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g e, Sustainable Management of Hydropower in Lao PDR
V"
}"’r% Seumkham Thoummavongsa and Xayphone Bounsou
a,9

Abstract— Laos has potential for new hydropower plants with total installed capacity of 28,000 MW. Today, Laos has
hydropower plants with a capacity of 3,200 MW. Hydropower projects involve a number of multiple stakeholders with
various interests. Effective management and environment considerations are important to ensure sustainable
development within the sector. Even though substantial improvements in policy procedures, legal requirements and
assessment guidelines have been made there is till room for improvements. A major problem is related to benefit
sharing, capacity building and institutional aspects. Development of hydropower needs to be sustainable, with minimal
adverse social and environmental impacts. Hydropower should, as renewable source, also be a viable and profitable
energy solution contributing to a positive economic devel opment. Hydropower development should respond to realities
of the country and to the energy market. Hydropower must be developed in the context of broader goals, including
environmental management, poverty alleviation institutional and social development along with integrated water and
energy management. Sustainable development of hydropower requires the integration of economic and social
development as well as environmental protection. In planning of hydropower projects the following parameters are
important: efficiency, participatory decision-making, sustainability, and accountability along with precautionary
approach to ensue an environmentally sound development.

Keywords— Hydropower, sustainable, planning, development, anagement and benefit sharing.

supports adaptation to climate changes. Water and
1. INTRODUCTION energy are essential to the alleviation of povettymate
changes make this more urgent and for many cosntrie
i ; X the development of hydropower can be a vital and
Democratic Republic (Lao PDR) has been firmly rdote i ,qrtant part of the answer. Due to the increased
in developing its abundant natural resources, ol yomangs of reliable supplies of electric powefgation,
water, minerals, forests, wetlands and biodiversity and drinking water the number of new small and onedi

Although a relatively small percentage of 2.8 ot th ;64 hydropower reservoirs is increasing dramiica
national water resources are developed for sto@ge o \vorld

ﬁbjtractmn, water Is thﬁ k:‘ur?darl?enta.ld res_fc_)udricie forin the Lao National Energy Policy it is importat t
ydropower generation which has been identifiethas  aintain and expand affordable, reliable and snatdé

major national development opportunity [1]. electricit : :
. . y production and supply in order to sugpa
The Lao PDR has the potential to build more than 7Opositive economic and social development in the

hydropower plants (Dams) with a total installed azty country. Also improvements and expansion of

of about 28,000 MW. So far, the Lao PDR has_ built 4 ansmission networks to support the rapidly grawin

_only 14 hydro_power plants or power dams with an jnqstrialization and modernization process and the

installed capacity of 3,200 MW (year 2012) [2] __intergradations of the power sector in the ASEAN
There is a need to develop new, more sustainablé,mmnity through its power exchange programs will

environmental planning and policy approaches thatqqire extra power capacity. To use or tap thergis
integrate social and ecological concerns in NydwWeso 500 hydropower potentials will however require
projects in the country. These social ecological articipation of private developers;

approaches“shquld go hand in.hand with present lon Hydropower energy is a key element of sustainable
term .rehab|l|tat|on efforts carried out by the ftura energy production. Hydropower energy contributes
societies to restore damaged aquatic environmeots f holistically to our combined goals of having ecofiom
previous hydropower projects. Hydropower is not pus growth, a positive social development, increaseefg
means of combating GHG emissions; water storage als security, and a good environmental protection. All

factors promising a brighter, safer, and cleanarréfor
the Lao people and for the coming generations. Some
Seumkham Thoummavongsa (corresponding author) iBhB initial progress has already been made. Putting
Candidate of Joint Doctor Degree program on Manageénscience  renewable energy solutions into practice on a natio
and Engineering of National University of Laos (NU&nd Kunming scale. in a world that has Organized its instituaio
University of Science and Technology, China. Email: . ' . .
seumkham@amail.com industrial,  financial, and governmental systems
Xayphone Bounsou is Deputy Director of Energy Piagn  principally around the supply and use of fossill$us a
Department of Policy and Energy Planning, MinistfyEnergy and very challenging task [3]

Mines, Nong Bone Road, Vientiane, Lao PDR. Email: ; ; ;
xayphone3000@yah0o.ca.jp On a regional scale, power supply is the most ahpit

The economic development in the Lao People’s
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intensive sector of all. The industrial and comri@rc of its use and reliance upon the existing natwsburces
sector and every aspect of social progress aaeilife  [5].Further, classified as a clean, renewable gnerg
dependent on reliable energy supply. At the same ti resource, hydropower can reduce the net productfon
there are significant scopes for the development ofgreenhouse gasses by moving economies to a lower-
hydropower on the existing power production streetu  carbon future by replacing other forms of power
and the modernization of the existing hydropowents generation [6].
to improve efficiency and development of hydropower There are risks inherent with the development and
plants to provide energy to rural, remote and under operation of hydropower. These risks cover a ravige
supplied regions. The development, renovation, andfinancial, engineering, hydrologic, geological, and
rehabilitation of these existing hydro power plantd market concerns with particular attention to
together with new hydropower projects, lead to aenvironmental protection, social aspects, resedfgm
situation where significant additional clean and and relocation of people. Hydropower reservoirsehav
renewable energy capacity can be achieved. large number of potential cross-sectional impacts
The purpose of this paper is to analyze socio-eminio  including changes of downstream flows and water
and environmental sustainability considerationsb®  quality, dam safety, reservoir fishing, resettlemen
developed in the Lao PDR. The paper discusses thecological impacts, and flood control [10, 11]. As
existing environment aspects associated withconsequence of a wide variety of impacts and rities,
hydropower planning, development, and other chgtlen  definition of acceptable hydropower development has
related to that sector in the Lao PDR. The pap®sdo changed into a situation where it is needed to renthe
highlight the problems and constraints in the hpdreer core principles and parameters of sustainable
sector and suggest some opportunities to meet thelevelopment [8, 9].
emerging challenges, the implementation of polieied
institutional strengthening processes that wildléa an
improved and sustainable development of the The Brundtland Commission's report defined sustdéna
hydropower sector in the country. Furthermore,pghper  development as "a development which meets the needs
can be considered a discussion paper which canamelp  of current generations without compromising thdigbi
give some guidance of how to integrate sustainableof future generations to meet their own needs". The
development and management considerations intacconcept supports strong economic and  social
hydropower planning, development and management. ldevelopment, in particular for the low income peopit
also provides policy makers related to Theun Himbou the same time it underlines the importance of ptotg
Hydropower Expansion with the kind of information the natural resource base and the environment.d&gion
they need in order to achieve a better understgndin  and social well-being cannot be improved with measu
the environmental, social and economical impliaatiof  that destroy the environment. Intergenerationabiaaty

2.1 Sustainable Development

hydropower developments and management. is also crucial: any development has to take ictmant
its impact on the opportunities for future genenasi
2. HYDROPOWER DEVELOPMENT AND [12].
MANAGEMENT CONTEXT Sustainable development requires the integration of
three components — economic development, social

The Lao PDR is in the midst of relatively rapid romic
growth and natural resource development. Hydroppwer
mining and agriculture are major sectors. Urbaasere
also growing as the population reallocate as altre$u
the commercial and industrial development in thgoma

towns in La_o. As a result, thgre are Increasingyurees development are overarching objectives of, andntisde
on the environment and an increasing need to manag?equirements for sustainable development [12].

natural resources in a sustainable manner. The . o . .
. International organizations like the International
Hydropower generation has been expanded from 33 MW

in 1975 (independent power production) to 1,937 AW Hydropovyer Association (IHA) [13] and the Wor_ld
. ; Commission on Power Dams are among the interndtiona
2010. 99.8% of the power production is based ong : 141 who h duced quideli fowlt
hydropower, 0.07% (1.51MW) from diesel generators inanciers [14] who ave procuced guidelines Towto
axd 0.02% (’O 47MW) frbm Solar Power installationis | promote greater consideration of environmental,jasoc
Curreﬁtl Othé electrification ratio in the counti and economic aspects in the sustainability assegsofie
a roxirﬁl’:\tel 80% or 1,060,413 households in 201& a hydropower projects. This also ~accounts for the
app y oUvo S guidelines for the management and operation otiagis
is expected to increase to 90% in 2020. hvd h
Hydropower has been perceived and promoted as Jyaropower schemes.
comparatively clean, low cost renewable source of While there are disagreements on some aspects
P v ' relating to WCD'’s detailed recommendations, thera i
energy that relies on proven technology [11]. Exdep : ;
. ; ) clear acceptance of the core values listed in ¢port,
the reservoir development, which gives the hydrogroav hich . ffici - decisi
big water footprint, [4] it is a non-consumptiveeusf which are equity, efficiency, participatory -decisio
' making, sustainability, and accountability [13].

water. At the same time, the hydropower can also be Also the values of precautionary approach and eco-

viewed as a large ‘ecological footprint’ as it has ffici ; | h beed
substantial impacts on the natural environment leza efficiency to environmental management have beex us
in  developing  sustainable  hydropower. The

development and environmental protection — as
independent, mutually reinforcing pillars. Eradiogt
poverty, changing unsustainable patterns of praoioict
and consumption, and protecting and managing the
natural resource base stressing the economic asidl so
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precautionary principle and the principle that prewe
action should be taken can guide the decision rsaker
the hydropower sector and eliminate some of iblesr
and uncertainties in the sector. [15].

Some of the precautionary principles are madethén
Rio Declaration on Environment and Development,
1992, where it is stated that: Where there areathref
serious or irreversible environmental damage, dlo& bf
full scientific certainty shall not be used as asen for
postponing cost effective measures to prevent
environmental damages. This statement may be eatiend
to include any risk, such as economic, ecological o
social risks [16]. IHA [13] believes that the evation of
the hydropower generation options should be baped u
life-cycle analysis of alternative technologies,, the
scientific and technical uncertainties taken intocnt.

Eco-efficiency is based upon the idea that doingemo
with less — is the core of the business case fetagmable
development. Combining environmental and economic
operational excellence to deliver goods and seswigéh
lower external impacts and higher quality-of-liferefits

is a key factor in pursuing sustainable development

strategy for the hydropower business [17].

At the domestic level, good governance with sound
environmental, social and economic policy, togethigh
democratic institutions responsible to fulfil theedls of
people, following the prevailing laws and takingeth
necessary anticorruption measures are carried rothe
basis of sustainable development [17]. Sustairtghid
based on due considerations given to interrelatipss
and integration of competing needs. Therefores ibfi
prime importance that the national and/or regiqudicy
context takes into account all cross-sectionaleisstor

example through Integrated Water Resources
management (IWRM) [17].
Hydropower development must adopt the dual

The following figure shows the evolution in thewiand
treatment of power dam affected communities

Goal of inclusive, sustainable dams development
v

,
Pl
Pl

= All Previous + partnership approaches & long-term

¢ benefit sharing with local communities and regional

.
.
- 1

= NCRL + negotiation + long-term benefit sharing

= NCR + livelihood restoration measures (NCRL)

= NC + assistance to resettle = (NCR)
'
= Notify + compensate = (NC)

lll
| ]

Pre-1980°s ‘ 1980°s -90°s

Fig. 1. Era of Typical Practice

The above figure illustrates the development in the
hydro power sector the last three decades.

The Lao National Sustainable Hydropower Policy
(NHSP) is founded on three important principles} (a
economic sustainability relies upon the maintenance of
the renewable resource base, and the use of non-
renewable resources to support the developmesthef
factors of production; (b¥ocial sustainability is based
upon the principles of public involvement and
participation, including, mutual understanding and
consensus; (ckecological sustainability, which relies
upon the avoidance if irreversible environmentgbaats
such as the loss of biodiversity loss, accumulatién
persistent pollutants, or disruption of ecologicgtles
[19].

3. METHODOLOGY

The paper is based on an empirical analysis of ggm

perspective of integrated water resources managemerand secondary data and information; official goveent

and sustainable energy development. [14]. Intedrate
water resources management is about strengthenin
frameworks for water governance to foster a good

documents and relevant literature, a series of sfags
of the Future Resource and Economy Policies in Lao
PDR until 2020 as well as interviews with governmen

decision-making in response to changing needs. ,Hereofficials and power sector and environmental exgert

the rather universal definition of IWRM “as a prese
that promotes the coordinated development
management of water, land and related resouroasier
to maximize the economic and social welfare in an
equitable  manner  without compromising the
sustainability of vital ecosystems” is important8]1
Such decision support systems as IWRM are partigula
appropriate and useful in hydropower development
during the implementation process with a partiopat
transparent multi-stakeholder approach [16].

Certain forms of benefit sharing (natiostal local)
should be used in order to achieve poverty redactio
targets. This is important when poverty levels in
hydropower project areas often are much higher than
provincial or national averages. This benefit Biwar
approach should be done for a period of time until
poverty levels are reduced to acceptable leveldy On
then it is possible to focus on other seetdnomic
issues that the authorities consider important.[36]

and4, SUSTAINABLE MANAGEMENT OF

HYDROPOWER IN LAO PDR
4.1 Social and Environmental Sustainability

Hydropower development in Lao PDR needs to be
sustainable with  minimal adverse social and
environmental impacts, while remaining a viable and
profitable energy solution supporting the economic
development in the country. When planning new
hydropower projects, site selection, design, coestin
and operation of hydropower projects there is alree
consider the environmental and social impacts in a
manner suitable to the environment and to the Bocie
The Government is currently committed to reduce the
existing dependence on fuel wood and imported Ifossi
fuels by promoting to the extent possible to use
renewable resources for production of electricargn
[20]. The rural Lao remains an essentially agrarian
society, and the livelihoods of its people arersjteened
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by the presence of healthy and diversified edesys  obtained from the Nam Theun 2 Project in other

that provide them with living sustenance and adddl hydropower investment projects even though it i$ no
income. Therefore the issue of sustainability is anpossible to use the Nam Theum project as a standard
important one [21]. [27].

The Lao Government has developed and improved the It should here be mentioned that hydropower prsject
domestic legislation related to the hydro powertaec in the past did not allocate budget to securedoras and
the Law on Water and Water Resources (1996), Fgrest environmental sound sustainability solutions white
Law (2007 updated), Land Law (1997, amended innewer projects such as Nam Ngum 1 Hydropower Dam,
2003), Agriculture Law (1998), and Environmental allocated up to 8 % (62 USD million) of the projecist
Protection Law (1999) to deal with sustainabilitygda on the matter as an influence of the governmerityol
environmental conservation issues. The presentand law on social and environmental management.
legislation together with various regulations eesur Several studies have been carried out on the edonom
sustainable development within the hydropower secto  environment of the relocated households and local

According to the Environmental Protection Law communities around the hydropower sites. Mosthef t
(1999), and Decree on Environment and Social Impactsurveys indicate that the annual family income has
Assessment No. 1122010), the hydropower projects increased approximately by 50%. Besides, the local
with an installed capacity of more than 15 MW must communities changed their livelihood based on
produce an Environment and Social Impact Assessmenéagricultural cultivation to other activities suck fishery,
(ESIA) Report and an Environmental Management Plantourism, retail, and other commercial activitief\s a
(EMP) [22]. The Electricity Law (2011) furthermore result, not only family income has improved, nakura
stipulates that investors in electricity productltave an  environment and livelihood have also positively mee
obligation to protect the environment; take theessary  influenced.
social, environmental considerations. The asse#sme The following figure shows the average income by
consists of the following main contents or sectiohs zones (2008-2011) for the Theum Hinboun Expansion
Assessment of environmental impact in each caseProject (THXP) [39]
together with proposals of methods and measures for
solving or mitigating any adverse impacts on the Average Income by Zone (LAK in millions)
environment, water resources, land surface or|,,
underground, ecology, biodiversity and aquatic and
wildlife animals habitats; 2. an estimate of thendage 2
and resettlement issues of people affected by the ,,

electricity project; 3. Means to mitigate the imizaof
water volume, including the accumulated impactshef 5
downstream reservoir of the dam; 4. Cover the esgen |,
for restoration of the impacts mentioned in sectlg 2
and 3 of this Article. These extra costs shall be| ®
incorporated into the total project cost [23]. Mover, o

the recently enacted Lao Technical Electric Stadslar 2008 2009 2010 2011 Project Targets
provides all the necessary guidelines to maximizegy
dam safety during construction, operation and Fig: 2. Average income in all zones covered by thHEHXP
management. The Lao ESIA process is largely9'on
compatible with international standards and guiddi
for conducting ESIAs, and the bottom line is that
construction activities cannot start before an apalr
from the Ministry of Natural Resources and Enviremin The planning for large Nam Theun 2 Hydro Power
has been granted. [10]. The social and environrhentaProject was a key factor in terms of introducing a
safeguards used by the International Developmentesettiement policy in the Lao PDR. Prior to Nanedin
Banks have enhanced the implementation processes ¢f Project no specific reallocation or resettlemealicy
many hydropower developmental projects in Lao PDR,was in place. Furthermore, the implementation of
which in general lacks the necessary human anchydropower projects was not consistent with donor-
technical skills, and financial resources. funded project requirements for a wide range oflist
Concerning the Nam Theun 2 Hydropower Project, aand standards conditional to financing. Many prsjec
lot of lessons has been learnt from previous egpeds.  were implemented with low levels of compensatiod an
Now, issues like environmental impact and reseti@m limited follow-ups. With regard to resettlement,eth
have been addressed and have resulted in reviegtipr physical relocation of villages and people has prim
preparation and implementation [25]. The aim of the been based on providing the basic essential
National Policy on Environmental and Social infrastructure, such as roads, with little longatesupport
Sustainability of the Hydropower Sector in Lao PDR for positive livelihood development. The Nam The2in
now makes it possible to ensure that the principies Project's resettlement Action Plan involved theftdsaa
social and ecological sustainability are fully oated  Resettlement policy for the whole country. The WRl a
into all large scale hydropower developments. Tius,  ADB, as well as other lenders, insisted that thaeut is
now possible to replicate some of the experiencesprepared and implemented according to their

Lessons Learnt from resettlement of Theun Hinboun
Expansion Project
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requirements. resulted in an approximately 50% increase of awerag
income compared to the pre-project incomes.

At Financial Close in October 2008, the Social and
Environmental Division (SED) of the THXP had over
100 fulltime and seconded government staff work on
consultations, health, social management, infragira,
agriculture and environmental monitoring programs.
Resettlement of the first group of 156 househotdsnf
the two villages closest to the dam constructioa wias
undertaken from March to May 2009, less than six
months after the financial agreements was signédhé
necessary planning had been done well in advamzk, a
many social programs were started and partly
implemented before the construction activities foe
power plant started and there were other serious
commitments to improving lives and livelihood fdret

A clear policy and institutional structure was rieqd
and the legislation needed for this was developed i
2003. The Theun-Hinboun Expansion Project’'s (THXP)
feasibility phase started in 2003 and was prepaned
accordance with the new resettlement policy and
regulations.

The Theun Hinboun Expansion Project (THXP) is an
expansion on the existing Theun - Hinboun Power
project (THPP), which was the first private seddoiild-
Own-Operate-Transfer (BOOT) hydropower
development in the county. It is located on thearNa
Theun, a major river in the central Lao PDR,
approximately 100 kilometres upstream of the
confluence of the Mekong and the Nam Theun/Kading.
E%Tf/g:ai N;]rg Tgeg?vebr?:én g/r\:?éigglo;vs tS;[\naeIrattoe (;finvolved and affected .people. In general, the foitg

. X . parameters were used:
powerhouse (with a generating capacity of 220 MWj a oo _ )
then discharged through a tailrace canal and réggla « Flexibility in implementation details based on sdun

pond into the Nam Hai, a tributary of the Nam Hinbo principles and legal requirements; .

The dam has a height of 25m and a 197m long owerflo  * Lengthy a_nd detailed consultations with resettlers

weir, creating a head pond which allows 15-milliwf and host villagers; _

storage volume). This result is higher water lewtsg + Additional measures for addressing vulnerable

a 24-kilometre stretch of the Nam Theun, but nghér groups and small ethnic minorities;

than the natural flood levels. As the dam has oodl + Livelihood activities started-up immediately afte

zone due to the “run-of-the-river” design no resetent relocation to the new location;

of the population was required. « Completion of compensations _and other payments

were done as promptly as possible;

Resettlement Planning for THXP . Implementation of a monitoring system of key

The preparation of the RAP was carried out by indicators to show changes and progress each year.

consultants in accordance with ADB safeguard pedici
and requirements and Lao resettlement policy (2003)
People involved in this project had the advantaigth® A number of actions were carried out during
completed studies and lessons learnt in prepatich S preparation and implementation that turned out ¢o b
documents from the NT2 project. The Company, THPC,successful in achieving goals and positive results.
was committed at the start to follow the prescribed Examples to be explained in this paper will be tadito:
guidelines and managed to develop high standards of , preyentative measures - Setting up programs mior t
social and environmental mitigation and sustainable construction start up activities can be broadly
development. The owners (20% Statkraft from Norway,  ¢jassified as “preventive measure” as their airtois
20% GMS of Thailand and 60% Electricite du Laos) avoid potential negative impacts.

provided funds for early preparation and even pega . Staffing up — the THXP has the advantage of using
the ESIAs before the final financing aspects ware i existing staff from the first project;

place. _ . Participatory approaches - Site  Selection
The entitlements for the Resettlement Action plachs Participatory and public approaches take more time

as compensation for all forest and crops and atber and are open-ended by nature, potentially posidg an
removable assets are now important elements A challenge to project  development  and

disturbancg allowance was also provided toget_her_th implementation.

transportation costs related all goods and comnesdit . Establishing procedures and formats. During
when reallocgtmg to new Iocatpns. New houses were implementation phase , managers focused on
construct.etd in close consultation with r(;:'7settlesj an carrying out programs and are applying on system to
communities. Houses between 60m2 and “7@ouses be in place to enable them to work efficiently and
were constructed, and for each family a 1800rogsing effectively:

plot was prc_)vided for vegetable production, fruies . . Monitoring approach. THXP was planned with one
and small livestock, as well as one hectare foe ric very important goal in mind: to show that a large

production land (potentially irrigated) and 2 heetéor hydropower project with resettlement and other

upland crops. impacts can be successfully mitigated and project
Improved services (schools and health centres) were e« iaq persons could indeed become project
provided with 3 year health coverage, improved beneficiaries [38].

infrastructure - roads, water supply, electricitpda Th i _ d h .
community buildings, Technical Assistance for e policy promotes an integrated approach to river

livelihood development. All commitments which basin management with multiple projects on a single

Successful Aspects of Resettlement Implementation
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river. Cumulative impacts are to be recognized andand building of enforcement and monitoring capacity
measures required for their mitigation. Some ofrttan related to the hydropower sector. Implementation
elements of the policy are a broad definition ofject capacity for ESIA procedures needs to be strengthen
affected people and their right to sustainable within Ministry of Natural Resources and Environmen
development options, free prior and informed and other relevant ministries. Especially, capacity
consultation, disclosure of project consultatiopanrs, building to monitor the implementation of envirormed
compliance with oversight from third-party agenciasd management and mitigation processes is highly redui
project revenues to cover the costs of environniemd  as well as awareness building of all actors aleatbls to
social safeguards through the Environmental Priotect protect the environment.

Fund (EPF) established in June 2005 [28]. ESIA still frequently fails to influence decision

The Environmental Protection Law stipulates an EPFmaking, like for example, the case of Theun-Hinboun
(2011), which has specialized funding “windows” the power dam shows [14, 21, 29, and 30]. There isea e
collection, management and distribution of fundsnfr  improve environmental governance at the same psce a
large-scale water developers such as hydropowercurrent trends in foreign direct investments in the
Hydropower projects are supposed to contribute ahydropower sector. There is also a need to enceurag
percentage of the revenues to the Environment &ote  companies and other investors to commit to a high
Fund, which would then distribute the funding teeme standard of investment policy and socio-environmlent
institutional capacity building, environmental and performance. By the approval and the use of the new
biodiversity conservation programs. Some of revenueESIA Decree, ESIA procedures and process will becom
from Nam Theun 2 Hydropower Project now flows te th more transparent, including clear responsibilitéskey
EPF [27]. The fund, however, has not been funatigni agencies and project owners; (who is doing what and
properly, but the mechanism could potentially seasea ~ when?). Also the role of MONRE as the third-party
model for direct benefit sharing with affected and regulating agency for all stages of approval and
involved communities [27]. The establishment of the monitoring need to be strengthened, so it is ptesgip
first Watershed Management Protection Authority &o have clear requirement for social impact assessnen
PDR is also a result of the accomplishment of tlaenN  public involvement, and disclosure [27].

Theun 2 project. This Authority is responsible fbe
management and protection of the watershed of e N
Theun 2 above the reservoir formed by the Nam TlZ&un
hydro-electric dam [25].

The Lao EIA process is largely compatible with  The 2 main objectives of power sector development i
international guidelines for conducting EIAs. Howeyv  Lao are: (1) to supply reliable and affordable poteeall
there is some unclear division or split of respbitiy sectors of the domestic demand. Electrificationorat
among various agencies, inadequate human and falanc reached 73% or 756,604 households in 2010, inadease
resources and inconsistency of legislation andby 15% compared to year 1995; The power ratio is
regulations. In response to these deficiencies theexpected to reach 80% in 2015 and 90% in 2(Q20to
Government has recently promulgated the bindingexport excess electricity to provide a sourceswkEnues
approval of the environmental and social impactto fund the economic and social development in trgun
assessment (ESIA) and the related Complianceand alleviate poverty.

Certificate, as part of the concession acquisifioocess Installed capacity was 200 MW in 1995 and would be
[27]. 3,200 MW in 2012, and about 75% of this capacity is
The key legal institutions and frameworks are iacpl  devoted for export. Furthermore, it is goal to axpo

in the hydropower sector in Lao PDR, they tend ¢o b 12,500 MW or more than 85% of total installed cafyac
constrained by low institutional capacity. Shortagfe by 2020, substantially all from new hydropower péan
human resources at key sector regulatory agencies Lao PDR chooses hydropower because we have large
including Water and Resources Environment hydro potentials; hydropower is clean, zero carbon
Administration, Ministry of Energy and Mines and emission and because hydro power is a renewabtgyene
provinces have been a bottleneck for preparingsource; hydropower offers more than power generatio
environmental studies and social sustainabilitysys in No other method of generating electricity can @eat
cost-effectiveness way and in compliance with rafev  opportunities for providing water for human
government policies and decrees [27]. There iseglte  consumption and flood control, while generatingaacle
conduct thorough capacity assessments and preparand inexpensive electricity; hydropower is alsoam-n
capacity building plans and to ensure proper fugpdor consumptive use of water solution. Furthermore, the
these activities. Comprehensive training activitasd hydropower sector makes contribution of 33% of the

What is Lao PDR'’s energy roll-out strategy for thmext
ten years, and why does hydropower play such an
important part in the strategy?

implementation of operational practices will beuiegd. GDP in Lao PDR (Wealth and Sustainability —
There is also a need to develop capacity for ojserat Background Paper on Lao PDR Development Report
and maintenance after the concession period ends. 2009 by World Bank Group); nobody wants to stay an

Major gaps remain between the formulation and LDC, and if Laos wants to leave the Least Developed
implementation of legal instruments, and betwees th Country list by 2020, what other choices do we Rave
establishment and enforcement of rules and reguisiti  The only concern is to develop hydropower respdysib
Important issues to be raised are the implememtatiml  conformed to sustainability criteria and with theatef,
enforcement of the existing environmental regutaio Food and Energy nexus approach [34].
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If Lao PDR wants to become the battery of SE Asia, 4.2 Economic Sustainability
what is the biggest challenge it faces in the next
decade? And how do we plan to overcome this
challenge?

There can be no sustainable development and good
management without the demonstration of sound and
equitable distribution of the economic benefitsr Hos

Along with the development of large hydro power reason economic considerations are essential in the
projects, we need to expand interconnections to thedecision-making processes associated with hydropowe
neighbouring countries to facilitate the presermiagk of projects. The efficient use of economic resources
power, first on project-by-project basis and, ulialy, requires that the best options are selected, that t
realizing the goals of integrated development andalternatives have been carefully evaluated, andthizae
operations within Greater Mekong sub-region (GMS) are no hidden and unforeseen costs that could enierg
and ASEAN. the future.

The challenges: Interconnected High Voltage Currently, energy demand growth has been rapid and
transmission infrastructures (network) are requited the availability of confessional funds and grants o
enable flexibility and reliability in dispatchinghe international development banks is not keeping pétte
energy; in addition to the regulated environmenigeh  the increasing capital requirements of the powetose
amount of investments are needed - substatiods anRestructuring and reform of the energy and watetose
transmission lines — are necessary requiring eghalje in many countries including Lao PDR has changed the
amounts of financing resources. Large initial ingents role of government in decision-making and planning,
are required while long pay-back periods are exaect allowing private investors and corporations takbuih

Lao Government strategy: Grants and concessionarfinancing and ownership roles in these project$.[14
loans would be preferable to facilitate the develept The existing problems and weaknesses in private
of the power transmission system, but investmemts b financing models (planning and procurement) can a
private sectors are also welcome and may also édege  negative impact to economic sustainability and
at the initial stages of the interconnections, fgividual effectiveness in Lao PDR. Promotion of independent
independent power producers (IPP’s) due to theifft power producer (IPP) projects in Lao PDR begindwit
timeframe of generation projects. an unsolicited proposal from a sponsor and, frois, tn

We are furthermore convinced that the GMS/ASEAN memorandum of understanding is drawn up and a
power grids would be successful implemented becauseoncession ultimately negotiated. Concessions are
increased energy interdependence improves theawarded in the absence of competition after thexsmo
relationship between countries and decreases agkin has completed technical and environmental studiéseo
improving the general investment climate in therdou proposed project [31].

The establishment of GMS/ASEAN grids will further  The private sector involvement on a significantlesca
support the optimum use of energy resources. Pitlgsen however introduces problems for power planners in
80% of all power generation in the region is non- managing the uncertainty of IPP commercial openatio
renewable, causing many environmental problems sucldate (COD) and a means of countering this risk rbest
as increased emission of greenhouse gasses, acjd rafound in order to ensure the private sector’s riole
toxic wastes, etc. There is a great deal ofdomestic generation development to be dependaldle an
complementarities in the energy sector in Southt Easconstructive [31]. Delays in CODs lead to increaises
Asia; for example, Lao PDR, Vietnam and Thailand interest accumulated on funds borrowed for consbmc
could develop and utilize a combination of therraat activities and to delays in revenues accruing ¢oavner
hydropower more efficiently through regional from the completed project [14].

agreements. The 12,500 MW or 60,000 GWh of Overall, the failure of project delivery (IPP) cée
electricity generated using clean and renewableseen as one of problems related to the practice of
hydropower from Lao PDR will furthermore make an awarding mandates for IPP projects as an unsdlicite
contribution to the reduction of 30-60 mil tons ©@O2 negotiated transaction based on a BOT modality.
emission every year, and the saving of 5 mil togfy = Problems related to this approach include the latk
fossil fuels in this region [34]. transparency and competition, the failure to filtart

Institutional structures for oversight and monmgri  projects inconsistent with |IPP program objectives,
include multiple government agencies have to beinsufficient government control of project develagmh
developed, yet there are evidently major gaps inlack of government's capacity to assess competing
implementation, some due to unclear and/or oveitgpp development proposals and evaluate associated
institutional responsibility mandates. There ise®d for  opportunity costs, a high degree of uncertaintypmject
stronger vertical and horizontal institutional cdioation outcomes, and unnecessary time commitments for all
across the government agencies and for buildinga@gp  parties in Lao PDR [27, 31].
to improve and enhance environmental and social Developing new financial models require strong
monitoring activities. To develop financially sound independent regulation and integrated resourcenign
hydro projects those are both socially and [32]. There might be a need to establish a regutatset
environmentally sound and will improve the living domestic retail tariffs and negotiate wholesale ceip
standards of Lao people. tariffs. Currently import tariffs are higher thamxpert
tariffs. The establishment of a regulator would mea
tariffs could be pre-set before bidding power gatien
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concessions and bidding would therefore be on someénvestment. The Government highly values the fareig
other criteria’s, perhaps the highest royalty paytme assistance and contribution of development partirers
Also, a creation of a centralized Lao power purioigas the past but it want to build its own economy and
agency or cooperative that could competitively bid strength. Today, the world economy is volatile, ipgs
power concessions within Lao PDR and could sell thechallenges for the least developed nations to servi
off-take from some or all Lao power generation potg [35].
to domestic and/or foreign power purchasers is eged
[31]. 5. CONCLUSIONS

For Lao PDR it is important to develop a policyttha
defines the standard method for determining theafis
benefits from hydropower projects. The Government
needs to ensure that the less direct and longer-ter
benefits of hydropower projects are not overlooiethe
planning process or penalized by short-term finagar
tax regime requirements. With new developments,
capital and operating costs should be taken intowatt
over the lifetime of a project with a life-cyclesassment

The Lao country’'s abundant water resources and
mountainous terrain have allowed the Government of
Lao to set up a master plan to develop hydropowdr a
export large quantities of hydroelectric energy.id®u
growth and steep forecasted size of the energyrsect
with respect to the economy and Government’s resgnu
will put a lot of pressure to develop institutional
environment, policies and fiscal framework to pndpe

of project alternatives forming an integral compuainef use i natu:/?/lh resolurce.s n I&ag PPR.S dr(]av(;alopment
assessment processes. Direct and indirect costs arjrateay. €n planning and cdeveloping hydropower

benefits should be identified, and where possible.se?tort. |nv?stmené, on90|r1|gtdevelopm§ant of tthe leggl
quantified in monetary terms [33]. institutional  an regulatory  environmen an

The Nam Theun 2 project cost US$1.29 billion, of _strengthening .Of the institl_JtionaI __capacity and
which US$733 million was used for construction, improvements in the commercial position of EDL are

US$383 million was for the combined financial and issues to be considered in Lao PDR (FREPLAZ2020,

advisory costs, another US$94 million for NTPC Zolag‘.”‘)' bl f Lao hvd ¢ late t
management, and the remaining US$80 million was forI kaj(f)r pro _temscj) ao {_trct)_powler sector ;ﬂaﬁ 0
environmental and social cost. ack of capacity and poor institutional environmegic

The project development followed the World Bank's as insufficient. quality of environmental and social
guidelines regarding environmental and social jract assessments, ineffective regulatory frameworkca &

Project development regarding the care of the transparency, af‘d the failure to conduct compréhel_qs
environment and local communities will serve as anconsultatlons with all stakeholders. The opportasit
example for future projects of a similar natureeTtao and challenges of hydropower development are cpmple
Government will earn annual revenue of US$2 billion and ultimately dependent on the resources, skilrgj

throughout the 25 year concession period. The pt®je will to invest responsibly, with due regard to eoonic,

assets such as the power plants will be handedtotke environmental and social aspects of sustainable
Government after the concession ends, under thd bui devel_opment "?md management. T_he governance gap
operate transfer basis remains a crucial challenge that will increase dirae if

In 2012 Nam Theun 2 expects to provide revenue c)fthe government does not take strategic and cortinue

US$27 million in royalties and dividend to the Lao actions to enhance governance and institutionaiciap

government. Last fiscal year the company paid US$19There is a need to better assess strategically the

million in resource use charges and dividend. Thehydropower development options for Lao PDR and the

previous year, the company paid US$5.4 millionhe t use of hydropqwer dgyglopment genera}ted revenues to
government ' poverty reduction activities. The collective beteefto

With a strong commitment to the World Bank and the f[he country can be maximized if individual hydropow

Asian Development Bank, the Lao Government will Investments are assesse_d as part ofgriver Wnah
spend money on povert,y reduction. education and(to understand cumulative hydrological, environraént

healthcare services so that is can achieve themilim and S(.)C'al Impacts, as well as to increase theaznian
development goals in 2015. potential for any given level of impacts) as wedl the

Lao PDR has seen progress in poverty reductiohen t energy sector development strategy (The World Bank,

. S 2010c, p. 11).
country over the past five years. This fiscal ydaos : . .
expect); to see a S% drop ir)1/ poverty to 22 pe%l:mnl«s A.ISO there Isa need for |r_1t¢grated planning apghoa
to the booming growth of the mining and hydropower which takes into account mining sector developnant

sectors, which have created conditions for peaplearn these sectors are closely Interwoven mining sdn_nmg
a better living. dependent on energy sector for its production. The

Despite the strong economic growth over the pastmedChe}[?]'sms fo(rj accfountabllltf[y. artld democratlchcd)ntr?
several years, Laos in one of the least develope n € needs ‘or participatory approaches 1o

countries in the world and still relies on foreign ydrop_ower planning and management n_eed to be well
assistance. recognized and to be strengthened in Lao PDR.

The country needs about US$700 million as Official Processes and activities relate_d to risk assessamm
Development Assistance (ODA) per year so that it ca management need to be estabh_shed and developlk_;el in
achieve UN millennium development goals in 2015e Th energy sector. _Currently the risk management_lles 0
ODA accounts for about 30 to 40 percent of theltota private sectors/investors shoulders and as forriie
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management the Government has been relying on th§Z/] DOE, 2010. Electricity Statistic of Lao PDR.

multilateral development banks (H.E Somboun Ministry of Energy and Mines, Department of

Rasasombath, 2010). There is need to conduct odsear Electricity, Vientiane.

related to this issue and to designate and defiear ¢ [8] Bird, J., Goichot, M., Makin, I., Moua, K. & Perera

responsibilities of the risk assessment and managem P., Environmental consideration for sustainable

activities to the hydropower sector organizations. hydropower development in the Mekongregion — a
The Lao Government has, during the recent yeats, pu  joint ADB, MRC and WWHF initiative. Yangtze

utmost efforts to enhance the integration of social Symposium, 2008.

environmental, and economic benefits to all [9] Jusi, S., Asian Development Bank and the case

beneficiaries. It is evidenced that several lawsl a study of Theun-Hinboun hydropower project in Lao

regulation have been issued, with close monitong
implementation.
improved.

Obviously, sustainable management of hydropower

can be achieved by balanced consideration
environmental, economical and social factors. Tleénm

goal of sustainable management of hydropower is to
resources fofll]Greacen,

maintain adequate renewable hydro

sustainable electric power generation, and henge, t
ensure sustainable revenue for the country. Besides

public involvement and participation, benefit shari
setup workable institutional support and mecharégen
also among the crucial factors for
management of hydropower.

Lao PDR can and should definitely use its large

hydropower advantages but should also learn ardon f
other countries in relation to development of hydnwer

and from past mistakes. The country can draw on the
lessons that are emerging from the Nam Theun Z2&roj

sustainable [12]World

and Theun Hinboun Expansion Project which can
generally provide a best practice example in socio-

economic and

environmental management

hydropower projects
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Table A2. Existing and planning IPPs in Lao PDR
Status
No Name of Project Installed Annual Average c ]
capacity (MW)| Energy (GWhly) Progress C())g]er:]aetirglr?
1 Theun-Hinboun 220 1560 In Operation 1998
2 Houay Ho 152 450 In Operation 1999
3 Nam Lik 1-2 100 435 In Operation 2010
4 Nam Theun 2 1080 6000 In Operation 2010
. IOD 2011
6 Nam Ngum 2 615 2300 In Operation COD 2012
7 Xekaman 3 250 982.88  CA Signed 4/1&200 2012
Nam Ngum 5 120 507 « CA Signed 10/4/2007 2012
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Theun Hinboun

9 Expansion 280 4563 » CA Signed 27/8/2008 2012
10 | Tad Salen 3.2 17  CA Signed 3/2/2009 2012
11 Hongsa Coal-Fired 1878 12582 » CA Signed 30092 2015

12 | Xayaburi 1285 5990 » CA Signed 29/10/2010 2019
13 | Xekaman 1 322 1098 « CA Signed 10/2/2011 2015
14 | Nam Long 5 37 « CA Signed 21/3/2011 2013
15 | Nam Sim 8 34 « CA Signed 13/06/2011 2015
16 | Nam Ngiep 2 180 723 » CA Signed 18/8/2011 2015
17 Nam Ngum 3 460 2047 « PDA Signed 15/11/1997 8201
18 | Nam Theun 1 523 2016 « PDA Signed 28/11/2004

19 | Nam Ngiep 1 290 1507 * PDA Signed 27/4/2004 8201
20 | Xe Katam 61 380 « PDA Signed 20/12/200y7 2016
21 Nam Ou 1-7 (Cascade) 1156 5064 * PDA Signetio1sp07 2016

22 Donsahong (Mekong) 240 1756 * PDA Signed 13820

23 | Nam Mo 120 516 » PDA Signed 30/3/2008 2015
24 | NamLik 1 60 256 « PDA Signed 8/4/2008

25 | Nam Sane 3 65 440 » PDA Signed 19/6/2008

26 | NamKong 1 75-150 469-563 « PDA Signed 23/6/2008

27 | Sekong 4 300-600 1901-2119 » PDA Signed 23/@200

28 | Xepian-Xenamnoy 390 1788 * PDA Signed 14/11/200&2018

29 | Se Kong5 330 1613 « PDA Signed 19/6/200¢

30 | Nam Phak 45 307 » PDA Signed 6/11/2009

31 Nam Beng 34 137 * PDA Signed 10/3/2010

32 Nam Mang 1 57 201 » PDA Signed 20/5/2010 2015
33 | NamTha1l 168 721 » PDA Signed 16/6/2010

34 | Nam Seuang 1 63 320 * PDA Signed 11/8/2010

35 | Nam Seuang 2 141 718 » PDA Signed 11/8/201p

36 | Nam Pha 130 594 « PDA Signed 20/8/201(

37 Phou Ngoy (Mekong) 651 3278 » PDA Signed 7/12¢P0

38 | Sanakham (Mekong) 660 « PDA Signed 27/12/2010

39 Pakbeng (Mekong) 855 4846 « PDA Signed 27/12)201

40 | Xenamnoy 1 15 100 » PDA Signed 28/1/2011

41 Nam Kong 2 66 263 « PDA Signed 16/03/201)1 2014
42 Nam Sum 1 102 1015 « PDA Signed 19/09/2011 2016
43 | Nam Sum 3 186 244 » PDA Signed 19/09/2011 2016
44 | Nam Phay 60 429 » PDA Signed 20/12/2011

45 | Nam Ham 3.5 14 * MOU Signed 6/4/2005

46 | Xe Neua 53 209 * MOU Signed 16/5/2006

47 | Xekaman 4 80 315 * MOU Signed 19/12/2006

48 | Nam Feuang 28 113 * MOU Signed 3/4/2007|

49 | Nam Bak 1 160 744 » MOU Signed 11/4/2007

50 | NamBak 2 40 205 « MOU Signed 11/4/2007

51 Pak Lay (Mekong) 1320 5948 * MOU Signed 11/6/20

11
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52 '(&‘éiggggaba”g 1410 7380 - MOU Signed 13/10/2007
53 | Dak Emeule 130 525 * MOU Signed 8/1/2008
54 Se kong3 (3A) 105 410 * MOU Signed 22008

55 Se kong 3(3B) 100 393 » MOU Signed ZHi08

56 | Ban Koum (Mekong) 1872 8433 * MOU Signed 25/820

57 Nam Ngum 4 220 822 « MOU Signed 30/3/2008
58 | Xebanghieng 1 50 197 * MOU Signed 25/11/2008
59 | Xebanghieng 2 52 198 * MOU Signed 25/11/2008
60 | Nam Phoun 74 « MOU Signed 5/12/2008
61 | Nam Ma (1, 1A, 2, 2A, 3 149 605.1 * MOU Signed 30/12/2008
62 | Thakho 50 360 » MOU Signed 17/3/2004
63 | Houay Champy 5 « MOU Signed 26/5/2009
64 | Nam Kong 3 45 170 *« MOU Signed 31/8/2009
65 | Nam Neun 65 * MOU Signed 8/10/2004
66 | Nam Pot 15 70.5 * MOU Signed 26/11/2009
67 Nam Ngiep Muang Mai 38 * MOU Signed 25/2/2010
68 | Nam Mouan 124 524 * MOU Signed 26/2/2010
69 Nam Mo 1 60-80 * MOU Signed 4/3/2010
70 | Xepian-Houay Soy 100 250 « MOU Signed 30/3/2008
71 | Se Kong Downstream 80 * MOU Signed 26/8/2010
72 Nam Phouan 60 * MOU Signed 24/9/2010
73 | Nam Poui 60 294 « MOU Signed 6/10/201(
74 | Nam Ang Thabeng 30 * MOU Signed 15/03/2011
75 | Xelanong 1 80 * MOU Signed 28/06/2011
76 | NamEt1,2,3 420 *« MOU Signed /2011

77 | Nam Nga 80 * MOU Signed 11/11/2011

12
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Augmented Lagrange Hopfield Network for Combined
< Economic and Emission Dispatch with Fuel Constraint

Vo Ngoc Dieu, Nguyen Phuc Khai, and Le Quoc Uy

Abstract— This paper proposes an augmented Lagrange Hopfietelork (ALHN) for solving combined economic and
emission dispatch (CEED) problem with fuel consitrain the proposed ALHN method, the augmented dragg
function is directly used as the energy functiorcafitinuous Hopfield neural network (HNN), thussthiethod can
properly handle constraints by both augmented Lageafunction and sigmoid function of continuousrors in the
HNN. For dealing with the bi-objective economicpdich problem, the slope of sigmoid function in Hisllddjusted to
find the Pareto-optimal front and then the best poomise solution for the problem will be determinmdfuzzy-based
mechanism. The proposed method has been testedronaases and the obtained results are comparélotge from
other methods available the literature. The testutes have shown that the proposed method cangfnd solutions
compared to the others for the tested cases. Tdrerethe proposed ALHN could be a favourable impletation for
solving the CEED problem with fuel constraint.

Keywords— Augmented Lagrange Hopfield network, combined ecammic and emission dispatch.

a, b, g

di, &, f

By, Boi, Boo
Fik

F.min [ max
1 1 I

t

Xio

Xik

xlmin Ximax
1 '

Voik

NOMENCLATURE

emission coefficients for thermal umit
fuel cost coefficients for thermal unit
transmission loss formula coefficients

fuel delivery for thermal uniti during
subintervak, in tons

lower and upper fuel delivery limits for
thermal unit, in tons

number of subintervals of scheduled period
total number of thermal units;

load demand of the system during
subintervak, in MW

transmission loss of the system during
subintervak, in MW

output power of thermal unit during
subintervak, in MW

lower and upper
thermal unit, in MW

fuel consumption function of thermal umit
in subintervak, in tons/h

duration of subinterv&, in hours

initial fuel storage for untt, in tons

fuel storage for unit during subintervak,

in tons

lower and upper fuel storage limits for
thermal unit, in tons

generation limits of

Vi ik output of continuous neuron representing
for fuel deliveryF;

Vy ik output of continuous neuron representing
for fuel storageXi

Vx output of multiplier neuron associated with
power balance constraint

Vi output of multiplier neuron associated with
fuel delivery constraint

Vi output of multiplier neuron associated with
fuel storage constraint

Upi Urik, Uxic  inputs  of continuous neurons corre-
sponding to the outputé i, Vi and Vs,
respectively

Uik Uy Ugik  inputs  of multiplier neurons corre-
sponding to the outpufg,,, V,xandV,,
respectively

APy power balance constraint error in sub-
intervalk, in MW

AFy fuel delivery constraint error in subinterval
k, in tons

X fuel storage constraint error for unit

during subintervak, in tons

AV, AVii, AV, iterative errors of continuous neurons

g

pr O, Ox
ay, dy, Oy

slope of sigmoid function of continuous
neurons

updating step sizes for continuous neurons
updating step sizes for multiplier neurons

output of continuous neuron representing gy, ¢y, ¢, fuel consumption coefficients for thermal

for output powePy

V.N. Dieu and N.P. Khai are with Faculty of Elecai and
Electronics Engineering, Ho Chi Minh University dfechnology.
Email: nphuckhai@gmail.com

Le Quoc Uy is with Faculty of Power Systems, Ho Gtinh City
Electric Power College, Vietnam.

A Yo ik

uniti
Lagrangian multipliers associated with

power balance, fuel delivery and fuel
storage constraints, respectively

Bk By Byskpenalty  factors associated with  power

balance, fuel delivery and fuel storage
constraints, respectively
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1. INTRODUCTION On the other hand, the CEED problem has been ttrac
several researchers. Conventional methods have been
applied for solving the problem such as Newton-Raph
(NR) method [10], linear programming (LP) [11],
Lagrangian relaxation (LR) method [12], etc. The
advantage of these methods is that they can qufaoidy
optimal solution for a problem. However, they suffe
some difficulties when dealing with complex andgkar
scale nonlinear problems such as matrix invergioNR
method, linearization in LP method and duality dgap
LR method. For dealing with more complicated
problems, several artificial intelligent based nogth
have been used such as genetic algorithm (GA) [13],
evolutionary programming (EP) [14], differential
evolution (DE) Error! Reference source not found,
and particle swarm optimization (PSO) [16][17]. $ke
population based search methods are suitablerfdinfj
near optimal solution for non-convex complicated
problems. However, for large-scale problems, these
methods become very slow in finding solution and th
near optimal solution is not always obtained. Neura
networks are also popular for solving the CEED feob
[18], [19]. Hopfield neural network (HNN) is the isto

Economic dispatch with fuel constraint is an impatt
part of utility for operation and planning sinceist a
complex problem with a long range of time periodd a
large set of constraints and variables. The fuetusy a
thermal generating unit may be obtained from déffier
contracts at different prices. The fuel contracte a
generally under a take-or-pay agreement includiot b
maximum and minimum limits on delivery of fuel to
generating units over life of the contract. Thelfue
storage for units is usually within a specified itirto
allow for inaccurate load forecasts and the ingbild
deliver on time of suppliers [1]. On the other hand
thermal generating units generate toxic gases glurin
power production due to fossil fuels and this isoal
considered as a source of environment pollution [2]
With recently increasing concern on environmentaotp
of power generation, the power generation dispddch
required to reduce the emission level while meeliagl
demand [3]. However, both the fuel cost and emissio
level conflict together since the pollution minimion
will lead to maximizing the fuel cost and vice \ers

Therefore, they both must be simultaneously comsitie popular neural network applied to optimization peot

to attain a pr"."Ct'Cal compromise operation and _tﬂls and has been successfully applied to the CEED tdispa
termed combined economic and emission dispatch

: . roblem with fuel constraint [19]. Though the HNinc
CEED) problem. For solving this problem, one ukual prot . L )
lginds a)s%t of compromise golutiopr)\s by simultanggus easﬂy handle maximum and minimum constraints fqr
optimizing all objectives to form a Pareto-optinfeint continuous variables based on a sigmoid functits, i

which represents the tradeoffs amona  conflictin formulation still suffers some difficulties such as
ICh — represe 9 9 constraint linearization, parameter selection adased
objective functions.

o . with energy function that may lead to local optiifia
The objective of the CEED problem with fuel :
constraint is to minimize both total fuel cost and they are not precisely chosen, and map from thbleno

S f th | it hil tisfvi to the HNN.
emission from thermal units whiie sa |sfy|ng POWET™ 1 this paper, an augmented Lagrange Hopfield
balance, fuel delivery, fuel storage constraintgetber : : ;
: : : network (ALHN) is proposed for solving combined

with fuel delivery, fuel storage, and generator rafiag C ; ;
o i . : economic dispatch with fuel constraint. In the pregd
limits. The schedule time horizon for this problean be RN

. ALHN method, the augmented Lagrange function is
decomposed into long-term (weeks to year) [4], shor

: directly used as the energy function of continuous
term .(days to week) [5], daily (hours to day) [@hd Hopfield neural network (HNN), thus this method can
real-time (minutes to hour) [7] problems. In thende

term schedule problem, the schedule time is dividéal properly handle constraints by both augmented lregra

. . . function and sigmoid function of continuous neurdms
:?rg;gg)r;ods (months or weeks) to obtain optimal fise HNN. For dealing with the bi-objective economic

- . . dispatch problem, the slope of sigmoid functiorHiNN
'!'he economic dlsp_atch V.V'th fuel constraint for mé.'r is adjusted to find the Pareto-optimal front anentihe
units have been investigated in [7] using linear

programming (LP) and network flow programming best compromise solution for the problem will be
(NFP). In the LP method [8], the total time periisd determined by fuzzpased mechanism. The proposed

o . : ) . . method has been tested on three systems with many
divided into discrete time increments and the abjec : :
Co ; . cases considered and the obtained results are cedpa
function is made up a sum of linear functions wreseh

of function is a function of one or more variabfesm to those from other methods available the litemtur
. . including recursive approach (RA) [24], simplified
one step time. In the NFP me”.“’d [9l, the_lnpuﬁuut recursive approach (SRA) [25], Newton Raphson (NR)
;;haractehr]s;]lcsll?l; gen(iratlng units cI:_an be Imeran'cgm— [10], fuzzy logic controlled genetic algorithm (F@&J
inear which will form linear or non-linear networkor ' . S T
the non-linear network, the problem is solved as a[13]’ analytical strategy (AS) [26], multi-objectiv
. ' ) e . - _“chaotic particle swarm optimization (MOCPSO) [16],
sequence of linear networks with artificial limits

. . multi-objective  chaotic ant swarm optimization

calculated from the current solution of the lineatwork ) P
. . (MOCASO) [17].
and used for calculating the next solution of timedr b - : .
Iy The remaining organization of this paper is follows

network. Nonetheless, these methods suffer diffiesil - . -
. ) L . Section 2 addresses the formulation of the combined
in solving optimization problems. The computation economic  dispatch problem with fuel constraint
efforts in the NFP will drastically increase whdrerte P P

exist some convex branches in the flow network wasr Augmented Lagrange Hopfield neural network
) . o o . implement for the problem is described in Section 3
LP requires linearization of objectives and coristsga

Numerical results are presented in Section 4. Fintide
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conclusion is given. satisfy their demand during the considered schetilule
horizon:

N
2. PROBLEM FORMULATION ZF.k -F, =0 k=1, ..M (7

Assuming that the entire schedule time horizon is i=1
divided intoM subintervals each having a constant load
demandPp and that all generating units are available (c) Fuel storage constraint
and remain on-line foM subintervals. The objective is
to simultaneously minimize generation coBt and The fuel storage for the generating units must be
emission level F, of generating units over thé/ sufficient for their consumption during the consitk
subintervals such that the constraints for powéarize, ~ Schedule time horizon:
fuel delivery and fuel storage for any given subiuéal

as well as maximum-minimum fuel delivery, fuel Xie = Xya* R~ Qi 1=1, ... ,N; k=1, ...,M(8)
storage, and generator operating constraints fah ea
generating unit are satisfied. where the fuel consumption of generating units are

We propose an h-factor to combine generatiparil  expressed as a function of power generation:
emission level fof generating units.
Mathematically, the problem formulation for a syste Q, =4, +&,P +¢, P (9)
having N thermal generating units scheduled ' ' ' '
subintervals is as follows [19]:
(d) Generator operating limits

Min {F; + h.F5} 1) The power outputs from the generators are limitgd b

. . their capacity of generation:
whereF; andF, respectively representing the total fuel paclty 019

cost and emission functions are defined based en th

guadratic function as follows: P <R <P™i=l .. Nk=1...M (10)

- e) Fuel delivery limits
F=22 (3 +hR + ¢ F) @ © v N
k=1 i=1 The fuel delivery to generating units is limited the
M N capacity of suppliers:
FZZZZtk(di+qﬁ(+ fli?k?) ©) _
k=1 F™<F <F™;i=1,..,N k=1,..,M (11)

The h-factor is calculated as follows:
(f) Fuel storage limits

_at+hpP™+ q:( P“ax)z ) The.fuelf s;orage for generating units is limitedthg
= » 7 capacity of the storages:
d+eP™+ f( P

X< X, < X™Gi=1,..,N k=1,..,M (12)
subject to

(a) Power balance constraints The fuel storage at subintervain (7) can be rewritten

The total power supply from the generating unitsmu in terms of initial fuel storage as follows:

be sufficient supplying to forecasted load demahthe

system and power transmission loss for the whole X, = Xig +Z( F-1Q ) (13)
schedule time horizon: =
ZN: P.-R,-PR, =0 k=1,....M (5) in which, the initial fuel storag¥ is given.

i=1
3. AUGMENTED LAGRANGE HOPFIELD
where system power loss is determined by the Kron’'s NETWORK IMPLEMENTATION
formula [8] as follows: For implementation of the bi-objective problem in
ALHN, the two objectives are combined in the
. . Lagrangian function which is used as energy fumctio
_ 6 HNN. By adjusting the sigmoid slope of continuous
Re=22REBR +; BE* & ©) neurons the obtained corresponding solutions witnfa
Pareto-optimal front and then the best compromise
. ) solution will be determined by fuzzy-based mechanis
(b) Fuel delivery constraint [20]. The principle of multi-objective optimizatioand
The total fuel delivery to the generating units mus the fuzzy-based mechanism are given in Appendix.

i=1 j=1
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The augmented Lagrange functibrof the problem is du, . oE (19)
formulated as follows dt oV,
M N ’
L= t.| ah +bh R + ch|
;; k|: h i ik hE:| de,k ., oE (20)
M N 1 N 2 dt aVyyk
+Z Ak(PLk-'- PDk_z Plk]+ 218/\ k( P + PDk_z Plk]
o = i du, _, OE (21)

EELESETR N a« oy,

The inputs of neurons are updated based on their

k dynamics as follows:

AR YCRENE

M N =
+I<Z:;|Z:;‘ 1 k 2 U ’()nl)k -U E)n;(l) ; oE (22)
"2 ”v‘k(xik - Xio‘lz_;( F+1Q )] oV,
(a4 0 =ui-a, 23
' ! Vf Jik

where:ah;, bh, ch are defined from the h-factazh = &
+ h;.d; bh; = b; + h,.g; ch; = ¢; + h;.f; GE
U =Ul -a

X,ik

(24)

To represent in augmented Lagrange Hopfield neural
network, 3NxM continuous neurons andN+{2)xM
multiplier neurons are required. The energy funcEof UM =y 44 oE (25)
the problem is formulated based on the augmented Ak Ak A

Lagrangian function in terms of neurons as follows. e
. OE
M M =y D (26)
E :ZZ [ah +bhy, + ch\jlk} Uy =Uy +a, Y
k=1 i=1 s
M N 1 N 2 (M —q (1) oE 27
+Z|:VAk[FI,_k+ PDk_ZVpikj-’-ElBAk( R+ PDk_Z Vp ikj } U/7 ik U,Z ik +a/7 Vv ( )
k=1 i=1 s=1 n,ik
M N 1 N . .
|V, (va ) kj ) va ~F kj The outputs of continuous neurons representing for
S g A weor output power, fuel delivery and fuel storage of pow

r plants are calculated from on their inputs by ansigl

- V,”k( ok~ Ko™ Z_l“(\/“| + IQ” function [22]:
+kZ:::‘Zl 1 k Pmax Pmln .
3 2 ”Ik[ - X Z‘ Vf il + FQ g(Uplk) (Tj[l-’- tanr‘(gup ik ):I Flfn'”
3 Tarmavs | gy o | -
+ g (V)dv+ 7'(V) dv+ gy d
k=1 i=1 min 1+ tanl‘(OU f )ik) min
Vi i g(Uflk) ( “-F ) +F
(15) 2
In (14), the sums of integral terms are Hopfieldrte (29)
where their global effect is a displacement of sohs 1+t I‘(oU )
toward the interior of the state space [21]. V,, =g(U,,)= ( Emax _ F."“”) an tik) | 4 gmin
The dynamics of augmented Lagrange Hopfield ! ' ' '
network for updating neuron inputs are defined as (30)
follows.
where o determines the shape of the sigmoid function.
du,, OE (16) The shape of the sigmoid function is shown in Eig.
dt Y " The outputs of multiplier neurons representing
Lagrangian multipliers are determined by a transfer
du,, _ oE (17) function:
dt  av,,
d v k= g(U)I,k) = U)|,k (31)
Uu __ OE (18)
dt 0V, Vi =9(U,0 =U, (32)
V= g(Un,ik) =U, i« (33)
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. VO =-F I:imax (35)
The proof of convergence of the ALHN method is fik — FDk N
given Appendix. > R
i=1
230 [ For the neurons representing for fuel storage ofgro
P plants, their outputs are initiated at the medivatue
Lo between the maximum and minimum values of fuel
| storage:
200 + o . _
!’rlr VX(';'L) - (Ximax + Ximln)/z (36)
5 ! - . . .
! For the multiplier neurons associated with power
150k I — o=0005 | balance constraint, their outputs are initializednbean
C - o=001 values as follows:
! —- o=100
. 4+ 2v3) 1 +20v)
U VO :iz t b +2cV i )+ tlg +2fV 5 (37)
100 " NG R,
1_
~300 0 500 oV
Ui Pk
Fig. 1. Sigmoid function with different slopes The outputs of other multiplier neurons are inéht
from zeros. The inputs of all neurons are calcdlate
3.1 Sdlection of parameters corresponding to their outputs via the inversion of

N ) corresponding sigmoid and transfer functions.
All positive parameters in the ALHN model have t® b

selected in advance including slope of sigmoid fianc 3.3 Stopping criteria

and updating step sizes for neurons and penaltpriac  The algorithm of the ALHN will be terminated when
associated with constraints. These parameters argjher the maximum ermorErms including  both
selected by experiments and the proper parametérs W consiraint and iterative errors is lower than adpfied
lead to fast convergence of the network. Among thetolerancee or maximum number of iteration, ., is
parameters, the value af has directly effect on the | o5ched.

priority of objectives in the problem. tris greater than The constraint and iterative errors at iteratiorare
1, the fuel objective is more important than théssion  ¢5|culated as follows.

one. In contrast, ifo is smaller than 1, the emission

objective is more important. Therefore, the non- N
dominated solutions for the problem will be obtairsy AR =P, + R, =Y VU (38)
adjusting the value af from smaller than 1 to very large =
values. The penalty factors associated with alstamts N
are equally chosen and usually fixed to a smalieal AR =YV - Fy, (39)
The other parameters includimg a, a,and a, will be =
tuned depending on the considered problem. It is K
observed that the larger the values of these paeaspe AX =N - XiO—Z(Vf(J”,) + ;Q)‘ (40)
the closer the system act to being a discrete syste 1=
producing values at the upper and lower limits acte AV® =‘V“.‘) _yD (41)
neuron. On the contrary, the smaller the valuethem, pik pik — Vpik
the slower the convergence of the network. For ™ — k) ) 42
simplicity, the values ofr; and a, can be equally chosen. AViie =NMrie ~Vric (42)
It is similar manner forr,anda,,. AV =@ _y (43)
3.2 Initialization ! ! ™
The algorithm requires initial conditions for inpuand The maximum error of the model is determined:
outputs of all neurons. In this paper, the initiatputs of
neurons are selected as follows. Err( = max{APk(n),AFk("),AXiﬁ")-AVé?Q AV® ,Avxq‘k)}

For the continuous neurons representing for power ' ' '(44)
output and fuel delivery of units, their outputse ar
initiated by “mean distribution” [23]: 3.3 Overall procedure

o pmex (34) Overall procedure of ALHN for solving the CEED
Voic = Pk problem with fuel constraint is as follows:
Z R Step 1: Select parameters for the network as itiddec
i=1 3.1 and choose stopping criteria as in Section
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3.3. emission ($/h) 30,421.830,421.85
Step 2: Initialize inputs and outputs for all news@s in | Total equiv. cost ($/H)76,554.65 76,554.65 76,489.35
Section 3.2. i~
Step 3: Set number of iteration 1. %t | | | | |
* | | | | |
Step 4: Calculate dynamics of neurons from equation .| 5 [ [ o [
(16) - (21). o 1 1 1 1
Step 5: Update inputs of neurons from equation$ {22 _ ;0 - ___ i,,,,,,},,,,,i, ,,,,, i,,,,,,} ,,,,,,
7). g .
Step 6: Calculate outputs of neurons from equationss ., - - - R S [ L P
(28) - (33). £ T 1 1 1
@2 | 1 | | |
Step 7: Calculate maximum error as in Section 3.3. i B e .
Step 8: IfErMmax> £andn < Npax N =N + 1 and return l L T . 1
to Step 4. 680 — — — — - oo S ‘r————*l—;———# ——————
| | | | * |
Step 9: Calculate total cost and emission, and stop | | | | ! s
662.54 4.‘56 4.‘58 416 4, ‘62 4.‘64 4.66
4. NUMERICAL RESULTS Fuel cost ($/h) "

The proposed ALHN is tested on six-unit and three-

plant systems without fuel constraint and a fivé-un
system with fuel constraint. The algorithm of ALHSI
coded in Matlab platform and run on a 2.1 GHz with
GB RAM PC. For stopping criteria, the maximum
tolerancee is set to 10.

4.1 Case 1: Six-unit system neglecting fuel constraint

The test system from [24] includes six units sujppto
a load demand of 900 MW.

4.1.1 Case la: Neglecting power loss

When power loss is neglected, the total power geioer
is balanced to load demand. Three cases are coedide

Fig. 2. Pareto-optimal front for fuel cost and emision from
Case la

4.1.2 Case 1b: Considering power loss

When power loss is included, the total power getimra

is balanced to load demand plus power loss. Indise,
three load demands are considered including 500 MW,
700 MW, and 900 MW. Table 2 shows the comparison
of best compromise solutions from the proposed atkth

to those from NR [10] and FCGA methods. The Pareto-
optimal fronts for fuel cost and emission corregfing

to the load demands are given in Figs. 3. For ladl t
compared cases in Tables 2, the proposed method can

in this cases including best economic dispatch;t besfind better solutions in terms of less total coatd
emission dispatch and combined economic and emissio€Mmission levels for single objective problems aesis|

dispatch.

total equivalent costs for CEED than the others.

Table 1 shows a comparison of best compromise, 5 cage 2: Three-plant system neglecting fuel

solution from ALHN to that from RA method and
simplified RA (SRA) method [25]. To find the best
compromise solution by ALHN, a Pareto-optimal frat

obtained first as shown in Fig. 2 and then the yuzz

constraint

The test system has three plants with six geneyaiiits
supplying to a total load demand of 900 MW as shawn

based mechanism is used. For comparison of the bedtrror! Reference source not found. The unit data is

compromise solution among the methods, a priceltyena

from [26] and also given irfError! Reference source

factor (PPF) method [18] is used as in Table 1. Thenot found..

explanation and calculation of PPF are given Append

For the cases with single objective optimizatidme t
total cost and emission amount by the proposed adeth
are closed to those from RA method. However, far th
case of best compromise solution, the total egenial
cost from the proposed ALHN is less than that fief
method.

Table 1: Comparison of best compromise solution fo€ase

la
RA [24] | SRA[25]| ALHN
Fuel cost ($/h) 46,131.8@6,131.8046,191.32
Emission (kg/h) 679.241 679.241 676.4165
Emission PPF ($/kg)| 44.7880 44.7880 44.7880
Equiv. cost of 30,298.03

18

In calculation, the system power loss in termsoaidl
demand and B-matrix coefficients is derived ouf2@].
The total costs, emission amount, and equivalestsco
obtained from the ALHN method for best CEED are
compared to those from AS method [26], MOCPSO [16€],
and MOCASO [17] in Tables 3, respectively. The
Pareto-optimal front obtained by the ALHN for tligse
is shown in Fig.4. In all cases, the total costbest
economic dispatch, total emission in best emission
dispatch, and total equivalent cost in CEED frora th
proposed method are less than those from the otfers
the computational time, the proposed method also
obtains solution faster than the others for beshemic
dispatch and best emission dispatch. Note the
computational times obtained in AS, and both MOCPSO
and MOCASO are from a Intel Pentium Il processor,
996 MHz, 416 MB of RAM PC and a Intel (R) Core
(TM) 2 Duo CPU PC with 2.2 GB of RAM, respectively.
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Table 2: Comparison of best compromise solution foEase

1b

Load

NR [10]

FCGA [13]

ALHN

500
MW

Fuel cost
($/h)

28,550.15

28,231.04

28,423.7Q

Emission
(kg/h)

312.513

304.90

280.3083

Emission
PPF
($/kg)

43.8983

43.8983

43.8983

Equiv.
cost of
emission
($/h)

13,718.789413,384.591]

[ 12,305.06

Total
equiv.
cost
($/n)

42,268.9394

141,615.651]

[41,206.8448

37

850

840

o]
@
o

@
N
o

Emission level (kg/h)

810

800

|
|
1
5.02 5.04 506 5.08

51 512

Fuel cost ($/h)

514 5.16
x10°

Fig. 3. Pareto-optimal front for fuel cost and emision in
Case 1b with load demand of 900 MW

Table 3: Comparison of best compromise solution fo€ase

2

700
MW

Fuel cost
($/h)

39,070.74

38,408.87

38,816.19

Emission
(kg/h)

528.447

527.46

479.887%

Emission
PPF
($/kg)

44.7880

44.7880

44.7880

Equiv.
cost of
emission

($/h)

23,668.0847

223,623.8785

> 21,493.2

Total
equiv.
cost
($/h)

62,738.8247

262,032.698

»60,897.5768

900
MW

Fuel cost
($/h)

50,807.24

49,674.28

50,340.08

Emission
(kg/h)

864.060

850.29

776.241(

Emission
PPF
($/kg)

47.8222

47.8222

47.8222

Equiv.
cost of
emission
($/h)

41,321.250]

140,662.7384

1 37,121.55

Total
equiv.
cost
($/n)

92,128.490]

190,337.0184

1 87,461.63

69

20

Method

AS
[26]

MOCPSO
[16]

MOCASO
[17]

ALHN

Fuel cost
($/h)

47,804.55

47,549.87

47,804.59

47,949.78

Emission
(kg/h)

843.42

823.36

843.41

735.12P6

Emission
PPF
($/kg)

47.8222

47.8222

47.822

P 47.8222

Equiv.
cost of
emission
($/h)

40,334.2(

39,374.89

40,333.72

35,155.1§

Total
cost
($/h)

88,138.75

86,924.76

88,138.31

83,104.9§

840

820

®
o
o

~
@
o

Emission level (kg/h)

]
@
o

740

720

Fuel cost ($/h)

Fig.4. Pareto-optimal front for fuel cost and emision in

Case 2
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4.3 Case 3: Five-unit system with fuel constraint o 10°
I I I I I I I I
The system consists of five thermal units in [19ihw ; ; ; ; ; ; ; ;
fuel constraints supplying to load demand for aeky ¥ ; ; ; ; ; ; ;
period. B D B
Three sub-cases with differently initial fuel stgeaare . ; ; ; ; ; ; ;
considered for this system. The initial values oélf I O P A U A
storage are given in Table 5. B " ; ; ; ; ; ; ;
R S T
R e R i i e i e T
Table 5: Initial storage for the five-unit system inCase 3 “ ; *;* . ; ; ; ; ; ;
| | # | | | | |
Sub-|  Unit 1 2 3 4 5 S e e
case A T
| | | | | I * | |
0 1 1 1 1 1 1 3\%
1 X'( ) (tons) 2000 5000 5000 8000 8000 5‘:?.02 1.025 1.03 1.035 1.04 1045 1.05 1.05:*?%:: 1.065
2 | X© (tons) | 2000| 5000 | 5000, 500 | 8000 Fuel cost (8 x10°
3 [X© (tons) [ 2000| 2500| 2500/ 8000 | 500 Fig. 6. Pareto-optimal front for fuel cost and emision in
Sub-case 2 of Case 3
When the system power loss is considered, the
obtained results from the ALHN method are given in .
Table 6 and Pareto-optimal fronts for the sub-cases 55160 ‘ ‘ ‘ ‘ ‘
shown in Figs.5-7. 5.514””%37”#””i””%””%””i 77777
* | | | | |
5512 — — — \;777T7777\77777777777777\ 77777
Table 6: Results for Case 3 by ALHN 5.51f — - — - :,i,,‘L,,,,:”,,J‘,,,,‘L,”,: 77777
Sub-case Best compromise %5'508 77777 A e
R T e R
Fuel cost ($) 1,034,680.0121 w w w w w w
1 I it R i Rt Sy R
Emission (kg) 655,494.8034 S :,,,,:,,i,;,,,,,;,,,,;,,,,,; ,,,,,
+*
9 Fuel cost ($) 1,034,673.6641 ssl o R S S U O S
| | [ | | |
Emission (kg) 655,511.7391 5.498 — — — - }””}7””}”Jn}””}f”;flf*ﬂﬁ
I I I [ I
3 Fuel cost ($) 1’034’684467 ) 5'49?.06 1,661 1,662 1.663 1.664 1,665 1,666 1.067
Emission (kg) 655,467.2724 Fuel cost () x10°
Fig. 7. Pareto-optimal front for fuel cost and emision in
Sub-case 3 of Case 3
x 10°
! A R B 5. CONCLUSION
%; ! ! ! ! ! In this paper, the ALHN method has been efficiently
" ! ! ! ! ! implemented for solving the CEED problem with fuel
Y — S S S R constraint. By directly using the augmented Lageang
< ! ! ! ! ! ! function as the energy function for Hopfield networ
3 A | ! ! ! together with sigmoid function of continuous nelgon
g ! N ! ! ! ! the problem constraints are properly handled. Megeo
E ! " ! ! ! ! ALHN is a recurrent neural network with parallel
oo T processing which leads to quick convergence to the
! ! ! ! ! ! optimal solution for the optimization problems. For
! ! LT e ! obtaining different non-dominated solutions of altinu
! ! ! T e, objective optimization problem, the slope of sigchoi
]E.’.OB 1.(;35 1.‘04 1.(;45 1.‘05 1.655 1.06 1.065

function of continuous neurons is adjusted fromyver
< 10° small to very large values. The result comparisoos

the many tested cases have shown that the proposed
Fig. 5. Pareto-optimal front for fuel cost and emision in ALHN can obtain better optimal solutions than many
Sub-case 1 of Case 3 other methods. Therefore, ALHN could be a favowgabl
implementation for solving the CEED with complicéte
constraints.

Fuel cost ($)

20
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Preliminary Problems Identification of Solar Home S/stem
Promotion Program in Lao PDR

Bouavone Chanthanileuth, Khamphone Nanthavongzaedg Jiliang

Abstract— National electrification is among the key composentsocio-economic development plan of Lao PDBeto
removed from the Least Developed Countries lis2@80. In order to achieve the Millennium Developtr@nal, the
Lao government has set up an ambitious target dégidential electrification reaching 90% of houset®by 2020, of
which 10% is by an off-grid approach. The Solar KHoBystems (SHS) has been considered as the mospaate

solution for off-grid electrification in remote rak areas.

This paper studied the experiences from the SH®@ion programs in Lao PDR, as well as to studgveht legal
documents supporting rural electrification develaurin Lao PDR.

The research study found that inconsistency intingtnal support and policy, inflexibility of dekry mechanism,
improper system'’s standardization and managemeiaippropriate funding support, probably are among thost
important issues in improvement of SHS promotioogams in off-grid areas. Besides, stronger paption of
private sector is also a crucial factor for ensigifong term sustainability and reliable service.this concern, the
incentives may not be strong enough for attracfirigate sector involvement

Keywords— Solar Home system, private sector involvement, teery scheme, Off-grid electrification, hire-purchase, rental.

1. INTRODUCTION

Lao PDR is located in the heart of South East Asia,
sharing borders with Cambodia, China, Myanmar
Thailand and Vietnam. The land area is 269,800 &nl
70% of which is covered by forest. Of the estirdaieb
million people in Laos, 85% of that population kven
rural areas. The government of Laos, one of the fe
remaining one-party communist states, began
decentralizing control and encouraging private gmise
in 1986. GDP growth has remained approximately at
steady 7% which is driven by hydropower and mining.
The national poverty line has been gradually dezea
from 46.1% in 1993 to 26% of population in 2010.
Despite this high growth rate, Laos remains a agunt
with an underdeveloped infrastructure, particulairy
rural areas. Therefore, national electrificatiors Heeen
considered among the most important issues in socio
economic development programs of Lao Government, t
leave least developed countries status.

’

The government appears committed to raising the

country's profile among investors by creating falde
environments for investment in the Lao PDR. The M/or
Bank has declared that Laos' goal of graduating fitee
UN Development Program's list of least-developed
countries by 2020 is achievable.

Bouavone Chanthanileuth and Khamphone Nanthavoagwéth
Department of Mechanical, Faculty of Engineering,atidhal
University of Laos. Lao-Thai friendship Road, Siamtk District,
Vientiane Capital, Lao P.D.R. Emailbouavonech@yahoo.com
khamphon@fe-nuol.edu.la.

Zheng Jiliang is with Kunming University of Sciencend
Technology, China. Email: jlzheng704@163.com.
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2. SITE CONDITIONS
Rural Electrification Policy

In order to achieve development goals, rural
electrification has been considered among the most
important agendas of development programs of Lao
Government. Electric power almost comes entiretynfr

hydro-electric power plants. Electric Power impdrte

from neighboring countries has solely been used for
supplying strategic geographical border areas and

%emains a temporary measure while the national igrid

being developed.

Rural electrification programs mainly promote grid
connection. However, when grid extension is
implemented in more remote rural areas, it becde®s
economically viable. In response, the Lao Goverrtmen
has promoted off-grid options for rural electrifica,
mainly by small scale (micro) hydropower and solar

Ohome systems.

The off-grid areas were defined as those, which wil
not be able to reach grid by the year 2020. Thegoff
areas are typically characterized by difficult &sce
undeveloped infrastructure (road, communication,
electricity and water supply, markets, etc), artlemlow
population density due to scattered inhabitation.

In order to emphasize the national electrification
programs the Lao government has issued, sinceatke |
1990s, several crucial legal documents such as the
Electricity Law (1997, revised 2009), Power sector
development plan (2001), National Renewable energy
development strategy (2011), Rural Electrification
Master Plan (2010); being drafted some decreesmatl s
scale hydropower, biofuel, Solar energy, Other Biem
and alternative energy.

Electricity law [2] sets out the regime for the
administration, production, transmission and disiion
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of electricity, including export and import, thrdughe geographical and visual information; national level
use of productive natural resource potential tatrioute standardized criteria of selection process of targe
to the implementation of the national socio-ecomomi villages and its electrification method with ratibn
development plan and to upgrade liming standarth®f process using economic evaluation; and effectivé an
people. The law allows individual or entities tevelop sustainable financing plan based on optimum rural
hydropower in rural areas with install capacityslésan  electrification plan. Rural electrification apprbas are
15 MW and obtaining approvals from relevant local to improve the national electrification ratio frothe
authorities. The law encourages local investorscurrent 70% to 90% by 2020 (80% by on-grid and 10%
participating in development of this sector. by off-grid) and minimize Micro Hydropower (MHP)
Power System Development Plan [1] aims to maintaindue to the high cost of operations and maintenarlke
and expand an affordable, reliable and sustainabléSHS shall be adopted as a temporary power source fo
electricity supply within the country. Thereforehet villages in remote areas where grid extension isecily
purpose is to promote economic and social develogme judged to be not feasible. The Off-grid component
promote power generation for export to provide nexess  includes MHP, SHS/BCS, Pico-hydro, diesel generator
to meet government development objectives; andrensu and hybrid system.
sustainability by developing and enhancing the llega Government Decrees on renewable energy and small
regulatory framework to effectively direct and faaie hydropower are being drafted. Below is samplehef t
power sector development; and reforming of insohal decrees:
structural to clarify responsibilities and streamli Decree (draft) on solar energy development defines
administration. principle, rules, and measures on the implemenmtatio
The Renewable Energy Development Strategy [5]operation and supervision of solar energy busingss,
focuses on small power development for self sidficiy, promote solar energy utilization including on-gadd
grid connection, bio-fuel production and marketiagd off-grid options for increasing cleaner energy fmif
development of other clean energies and emphasizes consumption and creating economically and techiyical
promoting investment in energy productions fromlgub viable promotion mechanism for solar technology
and private sectors including local and foreigresters.  development in Lao PDR.
By 2025 the Lao government aims to increase theesha On the other hand, decree (draft) on biomass
of renewable energies to 30% of the total energygasification defines the principles, rules, and snees
consumption. on the implementation, operation, regulation and
To reduce the import of fossil fuels, the governmen supervision of biomass gasification business, tute
outlines a tentative vision to reach 10% of thealtot biomass-based power generation development ingjudin
transport energy consumption per year fioimfuels by on-grid and off-grid options and to develop domesti
2025. In Lao PDR hydropower with capacity less th&n  small and medium size biomass gasification dige$ver
MW is considered as small scale. Lao PDR has aincreasing cleaner energy for self consumptiorectife
potential for small hydropower development around agro-forestry-livestock wastes treatment aiming at
2,000 MW, of which, 650 MW is to be explored betwee creating economically and technically viable proimot
2010 and 2025. Lao PDR is located in a zone withmechanism for biomass technology in Lao PDR.
relatively good solar irradiance. Solar PV homeeys And finally, the decree (draft) on biogas produatio
are serving as one of the electrification optiomamote  defines the principles, rules, and measures on the
rural areas. Current SHS promotion program is ajmin implementation, operation, regulation and supeowisif
for installation of an additional 19,000 househati831 biogas business, to promote biogas energy productio
villages of 11 provinces for the period 2010-2020. including on-grid and off-grid options and to deoel
Besides that, the government also encourageslomestic small and medium size biogas digester, for
development of large solar PV farm as an additionalincreasing cleaning energy for self consumption,
supply source for the grid. The government aims toeffective agro-forestry-livestock wastes treatmanting
sustain development of household and communityescal at creating economically and technically viable
biogas systems using animal and livestock wastes bypromotion mechanism for biogas technology in Lao
50,000 kg in 2025 to reduce the import of liquefied PDR.
petroleum gas (LPG). Being a predominantly agricek
based economy, Lao PDR generates substantial amou
of wastes from agriculture and forest productiom an Connection Ratio: The national mean connection ratio
processing such as rice husks, corn cobs and wootb the grid is about 80%. In case of off-grid SHige
wastesBiomasscooking fuels are estimated to represent introduction ratio is said to be approximately 60%.
around 70% of the total energy consumption in Lao Considering that present grid connection ratio oul
PDR. Wind energy can be potentially developed for remain at 80% as well as the off-grid introductiatio at
large-scale grid-connection power generation and fo 60%, the government could still not achieve theear
hybrid systems providing energy services to rumad a electrification rate of 80% by grid and 10% by gffel,
remote villages. The government aims to developrado  even if all villages in the Lao PDR are covereddoi
50 MW of wind power by 2025. and off-grid electrification. Hence, it is requeabtéo
Rural Electrification Master Plan [3] imposes improve the connection ratio in electrified village
necessary approaches such as planning and mogitafrin  together with rural electrification implementatiofihe
electrification by data management linked with Power to the Poor (P2P) project under Rural

ﬁural Electrification Status
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Electrification Plan (REP-1) has a record in impngv
the connection ratio from 81% up to 94% in the tpilo
project conducted in 2008. Expansion of P2P ptdjgc
improve the national average connection ratio uthéo
level of 95% or more is necessary to achieve the
electrification goal. As shown in Tablel-1, 1-2 and
Figure 1, in 2010 national electrification ratioahghout
the country.

Off-Grid Options: Grid extension to remote areas of
the country is economically not viable due to diflt
mountainous landscape, plus sparse population tgensi
low power demand, undeveloped infrastructure
Therefore, Government turned to promote off-grid
options rural electrification, which may includethrsd

along PV Systems, small scale, hydropower, charging

station, etc.
Table 1. Electricity Statistics
Year Total amount
Districts Villages HH
1998 141 11,456 754,265
1999 141 11,058 768,142
2000 142 11,263 818,668
2001 142 11,231 866,277
2002 142 11,168 875,774
2003 142 10,866 883,355
2004 141 10,781 930,982
2005 139 10,473 1,000,350
2006 140 10,583 943,810
2007 140 9,630 959,094
2008 141 9,528 972,419
2009 141 9,063 1,026,012
2010 143 8,918 1,034,623
Table 2. Electricity Statistics
Year Electrified in 2010
Districts| % | Villages| % HH %
1998 102 72 1,884 16| 226,0p4 30
1999 109 77 2,507 23| 254,600 33
2000 119 84 2,651 24| 293,4P4 36
2001 116 82 2,811 25| 303,6P0 35
2002 125 88 3,245 29| 340,5p039
2003 128 90 3,776 35| 379,1p943
2004 127 90 4,229 39| 437,64947
2005 132 95 4,510 43| 483,13348
2006 132 94 5,294 50| 510,5p954
2007 136 97 4,940 51| 566,11059
2008 136 96 5,010 54| 608,796 63
2009 137 97 5,811 64| 714,60370
2010 137 96 5,686 64| 738,06571

Source: Electricity Statistics Years Book 2010 of Lao PPIR
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MEM's latest data: 84% HH base by 2012 (planned 85% by 2015)

Fig. 1. Rural Electrification Status

Small scale Hydropower

Advantages Hydropower electricity is generated
from environmental friendly renewable natural
resources, which help avoiding importing fossil oil
products and hence, contribute to L@mission
reduction. Good for household and industrial use

Disadvantages As a rule, SHP represents higher
specific initial investment costs, comparing tagkr HP.
SHP strongly depends on local conditions, seasonal
resource changes. Therefore, Energy generatioryhigh
depends on varying resource availability. Besidlesal
communities lack of capacity to operate and maintia¢
system themselves.

Solar Home System/SHS

SHS is the main source in off-grid rural electafion
while promotion of MHP is limited which due the hig
cost of investment and O&M difficulties. The proraot
of SHS has become the most appropriate measure in
power supply for villages in remote areas, wherie gr
extension is currently judged to be not feasible.

Advantages Relatively good solar irradiance (4-5
KWh/m?/day), plus well known factors such as easy
installation, low maintenance costs, long life goqoeént,
as well as less environmental impacts remote rural
villagers, while waiting for grid connection.

The Disadvantages of SH&re rathehigh equipment
cost, short life of battery pack, limited power plyp In
order to achieve reliable energy supply it will dee be
combined with other energy sources and therefazea b
more costly solution.

Solar Battery Charging Station (SBCS)

This is a collective use system; the users haveato
for a rechargeable battery, limited appliance (ityain
light) and a charging fee.

Advantages This is a lesser cost option for rural
people: users have ability to manage their enespge
and payment according to actually used energy only.

.Disadvantage The common problems for SBCS are
improper management approach that often leads to
system failures. The environmental concern wouldabe
disposal of numerous unused batteries.
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Diesel Generator

Advantage Perhaps this is the lowest initial
investment option and can be a temporary solutioii u
grid connection.

Disadvantages High operation cost due to unstable
fuel price and high fuel delivery costs to diffitth-
access remote areas, as well as environmental rance
of CO,emission.

Hybrid Systems

There are two hybrid systems which have been pilote
in Lao PDR by NEDO® 1) SHP+PV in Oudomxay
province and 2) SHP+PV+Capacitor in Phongsaly
province [MEM-NEDO project].

Advantages More reliable power supply and use of
clean local resources as much as possible.

Disadvantages High system costs.

Overal observation on off-grid Rural electrificatio
programs in Lao PDR:

» Almost all micro hydropower installations (around
40 sites with capacity less than 100 MW)
completely failed.

» SBCS could not find sustainable application, as
well as diesel generator approach.

e« SHS promotion can be considered as the most
successful off-grid electricity installation optiom
Lao PDR.

Solar Home Promotion Programs in Laos PDR

The SHS program was initiated under the Southern
Provinces Rural Electrification Project (1998-20@4d *
originally implemented by Electricite Du Laos (EDI
February 2001, the responsibility of SHS prograns wa
then transferred to Ministry of Energy and Mines
(MEM). The Off-Grid Promotion Support Office (OPS)
was established within the Department of Elecyriat
MEM. In March 2001, MEM’'s Power Sector Policy
Statement established the policy and regulatorydaizn
for Provincial Energy Service Companies (PESCOSs) as
intermediary entities to plan, help organize anstalh
and then provide ongoing support to off-grid scheiime
rural areas of the Lao PDR.

Up to 2010, totally 16,247 SHS of capacity between
20-50 Wp have been installed in 16 provinces (447
villages) of Lao PDR by various programs such a$sIR
solar PV demonstration projects (1997-2001) under
Technology Research Institute; MEM-JICA solar PV
pilot projects (1998-2001) and MEM-WB Hire-purchase
projects (1999-2004) owned by the Ministry of Energ
and Mine; and Sunlabob-InWent pilot projects ontaen
PV systems (since 2003) invested by private invgsfo

Currently four delivery models of stand-alone SHS
have been carried out in the country: donationhcas
sales, rental system and hire-purchase.

1 NEDO: New Energy and Industrial Technology Development

Organization
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Rental systemis carried by Sanlabob co., which
established in 2001. The company rents the
hardware (equipment) to villagers and collects the
fee.

Management mechanismin additional situation, if
systems work properly, users pay monthly rent. The
Village Electricity Committee (VEC) is able to
transfer tariffs to the rental company and then
receive margins. The rental company receives
money to pay for the loan plus interest and receive
income.

Advantages:Users pay for used electricity only,
equipment remains property of Rental Company.
Service reliability is ensured by an established
franchise with high quality equipment installed to
ensure sustainability. The systems are installel an
maintained by the hardware company’s skilled
technicians. On the other hand, the Energy Service
Company (ESCO) has strong incentive to keep the
system in good working conditions. And the
flexibility of this system is such that the users a
not required to do maintenance work or spare part
replacement; this makes it an affordable choice.

DisadvantagesHigh rental cost. In order to reduce
service costs in remote rural areas, the rental
company may install high quality and reliable
equipment, installation by company qualified
technicians, and therefore, rental costs will be
rather high, and unaffordable for majority of rural
people.

MEM-WB Hire-purchased model: Vvillagers
choose a range of solar PV panel sizes, then lease
the system and make the payment over a certain
period (5 or 10 years) and after that the system
becomes their property. Installation and
maintenance of the system are carried by village
energy manager (VEM), who got trained by the
project counterparts and service is undertaken
ESCO, which was set up by the project [9].

Management mechanismif system work properly,
users pay monthly payment and then village energy
manager (VEM) can make repayment to ESCO and
get operational rebates. Therefore, ESCO is able to
transfer money to OPS and can receive operational
rebates.

Advantages:the users own the equipment after
repayment period is complete. Lower repayment
rate is due to subsidy by the project. Well-designe
financial incentives for planning, delivery, traigi

and operational rebates and prospective ownership
are available due to Soft Loan support.

DisadvantagesBased on the information, the users
pay for spare parts and installation fee and the
available service is unreliable. The low profit
business is unattractive for businesses and
entrepreneurs. There are at times improper
installation and servicing by unskilled technicians
And lastly, low quality equipment usually installed
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to avoid high repayment for the system costs.

Lesson learned from SHS programs in Lao PDR

This paper emphasizes how to optimize SHS program

management in Lao PDR to provide reliable and
costly

sustainable electricity supply by using
technologies with affordable pricing for villagevéth
limited financial resources in isolate rural areagrther

studies on the application of an appropriate apgroa
tools and consistent support mechanisms from figndin
to encourage

agencies or relevant organizations
involvement from private initiatives into the busgs
needs to be observed.

e TRI's solar PV demonstration projects (BCS and

rebates. OPS does not approve plans for instailatio
in new villages, if the ESCO is not matching an
average repayment rate of above 95% from its
entitled villages. Poor service of ESCO will skip
business.

Sunlabob-InWent's pilot projects on Renting PV
systems

The project was launched in cooperation between
Sunlabob Co., LTD and InWent-Capacity building
International (Germany), with consulting support
by Viltec (Switzerland). The project was to prove
that the rental mechanism within selective areas
such as those along the national road, national

borderlines and densely populated areas, where
people normally have relatively high income and
many belong to future grid expansion. The project
involves many parties: government authorities,
funding agency, rental company (hardware
company), training company and village committee
(VEC). The delivery model economically is not
suitable for major rural population in remote areas
due to high rental fee.

SH-BCS)

BCS: Villagers are responsible for the maintenance
and replacement of their equipment. The collected
fees are used for systems maintenance, spare parts
replacement and to pay village technician salary.
One key-house manager is required.

SH-BCS User’'s convenience is closer to house
users, flexible charging process, lower capitak.cos
Complex management scheme: deal with many
key-house managers. It is difficult to keep service 3 pISCUSSIONS

standard as high as for all systems.

It was Observed that deta“ed management and CosThe issue reviewed in site conditions section efnght
recovery scheme was not worked Out; lack of delivery model is the most critical. Cash sales ahod

follow up activities and monitoring capacity; lack appears the least likely to succeed because tigettar
of management skills and funding support. As areas for SHS installation will be in isolated arem
result, almost all of installed systems failed avés  highlands where poverty is most pronounced. Donatio
been evacuated due to grid connection. (donated system) is possible, depending on dotevel

_ _ of support and duration. Rental scheme may have
Mggﬂ)-JICA solar PV pilot projects (SHS and reliable franchise network and a tendency of ifistl
B

high quality equipment, but rental fee is high, not

The project has shown that people in rural areag@ffordable for the poor. Hire-purchase scheme vesei

accepted the PV systems and demand is high; Initia@00d ~financial support that makes systems price
payment and monthly fees are affordable for affordable for the poor in RE, but the scheme maoef

villagers; the setting reasonable market prices ischallenges of systems and service reliability, ey
necessary to promote the system; VEC plays a vitalV€n demanding increased.

role in system management. Qualified VEC is very Technical Challenges

important; people’s participation, capacity builglin
and cost recovery are main points to sustainable
operation; Standard system configuration, selecting *
system part and replacement of parts are main °
components to be addressed; Competency and
incentive of local office of MEM to cope with .
system’s monitoring and support for long term e
repayment period (15-20 years); Good for users
who prefer low repayment, but, the projects need
full long-term subsidies in the form of grants, .
which is not always available.

* Replace lead acid battery & light every 2-3 years,
Too expensive for deep cycle lead acid battery,

It is low quality of panels and short lifespan than
the payment scheme,

There is no supply chain,

No recommendable component, which available in
general market,

Spare parts replacement is very costly,

Poor system installation and maintenance by
unskilled technicians.

MEM-WB hire-purchase projects (SHS, VH and Domestic Challenges

GS
) _ e There is no comprehensive SHS strategy.
For SHS [10], users purchase the equipment and are . projects are carried out independently without
motivated to maintain its condition. The VEM and integrated nationa' e|ectrification p|an'
ESCO receive a portion of each user's monthly . Target villages are selected extemporary based on
payment called dperational rebates only if the local information.
users’ payment is actually made. It is a strong
incentive for VEM and ESCO to maintain the
systems functionality properly in order to get the
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SHS promotion has not yet been clearly stated in
the NSEDP or in Growth and Poverty Reduction
Strategy or in 5-year Plan.

Insufficient information and handbook supplied to
users.

Lack of public funding. Rural Electrification Fund
(REF) now uses the fund for the purchase of the
spare parts, mainly batteries.

Lack of private incentive for investment.

Sell livestock to cover the monthly fee in remote
areas.

Prefer grid electricity rather than off-grid one.

promotions in Laos, financial constrain might be no
longer an issue.

If an independent institution is set up to lookeaft
all government related projects directly in Lade t
issues on lack of co-operations between relevant
institutions and management overlaps might be
reduced.

If campaign on SHS promotions is broadcasted
nationwide, it may help to stimulate users’
incentives and participations.

4. CONCLUSIONS
After identifying the situation, analysis, and stum) a

) ) . variety of SHS programs operating in Lao PDR, the
Solar Home SyStemS installation is one of the fo”owing practices have been concluded:

viable options for the off-grid component of rural
electrification programs, and has been promoted by
either national or international organizations.
Consistent institutional and financial support,
appropriate incentive measures, involvement of
private sector, etc, are other important factors fo
success of the SHS programs.

By observing the implemented pilot programs for
SHS, government subsidy on hire- purchase scheme
is considered the best practice or model for rural
population in Laos.

Servicing and Customized Solutions

The most interesting delivery models for SHS in
Lao PDR include hire-purchase scheme, offered by
rural electrification division (MEM) with Soft Loan
support by the World Bank and Rental system — a
pure commercial initiative offered by Sanlabob
Rural Electrification Co.

Currently lead acid in automotive batteries is used
due to cheap and availability in general market. |
replacing the lead acid one with deep cycle lead
acid battery, the system would be working properly.
However, this may be too expensive for those with
limited financial resources.

If the government can subsidize the cost of orginar
battery replacement and let users pay for the
installation fee or fixing fee. The issue might be
solved.

If a proper supply chain is set up to control gyali
of spare parts, long SHS lifespan would last longer
Also, if technical staff is well trained to O&M the
system closely, system failure rate might be
reduced.

Local Supplies and Domestic Challenges

28

If a data centre is set up to gather all relevant
information related to SHS project implementations
in Laos regarding number of systems actually
installed and operating SHS plus any plan for
expansion, this would help in assessing the

The well integrated government policy is crucial.
The present policy on renewable energy only
marginally touches on the SHS aspect, which is
surprising considering that the market represents a
success story out at the rural area.

Long term system sustainability of SHS promotion
program in Lao PDR depends on such factors
system standards and quality, flexibility in spare
parts supply, proper installation.

Establishment of data centre is essential, in ctaler
share experiences and lessons learned from failed
and succeeded projects

Workable institutional mechanism and good
coordination among the relevant organizations are
important  factors for ensuring long-term
sustainability in off-grid rural electrification
programs and furthermore, to avoid overlapping
either in term of promoted technology or funding
support.

Financial support to start-up capital or revolving
fund for ESCOs can help attracting more
involvement of private sector investment. In this
meaning, soft loans to ESCOs by Rural
Electrification Fund are essential.

In other hand, the issues such as inconsistency in
institutional support and policy inflexibility of
delivery mechanism, improper system’s
standardization and management, inappropriate
funding support probably are among the most
important issues that need to be addressed in order
to improve SHS promotion programs in off-grid
areas.

And, the members of the community can serve as
salespeople and technicians if they receive proper
training. The local supporters will understand the
community and relate to the customers better than
any outsiders.
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g e, Particle Swarm Optimization with Constriction Factor for
W . . -
$ 5 % Optimal Reactive Power Dispatch
}"’r% Vo Ngoc Dieu, Le Anh Dung, and Nguyen Phuc Khai
a,9

Abstract— This paper proposes a simple particle swarm optimization with constriction factor (PSO-CF) method for
solving optimal reactive power dispatch (ORPD) problem. The proposed PSO-CF is the conventional particle swarm
optimization based on constriction factor which can deal with different objectives of the problem such as minimizing the
real power losses, improving the voltage profile, and enhancing the voltage stability and properly handle various
congtraints for reactive power limits of generators and switchable capacitor banks, bus voltage limits, tap changer
limits for transformers, and transmission line limits. The proposed method has been tested on the IEEE 30-bus and
IEEE 118-bus systems and the obtained results are compared to those from other PSO variants and other methods in
the literature. The result comparison has shown that the proposed method can obtain total power loss, voltage
deviation or voltage stability index less than the others for the considered cases. Therefore, the proposed PSO-CF can
be favorable solving the ORPD problem.

Keywords— Constriction factor, optimal reactive power dispdch, particle swarm optimization, voltage deviation voltage
stability index.

NOMENCLATURE 1. INTRODUCTION
G, Bj Transfer conductance and susceptance betweefptimal reactive power dispatch (ORPD) is to deteem
busi and bug, respectively the control variables such as generator voltage
a Conductance of branch connecting between magnitudes, swnchable VAR compensators, and
buses andj transformer tap setting so that the objective fiomcof
o ) the problem is minimized while satisfying the uaitd
Li Voltage stability index at load biis system constraints [1]. In the ORPD problem, the
Ny Number of buses objective can be total power loss, voltage devmtid
load buses for voltage profile improvement [2], or
Na Number of load bu§es ) voltage stability index for voltage stability enlcament
Nq Number of generating units [3]. ORPD is a complex and large-scale optimization
N, Number of transmission lines problem with nonlinear objective and constraints. |
N, Number of transformer with tap changing power system operation, the major role of ORPDois t

_ _ maintain the load bus voltages within their limftr
P4, Qi Real and reactive load demand at bus  providing high quality of services to consumers.

respectively The problem has been solved by various techniques
P4, Qs Real and reactive power outputs of generating'anging from conventional methods to artificial
uniti, respectively intelligence based methods. Several conventional
A React tor at b methods have been applied for solving the problech s
Qs eactive power compen.sa ora l_JS_ _ as linear programming (LP) [4], mixed integer
S Apparent power flow in transmission line  programming (MIP) [5], interior point method (IPNg],
connecting between biisind bug dynamic programming (DP) [7], and quadratic
T Tap-setting of transformer brankh programming (QP) [8]. These methods are based on
Vv Volt " tion bi successive linearizations and use gradient as hsearc
g oltage at generation bus directions. The conventional optimization methods c

Vg, Vi Voltage magnitude at generation tusnd load  properly deal with the optimization problems of
busi, respectively deterministic  quadratic  objective  function and
V,d Voltage magnitude and angle at bus diﬁerent?a! constraints. However, they can _be mapin
respectively Iopal minima of the ORPD pro_bl_em with multiple
minima [9]. Recently, meta-heuristic search methods
have become popular for solving the ORPD problem du
to their advantages of simple implementation arntityab
to find near optimum solution for complex optimipat
problems. Various meta-heuristic methods have been
Vo Ngoc Dieu, Le Anh Dung, and Nguyen Phuc Khai aith applied for solving the problem such as evolutignar

Department of Power Systems, Ho Chi Minh City Ursity of programming (EP) [9], genetic algorithm (GA) [3]ta
Technology, HCMC, Vietnam. Emaiindieu@gmail.com
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colony optimization algorithm (ACOA) [10], differéal
evolution (DE) [11], harmony search (HS) [12], etc.

These methods can improve optimal solutions for the
ORPD problem compared to the conventional methods

but with relatively slow performance. Among the aiet
heuristic search methods, particle swarm optintzati

(PSO) is the most popular one for solving the ORPD.
problem including many variants such as multiagent-
based PSO [13], enhanced PSO [2], parallel PSQ [14]

comprehensive learning PSO [15], etc. The PSO rdstho

are generally simpler implementation, more powerful

search ability, and faster performance than othetam
heuristic search methods, leading to solution tyédir
optimization problems considerably improved. In
addition the single methods, hybrid methods hawenbe
also widely implemented for solving the problemisas
hybrid GA [16], hybrid EP [17], hybrid PSO [18],ceto
utilize the advantages of the single methods. Tyith
methods usually obtain better solution quality thhe
single methods but they also suffer longer comparnat
time.

In this paper, a simple particle swarm optimization

with constriction factor (PSO-CF) method is propbse
for solving the ORPD problem. The proposed PSO<CF i
the particle swarm optimization based on consticti
factor which can deal with different objectives thie

F(x,u)=VD=§:Ni -V, 3)

whereV,¥ is the pre-specified reference value at load bus
i, which is usually set to 1.0 pu.

Voltage stability index for voltage stability
enhancement [3], [19]:
F(x,u) =L, =max{L}; i=1 (4)

For all the considered objective functions, theteec
of dependent variablesrepresented by:

X=[Qqur-vrs Qg +Viasoos Vi, 1St Sy (5)
and the vector of control variablasepresented by:
U=V Vg, > Troeen Ty 1 Qep - Qi 1 (6)

The problem includes the equality and inequality
constraints as follows:
a) Real and reactive power flow equations at each bus:

problem such as minimizing the real power losses, P, — Py VZV [G” cos@, —4,) +B; sin(g, - 5)]

improving the voltage profile, and enhancing th&age
stability and properly handle various constraints f

reactive power limits of generators and switchable

capacitor banks, bus voltage limits, tap changeitdi for
transformers, and transmission line limits. Theposed

method has been tested on the IEEE 30-bus and IEEE j=1...N,
118-bus systems and the obtained results are cenhpar

to those from other PSO variants and other metliods
the literature.
The remaining organization of this paper is follows

Section 2 addresses the formulation of ORPD problem V.

A PSO-CF implementation for the problem is desatibe
in Section 3. Numerical results are presented tiGe
4. Finally, the conclusion is given.

2. PROBLEM FORMULATION

The objective of the ORPD problem is to minimize is
to optimize the objective functions while satisfyin
several equality and inequality  constraints.
Mathematically, the problem is formulated as folfow

Min F(x,u) (1)
where the objective functioR(x,u) can be expressed in
one of the forms as follows:

¢ Real power loss:

Ios i 9 |:\/|2 +Vj2 - 2\/|VJ COS6i - 5] ):| (2)

i=1

F(x,u) =

j=1

N,

Q, Qs =V, SV,[G, sin@ - 4,) - B, cos@, -3,)]
=1

(7)

i=1

(8)

b) Voltage and reactive power limits at generation

buses:
gi,min _V Vgl max’ - 11 ---:Ng (9)
Qgi,min = Qgi < Qgi,max; i=1, ...,Ng (_‘]_0)

c) Capacity limits for switchable shunt capacitor

banks:
Qumin Qi Q4 e 1 =10, (11)
d) Transformer tap settings constraint:
Temin ST ST nae K=1000N, (12)

e) Security constraints for voltages at load buses and
transmission lines:

V.

li,min

S <G e I =1

<V, SV mae 1 =1,00N (13)

N, (14)

« Voltage deviation at load buses for voltage profile Where theS is the maximum power flow between bius

improvement [2]:
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§ =max{|§ I.IS; [} (15)
Vi =Cx[ v e xrand, x(phest - <) o
(K) _ (k)
3. PARTICLE SWARM OPTIMIZATION WITH +szrandzx(9b°ﬂi X )J
CONSTRICTION FACTOR 2 (19)
. . o C=————; Whereg =c +¢C, ,¢ > ¢
3.1 Basic particle swarm optimization ‘2—¢—1/¢2-4¢

PSO is a population based evolutionary computation
technique inspired from the social behaviors ofd bir In the PSO-CF, the factop has an effect on the

flocking or fish schooling. Since the first inveoti in -
1995 [20], PSO has become one of the most IOOpukﬁ:onvergence characteristic of the system and mest b

methods applied in various optimization probleme thu greater than 4.0 to guarantee stability. Howeverihe

its simplicity and ability to find near optimal swions. value .Of ¢. Increases, thg constrictiol decreases

In the conventional PSO, a population of partictesves producmg d|verS|f|cat|on_ which I_eads to slowerpesse.

in the search space of problem to approach to ltiteab The typical .value ofp is 4.1 (ie.c, = ¢ - .2'05) as
optima. The movement of each particle in the pdpra proposed n [22]. When the constriction factor
is determined via its location and velocity. Durite ~ MPlemented in the PSO, the search procedure ensure
movement, the velocity of particles is changed diwae the h conv_erglenr::e forC the metr:od hbaspego (():rll: the
and their position will be updated accordingly. For mbat _emkf;ltlca teolr_y. olns_equen';]y, tﬁ b R pg?)n
implementation in a n-dimension optimization prable obtain betier quality solutions than the basic

the position and velocity vectors of partickk are approach.

represented by = [Xig, Xad, -+, Xnd] @NAVy = [Vig, Vag, ..., 3.3 PSO-CF for the ORPD problem
Vng], respectively, whered = 1,..., NP and NP is the ) _
number of particles. The best previous position of FOr implementation of the proposed PSO-CF to the

particle d is based on the valuation of fitness function Problem, each particle position representing fonti

represented bpbesty = [Pu Pocs ..., P and the best variables is defined as follows:
particle among all particles represented diest. The .
velocity and position of each particle in the nigatation X =Vguar Vona T v Tua 1Qen Qs 1 (20)
(k+1) for fitness function evaluation are calculatsl -

d=1..NP
follows:

- BN ’ y The upper and lower limits for velocity of each
Ve = )xvig)+clxrand1><(pbestif,)—xf,)) (16) particle are determined based on their lower angeup

+e xrand, X(gbesti(") B X(dk)) bounds of position:

(k42) = (00 1 (k) (17) Vo max = RX (X max™ X4 min) (21)
Vd,min = _Vd,max (22)

where the constants; and c, are cognitive and social
parameters, respectively arehd; andrand, are random

values in [0, 1]. whereR is the limit factor for particle velocity.

Both particle positions and velocities are initiali

3.2 Implementation of constriction factor within their limits given by:

The position and velocity for each particle haveirth ©) _

own limits. For the position limits, the lower angper Xy = Xamin + 18N X (Xy ™ Xy i) (23)
bounds are from the limits of variables represeriigd ©) _ +rand B (24)
the particle’s position. However, the velocity limifor Vo = Vg in *+ 1N, X (Vy = Ve i

the particles can be defined by users. Generdlig, t

solution quality of the PSO method for optimization Whererand; andrand, are random values in [0, 1].
problems is sensitive to the cognitive and social During the iterative process, the positions and
parameters and velocity limit of particles. Therefo Velocities of particles are always adjusted inrthieiits
there have been several attempts to control theafter being calculated in each iteration as follows
exploration and exploitation abilities of the PSO

algorithm by adjusting the cognitive and socialtdas or v = min{vd max ,max{vdymin,vd}} (25)
to limit the range of velocity in the range/fimax, Vidmas]-
In this paper, the improved PSO with constrictiantér X1 = min{X, o MaX{X, i X I} (26)

proposed in [21] is implemented for solving the @RP
problem. The authors have claimed that the use of a The fitness function to be minimized is based oa th
constriction factor may be necessary to insurestable  ,roplem objective function and dependent variables

convergence of the PSO algorithm. The modified jncjyding reactive power generations, load busagss,

expressed as follows: function is defined as follows:
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Sep9: If K < 1T, k =k + 1 and return to Step 5.

Ng 2 Ny 2 Otherwise, stop.
FT =F(u,x)+ qu(Qgi _le:“) + KVZ(\/H Vi ) @27)
i=1 i=1

4. NUMERICAL RESULTS

\
+K. (S _S,max)Z The proposed PSO-CF has been tested on the IEEE 30-
= bus and 118-bus systems with different objectives
. including power loss, voltage deviation, and vodtag
where Kq, K., andK, are penalty factors for reactive g pijivy index. The data for these systems cafiobed
power generations, load bus voltages, and powerifio i, 531" [24]. The characteristics and the datatfar base

transmission lines, respectively. ) , case of the test systems are given in Tables 12and
The limits of the dependent variables in (25) are respectively

determined based on their calculated values asasl| In this paper, the power flow solutions for theteyss

_ are obtained from Matpower toolbox [24]. For
om :{Xmax if X > Xia (28) comparison, three other variants of PSO also
X f x<x,, implemented for solving the problem are PSO witheti
varying inertia weight (PSO-TVIW) [25] and PSO with
) time-varying acceleration coefficients (PSO-TVAGjda
respectively represent for the calculated ge|f organizing hierarchical particle swarm optietiz

min

whrerex andx'™

value and limits 0Qy;, Vii, OF S max- with time-varying acceleration coefficients (HPSO-
solving the ORPD problem is addressed as follows: coded in Matlab platform [27] and run on a 2.1 Ghkith

] 2 GB of RAM PC. The parameters of the PSO methods
Step 1. Choose the controlling parameters for PSO-CF for the test systems are given in Table 3. For mitup
including number of particleNP, maximum  criteria, the maximum number of iterations for BBO

number of iteration$Ty,, cognitive and social  methods is set 200. For each test case, the PStidset
acceleration factors; and c,, limit factor for are performed 50 independent runs.

maximum velocityR, and penalty factors for
constraints. 4.1 |EEE 30-bus system

Step 2: GenerateNP particles for control variables in In the test system, the generators are locatedisdsbl,
their limits including initial particle positiomq 2, 5, 8, 11, and 13 and the available transfornaeses
representing vector of control variables in (5) located on lines 6-9, 6-10, 4-12, and 27-28. The
and velocityvig as in (23) and (24), where= 1, switchable capacitor banks will be installed atesu4o,

..., Ng+ N;+Ncandd =1, ...,NP. 12, 15, 17, 20, 21, 23, 24, and 29 with the minimam

Sep 3: For each particle, calculate value of dependentmaximum values of 0 and 5 MVAR, respectively. The
variables based on power flow solution using limits for control variables are given in [11], geation
Matpower toolbox and evaluate the fitness reactive power in [28], and power flow in transnioss
function Fyxesa in (27). Determine the global lines in [29]._ The n_umber of particles for the PSO
best value of fitness functionFyey = methods in this case is set to 10.

MiN(F ppesta) - The results obtained by the PSO methods for the

Sep 4: Setpbesty to xq for each particle angdbest to system with different objectives including powerssp

the position of the particle corresponding to voltage deviation for voltage profile improvementd
Fppese. SEt iteration countde= 1. voltage stability index for voltage enhancementgiven

Sep 5: Calculate new velocity®™,q and update position in Tables 4, 5, and 6, respectively and the sahstitor
ep o ) - id & P P best results are given in Tables Al, A2, and A3 of
x""ig for each particle using (18) and (17),

. . o Appendix.
respectively. Note that the obtained position and IffI'phe obtained best results from the proposed PSO-CF
velocity of particles should be limited in their

lower and upper bounds given by (25) and (26). method are compayed to _those from DE [1.1]'
) comprehensive learning particle swarm optimization
Sep6: Solve power flow using Matpower toolbox (¢ pso) [15], and other PSO variants for different
based on the newly obtained value of position gpieciives as given in Table 7. For the objectifiéotal
for each particle. power loss and voltage deviation, the optimal sohst
Sep 7: Evaluate fitness functiokTq in (27) for each  py the proposed PSO-CF are less than those from the
particle with the newly obtained position. others while the best voltage stability index frahe
Compare the calculate@Ty to F“Yyq 10 PSO-CF method is approximate to that from otheds an
obtain the best fitness function up to the current petter than that of HPSO-TVAC. For computational
iterationF® peqq. time, the CLPSO method obtained its optimal sohutio
Sep 8: Pick up the positiorpbest®,y corresponding to  for an average of 138 seconds which is vastly slowe
F® esa for each particle and determine the new than that from the PSO-CF method. There is no tegfor
global best fitness functioF® e and the  computational time for the DE method.
corresponding positiogbest®.
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Table 1. Characteristics of test systems

System No. of No. of No. of No. of No. of
branches| generation buses transformers| capacitor banks| control variables

IEEE 30 bus 41 6 4 9 19

IEEE 118 bus 186 54 9 14 77

Table 2. Base case for test systems

System 2Py 2Qqi Ploss Qioss 2Py ZQgi
IEEE 30 bus 283.4 126.2 5.273 23.14 288.67 89/09
IEEE 118 bus 4242 1438 132.863 783.[79 437486 895.6

Table 3. Parameters for PSO methods

Method PSO-TVIW| PSO-TVAC| HPSO-TVAG PSO-CF
Winax 0.9 - - -

Whin 0.4 - - -

Cy, C 2 - - 2.05

Cyi, Cot - 2.5 2.5 -

Ci, Cyi - 0.2 0.2 -

R 0.15 0.15 0.15 0.15

Table 4. Results by PSO methods for the IEEE 30-bus sgm with power loss objective

Method PSO-TVIW| PSO-TVAC| HPSO-TVAG  PSO-CF
Min Pioss (MW) 4.5129 4.5356 4.5283 45128
AVg. Pioss (MW) 45742 45912 4.5581 4.6313
Max Pioss (MW) 5.8204 4.9439 4.6112 5.7633
Std. devPies (MW) 0.1907 0.0592 0.0188 0.2678
VD 2.0540 1.9854 1.9315 2.0567
Lo 0.1255 0.1257 0.1269 0.1254
Avg. CPU time (s) 10.98 10.85 10.38 10.65

Table 5. Results by PSO methods for the IEEE 30-bus sgm with voltage deviation objective

Method PSO-TVIW | PSO-TVAC| HPSO-TVAC| PSO-CF
Min VD 0.0922 0.1210 0.1136 0.0890
Avg. VD 0.1481 0.1529 0.1340 0.1160
Max VD 0.5675 0.1871 0.1615 0.3644
Std. devVD 0.1112 0.0153 0.0103 0.0404
Pioss (MW) 5.8452 5.3829 5.7269 5.8258
Livex 0.1481 0.1485 0.1484 0.1485
Avg. CPU time (s) | 9.97 9.88 9.59 9.89
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Table 6. Results by PSO methods for the IEEE 30-bus sgm with voltage stability index objective

Method PSO-TVIW| PSO-TVAC| HPSO-TVAG PSO-CH
MiN L 0.1249 0.1248 0.1261 0.1247
AVG. Lo 0.1261 0.1262 0.1275 0.1265
Max Liex 0.1280 0.1293 0.1287 0.1281
Std. devL e 0.0008 0.0009 0.0006 0.0008
Pross (MW) 4.9186 4.8599 5.2558 5.0041
VD 1.9427 1.9174 1.6830 1.9429
Avg. CPU time (s) 13.42 13.39 13.05 13.39

Table 7. Comparison of best results for the IEEE 30-busystem

Method Power loss | Voltage deviation| Stability index
(MW) (VD) (Li mex)
DE [11] 4.5550 0.0911 0.1246
CLPSO [15] 4.5615 - -
PSO-TVIW 4.5129 0.0922 0.1249
PSO-TVAC 4.5356 0.1210 0.1248
HPSO-TVAC 4.5283 0.1136 0.1261
PSO-CF 45128 0.0890 0.1247
4.2 |EEE 118-bus system PSO-CF method is also stable to the optimal salutib

In this system, the position and lower and uppeit$ the problem. The test results have shown that mexgbo

for switchable capacitor banks, and lower and uppermethod can obtain total power loss, voltage destator

limits of control variables are given in [15]. Thamber  voltage stability index less than other PSO vasamnd

of particles for the implemented PSO methods istgset other methods for the test cases. Therefore, theoged

40. PSO-CF could be a useful and powerful method for
The obtained results by the PSO methods for thesolving the ORPD problem.

system with different objectives similar to the easf

IEEE 30 bus system are given in Tables 8, 9, and 10 REFERENCES
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Table Al. Best solutions by PSO methods for the IEEE 3fus system with power loss objective

Control variables | PSO-TVIW | PSO-TVAC | HPSO-TVAC | PSO-CF

Vg 1.1000 1.1000 1.1000 1.1000
Vg2 1.0943 1.0957 1.0941 1.0944
Vgs 1.0748 1.0775 1.0745 1.0749
Vgs 1.0766 1.0792 1.0762 1.0767
Va1 1.1000 1.1000 1.0996 1.1000
Vs 1.1000 1.0970 1.1000 1.1000
Teo 1.0450 1.0199 1.0020 1.0435
Te10 0.9000 0.9401 0.9498 0.9000
Tas 0.9794 0.9764 0.9830 0.9794
Tor2s 0.9652 0.9643 0.9707 0.9647
Q10 5.0000 4.5982 2.3238 5.0000
Qc12 4.9952 2.8184 2.8418 5.0000
Quis 5.0000 2.3724 3.6965 5.0000
Qurr 5.0000 3.6676 4.9993 5.0000
Qc20 4.0765 4.3809 3.1123 4.0041
Qe 5.0000 4.9146 4.9985 5.0000
Qcz3 2.5071 3.6527 3.5215 2.3834
Qc24 5.0000 5.0000 4.9987 5.0000
Qc29 2.2284 2.1226 2.3743 2.2176

Table A2. Best solutions by PSO methods for the IEEE 3fus system with voltage deviation objective

Control variables | PSO-TVIW | PSO-TVAC | HPSO-TVAC | PSO-CF

Vg 1.0090 1.0282 1.0117 1.0080
Vg2 1.0036 1.0256 1.0083 1.0030
Vs 1.0184 1.0077 1.0169 1.0159
Vgs 1.0079 1.0014 1.0071 1.0078
Va1 1.0240 1.0021 1.0707 1.0558
Vs 1.0220 1.0046 1.0060 1.0059
Teo 1.0387 1.0125 1.0564 1.0780
Te10 0.9000 0.9118 0.9076 0.9000
Tasz 0.9964 0.9617 0.9545 0.9799
Torz8 0.9596 0.9663 0.9695 0.9654
Q10 3.1805 5.0000 1.5543 5.0000
Qe12 0.0000 1.5065 1.4242 5.0000
Quis 4.9903 3.9931 2.5205 4.7892
Qa7 1.5245 3.7785 1.6400 0.0000
Qe 5.0000 3.2593 5.0000 5.0000
Qe 5.0000 4.1425 1.8539 4.9069
Qes 5.0000 4.9820 3.3035 5.0000
Qc2s 4.1862 4.5450 4.5941 5.0000
Qc29 1.6848 4.1272 3.5062 2.1107
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Table A3. Best solutions by PSO methods for the IEEE 30us system with objective of stability index

Control variables | PSO-TVIW | PSO-TVAC | HPSO-TVAC | PSO-CF

Vg 1.1000 1.1000 1.0979 1.1000
Vg2 1.0911 1.0934 1.0997 1.1000
Vgs 1.0440 1.0969 1.0500 1.1000
Vgs 1.0734 1.0970 1.0663 1.0766
Va1 1.1000 1.1000 1.0561 1.1000
Vs 1.1000 1.1000 1.0886 1.0834
Teo 0.9701 1.0935 0.9939 1.0040
Te10 0.9000 0.9000 1.0150 0.9000
Tas 0.9451 0.9579 0.9121 0.9182
Tor2s 0.9425 0.9651 0.9406 0.9414
Q10 3.7186 3.1409 3.7685 3.4792
Q12 2.2318 3.0186 4.6323 0.0000
Quis 0.5772 1.4347 2.6542 2.5747
Qurr 0.0000 3.8498 2.6897 0.0061
Qc20 2.3728 0.0000 2.8806 2.3822
Qe 2.6790 5.0000 2.1071 2.5272
Qcz3 0.1350 0.0000 3.1044 1.1154
Qc24 1.2181 2.1733 2.1797 0.0000
Qc20 1.3609 2.2708 3.5843 0.0000
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g e, The Analysis of Failed-type and Symptom of High Vaage
W . .
$ 5 < Circuit Breaker for Performance Assessment
}"/m% Thanapong Suwanasri, Sakda Nobnorp, Sarawut Wattargpitak, and Cattareeya
a,9

Suwanasri

Abstract— The performance of high voltage equipment in electrical power system should be assessed and clearly
identified as supported reasons for planning the renovation task of electrical asset. Thus, the performance assessment
based on failed-type and symptom for high voltage circuit breakers rated as of 115 kV, 230 kV and 500 kV are focused
in this work. The scattering failure events are systematically recorded and analyzed by using statistical techniques.
Snce numbers of circuit breakers from each manufacturer are different, the failure rates of every manufacturer are
calculated and compared. After that the failure evaluation is performed. Then, the symptoms of failure are classified for
each voltage level. The known failure rate and symptom are used as criteria for performance evaluation of those high
voltage circuit breakers. The proposed criteria can also used with other high voltage equipment in the power system.

Keywords— Performance assessment, power circuit breaker, flad-type, symptoms, failure rates.

This paper, presents the failure analysis of power
1. INTRODUCTION circuit breakers in different voltage levels bysddying

the minor and major failures in term of symptomsd a

The major equipments in _high voltage su_bstat.ion ar€iled-type. The results show explicitly the causds
power transformer, power circuit breaker, discotingc major or minor failures, and shown implicitly incect

switch, and instruments transformer. One of the tmos operation or inadequate maintenance. Then, thecorr

importance equipment is power circuit breaker. The naintenance schedule or renovation of equipmertt wit
power circuit breaker has its functions for swithior the minimum cost can be applied. In addition, ttikty

disconnecting the operating _circuit for maintenance .o, gitferentiate the best manufacturer of the ifipelc
purpose as well as interrupting the fault curreot f equipment

preventing the blackout in power system. The power

circuit bre_akers_ with high faiIL_Jre statistk_: sh(_)ullie 2 FAILURE STATISTICS

analyzed intensively for preventing unpredictalaiufe

and evaluating optimal operation and maintenance inFailure statistics is the number of event and data

order to determine maintenance schedule and save threcorded in any utility in a given time over thendp

maintenance costs of utility. Various numbers andperiod. The failure data of power circuit breaki@rsiigh

technologies of power circuit breakers were insthlin voltage substations of a utility in Thailand weeearded

the power system. The deterioration of power circui from year 1989 to 2011. However, the data has setb

breakers depends on equipment quality, operatich su statistically recorded and analyzed. Consequerthg,

as load stress, maintenance, surrounding environmermanufacturers, models, or parts that produce ragaré

such as temperature, moisture, pollution, and Atc. rates cannot be predictable. From this reasonfaihee

aforementioned problems are the main effects to thestatistic analysis should be achieved for indigatihe

equipment performance. They also cause the growfing performance of power circuit breakers according to

the deterioration process. If the maintenance iagthas visible deterioration such as symptoms, failed-sypand

not been approached properly, the equipment mayobsolescence as well as invisible deterioratiorhsas

encounter minor failures and extend to major fe#uin aging and in-service stress. In this paper, onéy ftrst

the future. Therefore, the major and minor failuwéshe  two mentioned criteria of the visible deterioratiane

specified part of equipment and specified manufactu focused. The historical failures are divided intwot

should be determined to prevent the huge disastér a types: major and minor failures.

help for maintenance decision making. The major failures are the events occurred during
circuit breakers operated and affected on surragndi
equipment and caused power system outages. The mino
failures were found during maintenance activitias o

Asst. Prof. Dr.-Ing. Thanapong Suwanastri is witk @irindhorn visual inspection from operators [2]. Thereforeg th

International Thgi—Ge_rmarj Graduate School of Begiing (TGGS), symptom and failed-types can be analyzed in term of

King Mongkut's University of Technology North Bangk . . . . . .

(KMUTNB), 1518 Pracharat 1 Rd., Bangsue, Bangkokgap  Major failure and minor failure, respectively. Tiagure

Thailand. Emailthanapongs@kmutnb.ac.th rate can be calculated as in Eq. (1).
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The failure rate represents the symptoms frequeecy
year of equipment of any manufacturer. Becauséhef t

Table 1. Number of Failures of Circuit Breakers in L5 kV

High Voltage Substations

power circuit breakers of any manufactures are no Manufacturer Number of Number of failures
identical; the failure rate of each manufacturerusth be devices | Major failures | Minor failures
calculated with the same basis as per 100 CB. Tdrere A 473 124 224
the Eqg. (1) is modified as in Eq. (2). B 174 32 48
C 19 0 3
Failure Rate [ freq./100CB year | = Failure Rate x 10! D 19 0 1
) E 80 6 4
F 7 7 0
. - . G 1 0 1
The failure rate can help the utility for choositige H 3 13 25
better manufacturers with the better quality and | 195 17 18
performance. J 11 0 3
K 13 12 0
3. FAILURE ANALYSIS AND RESULTS L 4 2 1
The two aforementioned criteria, as symptom anedai M 1 0 1
. . e . N 5 3 11
type, are statistically considered by classifyintpithe 0 180 60 108
major and minor symptom of failures. P 36 14 28
3.1 Failed-types Analysis Q 64 2 5
) R 197 14 26
3.1.1. Failure Events [S 207 38 35
The failure events occurred of different manufaetsirat Grand Total 1718 344 542

different voltage levels were analyzed as follows.

In Table 1, the numbers of failures of a total B71 14416 2 Number of Failures of Circuit Breakers in 80 kV

power circuit breakers at 115 kV level from 19
manufacturers are represented in form of manufacgur

High Voltage Substations

Ato S. The tota_l major and minor failure eventsuweed Manufacturer| Ngg,?fé:f Major';leijilr::)eir OU?r:Ic;Jrrfe;mres
344 and 542 times, respectively. The manufacturer A A 289 62 84
obtains the highest numbers of major and minoufed, B 3 40 24
which are 124 and 224 failures of the total 47gtr D 5 0 1
breakers installed in the system. Although, the E 8 0 0
manufacturer A encounters the highest failure baieit F 3 1 0
cannot be concluded that its devices has a poor H 2 2 1
performance. Because of the total number of iredall I 141 13 14
devices is the highest. Similarly, the other maotufieers L 12 18 20
as F, G, K, L, M and N provide the failure rate N 92 25 105
significantly lower than manufacturer A. But itisable o 22 19 24
to conclude that these manufacturers get bette P 44 19 55
performance than manufacturer A, because of the Q 244 37 64
number of installed devices are less than manufaciu z 1;33 186 %6
In. _additipn, they were pr(_)bably not instf_;llled ine th T 1 > 5
utility’s high voltage substations for long peridds. Grand Total 1059 562 248

Similarly, Table 2 and Table 3 present the numlder o
failures from 15 manufacturers of the circuit brexakat
230 kV and from 8 manufacturers at 500 kV. In Tahle
by considering reliability perspective, the mantfiaer

Table 3. Number of Failures of Circuit Breakers in B0 kV
High Voltage Substations

B shows its worst performance. Because only 8 @8Vic |\io0ufacturerd NUmberof|  Number of failures
were installed at 230 kV high voltage substatiort bu devices | Major failures | Minor failures
major failures occurred up to 40 times. Howeveesth A 40 12 16
devices have been disconnected and replaced by the D 2 0 1
manufacturer E, which produces the better perfooman J 14 0 0

In Table 3, at 500 kV high voltage substations N 8 0 1
connected to power plant, almost of the power dircu 0 ??6 g 2
breakers were not installed in transmission system 8 7 9 31
Majority, these power circuit breakers were notrafed W 6 1 10
under high loading situation and not switched fezgly. Grand Total 124 >3 61

Then, it should obtain fewer failures; however, som
manufacturers still obtain high failure rates suah
manufacturer U with 9 major and 31 minor failurds o

3.1.2. Failure Rate Calculation

From failure records, the failure rates of diffdren

the total 12 circuit breakers installed in substati circuit breakers from different manufacturers cam b
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calculated in form of frequency per 100 CB-year of
failure rate [3].

Fig. 1 presents failure rates of 115 kV circuitdicers.
Significantly, the minor failures occurred with
manufacturers A, G, M, N and Q. For example,

manufacturer Q encounters failure rate as of 4.2414

frequencies per 100 CB-year, which is the highat in
this voltage level. The manufacturer G and M pradlic
the failure rate as of 2.6316 and 3.4483 frequenper
100 CB-year but the major failures have never aeclr
with them. The major failure rate of manufactureisL
2.9412 that is the highest major failure rate 0% KV
substations; there is also minor failure occurred.

Likewise the manufacturers F and K encounter 2.0772

and 2.8037 of major failure rates while there isnmaor
failure for both.

4.50
m Major failures
= 4.00

= Minor failures
3.50

3.00

2.50
2.00
1.50 +

A

A B C D E F GH I T KL MN O P Q R S

1.00 +

Failure rates(freq./100 CB year

0.50 -

0.00 -

Manufacturer

Fig.1. Failure Rates for 115 kV Circuit Breakers

Fig. 2 shows failure rates of 230 kV circuit breake
The manufacturer B provides the highest major fails
4.7114 times per 100 CB-year. These devices wer
uninstalled from the substation. The manufacturer L
obtains 4.1096 major and 4.5558 minor failure rétes
a total of 18 devices, which is considered as & hig
failure rates. The manufacturer T also obtains high
failure rate because there is only 1 device wasliesl.
Another manufacturer H encounters high major fagur
rate as 3.4483.

6.00

® Major failures I

5.00 = Minor failures

4.00

Failure rates(freq./100 CB year)

H

I L N O P Q

Manufacturer

Fig.2. Failure Rates for 230 kV Circuit Breakers

Fig. 3 shows the 500 kV circuit breakers with oBly
manufacturers. The manufacturer W comes up with
1.5625 and 8.3333 for major and minor failure ratd®e
manufacturer U gets 2.0501 and 3.3991 for major anc
minor failure rates whereas the manufacturer A gets
1.6807 and 2.0513 for major and minor failure rate.
There is no major failure for manufacturer D and@
there is minor failure rate. Comparing such failuaes
with obtained from other manufacturers, there emeipt
are in lower quality.

9.00
8.00
7.00
6.00
5.00
4.00

B Major failures

=Minorfailures

3.00
2.0:0
1.00
0.00 -

Failure rates(freq./ 100 CB vear)

N

0

Lu)

W

Manufacturer

Fig.3. Failure Rates for 500 kV Circuit Breaker

Summarily, from the failure rates of power circuit
breakers in three voltage levels interestingly, the
manufacturer A is the most popular for each voltage
level with its low failure rates. In the same wadke
manufacturer R is largely installed in 115 kV a3 XV
systems with the low failure rates. That meanddiere
rate can be acceptable. Failure rates show théyaal
performance of each manufacturer. However, it also
depends on the operation and maintenance.

3.2 Symptom Analysis

The failure statistics are classified into majordan
minor symptoms [4].
3.2.1. Major Symptoms
Due to the severe effect when the failure occurted,

emajor symptoms must be considered into 13 categorie

as (1) Does not closed on command, (2) Does natsope
on command, (3) Alarm & lockout in open or closéd,
High contact resistance, (5) Opens without commésid,
Breakdown across open pole (internal), (7) Breakdow
to earth, (8) Insulation lower than standard, (Bef@tion
timing does not standard, (10) Does not break the
current, (11) Does not carry the current, (12) Does
make the current, and (13) Other. Fig. 4 to Figh6w

the major symptoms of power circuit breakers. Thstm
frequent symptom is “Does not closed on command”.
Whereas the most cause of symptom are incorrect
operation and maintenance, inadequate instruction f
erection, stresses beyond those specified, badatoint
auxiliary control circuit and another cause thaknown

[4].

5.23%

0,
2.33%_— 0.29%

0.58%
0.29%/ 2 03%

0.29%] 0-87%

B Alarm&lockout in open or closed position ®Breakdown across open pole (internal)
H Breakdown to earth B Opens without command
B High contact resistance ®nsulation lower than stansdard
B Operation timing does not standard B Does not break the current
= Does not carry the current EDoes not closed on command
B Does not opens on command B Does not make the current
Other

Fig.4. Major Symptoms of 115 kV Circuit Breakers

43



T. Suwanasri et al. / GMSARN International Journal 7 (2013) 41 - 46

6.11%

m Alarmé&lockout in open or closed position ®Breakdown across open pole (internal)
® Closed without command B Opens without command

® High contact resistance ® Insulation lower than stansdard

m Does not break the current m Does not carry the current

m Does not closed on command 1 Does not opens on command

= Other

Fig.5. Major Symptoms of 230 kV Circuit Breakers

mDoes not closed on command
B Othel

Fig.6. Major Symptoms of 500 kV Circuit Breakers

m Operation timing does not standard
@ Does not opens on comms

3.2.2. Minor Symptoms

The minor symptoms are classified into 5 categoaies
(1) Air or hydraulic oil leakage in the operating
mechanism, (2) Change in functional characteris{i8p
Small SF6 leakage due to nut is not tight, (4) $1BRb
leakage due to corrosion and (5) Other. The mosbmi
symptom in 115 kV voltage levels is “Air or hydraul
oil leakage in the operating mechanism”. In a péarhe
other symptoms, the mostly symptoms may be notreeve
or severe such as breaker intermediate, does mogeh
spring, bad contact limit switch, counter faileddan
explosion event, etc [4].

3.87%
= Air or hydraulic oil leakage in the operating mewisan
= Change in functional characteristics

Small SF6 leakage due to nutis not tight
= Small SF6 leakage due to corrosion
= Othel

Fig.7. Minor Symptoms of 115 kV Circuit Breakers
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6.92%

= Air or hydraulic oil leakage in the operating meicisan
® Change in functional characteristics
Small SF6 leakage due to nut is not tight
® Small SF6 leakage due to corrosion
= Other

Fig.8. Minor Symptoms of 230 kV Circuit Breakers

4.69%

4.69%
® Air or hydraulic oil leakage in the operating meiisan
® Change in functional characteristics

Small SF6 leakage due to nutis not tight
B Small SF6 leakage due to corrosion
u Other

Fig.9. Minor Symptoms of 500 kV Circuit Breakers

4. RESULT DISCUSSION

Statistical failure records of HV circuit breaken® very
important for any utility because the fail in equignt
can cause a severe damage to the power system.
Therefore, this paper presents the analyses oaricst
failures based on failed-types and symptoms of powe
circuit breakers in high voltage substations radsdof
115 kV, 230 kV and 500 kV in a Thai utility. Thellé&ad-
types and symptoms are classified into major angbmi
failure criteria. For failed-type analysis, failurates of
circuit breakers produced by different manufactsiignd
installed in three voltage levels are analyzed ram#ed.
The analyses show the performance of equipment of
each manufacturer based on failure frequency pér 10
CB-year. The reaults can imply that the manufaturer
with the higher failure rates produce the equipniant
lower performance. Consequently, the utility shold
strickly consider those manufaturers for the future
installating of the circuit breakers in substatmneven
planning of the proper maintenance schedule.

For the symptom analysis, it is similarly classifiato
major and minor symptoms of the same historical
failures of HV circuit breakers in high voltage
substations. In major symptom of failure of circuit
breakers in all voltage levels is “Does not closed
command”. Whereas the minor symptoms of failure are
different for each voltage level. For 115 kV circui
breaker, “small Sfleakage due to loosen bolt and nutis”
is the main cause of minor symptom with less pnabie
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operating mechanism parts due to its small and ecinp
size e.g. motor charge spring. On the contrary, 230
and 500 kV circuit breakers, the main cause of mino
symptom is “air or hydraulic leakage in operating
mechanism” because of their multi-interrupter
construction, which requires large size and highly
pressurized operating mechanism.

5. CONCLUSION

The historical failure events of circuit breakens 115

kV, 230 kV and 500 kV, which are scattering andgrap
based in nature, are systematically recorded icein¢ral
database. After setting up the central database, th
number of failure events and service year of each
manufacturer are known. Thus, the failure rateimfudt
breakers according to each manufacturer can be
subsequently calculated. The circuit breakers from
manufacturers with high failure rate requires more
attention than the one with lower failure rate énnt of
maintenance action, maintenance plan and spare part
management. Moreover, the symptom as major and
minor symptoms for all voltage levels is determin€de
known symptom from using experiences is used as a
valuable lesson to avoid repeated failure. The main
symptom is originated from operating mechanism
especially 230 kV and 500 kV circuit breakers doe t
multi-interrupter construction. Hence the operating
mechanism should be intensively focused in maimteaa

in order to improve the reliable operation of this
equipment.
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