nuclear power”. “Nuclear’-power plants emit virtlyal
zero greenhouse gases. It doesn't require any
hydrocarbons from overseas to run those plants.”

In all countries, oil is used sparingly for elecity

Energy is the lifeblood of industrial economies dhd
key to advancement for developing countries. Secur
energy is a matter of reliable, adequate, and ddiule
supply. As the prices of oil and natural gas hasen, so
too have concerns about energy security. Highearil
gas prices have not only been painful for many

economies, but a spate of price disputes has alsed o056 it imxpensiveand is reserved to provide special

th? issu_e of the vulnerability O.f supply into_ Sh“’pl%s- capacity (so-called peak load) when electricity dathis
Price disputes between Russia and Ukraine resiited highest. Globally, oil is expected to decline from

temporary cutoffs of natural gas to Western andt@én providing about 7 % now of power generation to e
Europe in 2006 and 2008. In 2007, Russia halted oily030 "only in the Middle East does oil still accoor
supplies to Azerbaijan, Germany, Poland, and Slavak g hoiantial electricity generation about a third té
There have been other sources of temporary CUfs 45| | g, this means that nuclear electriciould only
well. In 2006, severe weather, technical glitctpeditical substitute for a very few amount of imported oil
instability, and nationalization efforts all cotwited to worldwide.

temporary production shutdowns of oil and gas fte Countries that have turned to nuclear power togedu
Gulf of Mexico, the Trans-Alaskan Pipeline, andnfro i dependence on foreign oil have largely been

Nigeria and BoI|V|_a._ . unsuccessful After the 1970s oil shocks, France and

Nuclear power is m_creas_lngly seen as a way toaedu Japan embarked on major nuclear construction. Agho
d_e_pendence on foreign oil and ”?‘t“ra' gas, to CbmpaFrance reduced its reliance on oil for electri¢gnfold
rising energy costs, and to achieve the ever-adusiv (from 10 % in 1973 to 1.5 % in 1985), oil as a petage
“energy independence.” This echoes America Presiden ¢ {ia energy consumption started to climb agfter
1985. French officials maintain that “France’s @yer
independence, higher than 50 %, has more than eldubl
P. Bhasputra, V. Chutiprapat (corresponding author), and W. over the last twenty-five years, but the reaiiyar more

Pattaraprakorn are with Department of Electricajjieering, Faculty complex. France would need to wean itself fromubke
of Engineering, Thammasat University, 99 M18 Phgttbin Road, o - .
Khlongluang, Pathumthani 12120, Thailand. E-mail: of oil in the transpo_rtatlon sector t_o trqu reduite
bporr@engr.tu.ac. 5310030027 @student.tu.ac. th dependence on foreign sources. Likewise, Japan has

pworarat@engr.tu.ac.th

121



P. Bhasaputra, V. Chutiprapat and W. Pattaraprakorn / GMSARN International Journal 5 (2011) 121 - 130

diversified its energy sources to include nucleawer, uranium, he found the plates had been exposed by
natural gas, and coal, but it still depends on irtgptor invisible emanations from the uranium.

96 % of its primary energy supply. This is the cagen Becquerel's accidental discovery was termed
though it only uses oil for 6 % of its power output “radioactivity” by his successor, Marie Sklodowska
compared with 36 % of its nuclear power output. <3l Curie, who together with her husband Pierre Curie

accounts for about half of its primary energy sypphd investigated the properties of uranium and disaeder
nearly 90 % of its imported oil comes from the M&ld other radioactive substances such as polonium and
East. radium. Marie hypothesized that the emission o ray

The widespread deployment of plug-in hybrid electri uranium compounds could be an atomic property ef th
vehicles could change the equation for a trade-offelement uranium. This and the contemporary disgover
between nuclear energy and oil. But such a widesbre of the electron — which showed that the atom was
deployment would also change the equation for all divisible —triggered a revolution in physics. After
sources of electricity, including intermittent soes like Pierre’s death in 1903 Marie took over her husbsind’
wind and solar power. According to some expertshsu teaching job at the Sorbonne, the first female ean
plug-in cars could serve as electricity storage forits 650-year history. Marie Curie gave her life her
intermittent sources, creating a symbiotic relatap. In work in a literal sense: she died in 1934, probdidyn
any event, it would take at least two decades tickw the effects of radiation.

over the estimated 900 million vehicles on the rivath Contemporary newspaper accounts talked of
oil to electricity. Until then, nuclear energy camn Rutherford having “split the atom.” However, actual
reduce this heavy reliance on oil. nuclear fission was first achieved only in 1938e gear

The case is different for natural gas. Althoughuralt  after Rutherford’s death. Two German physicistsoOt
gas also has industrial and heating uses, it atsdon Hahn and Fritz Strassman, bombarded the nuclews of
about one-fifth of electricity production worldwide uranium atom with neutrons, causing it to split and
Natural gas is an attractive way to produce eleitiri  release energy. From there it was but a smalltstepart
because, according to the IEA, “gas-fired genegatin a chain reaction, and therefore to build a powdstumhb.
plants are very efficient in converting primary ene A year later the world was plunged into World War |
into electricity and cheap to build, compared withal- and the USA and Germany raced to build the firstéd
based and nuclear power technologies. Nuclear gnergbomb. Alfred Einstein, whose own researches had
could displace natural gas for electricity prodoietand provided a theoretical framework for the atomic lbom

improve some countries’ stability of energy supdly warned President Roosevelt that it would soon be
possible to build a nuclear bomb. As a result, agina
2. HISTORY OF NUCLEAR POWER PLANT research and product program was launched, the

Manhattan Project. Enrico Fermi demonstrated that fi
self-sustaining nuclear reaction, while a team of
scientists led by Robert Oppenheimer built andeteste
first nuclear bomb at Los Alamos, New Mexico, USA.
Sites were set up to produce refined in Uranium and
plutonium. The net result of all this activity walse
manufacture of the atomic bombs dropped on Hiroahim
and Nagasaki in 1945 as shown in Fig. 2.

The first nuclear accident was the discovery of
radioactivity. As far back as 79AD pottery makesed
uranium oxide to give a yellow cake to their cerami
glazes, although for centuries uranium’s properties
remained unknown shown in Fig. 1. Its radioactive
properties were discovered by accident.

(a) (b)

] ' ] ] Fig. 2. Destruction of the atomic bombing of Hirokima
Fig. 1. "Yellow-Cake": production for destruction. and Nagasaki, (a) The mushroom cloud over Hiroshima

after the dropping of little Boy, (b) The Fat Man mushroom
Antoine Henri Becquerel was carrying out some cloud resulting from the nuclear explosion over Nagsaki
experiments with fluorescence and phosphorescenceises 18 km.
when in 1896 he made a remarkable discovery: after
putting some wrapped photographic plates away in a In 1953 President Eisenhower addressed the United
darkened drawer, along with some crystals contginin Nations in 1953 in his “Atoms for Peace” speeclijrza
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for international co-operation in the developmerit o In 1954 the UK Atomic Energy Authority (UKAEA)
nuclear technology for peaceful purposes. Even @s hwas set up to oversee the development of nuclear
spoke, the Soviet Union, the UK, the USA, Francd an technology. Two years later a power station at €ald
Canada were already busy developing their nucleaHall, Cumbria, was connected to the national gfide
power programs out of their weapons programs. Thetwo reactors at Calder Hall were a prototype of the
Soviet Union developed the RBMK (“very powerful Magnox gas-cooled reactor, a design which was to be
reactor of the channel type”) a graphite-moderated used at 11 power stations in the UK, one in Japah a
water-cooled reactor fuelled by natural uraniunmd @ one in ltaly. Magnox, which is short for “magnesium
1954 a power plant of this type was connected ® th non-oxidizing”, is a magnesium alloy used in cladgi
Soviet power grid at Obninsk, the world’s firstchear unenriched uranium metal fuel with a non-oxidizing
power station designed for commercial use seedn3i  covering to contain fission products. Magnox reesto
In the West, this kind of reactor has never beenhave a graphite moderator and use pressurizeg &80
considered viable or safe owing to the lack of the coolant. In 1964 the Magnox design was supetsed
containment. The reactor that exploded at Chernobyl in the UK by the Advanced Gas Cooled Reactor (AGR).
1986 was of this type as shown in Fig. 4. In the, UK In the AGR, stainless steel replaced Magnox as the
plutonium for weapons had been produced at Windscal material used for the fuel cladding, with the réshht
Cumbria, in England’s Lake District, since the 1940 higher temperatures and greater thermal efficiency
(Part of the Windscale site was later renamed fieltla) became possible. In the UK 7 power stations easigus

2 AGR reactors were built.

The USA set up the Atomic Energy Commission
(AEC) in 1946 with the purpose of both promotinglan
regulating nuclear power. (The AEC was later repdac
in 1974 by two bodies, 1) the Nuclear Regulatory
Commission and 2) the Energy Research and
Development Administration) The AEC initiated adiv
year program to try out various different reactesigns
and from 1954 was allowed to license private corgsan
to build and operate nuclear power plants. In 18%/
Duquesne Light Company began operating the USA’s
first large scale nuclear power plant, a Pressdnzater
reactor (PWR), in Shipping port, Pennsylvania. othb
military and power-generation matters, France fc45
adopted a resolutely independent approach, to mgrsu
its own force de frappe outside North Atlantic Treaty
Organization (NATO) and to developing its own gas-
graphite reactor, the UNGC, of which nine units ever
built. The design was similar to the UK’s Magno»ithw
the difference that the fuel cladding was magnesium
zirconium alloy, not magnox. The first such reactér
this type to go on-line was G-2 (Marcoule), in 1959
shown in Fig. 5 [2].

Canada was bought into the use of nuclear power
because of the country’s abundant supply of uranium
The unique “CANDU” reactor design from Canada is
characterized by the use of heavy water for heatster
and as a reactor moderator shown in Fig. 6 [3].viea
water is a combination of deuterium, hydrogen and
oxygen (O, HDO), the first batch of which had been
smuggled out of Norway to elude Nazi control. Dgrin
WW?2, British and Canadian scientists carried out
research at the University of Montreal, and as sulte
various reactors were built using heavy water, ligta
the NRX reactor at Chalk River, Ontario. In 1952 th
Atomic Energy of Canada Limited (AECL) was set ap t
take over the Chalk River complex and develop the
peaceful applications of nuclear energy. Now Carreda
over 20 nuclear reactors at more than 12 power
Fig. 4. The hole, the warning, the eloquent and sobering ~generation sites. About 50% of the electric povugpty
message of a still vivid and silent wound. What reained of in the Canadian industrial heartland is from nuclea
Reactor 4 from the Chernobyl (Tchernobyl) nuclear plant power [4].
in Ukraine (Ukrainia) some time after the explosion Photo
taken in 1986.

Fig. 3. The first nuclear power plant began operatig in
1954 in Obninsk, Russia.
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Fig. 5. View of the G2 reactor unit, with the fuelloading
system in the foreground and the platform for the ontrol
rod winches above the reactor.

CANDU"

STEAM  ELECTRICAL |
TURBINE  GENERATOR |

COOLANT
MODERATOR I
(HEAVY DR
LIGHT WATER] {HEAVY WATER) CONDENSER COOLING WATER
URANIUM

Fig. 6. CANDU reactors heat water which produces steam
in the steam generator.

3. THE TECHNOLOGY OF NPP

th
The first 50 years of the 2@entury was a period of
rapid advancement in understanding nuclear sciande
technology. It took only a decade to advance frbm t
discovery of the neutron in 1932 - and just fouarge
from the discovery of fission in 1938 - to the
construction of the first crude nuclear “reactoritler the

formation of the Manhattan Project that developeel t
first nuclear bomb as shown in Fig. 7
In the 1950’s, the first generation of civilian tesr

power reactors - Gen | — was constructed. Companies

permit civilian ownership of nuclear material teifdate
the expansion of civilian use of nuclear energy.
Government development of nuclear energy included
emphasis on reactors that used enrichment fasilitiat
were also used for nuclear weapons. The influerfce o
government priorities was the primary reason that
enrichment became integral to the development of
commercial reactors.

cun‘rr'uli

J

L

fission

moderator

P

Fig. 7. Fission of uranium 235 nucleus.

In the US, companies such as General Electric and
Westinghouse (key contractors in the government
programs of the 1940s and 1950s) developed lighg¢rwa
designs that now dominate the power reactor ingustr
the U.S. and in most other parts of the world. €hes
power plant designs (Gen IlI) provide a significant
fraction of the electricity supply in many markets
worldwide. More advanced designs of these reactors
(Gen 1ll) have been approved by nuclear licensing
authorities, deployed in a few locations, and asely for
widespread deployment as shown in Fig. 8 [5 & 6].
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Commercial Pover
Reactors

Generation I +

Advanced | Generation IV

LWRs

Evoluionary
Designs Offering
Improved
Economics for
Near-Term

Deployment

- Highly
Econornical

- Enhanced
Safely

- Minirmial
Waste

- Proliferation
Resistant

- Shippingport
- Dresden, Fermi |
- Magnox

- ABWR
- System 80+

-LWR-PWR, BWR
- CANDU
-AGR

University of Chicago’s football stadium and the T G |

Gen lli+
2020

GenlV

1950 1960 1970 1980 1990 2000 2010 2030

Fig . 8. The Evolution of Nuclear Power.

that developed the technologies for nuclear bomb
production became leaders in the rapid expansion of Nowadays, 442 commercial nuclear power reactors

nuclear energy into electrical energy productionl954,

with a total installed capacity of over 375,000 MW,

Congress amended the Atomic Energy Act of 1946 towhich produce more than 13% of the world's eleitjric
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are operated as shown in Table 1 and Figh$s is more
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than three times of the total generating capanityrance

or Germany from all sources. Over 60 further nuclea

power reactors are under construction, equivatedeo
of existing capacity, while over 150 reactors armly
planned, and equivalent to 46% of present capacity.

Table 1. The Overall Nuclear reactor status

Region  In operatior (8 T et
Eurpoe 196 19
Asia 116 1 43
North America 122 4 1
Latin America 6 2
Africa 2
Total 442 5 65

Source: European Nuclear Society

Hydra, 16%

Nucleer, 13%

oil, 6%

Other, 3%

Gas, 21%

Coa, 1%

Fig. 9. The World Electricity Production in 2008.
Sourcve: |AEA Electricity Infromation 2010.

(f) FBR

(e) LWGR
Source : ww.icjt.org/an/index.htm

Fig. 10. Schematic Nuclear Reactor type.

Table 2. Comparison of Nuclear reactor type

Nuclear power plants in commercial operation

There are several types of nuclear reactors used in(BWR)

Generation I-lll as follow [7 & 8]:
(1) PWR: Pressurized Water Reactor

(2) BWR: Boiling Water Reactor
(3) GCR: Gas Cooled Reactor

(4) PHWR: Pressurized Heavy Water Moderated

Reactor

(5) LWGR: Light Water Cooled Graphite
Moderated Reactor

(6) FBR: Fast Neutron Reactor

For the type, number and location of

Generation | — 11l (1950-2010) in the world as simoiv
Fig. 10, Table 2, and Table 3 [9].

reactor

Reactor Num Coola Mode

Type ber cre A nt rator
Pressurized
Water enriched
Reactor 268 247.7 U0, water water
(PWR)
Boiling
water 92 84.22 enriched water water
reactor uo,
Gas-Cooled nabu ral
Reactor( 14 go5 (metal), coz 9r@Phi
Magnox & . te
AGR) enriched

uo,

Pressurized
Heavy
Water natural heavy heavy
Reactor 47 233 uo, water water
"CANDU"
(PHWR)
Light Water
Graphite . .
Reactor 15 10.22 enljlghed water gr?é)hl
(LWGR or 2
RBMK)
Fast
Neutron PuG  Liquid
Reactor 2 0.69 and UQ sodium none
(FBR)

Source: Nuclear Engineering International Handbook 2008
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Table. 3. The Nuclear reactor type in each region

il
World Nuclear Reactor Type f-\l i
Reactor | PWR | BWR | GCR | PHWR |LWGR |FBR |[Total H_J t‘
North | g9 | 35 18 122 =
America  Fenif idie
Latln 4 2 6 LEny High Temperature Seactor . i
America 5 — —~
E A e ~ | |
Euro | 126 | 19| 18 2 1] 166 | ey N - Q’T |
rsia | 69 | 38 25| 15| 1148 leSof  =d m 1%
=g - i
Saperorition! Watker Reacior
Total 268 92 18 47 15 2| 44] . . . .
o Fig. 11. Nuclear Power Generation IV: six Innovatie

. systems.
Source : ICJT Nuclear Training Center Y

Waste from nuclear power operation is the radivecti L
substance therefore it must be carefully managed a &rr
hazardous waste. Radioactive waste comprises atyari LFR
of material requiring different types of managemaemt
protect people and environment. It is normally sitkesd
as low-level, medium-level or high-level waste, SC¢WR
according to the amount and types of radioactivity. srr
Another factor is the time that the waste remains ymg
hazardous. This depends on radioactive isotopeahein ; Performanse  Demomemagion
waste. Radioactivity decreases with time as these N '
isotopes decay into stable or non-radioactive ones.
Delay-and-decay is a unique method to manage the®"®®:
radioactive waste. The waste is stored and its Fig. 12. Nuclear Reactor Development Timelines.
radioactivity is allowed to decrease naturally tigh

decay of radioisotopes. . . L ead-cooled Fast Reactor (LFR)

On safety & security issues, it is very importaat t The LFR system would feature a fast-spectrum liquid
consideration so the International Atomic Energy metal-cooled reactor and a closed fuel cycle. Mokad
Agency (IAEA) was set up by the United Nations in s 5 relatively inert coolant, offering safety adtages as
1957. One of its functions is to act as auditomofld well as being abundant. Designs being investigated

nuclear safety [8 and 9]. It prescribes safety edoce  gate include both small (20 MW) and mid-sized (600
and the reporting of even minor accidents. Its fds V) designs.

been strengthening since 1996. Every country which

operates nuclear power plants has a nuclear safetfp@s-cooled Fast Reactor (GFR)
inspectorate and all of this work closely with tA€A. he GFR system reference design includes a 1 200 MW

Recently the U.S. and nine other countries - Arigent helium-cooled reactor with a fgst neutron specteund a
Brazil, Canada, France, Japan, Republic of Soutttaf closed_fue_l cycle with an on-site spent fuel tr@_imand
Republic of Korea, Switzerland, and the United re_-fabncatlon p_lant. It f(_eatures a h|gh_ therme_ilc&fncy
Kingdom - anticipating that the world may be erntgra d!rect-cycle helium turbine for electricity genéoat Thg
period of expansion of nuclear energy, have joimed  high outlet temperature (850 °C) could also beablst
collaboration to develop another generation of morefor hydrogen production or process heat.
advanced nuclear power systems (Gen IV) as shown irvery High Temperature Reactor (VHTR)

Fig. 11., and Fig. 12Details of advanced nuclear reactor The chief attraction of the VHTR concept is itslipito

are summarized as follow [10]: produce the higher temperatures (up to 1 000 °€)lex:
Sodium-cooled Fast Reactor (SFR) for _hyd_rogen production and some process heat
Several prototype SFRs have already been built andPPlications. However, VHTRs would not permit use o
operated in a few countries, making it one of testb 2 closed fuel pycle. Reference designs are forrm.‘rdlm
established Generation IV technologies. SFRs feawr MW of electricity, or 600 MW of heat, with a helium
fast neutron spectrum, liquid sodium coolant, and accolant and a graphite-moderated thermal neutron
closed fuel cycle. Full-sized designs (up to 1 50d) spectrum. Fuel would be in the form of coated pks,

use mixed uranium plutonium oxide fuel, with formed e_lther into blocks or pebbles according he t
centralized recycling facilities. Small designstie 100 ~ COre design adopted.

MW range, using metallic fuel and co-located rewygl  Super-Critical Water-cooled Reactor (SCWR)

facilities, are also being considered. SFRs have aSCWR is most closely related to existing LWR
relatively low (550 °C) outlet temperature, limgitheir  technology. SCWRs would operate at higher
use for non-electricity applications. temperatures and pressures, above the thermodynamic

MSR

2000 2(:10 21?20 20I3ﬂ‘
T 1 1
|
I
|
|

: U.S. DOE Nuclear Energy Research Advisory Committee
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critical point of water, allowing design simplifitan and resistance framework.

greatly improved thermal efficiencies. Referencsigies Cost, safety, waste disposal, and proliferation
provide up to 1 500 MW, use uranium or mixed oxide resistance are all critical design issues for futouclear
fuel, and have outlet temperatures up to 625 °GVRBE  systems. Yet, issues are typically prioritized in
could have either a thermal or a fast neutron spect  development of new technologies. Given the
the latter would use a closed fuel cycle based onproliferation risks associated with the global exgian
centralized fuel facilities. of nuclear energy, proliferation resistance shadda
Molten Salt Reactor (MSR) constraint on design and development of new systems

In MSRs, fuel materials are dissolved in a cirdofat Practically, this constraint means, for exampleat th
molten fluoride salt coolant. The liquid fuel avsithe Gen IV systems ShO.UId be designed to fully Integrat
need for fuel fabrication and allows continuous safeguard technoI(_)gles that can continuously monito
adjustment of the fuel mixture. The current condsbr and impede any misuse advanced safeguards sheuld b

a 1 000 MW fast neutron reactor with a closed Gyele. ;bu'ltt'tm"' t_Procei?]esb de_5|gr];15, atnd m:}mtwes;hg?lht
This could be used for breeding with fertile thomiwr € attractive on the basis of Cost, pertormance,ner

for burning plutonium and other actinides. An ac considerations should not be pursued if they are no
HTR with liquid fluoride salt coolant is also being proliferation-resistant or should be modified tswae the

studied. strongest barriers to proliferation.
The world and the U.S. may be entering a period of
expansion of nuclear energy. International regirtes 4. THE FUTURE OF NUCLEAR POWER PLANT
manage the new nuclear power systems have beeNuclear power could become the world's single tigge
proposed. President Bush has a two-part proposasource of electricity, said a roadmap revealed ytdua
involving fuel assurances and pledges to restatéss  intergovernmental agencies. Industry says the ptiojes
IAEA director proposed a 5-year moratorium on are not ambitious enough.
construction of new enrichment and reprocessingtgla The future for the potential of nuclear is a wotht
while an effort is made to establish a multi-nagéibn reduces its carbon dioxide emissions by 50% by 2050
alternative to nationally owned plants. according to a report produced by the IAEA at the
In parallel with advancing new institutional struts, request of the group of eight industrialized nagion
it remains important to assure that the proposed I8e  (Canada, France, Germany, Italy, Japan, Russid/Jkhe
technologies physically impede proliferation througl ~ and USA) show in Fig. 13. In doing so it enlistie
possible means. While cost and efficiency will doate help of the OECD nuclear energy agency and the d&Vorl
the interest of the commercial nuclear power settor Nuclear Association (WNA) [13].
Gen IV decisions, the robustness of the non-praiifen Addressing the current issues slowing the incredse
regime will be a critical factor in sustaining sapipfor nuclear power, the report discusses the actiongstnyg
nuclear energy in the decades ahead. Thus, futaar  and government must take to resolve them. Sombeof t
design and development must reflect a high pridoty  issues - such as skills and manufacturing capacitse
proliferation  resistance. Recently, the countries already being dealt with and would rapidly respdad
participating in the Gen IV collaboration announgkdt  market forces caused by high demand for nucleaepow
six concepts would be pursued. It is therefore nrge  Others are far more difficult: "A clear and staplglicy
establish shared priorities and constraints. commitment to nuclear energy as part of overalrgye
The Department of Energy is in the process ofstrategy is a pre-requisite.” Immediately howevee t
developing proliferation-resistance criteria thrbuds most pressing problem is the high up-front cost of
Proliferation Resistance and Physical Protectionpuilding a new nuclear power plant, and manufacture

(PR&PP) Assessment. A goal of PR&PP is to producemust reduce this financial burden and the riskaitries
criteria that can be used to evaluate GEN IV design  through standardisation and experience.

further goal of the PR&PP process is to generate
standards that lead to a consistent framework fol Bl
proliferation resistance, similar to the framewdHat
exists for safety [11 & 12].

At this time, a methodology for constructing the
PR&PP criteria has been drafted. The next step test
and refine the methodology with nuclear systems
designers. The program has no definite milestone:
beyond FY '06. It is possible that PR&PP criteridl w
not provide clear and unequivocal guidance, bu it
important to test whether practical criteria can be DOl b DR i e Gl e
developed across the spectrum of nuclear energ R
alternatives. Therefore, funding for PR&PP shoull b Fig. 13. The goal of cutting global CO2 emissions0%o-
sustained and the involvement of nuclear reacto185% by 2050.
designers should be secured. To insure that ityzesl
timely results, the DOE should also develop a fineel Given correct action to promote a stable policyimeg
for the development of the intended proliferation- and an adequate industrial base by 2020, nucleaerpo
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could grow by 320% to 1200 GWe before 2050. project cost.

Achieving this would mean completing about 20 large 1 capital costscomprise several items: the plant cost
reactors each year, meaning "the rate of constmucti (ysyally identified as engineering-procurement-
starts of new nuclear plants will need to_roughby_:lule construction - EPC - cost), the owner's costs (land
from its present level by 2020, and continue taéaée  cooling infrastructure, administration and assedat
more slowly after that date.” This clearly achideatate  pjigings, etc.), cost escalation and inflation.general
of work is enough to replace every single reactorihe construction costs of nuclear power plants are
operating now and grow nuclear power's contributon  gjgnificantly higher than that of coal- or gas-firplants
24% of global electricity supplies even while energ gue to the requirement of special materials, and to
demand doubles. _ _ incorporate sophisticated safety features and biack-
The IEA said the scenario above is based ONcontrol equipment. These contribute is the majatipo
assumptions of some "constraints on the speed Withyf the nuclear generation cost. In case of long
which nuclear capacity can be deployed.” A highleaic  construction period, it will be pushed up financirasts.
scenario, which the roadmap did not examine inildeta 2 Financial will depend on the rate of interest on
places nuclear power at 38% of power supplies with o " FALEE 0 L PP D G S E e the
total generating capacity of about 1900 Gwe as shiow capit,al costs a?e ?lecove’red. There n%ust also be an

Fig. 14. and Fig. 15. allowance for a rate of return on equity, whiclaigsk of
Most nuclear power plants are concentrated in three quity,

geographic regions: North America, Europe, and Asia capital. ) ) ) )

Within those regions, the USA, France, and Japae ha 3. Operating costsinclude operating and maintenance

more than half of all total capacity (479 nucleampr ~ (O&M) plus fuel. Fuel cost includes used fuel

reactors with 371 GWe capacity) Of the thirty-otetess ~ Management and final waste disposal. These cobite w

with nuclear power, seven are developing countries—usually external for other technologies, are iraérfor

Argentina, Brazil, China, India, Pakistan, Souttrigd, ~ nuclear power (i.e. they have to be paid or sedeasi

and Taiwan. securely by the utility generating the power, amel ¢ost
Much of the recent growth in nuclear capacity hasPassed on to the customer in the actual tariff).

been in Asia, and this trend is likely to continiBut

nuclear power could become more widely distribufed 5. CONCLUSIONS

countries that have announced an interest in nucleag,qor

energy follow through on their plans. This couldame

spreading nuclear power to perhaps an additionaldmw

three dozen countries, including many more devalppi

states.

the next 50 vyears, unless patterns change

dramatically, energy production and use will cdnite

to global warming through large scale greenhouse ga

emissions 100 of billions of tons of carbon in tben of

_ i CO,. Nuclear power could be one option for reducing
This level of nuclear would bring even greater .ohon emissions. At present, however, this iskeyi

emissions savings - as well as an 11% cut in POWer, cjear power faces stagnation and decline [14].

prices. "An expansion of nuclear energy is thus an tpe analysis is guided by a global growth sceniid

essential component of a cost-effective strategy tOyoy|q expand current worldwide nuclear generating
achieve substantial global emissions reductions" .

capacity almost threefold, to 1000 billion watty, e
year 2050. Such a deployment would avoid 1.8 Millio
tons of carbon emissions annually from coal plants,
about 25% of the increment in carbon emissions
otherwise expected in a business-as-usual scerfdris.

is study also recommends changes in governmentypoli

Binmass and

Geoth al
Balar CED Feotherm / wiste
mo .
[ei o

Carban capiure
and stroages

uitra/f

and industrial practice needed in the relativelgrnerm

to retain an option for such an outcome. Otheromysti

are not analyzed for reducing carbon emissions
renewable energy sources, carbon sequestration, and
increased energy efficiency and therefore reach no
conclusions about priorities among these effortsl an

Muchkear__ supereritical

16% coalt foms caal nuclear power. In the judgment, it would be a nhkistto
gas switching  efficiency % exclude any of these four options at this time.
ik = For a large expansion of nuclear power to succeed,
Fig. 14. Total Co, emission reductions from  four critical problems must be overcome [15]:

Cost In deregulated markets, nuclear power is not now
cost competitive with coal and natural gas. Howgver
plausible reductions by industry in capital cogtei@tion
and maintenance costs, and construction time could
reduce the gap. Carbon emission credits, if enaoted
government, can give nuclear power a cost advantage

electricity sector: 14Gt.

Remark : Annual power sector carbon dioxide emnission reductions in the BLUE
Map scenario in 2050 compared to the Baseline scenario, by technology area.
Nuclear is the only major contributor that needs no technical breakthrough

For the cost, the new generating capacity anduitisut
requires careful analysis of what is in any setfigpfres.
There are three broad components: capital, finamze
operating costs. Capital and financing costs makéha
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Note: Thisfigure is not a projection but a scenario, based on official statements by countries. Country statements were taken at face
value, and these do not necessarily correlate to any measurable indicators (such as GDP growth or electricity demand)

Safety Modern reactor designs can achieve a very low Over at least the next 50 years, the best choiceetet

risk of serious accidents,

construction and operation are essential. Safetyhef

overall fuel
operation.

cycle is complicated, beyond

cycles involving
outweighed by

reprocessing of spent fuel

the short-term risks and co

but “best practices” in these challenges is the open, once-through fuéécic
addition, there are adequate uranium resourcesabiai
reactor at reasonable cost to support this choice unddolzah

growth scenario. Public acceptance will also becalito

Waste Geological disposal is technically feasible but expansion of Nuclear power. The survey results show
execution is yet to be demonstrated or certain. Athat the public does not yet see nuclear powervesyato
convincing case has not been made that the long-ter address global warming, suggesting that furtherlipub
waste management benefits of advanced, closed fuetducation may be necessary.

are
sts.

Improvement in the open, once through fuel cycley ma 1]
offer waste management benefits as large as thosg

claimed for the more expensive closed fuel cycles.

Proliferation The current international safeguards
regime is inadequate to meet the security challerje 2
the expanded nuclear deployment contemplated in the[ ]

global growth scenario. The reprocessing system
used in Europe, Japan, and Russia that
separation and recycling of
unwarranted proliferation risk. Also, the expansioh

nuclear power into developing countries presents

proliferation risk. The system of nuclear treatimsd

involve
plutonium presents

no 3]

4

safeguards under the IAEA needs to be strengthenéd

adopted for use in all countries, including the Nac
Non-Proliferation Treaty, and other internationalaties

(5]

dealing with reporting of accidents and managenoént

radioactive materials.
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