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INTRODUCTION

The International Energy Agency universal accepsneof 2011 showed that Nigeria has 76 million
people without electricity representing 49% of pepulation. This makes her a key entity in the
global aggregate data of 2010 that was accoufiecby UNEP, which indicated that
approximately 27 per cent of the world'spgations (i.e. 1.6 billion people) still doot
have access to electricity; with more tha@ @er cent of this statistics in developing
countries; and 80% of the later in rural areadHaving concurred that restructuring and
deregulation of the electric power sector is a majep to achieve universal access to electricity,
Nigeria embarked on the restructuring and dereguladf her power sector. This translated to a total

change of the power system modus operandi of wthielpower system planning is one.

In as much as there is a national energy policy asad an international accredited models to plan
for the energy demand and supply forecast for BORD In Nigeria, there has not been a translation
of this energy demand and supply plan into ger@ragxpansion planning and consequently
transmission expansion planning is lacking in aguatory regime and not even present in the
latest. Furthermore, while this planning could h&veen easier ab initio due to centralized system
and mono actor approach, the deregulation of tbeoseomplicates any planning approach in the
current regulatory regime, of which the complexgyas a result of the conflicting interest of many

stakeholders in the current decision making aredabsequently planning will be carried out along

the value chain of the power system by differenbr@¢ mostly independent of each other of which
the input of one plan might affect the other aseoksble in generation and transmission planning
which are the most essential. Therefore, ther@idaubt that transmission expansion planning is a
complex multi-actor decision making process of ais@conomic challenge that is technically

constrained.

The technical constrain of Transmission expangianning is not only in lack of decision making
tools but plagued locally by lack of data, whiclaimajor challenge in a new deregulated system like
Nigeria; and also globally by a consensus on aegteble methodology that should be used for this
planning. With the conflicting opinion of static@pach which can be snowballed over the years by
experts and dynamic approach that could take dawgwre defined planning horizon, challenges of
universal acceptable algorithm and level of detailependently, a lot of work has been done on

transmission expansion planning to lack of satigfacof the decision makers. Nonetheless, one



would not agree less that a transmission expanqdénthat is long termed, indicative, furnishing th

details of an optimal investment and operatiofquirements , minimizes total cost, maximizes
welfare while not compromising on the system reéligband security is the choice of every policy
maker in a deregulated power system. The Nigeriawep system opinion is not different as

buttressed by section 3 of the national grid code

With this background set, it becomes obvious thabrg term transmission expansion plan that is
multi-actor based and multi-criteria evaluateddsential for the healthy and sustainable deregiilate
power sector of Nigeria; not only to meet their afless than 15% of Non served energy by 2030,
follow a planned generation mix and experience asmwa industrialization by 2020 but also to

conform to the Roadmap of UNEP and IEA of univeedattrification by year 2050.

This document is an effort to develop a relativadyailed Long term transmission expansion plan for
the deregulated power sector using TEPES, a nowelemdeveloped by IIT of Universidad
Pontificia Comillas. This plan is aimed at designanlong term transmission plan that is indicative
from a systems approach, hence minimizing cost gpianizing welfare giving incentives to the
multiple agents in the related value chain of teeedulated power system of Nigeria. An optimal
Long term transmission expansion plan is developegl the horizon of year 2030 by a proper
scrutiny of various most likely scenarios, hengsstifying the policies of the existing generation
mix, a extra High voltage overlay ( 765KV EHV) asdggestive generation location following
expected demand growth and spatial evolution. Kiraalbrief regulatory suggestion were made to

support the developed plan



CHAPTER 1

1 ELECTRICITY IN NIGERIA

Electricity is undoubtedly a key driver of the smeiconomic and technological development of
every nation. In the case of Nigeria the elecyidemand is far above the supply and the
available supply is very epileptic .The major cabss been attributed to the transportation of
electricity that is poor due to lack of infrastuet and weakness of existing transmission
infrastructures driving lack of investment in geatéyn. The implication is with her population of
almost 160 million people, the access to this epitesource of electricity is barely half of her
population translating to an energy poor societhwP1 KWh per capita which is 50 times less
than an average country in Europe that has 10%rmopdpulation (Worldbank 2003). As a result,
the acute electricity problem of Nigeria, in theggnce of her vast natural resources is a major
element of her very low human development indek eswidely accepted that there is a strong
correlation between the socio-economic developraeat the availability of electricity.  This
apparently lead to the urgent need for a sectarmefand restructuring which mostly translates
to a decentralized power system planning with thallenges associated with the new

operational environment of which long term transiais planning is a major concern.

In the bid to follow up with this deregulation, afectric power policy plan exist which has
mandated the Energy commission of Nigeria (ECNhake the long term energy demand and
supply plans that will guide the country towarddustrialization. Following the vast amount of
natural resources in Nigeria ( as shown in tal)le three demand and supply forecast was
explored that could achieve the perfect electrigigneration fuel mix that will ensures the
efficient utilization of natural resources ( segeapdix 3). However, for these demand and
supply scenarios, there has never been a long temsmission plan that will support the
expected evolution in the power sector. This iradalgi, has led to the epileptic power supply in
the country arising partly from existing radiallesigned transmission line and partly from
generation concentration in one region, leadingrtexcess stranded generation even when the
total current generation in the country is fardvel40% of forecasted generation for 2012.
Therefore, it becomes obvious that there is a farea succinct road map in transmission system

of Nigeria. This will not only support the strictilzerence to the generation and demand plan



together with the expected fuel mix, but also giveentive to the various investors in the power
sector following the current restructuring process.

Consequently, this thesis takes a systems approatdctfully identify, design and evaluate a
long term transmission expansion plans for restineck Nigerian electric sector taking the
forecasted generation capacity and energy poli@ysims into consideration. This implies a
multidimensional approach to transmission expangiamning in Nigeria, most likely for the
first time.

1.1 Electric Transmission system in Nigeria prior to restructuring
By 2010, when the last major transmission projeas wompleted in Nigerian , the Electric
power transmission network consisted of approxilpa®®00km of 330 kV lines, and around
6000km of 132 kV lines .The 330 kV lines fed alditmore than 20 substations of 330/132 kV
rating with a combined capacity of more than 7,800A which translates to 5,600 MVA at a
utilization factor of 80%. In addition, the 132 Khes fed a little more than 100 substations of
132/33 kV rating with a combined capacity aroun@®81VA which also translates to 7,350
MVA at a utilization factor of 75% (PHCN 2005).Theltage control policy for transmission is
330 kV (+ 5% / - 15%), 132 kV (+ 10%/ - 15%) ane #quivalent frequency control is 50 HZ
(+/- 4%) (See appendix 2).

Statistical explorations reveals a strong cor@tatof the layout of the transmission line
densities and capacity to the industrial and petpan activity demographic indicators showing
that the major towns in the country corresponds whe longer length and higher capacity of
the transmission corridors and other importantrattaristics. This in turn has led to a
transmission system that is not oriented with aglaaerm energy policy and obviously a
transmission planning that works by “healing thiouline addition” to solve the arising

transportation bottlenecks.

This little attention given to the network Gridagle to the other aspects of the Nigerian power
sector has led to a decayed infrastructure thdbipes way below capacity hence, a power

sector that can hardly support the population atated activities growth of her people.

Subsequently, the major challenges of the Nigetiansmission network are that the design is

still radial and currently overloaded (see figur2)1In addition; it cannot currently wheel more

4



than 4,000 MW and suffers from a poor voltage peafi most parts of the network, especially
in the North and lack of evacuation capacity in tstern part (see appendixl). Other
constraints include the inadequate dispatch antradnfrastructure leading to frequent system
collapses, high transmission losses of the rafdd&5 % and of course the limited national
access to electricity of about 40% for househohdade up of 81% urban and 18% rural. All
these have culminated to a weak network that iswith weak capacity utilization and double

digit losses over the years.

Energy Resources in Nigeria
Energy Type Reserve Estimates
Crude Oil 36 billion barrels
Natural gas 185 trillion cubic feet
Coal 2.75 billion metric tons
Hydro 14.750MW v‘"
Solar Radiation 3.5-7.0 Kwh/m2-day B o S St oS I
Wind Energy 2.0-4.0 EASCIEC NI I A G gt g
Biomas 144 million tons/year Year
Wave and Tidal energy 150,000 TJ/(16.6x106 toe/yr [—Casacily Utilization % — Transmission and Distribution Losses % |
TABLE 0-1 ENERGY RESOURCES IN NIGERIA FIGURE 0-1 CAPACITY UTILIZATION AND LOSSES

With the recent deregulation, generation and trasson planning becomes very essential not
only to foster the fast needed growth in the electector of Nigeria, hence other sectors that is
highly dependent on energy; but also to give variappropriate long and short term incentives
to the foreign investors coming into Nigeria to esv in power sector. Moreover, this should
place Nigeria in the right position for the goodentonnection that is anticipated for the West

African power pool project (Adegbulugbe, et al.).

The map shown in figure 1.2 is the transmissiomvaset of Nigeria with the expected lines as of

2011 which will serve as the starting point forsthiork.
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FIGURE 0-2 NIGERIA TRANSMISSION NETWORK

1.2 Aninsight into the current Nigerian Electric Transmission

The power system architecture could be representiggure 1.3, in which power is generated at

11KV to 23KV and stepped up to be transmitted &2K38 as the

stepped down to 132KV . Distribution starts at 33K¥ing the stepped down Voltage from
132KV and then subsequently stepped down to 11K¥revttarge factories can connect from.

Supply to households is distributed at 400KV/230KV.

GENERATION

Power Station

fig:

highest voltage and then

23ky  L—1 Generator > TRANSMISSION
DISTRIBUTION Transformer 330KV

./“ /i
132kWV Transformer
—_ Large Factories, Medium Factories,
Heavy Industry Light Industry
R —— bs
'u 7] [ T
33kV 11kV 240w

FIGURE 0-3 THE NIGERIAN ELECTRIC NETWORK STRUCTURE
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In this current regulatory regime, a relative ustEmding of the weight of the electric
infrastructure challenges led to different deregofapolicy initiatives of which most of them
emanated from World Bank standards and some wstiuitionally transplanted neglecting the
adverse effectqMartin, konstantinos and Mamodouh 2002). Thisnbimed with the severity
of the service failures, supported the public atadgfity and political viability of electricity
market liberalization in Nigeria. Nonetheless,sth$ a good general step to the specific

problems.

As a result of the liberalization, a large numbdr ppwer projects are currently under
consideration across the value chain; regulatodsaaher stakeholders will prefer and also be
better off with an approach that will take the alijes of every actor into consideration- a
systems approach. In this resultant value chaamstnission is of paramount importance not
only because of the indicative nature of the wimgetiapacity that is expected to be available,
but also because of its supportive role in optigerieration locations breaking the chicken and
egg problem loop.Consequently, many proposals stgie reinforcement of existing lines
(Ekwue 1984) or use of similar routes (Akin 1978hich if acceptable, makes the decision
makers to face many challenges of the best usendged transmission corridors and optimum

invested capital. However, a closer looks showsttiechallenges are not short of

- What should be the long term pattern of the trassmn system in the face of evolving
power system sector?

- What is the expected timing of capacity additiond i what percentage of increment?

- How can all the projects across the value chainimtegrated optimally and which
section shall invest first (generation or transnos3?

- Will incremental expansion lead to a coherent olletasign?

- Should higher capacity lines be built as part gblan for an extra-high voltage overlay
that could avoid unnecessary proliferation of lirsesl better use of the gas reserve in the

south and east in the long-run?

1

Martin et-al argued that the effectiveness of economic policy that arise institutional transplantation is hardly a solution to socio-technical
problems especially when the country transplanting is not alike in legal and cultural framework hence their advice against ‘xeroxing’ and their
advice for a multiple model approach that goes from the general to the specific.



The attempt to solve the aforementioned issued sh&hil a more consolidated approach to
Transmission expansion planning (TEP) , which soadriven by section 3 of the Nigerian
national grid codethat supports a systems approach that is holsticnon-discriminatory that

may require P@ari-passudevelopment of the electricity and gas transport.

This systems approach that gives a relatively nausive answer to the above questions will
invariably imply a long-term plan for transmissieRpansion. The efficacy and efficiency of
such a plan will depend on the proper selectiorsagnario analysis, which will produces
alternate futures based on the expected growthvandtion of major demographic parameters
like the population growth, preferred technologyelfunix, regulatory policy etc., Further
application of this perspective to the transmisgitanning entails dynamism which will imply
that each of such scenario produce a possible dkrnach resource trajectory (timing of events
and their geographical locations) for which a traission plan must be developed following the
forecasted demographic factors evolution . Aftedsaithe probability of each of the scenario
and the resultant approximations through the measaf central tendencies of the generated
plans should be an important technical and poliegision making tool for an informed

recommendation by the transmission planners.

The aim of transmission planning should not be akish as the prediction of the future grid

configuration; rather it should be seen as a syatiemapproach to make the best possible
recommendation about what to do today to meet dutxipectations. Hence, by considering the
future options, their costs and likelihood in ategsatic approach, good choices shall emerge

that will tend to minimize future regret about pdstisions.

Armed with this goal and the subsequent appro&ehnéxt challenge is the choice of the proper
analytical and decision-making tool. This choiceswsaade through an issue paper explained in
appendix 2.

1.3 Approaching Transmission Challenges of the Nigerian restructured electric
sector
In an effort to achieve a reasonable electricisppply targets and milestones and to

subsequently design a good transmission networkishproactive, it is essential to have

® The national Grid code is one of the three netvomttes ( the grid code, the distribution code amdntietering code)that came into force in
august 1,2007 that contains the day-to-day opeyagiocedures and principles governing the developmmaintenance and operation of
effective, well coordinated and economic transioissystem following the IEC 61000-3-7



energy demand and supply projections for Négewsing internationally accepted energy
modeling techniques. In view of that, the Enef@ymmission of Nigeria (ECN) has been
collaborating with the International Atomic Energygency (IAEA) under an IAEA regional
project titled—Sustainable Energy Development for Sub-Sah#futa (RAF/0/016) where
they used the various tools for demand and supmjegtions® However there has not been a
clear plan in transmission and this is a majorassuthe electricity sector of Nigeria and cannot
be left to sleep.

Even so, the challenges of ensuring adequatebteland widely accessible electricity service
involves more than summing up numbers (the megéwad the size of investment) and getting
other technical things seemingly right. The fundatakpolicy issue is to ascertain what should
be done, given the resource endowment, the pdlittmnomic, technological, environmental
constraints in Nigeria.

Therefore the transmission investment challenget rhasappropriately positioned in this
context of a constrained multi-objective, incento@mpatible optimization problem. They have
several dimensions, namely, size, security of itnmeat and input supply, human resource
requirements, investor/ producer incentives ( elggtricity tariff level and structure, regulatory
framework and macroeconomic environment). Relatvehis context, the procedure will most
probably be preferred to be based on the consttapémization of the most likely investment
(selected candidate lines) in the transmissionsgstems operations of electricity in Nigeria.

From the demand side which is an essential inputaiesmission investment planning, the
current level of electricity demand underestimdtestrue level of demand in Nigeria given the
high level ofsuppressetidemand. The estimation of potential level and gnoiw demand must
incorporate these factors for greater forecastecmu@cy. Moreover, power exportation to the
neighbouring Niger Republic and other plans to emtnNigeria with other countries in
ECOWAS through the West African Power Pool Projgc2014 should be essential in the TEP.
A relative accurate estimate has been done witBAD and MESSAGE software of IAEA.

* The Energy Commission of Nigeria (ECN) was estaklisby Act No. 62 of 1979, as amended by Act Noof32988 and Act No. 19 of 1989,
with the statutory mandate for the strategic plagnand co ordination of national policies the field of energy in all its ramificatians

4 This comes from huge industries and households that use the private generators
> MEAD,MESSAGE see appendix 3



Based on the suggested planning factors to be edioph assumption is made using the recent
projection in a generating capacity that shouldegase from 6000 MW in 2007 to 35 GWh in
2015, a six-fold increase (Ibitoye and Adenikinfd0Z). This is expected to further triple to 105
GWh in 2025 before slowing down to reach 164 GWh2080. This system expansion is
expected to eliminate current electricity poventyl aaise electricity per capita from the current
extremely low level of 140KWh to 1,110KWh in 2015dato 5,000KWh in 2030.

1.4 Problem statement
According to Rittel and Webber, a transmission @sp@n problem can be considered as a
“wicked problem” where technology issues intertwimiéh policy issues laden with uncertainty,
making the recent problem itself a probfe(Rittel and Webber 1973). Hence transmission
expansion which involves a pluricentric decisionking requires an initial structured problem
analysis that will indicate the need for a model anoreover, the appropriate modeling
approach. This is also essential to avoid direclicpotransplantation and mirroring of
transmission network designs from other countrigsckv can be catastrophic partly because
Nigeria is a country with its peculiar cosmopolitatmallenges that can only be addressed in her
context and partly because, in transmission planasia policy issue, there is no “one size fits
all” (Martin, konstantinos and Mamodouh 2002). hder to get the right problem, a multi-actor
problem approach was used to delineate this engngeand policy challenge and subsequently
this thesis willdesign the long term transmission expansion pamfgeria (15 -30 years)that
will determine the technical characteristics andtadlation time of the new network facilities so
that the total expected investment and systemsatpercost (including the consumer outage
cost) will be minimized while not compromising dre toptimal acceptability of technical

reliability and environmental challenges

The detail of this multi-actor, multi-criteria prigin stems from the essence of liberalization of
the Nigerian power sectors and the need to proaigeoactive, reliable and stable transmission
networkab initio that will ride on the accurate forecasted enemgyand and supply by ECN to

provide incentives to investors to help Nigeriadge her massive energy divide. This policy

approach was also done throughigseie papenttached in appendix 2.

® Rittle and Webber listed 10 characteristic of \eidlproblems of which one of them is that “Wickedijtems are problems”
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The expected policy approach will be; to have asel the right decision support model that will
enable Nigeria muddle through this challenge whrderstanding that the TEP in Nigeria is in a
network based decision making arena (Bueren, ki Koppenjan 2003) (Lindblom and
Woodhouse 1993).

1.5Importance of transmission expansion planningin Nigeria
As stated earlier, the circumstances for transomisekpansion planning in Nigeria have changed

owing to deregulation of the electricity marketadang to the separation of generation and
transmission expansion .The generation expansitrbeidriven by market based initiatives of
which adequacy can be traded, whereas the netwgr&nsion is aimed at guaranteeing the
security of supply which can be seen as a publadigtDe Vries 2004). This may imply various
risks due to diversified interest of stakeholdeesercise of market power and lack of
transparency especially for market that is stillténcradle. Hence there is a need for a decision
making tool that will take these issues into coesation to design an optimal situation that will

not only maximize welfare but minimize cost whil@aking sure that investment is optimal.

Furthermore, the investments in transmission anterggion in deregulated market depend on
market signals that might be erroneous by neglgatiany externaliti€s Therefore, deceptive
price signals may force developments towards sulnaptsystem expansion in favour of some
generators over others (Joe October, 2006). EBhsuccinct in Nigeria as the gas reserve is
dominant in the southeast and most commercial egr{ffortharcout, Lagos) are located there.
However, the new transmission expansion plannindNigeria should not only be based on
healing and strengthening the weak existing netw@vkich was most likely the former
approach’, neither only on network congestion alleviatiomy mn minimization of consumer
costs only. Rather, a market based approach wéthiilre to improve competition and maximize
market efficiency is a basic requirement. Thisnidéine with the fact that abiding by the classical
centralized planning methodology in a deregulatesiesn may yield suboptimal decisions that

could hinder expected competition (Cagigas and Mati2003).

7 System adequacy as a public good arise due tdenglifce of the customers to adequacy and risk avetsire of the investors
8 . .

, €.g. production external costs and loop flows afismitted power

See the new plan of reinforcement in appendix 3
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Additionally, even though Nigeria is not in Annexcbuntries of the Kyoto protocol, the
imminent call for environmental concern in energage processes cannot be neglected. Hence
the complexity and uncertainty emanating from thesacerns might mandate a planning
methodology to incorporate the planned generafioel mix development and power
transmission network considering also emissionaatoh targets and market structures in order
to create sustainable future interconnected etgistrnetworks that is relatively optimal ( see

figure 4)
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FIGURE 0-4 OPTIMAL FUTURE TRANSMISSIONNETWORK COMPONENT
151 Motivation

The main motivation of this work is the need foe tise of a relatively accurate decision support
model to design the long term (tactical) transmoissexpansions plan for Nigeria deregulated
power sector, that will determine the reliable siveent plans of new facilities for supplying the
forecasted demand at minimum investment and systgmation cost while taking the energy
policies and expected generation fuel mix into aberation. The results of this work are
expected to be relatively accurate although itgakeuts from the forecast of other models that
could be subject to systematic error but this issatered to be minimal. This work was further
motivated by the operating history of Nigerian &ledy sector that just started undergoing
restructuring and unbundling. ECN followed suit iigving an elaborate plan for demand and
supply that was carried out using the MEAD and MEGE& model of the IAEA, which
generated some detailed scenarios that can bedeoedias an essential input to TEPES model.
In the face of these expected demand and supphasgos, there is also a need for an elaborate
transmissions network plan that will evacuate thexggected generation to the various demand

centers and these needs are to be develtyether if not the later before the former. An
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additional motivation is the investor's needs faledailed transmission plan to incentivize them
to invest at the right time and place. Not onlytttlhe dynamism of the transmission plan will
provide a locational signal for the investors eggdBcwhen the locational signal is essential in
achieving the right proposed energy fuel mix anabpr generator location distribution. This is
aimed towards the minimization of investment coslative to the demographics factors

especially population and commercial activity disition and expected growth.

The resultant decisions support system for defitimg TEP (and others at large) is at the tactical
level, of which the major result will be definedt@rms of set of network investment decisions
for the coming years.

The aim of this work is to use TEPES, a dynamic transmission expansion planning maxlel

automatically determine the optimal transmissiopagsion plan for Nigeria electric system that
will simultaneously satisfy the three main challerggand conflicting issues in transmission
planning which are the dynamism, the stochastictyparameters and the multi-criteria
operational concerns.

15.2 Objectives

The main objective of this work is to use an optiation decision support model to develop a
tactical transmission plan for the liberalized @iecsector of Nigeria leveraging on the
forecasted demand and supply scenarios that wezadgl in place. Hence this plan will use
TEPES", a decision support model that was developed T df Universidad Pontificia
Comillas, that is based on DC load flow to makenaty investment decisions while considering
the existing network topology as the starting parhtch is always preferred (J. I. Perrez-Arriaga
2009). With the candidate lines predefined inclgdinme latest tenders by TCN and other criteria
such as the likely lines that can come up in therest future based on a priori analysis of the
expansion methodology, expected historical demdgcap evolution and corresponding
anticipated load flow analysis encompassing prepectegional population growth and
concentration, TEPES will automatically determihe bptimal expansion plan .The expansion

plan will be dynamic in the sense that the scop®imodel evaluation will be several years in a

1% TEPES Model (Long-Term Transmission Expansion RtemModel for an Electric System)
u http://lwww.iit.upcomillas.es/aramos/TEPES.htm
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long term. It will also take care of the stochasparameters that influence the optimal
transmissions plan while not neglecting the stotitisin the scenarios that are associated with
the expected renewable energy sources; in the gsetgces fuel mix, electricity demand, hydro
inflows and fuel costs. Furthermore, the expangam will be multi-criteria based; implying
that it will incorporate into the objective funati® and other quantifiable objectives. Precisely,
TEPES model will consider the transmission invesimand the variable operation cost
including emissions (if necessary in the case afeNa). Also the reliability cost that is
associated with the generation and transmissiotirgencies will be considered in the model.

Secondary objectives includes

- Evaluation of transmission plans scenarios basedifterent points of view (operations
cost for different operating conditions and asdedacenarios, the reliability assessment
of N-1 generation and transmission criteria).

- Design of a proactive plan that will be meshedjpology at minimum cost by analyzing
the efficacy of the new super-gtfdbroposal and proposing a better approach if need b

- Policy choice of the scenarios and this will beduk® further strategic recommendation
in the Nigeria electric sector.

- The analysis of the current legislations and la&gn by NERC and recommendation in

terms of access and remuneration of the  proposedvestiments

12 See appendix 3; the Nigerian government is progoaisuper-grid network that will be at an EHV obR& , riding side by side of the
330KV but meshing the total network
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CHAPTER 2

2 THE TRANSMISSION EXPANSION PLANNING PROCESS
The objective of most long-term transmission exganplanning (TEP) is to establish when and
where to build the new transmission facilities rieeg to economically and reliably supplying
the forecasted load at minimum cost. The impliest @in two parts- the investment and system
operation cost. However, this is not best deterthinea non-probabilistic approach as there are
uncertainties introduced by the input parameters f@ecasted load and forced outage rate of

lines and generators) and hence the probabilist@sore of uncertainty becomes essential.

In the deregulated electrical sector, the transomnssystem operators are responsible for the
burden of transmission planning which in most caseweferred to be proactive than reactive.
Subsequently in Nigeria, this responsibility is fboe Transmission Company of Nigeria (TCN).
In this work, transmission planning will incorpagathe data that was already gotten from the
long term demand forecast and aforementioned suppégast from the ECN varied out using
the different scenarios. This is in line with theygestion of Ignacio Perez- Arriaga , that in order
to carry out a transmission plan, there is a needafforecast of the demand and generation
expansion / retirement plan. This, with the sdeaa which can be reliability, cost minimization
or welfare maximization, can be used to get thda basdidate plan from different adopted

scenarios (J. I. Perrez-Arriaga 2009). This is sheehematically in figure 2.1.

Because of the fact that Nigerian electricity sefust started her deregulation and restructuring,
it is strongly suggested that efforts should be enadntegrate this transmission planning into an
indicative planning. This should be more than anade analysis by allowing the degree of
freedom that is healthy for the Nigerian electyiaitarket while complementing the market in
many situations (Ignacio and Pedro 2008). Thustiea need to have a plan whose aim should
be to enshrine what should happen in the future @atholistic approach considering all the
stakeholders, clarifying the necessary requireminéshieve the energy target in the Nigeria in
time frames of maybe 10, 15 and 30 years. ModifyirBlack definition, “indicative planning

should attempt to promote a more stable, rapidedficient growth in the electricity market via
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the exchange of forecast leading to generally Betdof consistent expectations especially with
the Nigerian energy market and expectation tar@tick 1968)

Transmission as a whole in electric power industip be broken down into three segments-
investments, pricing and access with each a congieto the other. In as much as all of them
are important, investment is the major challengeeims of uncertainty and technical challenges
as the other two are more of a regulatory challehge a technical constrained issue. This is the

driver for the myriads of decision support tool kung using various methodologies.

Transmission expansion planning

H MECHAMNISM OF SELECTION OF E CRITERIA
FORECASTS PREFERRED EXPANSION PLAN

.| SxXPansion STRATEGIC
OPTIONS CRITERIA
DEMAND
[(oemane ] [ RELABILITY
| GENERATION ':‘ PLAN | CRITERIA
T
GENERATION OF PLANS EVALUATION |~ |
EXPANSION/ ATTRIBUTES TO
FRETIREMENT PLAN ] BE MODELLED

BEST ALTERNATIVE
EXPANSION PLANS

OTHER
ATTRIEUTES

ADOPTED
EXPANSION PLAN

FIGURE 0-1 TRANSMISSION EXPANSIONS PLANNING IN PICTURES (SOURCE MIT OCW13)

The classic tools that are well developed and byoagplied in transmission system planning
were power flow and dynamic stability analysis. 3detools are more of analytical than

synthesis tools and were used to evaluate the rpemfoce of proposed additions to the
transmission system against reliability criteria $gstem performance. They led to transmission
system ratings that allow transmission system apeyao preserve system reliability while

efficiently allocating the energy needs of the egsiusers. In recent years, to the inability of the
aforementioned approach to address operationas essiociated with a given load forecast or
existing profile, resource portfolio and transmassnetwork, production cost simulation analysis
has been added to the group of tools availabletriomsmission planning. This is because
production cost simulations were also used to ifleitansmission system congestion, and

invariably these areas of the system may be catedidar economically justified expansion of

B miT ocw:
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system capacity. These seemingly powerful tool$ Iséive the limitation of assumption of a

given network design with the implications of theesification of the networks made by the
planner to the whims and caprices of his experieamog engineering judgements. Thus the
application of these tools in a long term scenadpeening exercise will require an extensive
investment of engineering and time of human resotocest a network plan for each scenario

extension.

In response to this enormous amount of labour awmptexity, a transportation modéhas
often been substituted for a true transmission odkeis is because optimization techniques for
transportation problems are developed and well igtoled, allowing the screening study to use
lowest overall delivered cost of energy as an dhjedunction. Nonetheless, the approximation
by transportation model is poor in addressing sygtaysics; producing transmission plans with
lots of uncertainties. This is particularly truetlife challenge is to compare varying cases and
approaches to construction of a transmission systeenlay, especially when the comparative
loading between the overlay and the existing systerstly depend upon the relative impedance
of the network. The neglect of these impedancediesm@ trade-offs between accuracy and
precision in the transmission planning. In the pitref methods to get closer to an acceptable
level of accuracy and precision simultaneously rangmission planning, an evolution of
methodologies has been experienced, albeit eawtt devoid of tradeoffs that others considered

being relatively important.

2.1 Challengesin transmission expansion planning and modeling
The ideal transmission expansion planning modeixgected to overcome a lot of challenges.

These include the consideration of ohmic lossesatgorithm should consider the operation, the
security and the quality cost. These cost are d@gfdeto be calculated a priori instead of a
posteriori , considering a set of scenarios thatwelected while minimizing the investment and
load curtailment cost. Also the demand in each yreé#re planning horizon should be taken care
of; multiple contingencies in network usually cdlleommon cause failure (failure of more than
one component) should also be included. Hydroldgicanarios are another issue that should be
considered together with the highest uncertaingg tould arise from the various limitation of

the sector deregulation especially in generatiopaggion. It will also be preferred if model

b Transportation model that is basically based owchtioff's first law
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could establish when circuits should be instaliesl (set out the optimal addition for each year
which is called static planning). The model aldarmt is also expected to be robust to
redesigning, rearranging, and upgrading and resporidad curtailment cost according to its

magnitude.

After liberalization of Nigerian power sector, n@jectives based on market performance and
market operation are meant to emerge. Then thessiggdor having a proper transmission plan
becomes succinct of which the concern will incltide models and the algorithms that can also
take care of emerging problems that was unforessea result of competitive activities. This
also points to an indicative planning like the ¢im&t is practiced in Peru or Colombia which will
help in having a harmonic plan that will stimula#icient investment and minimize the cost

transmission service.

Another set of challenges in the design of thispprotransmission planning as a subset of
indicative planning, is a need for a consensushenctiteria for this planning model and its
algorithm that will be optimal for all stakeholdensd maximize welfare. These criteria include

- The definition of the objective function (the rditite to measure the goodness of the
solution for each of the considered scenario). This be minimum operation cost, maximum
benefit/cost which might not be the maximum globelfare all the time.

- Then the definition of the decision criterionttigaused to choose the transmission plan is
also important. There is also dilemma in choosiatyieen the realist view of Expected Value,
the optimistic view of Maximax conditions, the pesistic view of Maximin conditions and the
opportunistic view of Minimax condition.

- The balancing between the adaptations of thestngsion plan to any contingencies that
was unforeseen at the time of planning at optiroat (flexibility) and the dynamism of the plan.

- The proper correlation between the transmissianmng and the generation expansion
which provides the greatest uncertainty level duehe risk profile of the investors’ that is
sometimes affected by socio-political climate ameltemporal order of investmént

- Also the difficulties in cost of expansion assesat, and the proper correlation between
the transmission planning and pricing especiallgmvthe system is in transition stage.

- The dilemma of optimization of existing networktotal planning afresh and the issue of

B The chicken and egg problem of who starts investsriinst- the TSO or the GENCO's
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likelihood of flexible technologies like FACTS talg a dominant role in the future.

Even though, all these cannot be simultaneoudigfieal , however most can be included in a
robust planning tool knowing that the consensughendecision making conditions might be
more of a policy challenge than a technologicalceon and this was addressed in the issue paper

using multi-actor approach in the appendix 2.

2.2 State-of-the-Art of transmission expansion planning
Network design problems is a central infrastrudtprablem of which the aim is to establish

links ( electric lines) that allows the flow of comdities ( electricity) to satisfy some demand
expectation which is mostly complex. An aspect effiwork design problems that explains long
term transmission planning in deregulated enviramnie called Fixed-Charge Network design
(FCND)problems which is built on the theory thag thse of the transmission lines requires the
payment of a fixed cost ( e.g the cost of investniethe line construction) and then system use
cost. This design approach then focuses on thetgeleof arcs in a graph that will satisfy at the
minimum cost, the flow requirement. These arcsnémaission lines) have an associated fixed
cost if they are to be a part of the solution. Sraission planning has a limited capacity hence
falls in the sub part of FCND called capacitategdi charge network design. The aim becomes
to have a proper design that can yield better dperéevels and investment reduction implying

that this problem poses both technical and socom@mic challenges.

For a long period of time, the only tools for lotegm expansion planning were analysis tools
such as power flow. However, because of this nfatteted challenges, transmission expansion
planning should be more of synthesis than analysiscknowledged by Latorre et al in their
detailed work for state- of- the art literature imv. They defined a synthesis transmission
planning model as “any calculation tool, that taksome input information as a starting point,
combines different predefined transmission expamejations by itself in order to provide one or
more quasi-optimal transmission plans” (Latorrep&uDario, et al. 2003). This state of the art
analysis is carried out from historical developmeetspective that shows major milestones
mathematical algorithms applications and from ghablem solutiorperspective that shows the
major milestones in complexity of TEP tools. Theasen is that most development in
transmission planning still conflicts in approacidahere have always been some major detours

in mathematical algorithm applications.
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221 Historical development of TEP
The first approach to solve this synthesis probheam in 1970, in which Garver formulated it as
a power flow problem , applying linear programmiragorithm to find the most direct routes
from generation to loads. New linear flows were pated on the assumption that capacity in all
rights of way and circuit additions were made oe krgest overload (Garver 1970.). A step
further in the same year was by Kaltenbatch et it & combination of linear and dynamic
programming where the linear programming was usedfihd the minimum cost capacity
requirement for generation and demand changes watitetinuous sequence of investment was
deciphered using the dynamic programming (Kaltesthad®eshon and Gehrig 1970). An effort to
apply only dynamic programming by Dusonchet andABld was very restricted due to

computational and application intensity availallert (Dusonchet y El-Abiad 1973).

In 1972 Fischl and Puntel proposed the conceprofadjoin network” in combination with DC
power flow model which further shaped the necessagceptances (continuous) change to
minimize the cost of the transmission reinforceraeit an effort to find the closest discrete
value of these susceptances, a heuristic procechlted “nearest neighbor method” was adopted
(Fischl & Puntel, 1972). In 1979 there was an ath@nsensitivity analysis approach by De
Champs et al in which they used the susceptaneasitivity analysis within a linear
programming formulation constrained by the DC powWlow generations bounds . The
objective function was formulated as a load redurctminimization problem to reduce all
network operation violations (DeChamps & Vankelecoi®79). Monticello et al further
proposed its use in interactive tools for transiaisplanning where a sensitivity analysis with
respect to circuit’s susceptances of what wasnedeto as a “least effort” index was used to rank
the possible line additions with a resultant optimsolution that emulated DC power flow
solution (Monticello, Santos, Pereira, Cunha, Pr&gRark, 1982).

Two years later, Villasana proposed two approachhks first formulation is a combination of
DC power flow model with a transportation modelwhich the DC model evaluated the power
flow for the existing transmission facilities whillee transportation model was used to compute
the flow overload leveraging on Graver's approddie second method applied linear mixed
integer formulation(LMIP) (Villasana, 1984).

Pereira et al. first applied mathematical decontmrsischemes in transmission planning using

Benders decomposition to break the global probleno itwo subproblems: the Master
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investment subproblems, which chooses the triahesion plan, and the operation sub problem
that analyzes the trial investment decisions angresses operational violated constraints in
terms of investment variables through Benders (Reseira, et al. 1985.) .This was plagued by
huge computational requirement.

Aware of these computational issues, in 1990, Pamd Nunes used an implicit enumeration
algorithm to Benders decomposition approach tocedwmputational efforts in two techniques:
electrical unfeasibility reduction and cost redotiNonetheless, the global problem formulation
remained nonlinear and non-convex (Pinto and N188s§).

Another decomposition method by Levi and Calovic1i@91 approached the transmission
planning problem into two problems, one dealinghwittvestments specified as a minimum cost
network program decomposed into two subproblens fitkt one dealt with initial load flow,
which was solved by minimum load curtailment modaeld; the second one used the marginal
network model to obtain the superimposed load flaws other with operating decisions. (Levi

and Calovic 1991)

In 1994, Latorre-Bayona and Peréz-Arriaga prop@séeuristic method that took advantage of
natural problem decomposition in operation and stwent subproblems. The investment
subproblems is solved using a heuristic procedurehich the search was organized in a tree
format and started from an initial solution prowddey other models. A truncation criteria was
adopted by this approach to classify the investmantbles (branches of the tree representing
the candidate lines), in three ways: lines includedhe initial plan by the user which belong to
the optimal solution called the questioned, thedithat was introduced by the user which belong
to the optimal solution called the attractive ahe trozen variables. There was flexibility in the
width and depth limit of the search tree and lionitthe number of evaluations of the operation
subproblems (Latorre-Bayona and Pérez-Arriaga 19%ijor to that, IIT has also worked on a
benders decomposition approach for long term pranm 1991 of which the model PERLA,
was perfect except for its constraint in dynamigmdres, et al. 1991)

The challenge of linearity is that Benders cutdclw may cutoff the feasible region , thus
excluding the optimal solution was approached i841®%y Romero and Monticelli in which they
proposed the use of a three phases hierarchicalngesition approach as a solution to this
challenge .The first hierarchy solved the transioisglanning by Benders decomposition

considering only the transportation model for theeration subproblems and relaxed the
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integrality constrains of investment variables. i tiee network model was switched to a hybrid
model (DC model for existing branches and trangpiort model for new branches) in the
second phase. Finally, the last phase considered® model for all branches of operation
subproblems and solved the investment subprobleynsa bmodified implicit enumeration
algorithm (Romero and Monticelli, 1994). The numbéstages was still a problem.

A year later, Oliveira et al. reduced the stagethefhierarchical decomposition to two phases
with slight differences. The first one consideredyahe transportation model but did not relax
the integrality of investment variables and theoselcphase was equal to the last phase used in
(Romero and Monticelli, 1994).The difference betwdbese two approaches was the way of
solving the master investment subproblems. Whigepitevious approach achieved optimality in
the solution using a customized implicit enumeratadgorithm, the later applied a heuristic
algorithm aimed at reaching only for a feasibleusoh in order to reduce the computational
burden of solving a succession of hard combindtamgestment subproblems (Oliveira, Costa
and Binato 1995).

222 Historical Approach of TEP
In a holistic approach, (Perez-Arriaga, Gomez Amdres 1987) in summary explained the

general problem with a skilful candour. Anotherlgattempt to approach it qualitatively in a
comprehensive manner using optimization and seitgitanalysis was also done by Latorre
(Latorre 1993) . One thing that is common in thapproaches is that transmission expansion
planning which is usually long time implies a harzof more than 10 yeatsis also important

to realize that most practical cases of expansidgheotransmission network is not just a question
of reinforcing an already existing network, but memtail significant changes in network
topology of which the Nigerian network requires. rthermore, the expansion planning
(especially the Nigerian case) may have to dedl disconnected networks at the early point of
the planning process because of addition of nevergd¢ing/load nodes to the system, or when
the interconnection of previously isolated systémas to be studied. Hence the dogma of regular
power flow analysis methods are not directly agtlle at the early stages of the planning
process and may require a more comprehensive gidstoated approachlence, it becomes
necessary to apply a methodology that can be bligsised for screening a diverse set of
expansion alternatives from which one or more étitra options are selected for more detailed

consideration.
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Consequently, transmission planning problem (selecbf these expansion alternatives) has
been arguably approached as a static problem asul ad a dynamic problem and is an
interesting problem as many literatures have shfvatorre, Rubén Dario, et al. 2003) (El-
Abiad and Dusonchet, 2003 ) (Andres, et al. 1981)as also been seen to be deterministic or
stochastic (Buygi, et al. June 2006).The statia@ggh which is simpler and faster to implement
because of less details, implies the study of thady state system in one snapshot, in which the
worst case scenario is usually analysed while ghreawhic approach looks at the problem in a
specific period of time taking the topology changismand evolution and generation evolutions
into consideration. Recently a hybrid approachlieen in the use which is a combination of the
static and dynamic approach claimed to be a veweplol tool for large scale system because of
its simplification and relatively reduced computatkl time (Romero, et al. Fevereiro e Marco
2007). However, it has not been used mostly dubaancreased complexity that has been seen

in the recent times in the models and with its ysial

Handling the planning horizon has also been ammexh with different methodologies.
Nevertheless, indifferent as the timeframe miglensdor instance one snapshot, a multi-period
or many snapshots in different periods, the sahutmmethod can either be a mathematical
optimization approach, a heuristic approach or gtume of both that is referred to as Meta —
heuristic. Heuristic which entails a step by stppraach in generating, evaluating and selection
of expansion options with or without the users h@igeractive or non- interactive) makes
extensive use of sensitivity analysis which is moltffective or multi-criteria based (Perez-
Arriaga and Latorre-Bayonna November, 1994) (P. hdadj, S. H. Hosseini, et al. May 2009.),
(Alseddiqui and Thomas 2006). This leaves a chgéenf whether an optimal decision making

in a multi-objective and multi-criteria environmeagan avoid optimization in place of heuristics.

This challenge has led to an optimization dominatdtion, in which the transmission planning
scenarios are formulated as an optimization prolatin the objective function (OF) set as the
criterion to measure on the same ground, the gasdmé each expansion scenario. The
associated limitations are formulated as the camgs which can be from environmental,
technical, economic and reliability. In a case ofiltm—criteria system, a multi-objective

optimization function may result. This optimizatiawan be solved by different approach

depending on the level of complexity as suggeste{Comhon 2004) , where it was considered
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that a multi- objective optimization problem with decision variablesin constraints ang

objectives could be formulated as in eq 2.1, with.ZZ, as the p objective functions

Max {Z(xll X2, vy Xy )} = Z(xlﬁxZJ "'Ixnl)

{Z5(x1, %2, s X0, )} = Zp (X1, X2, ey X, ) 2.1

s.t:
{9i(x, %5, 0, %0,)} <0,i =1,2,...,m 2.2
xXj = 0,j=12,...,m 2.3

Unlike a single optimization problem with a singkentifiable optimal solution, a multi-
objective optimization problem result is a set pfimal solutions usually referred to as a ‘pareto
optimal’ which means that there is no other feasifblution that can favour one objective

without affecting another. This appears in variopmizations problem formulations.

A transmission expansion problem most times israganvex optimization problem, where the
objective or any of the constraints are non-cofhuébhis has commanded a lot of literatures that
covered the genetic algorithm which has been orhitje list of applications (Escobar, Gallego
and Romero May 2004). The resultant measures apali referred to as automated procedures
that are appropriate for non-convex problems opfoblems that poses difficulty in locating the

global optimum (Chebbo and Irving 1997).

Considering the linearity and non- linearity thedin be ascribed to the objective function or the
applied constraints, the resultant mathematicaletsotthat uses these approach can be solved by
linear programming (LP) if the equations are ling¥lillasana, Garver and Salon 1985),
(Alguacil, Motto and Conejo August 2003), non-linpaogramming (NLP) if there is non-linear
element in OF or constraints (Padiyar and Shanbbaguary 1988), also by dynamic
programming (DP) (Newman April 2008). A large portiof differences that can be observed in
the applied methods in most literatures are indbjective of the optimization. In the case of
transmission expansion where there is a need taltsineously minimize the investment cost,
the operational costs and /or reliability criterithis problem could be solved using

decomposition technique like Dantzig-Wolfe, Bersjdragrangian relaxation and Augmented

16 .. . . . . . . . . .
A convex optimization problem is a problem wherkadlthe constraints are convex functions, and dbgctive is a convex function if
minimizing, or a concave function if maximizing.inkar functions are convex, so linear programmirablems are convex problems. With a

convex objective and a convex feasible region gtlvan be only one optimal solution, which is glgpbaptimal.
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Lagrangian decompositipfConejo, Castillo and Minquez 2006). In the casissues like lump
sum investment characteristics represented asceethsvariable, then a mixed integer approach
might be appropriate. Treating integer variablesmach more complicated than treating
continuous variables, and this is why problemsudicig a mixture of such variables are
denominated as problems with complicating variahles
Categorizing in terms of complicating variables ac@mplicating constraints, complicating
variable finds its solution only with Benders’ dempositiort’. A typical example is the issues
of hydrothermal coordination with multiple staghattpresents themselves in staircase structures
can only be solved when decomposed, breaking ughydeo reserve balance equations that
connect stages. A problem of the following problstructure is a major issue in deregulated
power systems according to (Cerisola and Ramos)2@68 can be written as eq. 2.4

Minz = c1(x) + c2(y)

Subject to
Al (x) = bl
A?1(x) + A?%(y) = b!
x=>0,y=>0;xy €R" 2.4

Applying Benders decomposition, means that thisraeproblem can be divided into the master
problem regarding the investment decisions in &q 2.
Min z = ¢1(x) + d(x)
Subject to
All(x) = bt
x=20,x€eV 2.5

And the sub problem that refers to the operatiaoalditions for the proposed investment of the
master variable (x), (Sozer, Park and Valenzuelali@r 2008), (Orfanos, et al. June, 2010)

d(x) = { mirfy A%y = B> — A?’x/y > 0} (2.6)
V represents the set that guarantees the stagjbifity for the first stage solutions.
Recently a semi-dynamic heuristic approach, essefai a deregulated environment where a
central decision maker is responsible was propase(Papaemmanouil 2011) . The approach
could solve the social welfare maximization probléon several discrete steps considering

different preferences for environmental policy iempkentation or transmission network changes.

7 The first sub-problem, called the master problemailg solves the relaxed version of the originalldem and obtains a value for a subset of
variables. The second sub-problem called the anyifproblem then obtains the values of the remgimariables while fixing the first ones and
these are used to generate the cuts for the sitlepnoThe auxiliary problem is the original problevith the variables obtained in the master
problem fixed.
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Its semi-dynamism implies that although the probtemld be solved for a certain time period of
several years, the discrete steps (which correspongears as only one snapshot of year is
considered in each step) refer to a static reptagen of the system. The heuristic component
refers to topology or transmission capacity charigesnany marginal production costs cases in
a methodology that consists of two parts, one partudes the multi-criteria analysis for
providing short term information to the decisionk&aand the other consists of a cost benefit
analysis that accommodates the decision maker leily term information of economic
profitability. The combination of both parts, the salled integrated multi-criteria cost-benefit
analysis, is expected to lead to an optimal adutidransmission capacity in case that marginal
production costs are provided. However, propemiten of social welfare is still very elusive to
be precisely represented mathematically.

In summary, the state-of — the art of transmisgiamning evolution remains towards modeling
(optimization) of which decomposition is the mottactive form of representation, although its
dynamism is not very common (Ramos, Languages fataindevelopment ( in spanish) 2000).
The tools for developing this planning models cobéda general purpose language where C
language and Fortran is still the most preferred get to be obsolete. In the languages or
environments for Numerical and symbolic calculasiospreadsheets like excel, MATLAB,
MAPLE and Mathematica has proven to be very usdfiewever, most planning tools have
preferred to use the modeling systems since it igesva good approach to analyse the
optimization formulation and results. Most populystems are GAMS, AMPL, LINGO,
XPRESS and AIMMS and they support a variety of aAtgmic optimization codes called
solvers of which CPLEX, OSL and LAMPS are some gxias

2.3 Mathematical Decomposition in Transmission expansion problem
Knowing that Long term transmission expansion pilagr{LTEP) can be broken into two parts

namelydetermination of the optimal investments in newesyscapacity and the determination
of the associated system operating cost and-sugfibbility naturally indicates the need and
use of mathematical decomposition technique toeaeha global optimization of the investment
and associated operation cost by using separateematical algorithm if need be. An iterative
approach of a separate investment and operationpraltlems guarantees granularity,
modularity, flexibility and consistency implying ah modular and separate standalone models

can be aggregated and used to approach this compablem.
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The TEP problem of eq2.4 can be reformulated asimnmm cost capacity expansion
optimization problem shown as

Min z = c(x) + d(y)
Subject to
A(x) > b
Ex)+ F(y)>h 2.7
The decision variable represents the transmission investment decisidhstine first constraints
associated to it. The variable y represents theatipae decisions with the second constraint
associated to it. E(x) shows that the capacitysi@ciaffects the operational decisions, making
the above equation to be best approached as adagedsdecomposition process.
Firstly an installed capacity decision that issibte is made (investment capacitydlefined as
A(x)=>b 2.8
Leveraging on this capacity decisioh the efficient operation decision is made to miaed
the operation cost d(y)
Min d(y)
ST; F(y) > h — E(x") 2.9
If the optimal solution to the operation problend{g’), then it can be expressed as a function of
the capacity decision(x)
a(x) = Min d(y),

st: F(y) > h — E(x) 2.10
This reduces the capacity problem to

Min z = ¢(x) + a(x)
A(X) > b 2.11

Implying thata(x) is the solution to the operational sub-problemdioy givenx provided it can
be gotten. While other decomposition methods cdmesoomplicating constraints, benders

decomposition can solve complicating variable (Gon€astillo and Minquez 2006)

231 Benders decomposition
In benders decomposition, the value @fx) can be gotten with a defined level of accuracy at

the expense of the number of iteration solutiothefoperational problem.
The approach involves starting with an approximatida(x) as its lower bound callei(x),
then the capacity problem is solved for the appnaion (based on the algorithm that suites the

problem) as
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Min z = ¢(x) + a(x)

AX)>b 2.12
With its solutionz = c(x’) + & (x') , invariably as the lower bound of the problem thiginal

problem

The value ok’ is used to solve the operational problem andohgisn pair of &', y') gives the
upper boundary problem. The difference betweenugyger boundary and lower boundary is
compared with a tolerance value to check the opitimar otherwise generate a ne@(x) and
the iteration goes on until convergence is reachbd is achieved through benders cut which is
a linear constraint formed from the associated &age multipliers of the operational sub-
problem that measures the change in the operatamsalby the marginal changes in candidate
lines.

The ability to solve the investment and operatigmablem differently with an upper and lower

tolerance boundary most times guarantees convesgenc

2.3.2 Benders Decomposition applied to Transmission expansion
problem
Considering transmission expansion problem as edfigharge network design problem, the

master deals with the integer variables (line itmesit) while the sub-problem deals with the
actual flow of electricity which is a continuousoptem.

During the solution process these two sub-problérade information by which the master
informs the auxiliary about investment decisionsar(¢émission capacity additions) and the
auxiliary informs the master about transmissiondsegguts). Hence the investment sub-problem
principally models the economics of the planninggess while the operation sub-problem
represents the power flow equations, with varioegrees of detail according to the current level
in the hierarchy. The auxiliary problem takes ameBtment plan generated by the master
problem and minimizes the use of candidate gemestio supply the load without violations in
the set operational constraints. If at a given sfefhe solution process, the investment decisions
are such that a feasible operating point can b#yealstained with zero generation from the
candidate generators, then a partial solution kas lobtained for the expansion problem and the
process proceeds to the next level. Conversely,nwideasible operating point cannot be
obtained without recurring to the candidate gemesatimportant information about operation

requirement is sent back to the investment sublpnolthrough the benders cuts which can be
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added to the investment sub-problems as extra raomst Technically this can be considered
very important as they inform the investment sutbfgm of additional transmission capability.
The investment sub-problem deals with basically tmajor constraints categories which
include: the number of investment variables (whiaght imply the maximum number of circuit
acceptable in a given branch of the network fomgpla) and an corresponding representation of
the operation constraints (like the reliability icels which consists of the set Benders cuts that
becomes available at any stage of the process.eH#ec more the investment sub-problem
knows about network operation, the better the itmaest decisions will be, and the faster the
convergence to the optimal solution. This is dwudhte fact that the investment sub-problem
keeps the existing cuts when it moves to next wéhetwork representation and subsequently
learns about system operational needs as the agpgecess evolves.

(Romero and Monticelli 1994) emphasized that a mafstacle to the practical application of
the Benders approach is the convexity issues shre@etwork expansion planning problem is
non-convex. This issue can be more obvious in the expansionnplg problem when the
addition of new circuits is allowed in branches ethinitially do not have any circuits and he
suggested a hierarchical approach to eliminate ifsge. However in “generalized benders
decomposition” (Geoffrion 1972) suggested the usexam-linear duality theory that allows
benders decomposition to be applied to non —copveslem, making them convex by fixing set
of variables.

Applying this to the transmission expansion plagnimplies the use of a step increasing cost
capacitated network design of node arc approachitivalves that the cost of purchasing a
capacity for a link is given by a step increasingtcapacity function (Costa 2005).

Formulated in node arc method as

T
Minimize Z (Z el xf + Zfijt yijt) 2.13
(bea t=1

k€K
Subject to
doak- Y k=10, ¢ (000,D(0)), vk €K 214
j/(Lj)eA j/(j)eA —dy, i = D(k), Vk € K.
z xfy < Z Ctyije, V(@))€ A 2.15
k€K t
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T
Zym <1,v(j) €A 2.16
t=1

xf5=0, V(,j)EAVkeK 2.17
Vije E{O DLV, ) EAt=1..T. 2.18

Knowing that the objective function is to minimilee sum of the variable and fixed cost as

shown in equation 2.13, the variabrl@ represents the power flow on the line (formulagsdan

arc problem). Equation 2.15 is the constraint thatrantees the demand satisfaction while 2.14

ensures that the flow in the capacity is constchine the available capacity. Various

formulations of this in benders decomposition aggilon are available (Gabrel, Knippel and

Minoux 1999). The formulation that is applied inHIEES can be seen in appendix 5.
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CHAPTER 3

3 METHODOLOGY
Transmission planning can be broken into three ralaecg to the temporal scope of the planning
and consequently, the associated level of uncéytaistrategic planning (15-30 yrs), tactical
planning (10-15 yrs) and operational planning @@d® years). In this work, a tactical approach
was adopted to plan the Nigerian network using TERIEEng term Transmission Expansion
Planning Model for an Electric System) that wasedeped in the 11°.
TEPES transmission expansion planning model autoatigtdetermined the expansion plan that
simultaneously satisfied many attributes that ideki some of the above named criteria. In
dynamism, the model has a scope of 18 years ilotigeterm horizon, representing the decisions
to be taken yearly, with periods of 4 monthly (ite}, a sub-period of weekdays and week end
and various load level (Ramos 2001).
The issue of stochasticity is grouped into operaticcenarios (hydroelectricity etc) and
reliability scenarios (generation and transmisstamtingencies). Also, the model is multi-
criteria based, considering the transmission imaest and variable operation cost (including
generation emission cost), reliability cost asdedawith generation and contingencies arising
from transmissions. For the later, the optimizatioethod uses a functional decomposition based
on Benders decomposition between an automatic géarerator (master problem) and the
evaluator of different characteristics like opewaticosts for diverse operating conditions,
reliability assessment of N-1 criterion in geneyat{sub-problem) etc.
The evaluator (Operation model) is based on DC pdiesv considering that transmission
investment decision is lump-sum and thus bin@iRpman and Grzegorz Oct,2005) showed that
DC power flow emulates ( AC) optimal power flow (B)Pand despite all of the progress that
have been made, the full AC OPF has not been waldbpted in real-time operations. Instead,
system operators often use simplified OPF tools dh& based on linear programming (LP) and
decoupled DC system models. Historically, this wenly due to the lack of powerful computer
hardware and efficient nonlinear AC OPF algorithidewever, with the advent of low-cost
parallel computers and the continued progressliobsiintegrations, the speed has now become
a secondary concern, after the algorithm robustnEse remaining prevalent argument for
picking LP-based DCLF over NLP-based AC OPF is tiatalgorithms are deterministic and

1 http://lwww.iit.upcomillas.es/aramos/TEPES.htm
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always yield solutions albeit not necessarily tksiged ones, while the NLP algorithms are less
robust and experience slow convergence or evemg#iee in worst-case scenarios.

TEPES was created using GAMS 23.7 under Microsoftlaw 7 and uses CIPLEX 12.3 as MIP
solver. Figure 3.1 will be used as the basic fraorkwhat is adopted for the network planning

tailored to be in line with the planning objectivefaNigeria.

3.1 Transmission Planning Objectives for Nigeria
In general, the main objective of transmission @&sp@n planning in the restructured electric

power sector of Nigerian is to provide a non-disinatory competitive environment for all
stakeholders while not compromising on the levelv@o system reliability. Hence, the
expectation of this TEP is to provide for the regments of stakeholders that are indicative
which should drive investment in generation andeptspects of the power sector that will help
achieve the energy policy goal of Nigeria. Thisndine with the Nigerian grid code section
3.15 which stipulates that the objectives shoudduide but not limited to
- Encouragement and facilitation of entrance and paiition among electric market
participants;
- Provision of non-discriminatory access to cheapegation for all consumers especially
in the southern part of the country with abundasfogas
- Alleviation of transmission congestion and henedional reduction of stranded
generation which will reduce the network charges
- minimizing the risk of investments through mininmgi the costs of investment and
operation;
- increasing the reliability of the network while tncompromising on the flexibility of
system operation;
- Minimizing the environmental impacts.
Hence, to address these issues, the methodolappabach of this transmission planning first

considered the influence of uncertainty especiatiyn the inputs.

3.2Uncertaintiesand Lack of precision in data
The uncertainties that are associated with TEPbeadlassified in two categoriesindomand

non-randomuncertainties. Random uncertainties are variatmnghose parameters, which are

repeatable with a known probability distributiorertte, their statistics can be derived from the

32



historical values. Example is uncertainty in losldn-random uncertainties are from evolution of
parameters that are not repeatable, and hence,stlagistics cannot be derived from the past
observations. Its example is the uncertainty inegation. Within these two broad categories of
uncertainty, there are data that cannopileziselyexpressed and they are referred to as fuzzy or
vague data and the challenge in modeling themfiierdnt from the approach of the of the data
that are clear.

Since the implications and methods of modeling eamdand non-random uncertainties differ
from the approach due to the degree of vaguenesdatafin power systems, it is essential to
identify their sourcesb initio through separate methodologies and classify trempaut to the
TEP model. For the current status of Nigerian pevegistem, the most likely sources of random

uncertainties are

load sizing ;

- Cost of generation and consequently likely bigéxjpected generators;

- power production and bid of independent power pceds (PP3;

- wheeling transactions;

- Availability of generators, lines, and other syst@tilities EFOR).
While the sources of non-random uncertainties i

- generation expansion/retirement;

- load growth rate;

- Transmission facility expansion and retirement tirsest and rate;

- Evolution of market rules
The likely source of lack of precision and ambiguih criteria arises from the subjective
decisions concerning the various uncertaintiesltasgito the

- importance degrees and hierarchy of stakeholdadsgision making;

- importance weights( degrees) of planning criteniant the viewpoint of different

stakeholders;

- Occurrence degrees of possible future scenarios.
Probabilistic methods running inside the TEPES Modas used to take care of random
uncertainties. Scenario analysis that is also iREE& incorporated the non-random uncertainties
while the ambiguity or vagueness was analysed enighue paper using the policy analysis of

multi-actor systems.
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3.3Model overview and use

Existing system

Generation plans and ol g New lines that are already
load distribution 4D tendered that has not been built

\ 4

Sensitivity analysis

\

Transmission plan candidates

TEPES MODEL

\ 4 \ 4 A 4

Operation

conditions reliability

Investment plans

FIGURE 0-1 METHODOL OGY FRAMEWORKS FOR TRANSMISSION EXPANSION PLANNING

In model formulation for electricity market, thesiee usually three aspects based on the level of
focus- Physical, commercial and economic. The maysaspects of the model that depicts the
physical characteristics of the context, the conmménspect of the model that shows the market
influence and the economic aspect of the modelsiaivs that equilibrium formulation (Baldick
2010) . TEPES, even though can be seen to be nysical® and economic orientéY did

justice to the commercidiaspects.

Using TEPES for 18 years transmission expansiomnutg (up to year 2030) in Nigeria is partly

because a transmission expansion is tactical afESHSs tactical (15-30 yrs) oriented and partly
because the available data for demand and suppieln®for 2030. The TEPES model output is
the optimal transmission which is defined herelesdecisions that minimizes the total annual

investment , production and reliability cost in grar horizon across the multiple years that was

1 Representation of the transportation and DCLFrntlag voltage and stability constraints etc
%% Takes of transmission constraints and congestion
2 Shown in the LMP and the power flow rates
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considered. These decisions are formulated as lotgactive function and linear constraints that
results from the Benders decomposition process.deugsions variables include the lines that
will be installed, the associated output of theggation units (unit commitment), and the power
flows that corresponds to the investments. Thetslamge marginal costs and the water values
can also be observed. In Nigerian context, theoti3&PES is not only useful for the proposal of
new TEP but also to check the newly proposed liméise face of the generators that are coming

up, to confirm that they are optimal

Representation of the demand in the first year d@se using load blocks and various load
situations were considered in the cases that feébwhis is partly to check various uncertainties
that can arise from these loads and to make ughéoloss of chronology that will arise due to the
use of load blocks. Taking care of the stochagticithydrothermal coordination in the plan is
also in TEPES and was done using scenario analgsigwhich different scenarios were

considered for the various seasonal variations.

In representing the electric power flow systemrehe choice to use the transportation model or
the linearized DC flow model. This is essentialtasan be used to test for the models adequacy
in terms of lump sum investment. The nodes arestink the network considering the number of
circuit that can be available both for the existinges and the candidate lines. The hydro
generations is aggregated to a single unit recagnithat they can face two contingencies of
energy limitation (not turbining below the minimumservoir level due to water limitation) and
the power limited (loss of turbine and turn arouméintenance). The thermal plants are
characterised by their availability (EFOR), ratedximum and minimum output, and the heat
characteristics. The flexibility in this approach that the variable production cost can be

modified to include extra economic important traéssential in decision making.

In the output of investment modelling, TEPES degithee new transmission lines to be installed
and the old corridors that need reinforcement. Twestment cost which comprises of the
expansion and installation cost can be derived To® cost of the substations and the bay

extensions can be gotten &Sdn the operation sub model, TEPES uses the ptimfLcost

> The 765KV supergrid proposals and the HVDC on 132&Xél for connections of hinterlands
% Included in the cost of lines
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model which looks at the system normal operatiochieck the optimal units dispatch across the

period while reliability aspect is used for checkihe contingency.

The overview of the TEPES model as applied spmifi to Nigerian case is as follows:

3.3.1 Indices

This is a description of the data that was incluigethe worksheet.

Years: fear 1: year1l@shows the length of the years that the LTEP bélplanned on.
Periods: (p01:p03); corresponds to the three megasons (harmattan, rainy and dry)
was used as the main periods for the plan. Thedtgamseason is usually dry and windy
and occurs mostly from November to March, the veetssen sets in from April to august
and the remaining moths are characterised with keghperature which leads to very
high power consumption due to air-conditioning fiegments evident in the demand
profile.

Sub-periods and load levels: was divided into tleekdays that ranges from Monday to
Friday and the remaining days of the week was ocaisgl in a sub-period of weekends.
The load levels was analysed from the load curaewas adapted to load duration curve
which clearly showed three distinct load levels éach sub-periods. These were called
peak, shoulder and off-peak.

Scenarios: the scenarios were used to reflecsthehasticity in the primary source of
energy and this is line with the seasonal changesThey are labeled sc01, sc02 and
sc03 with probability of 0.45, 0.35 and 0.2 respety using historical annual average
hours of occurrence.

For the Transmission lines, the maximum numberi@uis in a multi-circuit corridor
was considered to be 4 both for the existing layed the candidate lines.

Generation technologies that were considered ieclit Renewable energy sources
(RES), nuclear, coal, CCGT, OCGT, Hydro and oile Thermal plants were tied to the
bulk transfer stations from where they inject th@wer and there is provision for the

relationship between hydro and corresponding regesv
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3.3.2 Nodes
For understanding the networks, Nigeria catega@rding to Greaswhich corresponded to
the six geo-political zones vikorth-Central, North-East, North-West, South-East, South-
South and South-West. This was done using the consumption pattern, |ta centers
distribution and the former network configuratigopeaoach. Then the easiest way to derive the
zones from these areas was to use the states téddémtion, as Nigeria has almost a “one city
state system” where the state capital is apparéimgymajor load centre in the state (more than
75% of power consumption) except for few commerciéies like Kano, Lagos , Abuja and
Rivers. This yielded 36 zones. The major substatiarthe zones (states) were gotten from the
TCN of Nigeria were 136 number (see appendix 4)dddor the contracted lines to be built by
the end of 2012 were also added as the existingsagctampe(FCT_1) was used as the
reference node which is consistent with the loaevfanalysis that has been carried out by the
TCN.

3.3.3 Energy Demand and Supply Projections
In as much as it is laid down in the grid code cdrismission in Nigeria, that Demand Forecasts

and associated factors are essential in transmigganning and the System Operator (TCN)
should take a lot factors into consideration whenducting this long term Demand Forecasting,
it is also a crucial part of the TEPES model. Taetdrs that were taken into consideration in
calculating thedemand datafor TEPES include the historical demand data, exrrand
anticipated future land use, population and denpgcaforecasts, economic growth rates; and
other information supplied by users as recommeffded

In compliance to this, an already existing datatleé demand forecast with clear and
international acknowledged methodology was adoptedhis work to produce relatively
unbiased demand forecasts for TEPES use. The TrsgsismNetwork Demand into the future is
from the System Operator Energy Demand and supglje®ions (2000 —2030) using MAED
and MESSAGE models respectively. Furthermore, aiteity analysis to determine the effect
of an optimistic, realistic or pessimistic long nerDemand Forecast on the transmission
expansion planning will be carried out to depiat tmplications of uncertainty for each of the
scenario and forms the basis for the alternativéseocase study. Consequently, in the course of

this thesis, the following assumption stands fersbenarios that will be adopted:

% The Nigerian grid Code section 2.1.1 — 2.2.3,1322.3
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For demography, population was considered the nthjoer of energy demand and the
median projection of population growth by the Nigar National Population
Commission, over the study period 2000-2030, wasdudy this projection, the
population is expected to grow from 115.22 million2000 to 268.81 million by 2030,
with period growth rates that decrease from 2.98& pver 2000-2005, to 2.64% p.a.
over 2025-2030, or an average of 2.86% p.a. 0d@0-2030.

It is expected that the new nodes will not spripgativoltage greater than 132KV, rather
the growth will be seen in the capacity growth lod existing cities and hence existing
nodes and even if they spring up, they will be elts the existing cities so that their
effect will be negligiblé®.

Applying this to the economy, the most importanted@inant of energy demand is the
level of economic activity and its structure, meaduby the total Gross Domestic
Product (GDP) and the scenarios were developedaagnsin the table 3.1 below and the

electricity demand is shown in the figure 3.1 below

350000
300000
m Reference
250000 - (7%)
Hlctricty Demand Projections per Scenari, (VW) 200000 | mieh
150000 - | Growth
Scenario Year205  Vear0l0  VYear20f5  Vear2020 Year2025 Year 2030 (10%)
100000 - - Optmistic
SCOL  Reference (7% 5746 15730 B0 SED 70 1m0 i 1(11.5%)
SC02 High Growth (10%) 5746 15920 MO SIS0 070 192000 o | B
SC08 Optmisticl(11.5%) 5746 16000 I/ 700 1330 25000 oL e year year Jear Year
TABLE 0-1 ELECTRICITY DEMAND PROJECTION SCENARIOS FIGURE 0-2 PROJECTED ELECTRICITY DEMAND SCENARIOS

The result of these scenarios was from the IAEA #8lotbr Analysis of Energy Demand

(MAED) was used to forecast the electricity demapkad over to 2030 in 5 years interval.

The electricity supply was also done by the IAEAd®ocalled Model for Energy Supply

Strategy Alternatives and their General Environrakeimpacts (MESSAGE)  and the result of

this planning is summarized in the table 3.2 araplr3.3 below.

» Historical demography have followed this patternegpt when new states were created
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TABLE 0-2 ELECTRICITY SUPPLYPROJECTION SCENARIC FIGURE 0-3 PROJECTED ELECTRICITY SUPPLBCENARIOS

A detailed result of this forecast and the data idaf importance to be used in TEPES m is

attached in appendix 4.

3.34 L oad blocks from load duration curve
From the load duration curyva set an approximate load blo for the three periods of the ye
shows that for each week day, there are thremdiste load leveldabelec peak, shouldeand

off-peak and this is different from the peak ,-peak and shdder for the weekends al:

Load blocks
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FIGURE 0-4 LOAD BLOCKS

3.35 Calculation of demand for TEPES model
Because otlarity for demancdata for each of the nodey each of the scenarios and for eacl

the load level, a simple linear approxima and extrapolatiomethod was use

The population of each of tthodesand that of thareasover the past 25 years was gotten fi

the national population commiss®® and a linear regression model of nodal populati@wth

%, . i -
Nigerian population commission
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and the percentage contribution to the area wasuiated using the historical data. Then the
expected energy demand from the MEAD-el Model waaredd according to percentage of
contribution to the total demand (average partiogpgd. Subsequently, to generate this for all the
scenarios and for all the load levels, a percentageribution method was used from the load
duration curve to distribute the resultant contiitou of the node to its corresponding scenarios
and the associated load levels.

3.3.6 Operating reserve
Operating reserve is another essential input tartbdel and this was calculated for every load

level in each period and this was done for eveenado (sc01- sc03). Because of lack of general
consensus on the formula for the calculation ofdperating reserve, a method was adopted to
include the largest unit, the percentage of hyqercentage of thermal and percentage of
intermittent renewable sources.

Operating reserve = Max (largest unit, (0.03*Therma@ + 0.07*HydroCap+0.5* InterCap))

Where ThermCap is the total thermal capacityjydroCapis the total hydro capacity and

InterCapis the total intermittent sources capacity. Theswarried out for every scenario.

3.3.7 Generation
The generators were 82.3 percent thermal (existimycandidate), 0.0003 of wind and the rest

of the capacity is accounted for by hydro plantsvbich newest Mambilla hydro — station will
contribute to about 40% of the hydro capacity fee base case. The candidate plants accounted
for the 23% of the thermal generation which areglaats that were certain to come online by
the end of 2012 except for the nuclear that coddhline by the end of 2015. The stranded
generation due to transportation problem (evacnadind gas transport) accounted for the 55%
of the remaining thermal generation. The reasoaddling these generators was that the earlier
estimated demand profile took them into consideratHowever, this does not represent the
expected energy fuel mix that was in the energycpalf Nigeria although there is a room for
the accomplishment of this without a dramatic dffacthe transmission plan.

For the hydro generation, the reservoir maximuish @mimum capacities were considered and
the inflow was also taken care of. The inflow ie #ggregated inflow of the main river of the
reservoirs and the other tributaries that enteosthe reservoir. However, because of the multi-

use implication of the reservoir, the natural imffoused in the scenarios were the inflows during
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the seasons (scenarios) compensated for the Idesesther purpose¥. Furthermore, the
implication of reservoir and hydro plant above sereoir was taken care of in Kainji which is
located above the Jebba hydro plant.

For the thermal plants, the technologies thatravelved were dominated by OCGT plants, then
CCGT, hard coal, oil and Nuclear. The fuel costdach of the scenarios for the thermal plants
was gotten from the fuel cost projected by the MESE model of IAEA. The carbon cost used
for now is the carbon cost of Australia (25€/torhjieh is relatively high but was used in order to
stimulate the ingress of RES in the Nigerian posystem, hence preparing them for the future

(towards indicative planning).

sc01 sc02 sc03
Nuclear 0.58 0.58 0.58
Hard_Coal 0.07 0.07 0.07
Imported_Coal 0.10 0.10 0.10
Qil 5.80 5.80 5.80
CCGT 0.20 0.20 0.20
OCGT 0.20 0.20 0.20

TABLE 0-3 FUEL COST FOR EACH OF THE FUELS
3.3.8 Generation growth
The generation growth is incorporated in TEPESmmfof the year that they are going to come
online. To take care of this two approached weeslub the first case, the generation fuel mix
evolution in Nigeria was used to design fictitiogenerators that are placed arbitrarily on the
network especially concentrating in the south aast ehere there is abundance of gas. Then the
second case were placing the generators lookitigeaibad concentration of the nodes and the

natural resource endowment while respecting theaegd generation fuel mix in appendix 3.

However this can be formulated as a generatoepiaat optimization MIP problem that is cost
minimizing where at each nodae the sum of the demargy; and the total generatiaps; of all
plant s have to be equal to the net injectign Power plants that is running, has upper and
lower limit d"*and ¢"". Moreover, the power flow on the linesemains below the max power
p™ The power flow is a DC flow but TEPES already én@eneration and network contingency
included. If the demand is fixed for a yearly pdrtpthen the model can be adjusted to fit new

generation placement which will be considered atoganous parameter instead of exogenous.

2 Agro use, drinking, evaporation etc
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On assumption of a benevolent planner that seekKar@anaximization (maximization of total
cost), the new generators for plant extensioffs’ will be located in a node by building a new
plante through a locational choice variablge.b

Comin o ATC= Y g+ ) cREVgRSYL OF 19
Instint:UCnstPit-Pne.Inet
n,s,t ce,t
|P| < P"** VIt line flow constraint 20
z Inst + z ghet —Que — ine = 0Vn,t energy balance eqaution 21
S e
UCst T < Gpst < UCnse gV, s, t generation constraint 22

PpegT" < Gnet < bnegm™* V¥V m,e extension generation constraint 23

The total numbers of new plants are restrictethéonmiaximum number of new plants P

Z bpe < Pr extenion limit 22
n,e

Thus considering a specific nodethe required additional generator to satisfy tleendnd
(equation 21) capacity has to be built up at theenby setting i to 1 (equation 23) which in
turn reduces the number of available generatiots tnat is approved to be built (equation 24).

One thing is very essential for this to be vakdst, there shall be availability of the fuel type

for the generators in all nodes, implying that ggsline networks needs to be available in
Nigeria and rail networks also. However restrictsgme type of generators as a subset to
specific sets of nodes could solve this bottleneck.

3.3.9 Networks
In as much as TEPES chooses the optimal solutleenvgiven the candidate lines, it still uses

the existing condition of the network as the stgrpoint. Hence the network section is divided
into the existing network condition and the cantkdmes.

For the existing lines, the longitude and latitudehe connecting points is used to define the
lines (e.g. line FCT_1 — FCT_2), then the voltageel of the line and the distance in Kilometer.
For Nigeria, there are two existing transmissiottage levels at 132KV and 330KV. The line

parameters were gotten from the load flow analydiere the capacities were earlier defined.
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The resistance and capacitance of the lines wecegaltten in per unit. Then the most important
parameter is the capacity of the line since thegadoes not correspond to the amount of power
that it can wheel at every particular time. The Mahsfer capacity (NTC) is defined in TEPES
as the product of the total transfer capacity (Ta@J the security coefficient (in p.u). However
the TTC of the line depends on mostly three factamely the thermal limit, the voltage limit
and the stability limit of which the value variesdathe worst case overrides the others. Hence
the TTC of the lines were determined as

TTC = Max (thermal, voltage, stability limit)
This was done for the candidate line but withtéelivariation as explained below.

3.4 Candidate linesidentification process and framewor k
Before using TEPES, it is expected that the caneitiaes be identified and this concurs with

the benders decomposition that runs in the algoritin transmission planning, the set of
possible expansion plans is very large since betweeh two buses a new transmission line can
be constructed. Therefore there argn-1) possible candidates for expansion of rarbus
network’®. Most of these candidates do not satisfy the caimés of planning and must be
eliminated and this was systematically approactsgusome index calculated and also with a
static load flow analysis of the load in 2030 (gspowerworld™) which helped in the extraction

of the power transfer distribution factors ( PTDF).

3.4.1 Criteria affecting selection of candidate lines
Firstly, there was an inclusion of the already cacted line of which their auction and tenders

has been completed (see appendix 3), combinedetexisting network to identify the critical
paths in the networks. The criteria for criticatipavere based on many factors which include
lines that connect major cities and generatingastat(both existing and candidate) that transmit
large amount of power. Also big nodes (load cehiresnection to large stations was considered
for power evacuation. Then a load flow analysis waed to identify critical lines and nodes
from the critical paths, for the selected scenadbslifferent generation fuel mix and demand
levels from the already developed scenarios. Egdines with probability of overloading was
considered to be either reinforced, build an adjatees by them or promoting the use of new

technology like HVDC. Also the location of candidagenerators influenced the decisions

28 This gives 128*127 candidate lines in Nigeria
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especially when this is going to drive the need dozener technologies adoption and proper
utilization of primary energy source.

With regard to the transmission voltage requiremdot each candidate lines , for meeting the
system load and generation projections to year 2680 alternative patterns of transmission
development were most apparent: The continued aiparat 330 kV, or an introduction of a
higher voltage class, such as 765kV, as an overathe existing 330-kV network. A heuristic
approach based on transmission distances and tapas used as explained in the following

sections.

In the choice of strengthening the congested andt rikely to be congested transmission
corridors, the first approach was to mesh the netwiloat was already radial using the highest
existing voltage of 330 kV AC. This provided thesfiset of 29 candidate lines. Then the next
approach was to solve the problem of power evaouati minimized coél. There is a lot of gas
and coal in the southern part of Nigeria and theegidation has attracted up 15000MW of
generation to be installed before 2015 and thisisi¢ée be evacuated to the North and other load
centers. Knowing that line reinforcement can rateqroblent® (Stan Mark 2009), there were
two approaches.
- For bulk power transfer ( generation at above 1500Ma higher voltage level was
considered (765KV) for candidate lines
- For hauling of power from generation centres thatramote to close load centre or from
major load centres to relatively smaller load ocemtwithout the need to stop in the

middle, a HVDC candidate lines were suggested.

3.4.2 The 765 KV Supergrid -justification
The introduction of 765-kV voltage class as an @yeon both the 330KV and 132 KV network

is essential for the continuation of the basic ggophy that a strong transmission network,
adequate at all times to meet the most severe @at@glitions, is indispensable to the successful

operation of a fully integrated Nigerian power systespecially after deregulatiin

29 i . ) ’
Heuristics was used since TEPEs will choose thienapplan
30 Strengthening lines does not always solve congesgtiablem as it might relocate congestion problems
31 . . .
Presidential policy on power
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In concordance, the earlier suggested 765KV sgper by the TCN was supported in this
expansion planning not only because of the politatéliation but for other reasons like the
basic economic soundness of transferring the pyirbarden of bulk power transmission of the
relatively Nigerian weak network system from 3307®b5 kV. It was also based on a broad
appraisal of the transmission capability charasties of 765 relative to 330 kV, the comparison
of cost per kilowatt of power transmitted at 765sus 330KV for a range of distances applicable
to the Nigerian system; and the consideration efdbst per kilovolt-ampere of capability of a
765- versus 330-kV network, taking into accountahst contribution of each major category of
equipment (AEP 2010). Furthermore, from the pendpeof resource conservation, a single-
circuit 765-kV line can carry as much power as éhsgngle-circuit 500-kV lines, three double-
circuit 330-kV lines, or six single-circuit 330-klWhes, implying a massive reduction on the
overall number of lines and rights of way requiteddeliver expected equivalent capacity.
Moreover the high capacity of 765-kV can easilyilfeate the efficient and economical
integration of large-scale renewable generatiopepts into the nation’s transmission grid as
projected in the expected generation fuel mix wlid least required right of way (Gutman and
Pugh 2007).

In terms of performance and design efficiency, @olesses in a transmission line decrease as
voltage increases. The implication is that the-K@3ines that uses a higher voltage experiences
the least amount of line losses. Higher transmissfficiency of 765-kV can be attributed
mainly to its higher operating voltage (and thusvdo current flow) and larger thermal
capacity/low resistance compared to lower voltagesl This also allows 765-kV lines to carry
power over significantly longer distances than Ipweltages. With up to six conductors per
phase, 765-kV lines are virtually free of thermakoad risk, even under severe operating
conditions (Dunlop, Gutman and Marchenko 1979).isTimplies that by shifting bulk power
transfers from the under lying lower-voltage trarssion system to the higher-capacity 765-kV
system, overall system losses are reduced significa New 765-kV designs have line losses of
less than one percent, compared to losses as $igB percent on some existing new lines. The
overlay of a 765-kV system allows for both schedwded unscheduled outages of parallel lower

voltage lines without risk of thermal overloadsmmereased congestion.

Looking at costs minimization shows that the use7/©%-kV technology takes advantage of

economies of scale as a typical 765-kV line cogipraimately €3.04 million/Km. For
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equivalent capacity, three 500-kV lines at a cd€709 million/Km or six 330-kV lines at a cost
of €11.06 million/Km would be required. In othepmds, 765-kV construction is only 29% of
the cost of 330-kV and 39% of the cost of 500-kV & comparable system. Furthermore,
utilizing 765-kV will result in a substantial redian in system losses. For example, a loss
reduction of 250 megawatts, equates to saving ahras 200,000 tons of coal, and 500,000
tons of CO2 emissions per annum. Not only tha, &tidition of 765-kV systems relieves the
stress on underlying, lower voltage transmissiostesys, postponing the potential need for
upgrades of these networks. This results in anfdhtisavings for end-use customers over time.

3.4.3 Reducing the candidate lines to a sizeable number
As stated in section 3.3.1, the number of trandomssandidate lines can be enormous and this

affects the number of iterations of the benderougosition and computation power. Hence the
most important lines have to be added and this ddma methodological approach.
The first step in this approach was to select Als$tble Candidates (APC) in order to form a
mesh network with voltage profiles based on theraéntioned criteria. This was then reduced
to All Feasible Lines (AFC) by removing the likeBxcess lines due to environmental or
technical violations. The AFC was reduced to AllocddCandidate (AGC) by retaining only the
lines that achieves the following ranked by atixatess of choice

- Connect one or more buses to avoid islanding

- Reduces overload using the static load flow

- Improves power transfer profile ( considering higheltage profile)
Then from the AGC, all the lines were singly remabte check the one that causes islanding and
about 21 lines were selected calleal With La, the remaining candidate lines from AGEre
used to calculate the first index called candi@ataluation function 1

Candidate Evaluation Function 1 ( CEF1) = z 0C;
i€EL

Where L is the set of candidate lines, ;O€ the Overload capacity which represents the
difference between the limit during normal loadoanditions (LNC) and the available capacity

limit (ACL). The most attractive candidates witiwiest CEF1 that will reduce overloading were

selected and calldd, taking the computing power of available computate consideration.
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Then with Ly and Ly combined, each of the remaining candidates of AGS added and

another index for Free Capacity (FC) was calculated
Candidate Evaluation Function 2 (CEF2) = z FC;
ieL
FC is the free capacity defined as the differdmetsveen available capacity limit and loading at
normal conditions. The candidates with the higl@&sEF2 were selected and callec Then the

final candidates lines are the sum of Lgahd Lc.

3.5 Transmission planning process framework
Transmission planning in a restructured procefferdifrom the centralized environment and

can be divided into transmission investment andstrassion planning (Wu, Zheng and Wen
2006). The relationship between the external datiaces and the TEPES model is shown in
Figure 3.5 modified from (Wu, Zheng and Wen 2006)

Transmission planning with TEPES

Generation planning using . | Generate transmission | Demand Scenarios using IEAE
IEAE MEAD candidates B MESSAGE

Financial Analysis < ,| Power SYSIeIm P on Economic Relaibility
and simulation assessment assessment

h

Final plan for approval by NERC according to the MNigerian grid code

FIGUREO-5 THE TRANSMISSION PLANNING PROCESS

Thus the approach will be to input the demand faseand the generation plans that have been
developed for the different scenarios to enableH&EBetermine the optimal decisions from the
specified candidate lines while recognizing the estainties concerning the generation
expansions and forecasted load growth. In the déatgl regime, the future revenue from the
transmission investments depends on the operatiethad of the system and the financial
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analysis requires a simulation of the future posystem operation. The main issue behind this
plan also depends on a fixed business model whialrésult of the issue paffer

3.6 Alternative scenarios for transmission expansion
The case studies for the Nigerian TEP followedaase studies of demand and supply forecast

by the ECN (hereafter referred to as A, Band C daatforms to the three scenarios of energy
demand and supply growth). Based on the existimgathel and supply scenario, the cases were

designed in two major scenarios

1. The generation was left to follow the current tréraf using the abundance of gas that is
in the country hence concentrating generation enstbuth and eastern part of Nigeria (
case Al, B1 and C1)

2. The generations were distributed to the closesesadth the types of generation ensuing
from the sources of fuels that is closely availabléhe node. This was achieved while
adhering to the future generation fuel mix that wapected by 2030 (case A, B, and C)
making sure generation and demand is balaficed

For each of the cases ( A, B and C), The energplgwgvolution ( see appendix 3) for 2030

less the amount of energy that is supposed to bagable by 2012 was divided across 18
years adding the buffer required for the operatiegerve. Then, it was ensured in the model
input, that at least generators of the resultapbacidy come online every year until 2030.

The value of lost load (VOLL) was pegged at 300@\&h.

Then each of the models was run for different weration in the scenarios by varying
some model parameters that represents uncertaintigge real world. First transportation
model was used, and then DCLF was considered td italadequacy. The contingency in
network was carried out, as well as contingencgeneration while testing the CO2 price
influence in a varying approach as explained inléiber sections. Finally, a combination of

chosen model parameters and CO2 choice was udbd &rsal candidate alternatives. After

2 See appendix 2

*3 The current trend stems from the need to use CGGA double tool — Power generation and to stofflgarg thus encouraging gas plant
locations in the south where the gas abound

34 ;
Including the reserve percentages
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a multi-criteria analysis, decision criteria wengpked to make recommendation for each

likely scenario.
In the above two umbrella scenarios, the follonaisgumption holds.

- No more nodes were created as it was assumedthgtrawth of the cities will be from
the inside out, meaning that the existing nodekreshain the major nodes from now till
2030 and might only need expansion as the citiesvgr This could change but the
changes is not expected to overwhelm 132KV andtsartsmission plans which can ride
on this plan

- For the generation fuel mix, the generator typamdébat each of the nodes were the
according to the fuel type that is closest toaucing fuel transportation cost. This may
invariably affect the unit commitment and may ceedisparity in cost of electricity in the
country at the long run. The generation capac#iesexpected to grow as forecasted.

- The relative Energy non served (ENS) was considerdae in the acceptable level of
15% since almost 40% of the land mass might be egpensive to reach ( like in the
case of Colombi¥) and the demand has been calculated assumingoeeeiip the
country is involved, which is not very possible.

- No hydro reservoir was constructed after LoRd@though it has a relatively very large
amount of water and better flow compared to upsirebhis is because of the dredging
of the river and the poli¢y needs to use it for inland waterways.

- Transmission line candidates at 132KV was relagivahall since it will increase the
number of candidate lines at the detriment to talver of iteration and partly because it
will complement the 330KV for short distances. Moahdidate lines of 132KV are the

HVDC that were recently considered in Nigerian sraission tendéf.

Case A (Reference case scenario)

This is the reference growth scenario with an etque&DP growth of 7% per annum which

considered manufacturing to be the major driverthef growth by 2030 accounting for the

35 .
Colombia reference

* Is the meeting point of river Niger and river Berargl has a higher volume of water and better flow.

37 http://lwww.njtr.org/njtrshighlight_files/Adejare%20%620al.%20V0l%202%281%29.pdf

38 http://tenders.nigeriang.com/federal-governmenties-in-nigeria/pre-qualification-of-contractorg-fgear-201 1-hv-transmission-lines-and-
associated-transmission-substations-at-transmigsiorpany-of-nigeria-tcn/3110/
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overall 15% GDP compared to the 6% of the base. y&saimplication is an expected per capita
electricity consumption rise to 4000kWh/annum fra@0kWh/ annum. This also means that the
average electricity demand growth is about 10.6%nfrthe base year to hit the ultimate
forecasted 119200MW. The Case A is with the fastamh fuel mix while Case Al considered
the current evolution of generation installatiorthe south where there is abundance of gas. The
results of each compared.

Case B (High growth Scenario)

This case is in the expectation of a GDP growthh@% per annum of which the manufacturing
sector will contribute to 22% of its total by 2030his will drive the per capita electricity

consumption to about 5000kWh per annum implyingemand an average electricity demand
growth of about 13.25 % per annum relative to theebyear to reach a total of 192GW by 2030.

Case C (optimistic Growth Scenario)

The expected GDP growth was escalated to 11.5%apeum with the expectation that the
manufacturing sector could contribute to about 28%his growth. Its implication is the increase
in per capita electricity consumption to 6000kWkrf pnnum by 2030 through a relative average
demand growth of 14.73 % per annum that will cuteuta 250GW in 2030.

3.7 Results
The results of the model for each of the casesimedch scenario were analysed using various

approaches which directly or indirectly applied thetput of the model. They include the
evolution of the power non served ( PNS) , thetstamge marginal cost (SRMC) ,the amount
of the lines that were added, the number of ciscigit each voltage level, etc. This will be done

over the planned horizon of 18 years. This is showable 3.4

The first approach was to conduct rough run oé mfodel with only 330KV as the highest
voltage level and with the proposed line layou765KV connecting major bulk generation and
proposed bulk generation point. The result coirgtidéth the theoretical analysis from section
3.4.1. Also it was observed that it was cheapeismsome 765KV, had better reliability and less
candidate lines were used, thus reducing compyiower. Table 3.4 the cases and scenarios

using the proposed 765KV as the highest voltagel lev
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Installed capacity

Cost ( million euros)

Reliability
Cases # Circui )
ircuits | Length (KM) | Investment | systems operation Generation Network
reliability reliability
97 12156 28456 169254 NA NA
Case A1
without expected generation mix CaseB1 103 12765 29212 178112 NA NA
114 12996 29919 181113 NA NA
Case C1
79 10228 27154 91056 NA NA
continous Case A
Without adeqaucy investment CaseB 82 11079 28974 107112 NA NA
decisions + 82 11079 28974 107112 NA NA
Transport Model Case C
) 80 10423 28006 109864 NA NA
Investment Binary Case A
oo investment CaseB 84 11257 28987 116987 NA NA
decisions ¢ 84 11329 29796 116987 NA NA
ase C
69 9762 14901 97322 NA NA
(+) Power (Al
o DCLF p— 71 10748 16083 152147 NA NA
With Case C 78 10061 15741 143634 NA NA
d
adegaucy Case A 63 9755 12024 161090 NA 2672
Network 70 9835 13761 144356 NA 2206
. Contingency CaseB
with expected 71 100632 17473 153112 NA 2712
; 8 (+) Reliability CaselG
generation mix Case A 67 9339 16010 112446 238 NA
Generation CaseB 76 10737 13391 124698 8282 NA
Contingency Case C 74 10848 16095 115176 7904 NA
Case A 75 9528 15845 109238 NA NA
CO2Base 76 10158 15845 109238 NA NA
4€/ton) Gases
( 76 10158 15845 109238 NA NA
Case C
CO2 evolve o 70 9508 18696 112013 NA NA
With €O2 price +DCLF+ (4€/ton+ 1€ CaseB 74 9459 14935 95200 NA NA
Binary Investment decision | CED
_ annua \ Case C 81 11253 23170 100553 NA NA
o 73 10375 22513 145304 NA NA
CO2 extreme 81 11253 23170 100553 NA NA
(25€/ton) CaseB
81 11253 23170 100553 NA NA
Case C
91 12341 17382 102765 6841 NA
. Case A1
combination \A:::::eci)z Gen Reliability CO2Base CaseB1 89 11715 18941 88657 7085 NA
o Case C1 85 10759 19098 104930 7888 NA

TABLE 0-4 RESULTS OF THE CASES FOR EACH SCENARIO

The analysis of the output will start with comparisacross the scenarios (case A against

CaseAl), across the cases (Case A across caseal Biphsh with economic analysis across the

cases for a chosen scenario

3.7.1

Comparison across Scenarios

The assumption that was tested across each ot#mausos is the variation of the government

policy on expected generation fuel mix percentaties) variation of the modeling parameters to

emulate real life situations (adequacy), reliapilaf the network in terms of generation and

network failure and the likely influence of CO2 q&i Most graphs used in this analysis shall

follow the peak period of the weekday since it igo@d representation of the installed capacity

unless indicated otherwise.
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3.7.1.1 Impact of government policy — TEP with and witho&uel mix

Analysis of Case A
The fuel mix was observed, but all adequacy pararsetere neglected

A total length of 10228 km of transmission linesres planned to be added in 18 years which
comprises of 3750km of 765KV of 12 circuits, 52@8 of 330KV in 35 circuits and 1256 km
of 132 KV in 22 circuits (of which 831 km is féfVDC in 13 circuits ). The evolution of
expected line installation showed a need for massivestment in the first year for a forklift
upgrade of a total length of 9673 km. Subsequenttircuit is added in" year, 3 circuits in the
3 and the final circuit in @ year and there was no other investment until $8aHowever, the
usage of the line (line flow) became higher witlotal average capacity usage varying from 40%
to 85% in the first and final year of the plannihgrizon. This showed the need for a fast
response to meet system security requirementsheamdat gradual system optimization follow-up

procedure over the longer term.

LENGTH CCT
765KV 3750 12
330KV 5222 35
132KV AC 425 9
HVDC 831 13
Total number of circuit 69
Total lenghth of circuit 10228

TABLE 0-5 THE CAPACITY INVESTMENT OF CASE A IN THE FUEL MIX SCENARIO

length of lines
12000

10000
3000 F
6000

4000 —

= |ength of lines

2000

L S S S N B e T
yr0 yr2 yrd yrb w8 yrl0 yrd2 yrld yrl6 yrl8

FIGURE 0-6 EXPECTED EVOLUTION OF LINE INSTALLATION FOR CASE A WITH THE FUEL MIX SCENARIO
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Inspection of the evolution of the expected shange marginal cost (SRMC) revealed that it
was relatively on a perpetual decline. In the fyrsar, greater number of nodes had a very high
SRMC (of 1363€) which dropped to 14€ in year 1& (8ppendix 6 for samples). However, one
obvious observation is the cost of electricity axduhe nodes that was close to the Kainji Dam
and Shiroro dam experienced 0 SRMC and this hag tl@asons. First, this is expected because
of the large capacity of the dams and smaller uhis were installed leading to the spilling of
water. Secondly, it has to be remembered that DarfNgeria contribute more than 55% of their
flow for water for irrigation and drinking implyinthat the water spillage can be neglected and
the value of water may not be very important hdfimally, because of the West African
interconnection that could possibly come before@@Mgeria is expected to be a net exporter of
electricity to Benin, Niger and even Cameroun. Tikistrategic to the location of the dams and
even the 765 KV overlay for bulk transfer (at Kebkano and Mambilla). This implies that
additional units can be added to the dams to meehese demandfshence reduction of the

flow to precisely what is used now could be misiegd

On an examination of the evolution of power nontedr(PNS), one could observe a stable and
total reduction in load sheddiffcas the years extend with the convergence of thgeraf PNS

in each period and sub-period and each load lewet L000 MW to less than 100 MW. Even
though the hinterlands could have less connectoihcauld be better done using microgrid, this
planning shows a good expectation. It is also tolbeerved that the percentage of PNS to the

demand decreased from more than 40% of what uriectly now to about less than 3%.

The unit commitment output showed two things- Fidtat relatively not more generators were
committed as the years goes by which is expeateduse of the demand increment, however,
the generators showed more spatial dispersionsatfesed all over the country) that early
implying the contribution of local generatiinEven though in some the scenarios, periods, sub
periods and load levels, there were more generatorenitted in year 1 than year 18, there was

less unserved energy in year 18.

*? Effort to reduce the water spillage by reducing itifeows to the amount that corresponds to the e/akquired for the generator might be
erroneous due to lack of actual data and this doelgpeculation.
0 Load shedding measured as a percentage of poputatibhas to be curtailed due to generation inaaggand this was less than 13% by the
end of the eighteen years

! Confirmed by looking at the locations of the getens
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FIGURE 0-7 GRAPH OF THE EVOLUTION PF POWER NON SERVED FOR PEAK PERIOD FOR ALL LOAD LEVELS FOR CASE B

The deduction consequently is that spatial locatibthe generation means less network loss and
thus more electric power available relative to whengenerators are concentrated to one place.
This also implies that less generation can be tsedeet more demand and more fuel mix is

represented. This can also be observed in the ibapacduction of each generator.

TABLE 0-6 UNIT COMMITMENT OF CASE C IN YEAR 1 TABLE 0-7 UNIT COMMITMENT OF CASE C IN YEAR 18

Analysis of Case Al
The fuel mix was not observed, but all adequacppaters were neglected

The result was that 12156 Km total length of linesvinstalled with a dominance of 6004 km of
765 KV, 5498 Km of 330KV lines and the rest arethe 132 KV voltage level. It was also
observed that the SRMC was declining but relativegher than the values of case A at more

than 45%. Nonetheless, the power non served wasaténg at a minimum rate relative to case
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A and also the power non served at the end of ¥8ds 6 times more. Pockets of high cost in
short term marginal cost was observed in the NBebt region sequel to congestions of
transmission lines and inadequate power served.p&heentage of installed line usage showed
wide disparity of heavy flows for lines in the Sbwnd very little flow for lines in the North
relative to Case A where the flow was almost eveiyributed. The reason can be attributed to
the excess generators that are located in the smatleast because of the abundance of gas and

the ensuing power haulage bottleneck.

Furthermore almost all the candidate circuit froouth to north were added making the total
number of lines to be higher than observed in tee bserving the expected fuel mix, even
though most transmission corridors at the from BaatNorth were congested ( 100 % flow) .

Moreover, even with the higher length and capacsigge of installed 765KV, it is quite difficult

to evacuate the power in the south. This can e 8em the unit commitment of the generators
which showed that while there was un-served enesgyne generators never came online
implying a disincentive to invest more. The meshifighe circuit was less than the observed in
the fuel mix case (case A). There were more georsrat yr 18 than yrl on the contrary to what
was observed in case A and also more capacityeofémerators being used in yr 18 than yrl.
There is more flow in the line in year 18 than ygahowing that the existing lines that were in
use were overloaded due to generation concentrationne area and also , in adequate

transmission lines.

Another scenario that would have been added wasxtension of gas pipelines to the North to
provide level playing field to the agents espegiétr gas thermal plant infrastructure. This was
neglected because, despite the lack of informaticenalyzing the incorporation of the cost of
the gas pipeline, there are other disadvantages.ifidciudes the single point of failure especially
when one loses the major gas pump stations andmbieed cost of having multiple stations.

Furthermore, it could give access to political tailnmaking one geopolitical zone to be the hub
of power generation which could also provide andyliten terrorism appetite. Moreover, it

could not be easily disproved that it limits conmpat for the greener technologies whose

abundance is in the North, hence jeopardizinguh&d generation mix policy.

With these reasons, it becomes apparent to anagsess the scenario that respects the

forecasted generation fuel mix Not only becausthefdisparity that can be seen in the amount
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of lines that evacuated less power, but also inrthestment and system operation cost that was
2.6% and 5.3% more when the fuel mix was not rdspecThe above observed trend also
applies to case B against B1 and C against Clniitasievolution.

price comparison of cases

price € i ) i -
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FIGURE 0-8 PRICE EVOLUTION COMPARISON OF CASES WITH FUEL MIX AND WITHOUT ( CASE A VS Al)

3.7.1.2 With the fuel mix and checking the adequacy of madde
parameters in steps
The case of respecting the fuel mix but ignoring @dequacy of model settings (the parameters

settings that compares the discrete versus contsuovestment decisions and transportation
versus the DC load flow ( DCLF) models of the [ffuavs)

It was observed that for all cases, there was atenmvestment’s when the model ran on

transportation flow model and continuous investnsattings compared to when only the binary
investments and transportation settings was obdefl/he reason can be attributed to the fact
that binary investments takes care of the lumpimégsansmission investment and hence more

lines were installed and consequently more investraed systems operation cost.

However when DCL was used in addition to the binary investmentsiens, it was observed
that the flow pattern changed in the output. Limese more used than when transportation
model (Kirchhoff’'s first law) was used. The implica is that fewer lines were installed in all

cases and the investment and system operationvasstrastically reduced. Nevertheless, the

42 . . .
Was only used in parallel candidate lines
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tradeoff between transmission CAPEX and systematiper OPEX can be a conflicting policy

issue.

On the addition of generation contingency, less lmemof circuits was marginally observed,;
albeit, this was at a cost. The investment costhigiser but the system operation cost was lower
for all cases also. The reasons were that highmbeu of 765KV and 330KV were installed and
the pattern of circuit connection was differentisTinanslated to a slightly higher investment cost
on less number of circuits but lower system operatiost.

The deduction was the need to respect the fuelpwlicy in order to avoid overinvestment,
include the binary settings to take care of lumgsef investments, include DCLF to emulate
the natural flows of electricity and avoid overistrment’s and finally , check the contingencies
to avoid lower operation cost assumptions. Moreotrex evolution of electricity prices for all

the scenarios in the chosen cases (eg case A g@nshAWs that electricity prices are better in all
scenarios when the fuel mix is taken into consit@mathan when the fuel mix is not given that
there is no plan to have a gas pipeline in the tguithis is evident in figure 3.8 below that
shows that wide range in the price for the firstiqukin the first scenario for the peak period in

the week day.

3.7.1.3 Carbon prices, with fuel mix, binary investment dston
and DCLF in the model
The influence of carbon price was added in the fddowing the influence rising awareness of

climate change and the need to include it in plagmven though it might not be observed in the
new Nigerian electricity market and this was daméhe model in three steps: the first was to use
a very low carbon price of 4€/ton call€fiO2 Base then a base of 4€/tom with a 1€/ton
increment per year callédlO2 Evolveand extreme case of 25€/ton cal@@2 extreme

Generally, it was observed that the lower the C@Rie; the lower number of circuit installed
and this is also averagely lower than when COZ2epwas not taken into consideration. The
reason is that more generators were committedtbeeyears in the south because of the gas that
has lower CO2 compared to the coal that is fourtthénNorth. This translates to more lines that

were needed to evacuate power generated in thebgasiant south.
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Incorporating a value for thearbon emissiorfRanging from 4 €/ton to 25€/ton) even though

it favored the production with CCGT that are likédybe located in the south (showed by more
unit commitment of CCGT), the observed variatiorswat far from the model output without
CO2 price. The reason is that the commitment of G&GT was limited by the amount of
transmission corridors that could be instalfetionetheless, there was a variation in the number
of lines that came up (longer in kilometers by ragpnately 2000 Km at the end of year 18
years horizon) when avoiding the fuel mix andatistg most of the generators in the south and
when adhering to the fuel mix and incorporating Q®2es. Thus, the deduction was that the
prices of electricity could most likely be bettehnen the expected generation fuel mix is adhered
to even when CO2 price is added. It was also obskttvat the system operation cost was much

lower which can be likened to the fuel price and2Giice.

3.7.1.4 The implications of transmission planning respecgrthe
expected Generation Mix
Using a transmission planning that respected thecésted generation mix has a lot of

implications in the power system. Despite the rédacin the line capacity, reduction in
transmission bottleneck between the North and thalf reduction in the stranded generation
that has been plaguing the country, some trendeimeigtion fuel use percentage could be
observed.

The first observation is that there is while OCGill dominate the generation from the first to
the 4" year of the planning horizon, it is expected tiatost all fuel mix will be approximately
proportionally used between th& and the & year by which hard coal will dominate up to the
9" year and the generation will be proportionallydiagain with CCGT slightly dominating (see
figure 3.9). The implications of this trend can ipglicative in the fuel stock that can be
encouraged by the government to avoid strategiawetr in fuel sales for the agents. It could
also be observed that even though the nuclear pphlaet could be commissioned, its use might
not be very necessary sequel to the location aneepdemand demographics seconding the

discouragement of its installation despite the laic&xpertise in Nigeria (see table 3.8).

3 Highest carbon price as obtainable in Australia
44 _ . . - . N
This is also because there could be limited rightay for transmission lines
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FIGURE 0-9 FUEL USE OVER THE PLANNING HORIZON TABLE 0-8 THE ENERGY CONTRIBUTION OF EACH FUEL (YR1-YR18)

3.7.2 Comparing across the cases

Comparing across the cases is important in ordendierstand the influence of the demographic
factors like electricity demand growth that indilgshows population growth and the associated
electricity supply growth has on the transmissitanping.

It was observed that in all cases, as the demaadsgrthe capacity of transmission grows
whether the fuel mix was respected or not (comgaaicross case A, B and C). However, in the
case of certain changes like generation contingsnd was observed that at a certain rate of
growth, a diminishing return is experienced aseitdmes cheaper to meet demand with local
generators that are more expensive than to haukipover a longer distance and this is evident
in the lower investment in the case of C (75 lingsn in the case of B (76 lines) found in
generator contingency model run.

Specific analysis of the results of the model whintlicated the tendency of more lines being
installed as the demand increases (i.e. for higeerand scenarios) could be observed to reveal
that in case A the number of circuits in yrl wasa@ ended in yr18 with 69 while in Case C, it
was higher; starting from 76 and ending with 78 RCLF scenario. This implies a longer
transmission corridors in the cases with higheratafs (11253 Km against 9508km from case C
and A respectively in the CO2 extreme). Nonethelssinstallation of circuits does not totally
reflect the massive change in demand. In addittomaore circuit installation, more line flows
were experienced. The lines of Case B, even thdughs a marginal shift in number of circuits
and kilometers from Case A ( 76 ccts against 76w&ld a heavy flow on the lines more than

case A in CO2 base run. Furthermore, it is wortthning that for all the cases, the configuration
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of the circuits that was considered optimal wasthetsam&. The implication of this is that the
unit commitments of the generators are not simalad thus not equally not using the same

generators.
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FIGURE 0-10 INSTALLED CAPACITY EVEOLUTION OF CASE A AGAINST C

The gross implication of the unit commitment tkaties means that an outright comparison of
the SRMC can be a little bit misleading in termsco$t but not utterly useless. The PNS in the
case of CO2 was much lower. But this cannot beyardl without looking at the network

configuration. In as much as less polluting tecbgglwere expected to be more expensive, their
low cost in the case of Nigerian case study isiBagmt only if the analysis is done together with

installed capacity and unit commitment. The reafwnlower cost was understood to be the
higher utilization of Hydro generators and lesslygolg generators that are indicated by more

line reinforcement around the hydro and the gastgla

o Circuits are not additional.
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FIGURE 0-11 PNC OF CASE C AGAINST CASES A

With the introduction of CO2, more generators wasemmitted favouring the generation market
agents while minimizing the cost of electricity haltigh the generators were not in full
utilization. Thus on addition of CO2 , there istmg generator commitment and as the demand

increases, the unit commitment increases too aobd across the cases.

One important deduction here is that at very low2Ggice, the variation of SRMC across the
cases was minimal; implying that uncertainty ircpreffect of CO2 on the power market can be
reduced by using a low CO2 pri€evhich still provides a price signal to investmémthigh
emission generation technologies.

Unit commitment of case C with CO2

Unit commitmment of Case C

6 Which is not really lower than what is obtainalvi¢hie EU now
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unit commitment of Case B with CO2
yris sc01 SAP 0.1 0.0 0.0 0.0 0.1 0.0

yrig sc01 OoMT 0.1 0.0 0.0 0.0 0.0 0.0
yris sc01 OBJ 0.2 0.1 0.2 0.2 0.2 0.2
yrig sc01 CGT1 0.5 0.5 0.5 0.5 0.5 0.5
yrig sc01 SNG2 0.1 0.1 0.1 0.1 0.1 0.1
yris sc01 NUP2 0.1 0.0 0.0 0.0 0.1 0.0
yrig sc01 CoallM 0.1 0.1 0.1 0.1 0.2 0.1
yris sc01 CoalkG 0.2 0.0 0.1 0.1 0.2 0.1
yrig sc01 CoalDLT 0.3 0.2 0.3 0.3 0.4 0.3
yrig sc01 CoalPLT 0.2 0.1 0.2 0.2 0.2 0.2
yris sc01 CoalANB 0.5 0.2 0.4 0.4 0.5 0.4
yrig sc01 CoalAB 0.2 0.3 0.2 0.2 0.3 0.2
yris sc01 GasLAG2 0.1 0.1 0.1 0.1 0.1 0.1
yrig sc01 GasLAG3 0.1 0.0 0.0 0.0 0.1 0.0
yrig sc01 GasLAG4 0.1 0.0 0.0 0.0 0.1 0.0
yris sc01 BRNcoal3 0.2 0.1 0.1 0.1 0.1 0.1
yrig sc01 YBcoal2 0.2 0.2 0.2 0.2 0.2 0.2
yris sc01 JGW Coal2 0.5 0.3 0.5 0.4 0.5 0.4
yris sc01 ZMFcoal3 0.1 0.0 0.1 0.0 0.1 0.0
yrig sc01 SKTcoal3 0.2 0.1 0.2 0.1 0.2 0.1

TABLE 0-9 UNIT COMMITMENT TABLES SHOWING VARIATION WITHIN AND ACROSS THE CASES FOR CO2

3.8 Adequacy of the solution
With the fuel mix respected, the adequacy of thetmm was tested in stages. First was the

comparison othe investment decisioms which the decisions were left as continuousaides
and then set as discrete variables and the resascompared in terms of investment outputs,
operation influence and the economic factors. la thvestment factors, there were less
transmission corridors when the investment decssiam@ continuous and this was expected as
you can have 1.5 lines which are not possible al liée). Consequently, numbers of circuits
were generally lower across the three cases. instef time of installation, the time was more
spread in the continuous decision than investmenistns making the need for quick forklift
line installations to appear less succinct. Lookaht¢he economic indicators, the total investment
cost in all cases for discrete investment decisias more than the total investment cost for
continuous investment decisions. The variation matsmore than 12% (as experienced in case
C). The operation cost followed suit. Despite tbeputer resources required to run the model, it
is obvious that this deviation is not large enoughignore the use of discrete investment
decisions that represents the real life situation.

The next approach was to analyse the modelingexfigtwork flowin which the transportation
model was used on the candidate lines and then b&cLflow (DCLF) was then used to check
its adequacy. Also in terms of investment decisittiwas also observed that the transportation
model has some circuit deviations from the DCLH@# across the cases (underinvestment).

This grossly reflected on the economic factor (steeent cost and operation costs) and the
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reliability factors (generation reliability costpé the values were lower. The direct deduction is

the need to respect the real life emulation ofrtéisvork flow which favours DCLF.

Further, adequacy in thesliability of the expansion plamwf the approach was checked in

generation and network contingency and the resahisbe seen in table 3.4.

3.9Final TEP alternative solution
From the analysis of the various options that wewasidered in the model and the likely

uncertainty factors that could be varied acrosscses, with changes in the scenaribs;final
scenario for the alternatives cases chosen wa®tapare case A, B and C respecting the fuel
mix, with binary investment solution, using DCLFdageneration or network contingency and
all these applied with a CO2 decision of at leastéiton (showed in leaf green colour in the

table 3.4). The reasons are as follows

- respecting the expected generation mix policferefl cheaper investment and system
operation cost which is due to less installed c#gpa€ongestion cost is equally reduced and

network reliability stands a better chance of hgJass cost.

- The choice of DCLF was as a result of sizeablegmal deviation from the transportation
model counterpart and on the other hand bettereseptation of the system as a whole

(especially to avoid then overinvestment that waseoved).

- The network and generation contingency serves aensitivity test to the TEP fragility

exposure and to check how robust the model was.

- Then the CO2 price showed no deviation in sysasch investment operation cost for all the
cases in CO2BASE with little deviation in CO2 exrtie and high deviations in CO2evolve in
terms of investment and systems operation cosh Wihost the same number of lines installed,
it became apparent that adding a CO2 price of 4ékdl not add so much variation in the

planning but sensitive enough to make the plan awérthe CO2 price especially for a non

Annex A country in the Kyoto protocol of which Nigg is.

Given these final cases based on the stated reakapter 4 assess the alternative (hereafter
referred to as caséAB' and C) using developed metrics from literatures to chibekvariability

in the cases and if there is, choose one as a mgadm
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CHAPTER 4

4 EVALUATING TRANSMISSION PLANNING ALTERNATIVES

The expectations of transmission expansion planmhdNigeria are not far from what is
generically obtainable-reliable network, efficiemnd cost effective connection of new
generators. The grid code of Nigeria laid downhibaeic rudiments of the transmission planning
in Nigeria of which the transmission expansion plag is a major part in section 3 of the code.
(NERC 2010). The requirements are explained irPfla@ning code whose aim is to provide the
guidelines and address the requirements for thee@yS®perator to perform long-term expansion
planning of the Nigerian Transmission System foryg&rs and reviewed at least once every 3
years. The reasons for TEP shall involve the reagiment or extension of the network, which
should include but not limited to the consideratimincandidate generation expansions, the
introduction of a new substation or the modificatmf an existing substation and the changing
requirements for electricity transmission faciltidue to changes in factors such as Demand,

Generation, technology Reliability requirementsi/anenvironmental requiremefts

Even though this work may not address all theseessit should be close to most of these
challenges that is posed by the grid code. Additign knowing that in deregulated electric
power sector, that investment and operation dewsio generation are market driven, the

consideration of economic criteria is very esséntia

4.1 Assessment of transmission expansion alter natives
In the former vertically integrated Nigerian powsystems, the reliability of the lines at

minimum investment cost would have been the maotofr for the assessment of the expansion
planning alternatives (Miao, ZhaoYang and Tapan KW2005). However, with the advent of
restructuring that is followed by deregulation, ttentext is changed as variety of actors get
involved (P. Maghouli, S. H. Hosseini, et al. 2009he new market objectives of the
transmission expansion planning has now beenor¢gll towards maintenance of system
reliability and security standards, sticking to teevironmental impact assessment and the

improvement of economic performance or electriciharket competition. (Hesamzadeh,

v Also the grid code expected that The long termaegmn plan shall use at least the long term Dentorecast (10 years) for the
Transmission taking the refurbishment plan toaeplageing and the report is also expected todechections that will address long-term
demand forecast, long-term generation adequacygdste long-term transmission network adequacgc@st, long-term zonal supply and
demand margin, long-term statutory outage plantrémsmission infrastructure long-term refuhbbient plan, alternatives (Identification and
Analysis); capital program; and financial matien. (Nigerian grid code section 3.15). this wasen care of in model input
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Hosseinzadeh and Wolfs 2008). Most times it is mmoended and ideal that a cost benefit
analysis (CBA) be carried out on each transmis®gpansion because the importance of
identification and quantification of the positivecanegative economic impacts on the short and
long run. (TEAM 2004). One major benefit of the CBATEP as a requirement is its efficacy in

addressing the impact of transmission expansiomnpglg on increasing user’'s access of
generation and demand, creating incentives for geweration investment and on market

competition.

Assessment of impacts can also be based on ecomutices and reliability indices. These are
incorporated into TEPES as a part of the outputlvhises the N-1 criteria as afro mentioned.
Also there are generation contingency indices. Hawvéhe economic assessment cannot rely on
investment and operation cost alone especially mudti-actor environment with conflicting
actor choices. Other important indices categoriasdcompetitiveness, customer choice and
efficiency indices below, could be very essentiald acomplementary (Hesamzadeh,
Hosseinzadeh and Wolfs 2008). Consequently, a praggessment of the expansion could be

best done following figure 4.1 and is applied fioiaf chosen cases.

TRANSMISSION EXPANSION ALTERNATIVES
(CASE A, CASE B, CASE C)

I

SHORT TERM INDICES LONG-TERM INDICES

ELECTRICITY PRICE |
SACERIS DT —> 3 ECONOMIC CONTINGENCY COSTOMER < EEIUCRRIELLEC]

COMPETITIVENESS FREEDOM OF
EFFICIENCY VALUE CHOICE

MAIN INDICES

QUALITY OF SERVICE

.

FORWARD
CONTRACTING

.

‘ MONETRY VALUE OF TRANSMISSION EXPANSION PROJECT ‘

ANCILLARY INDICES

NET REVENUE AND
MARKET ENTRY

FIGURE 0-1 ASSESSM ENT OF TRANSMISSION EXPANSION PROJECT
This reason of the framework in figure 4.1 is tthet candidate TEP projects have to be justified,
not only on the long term but also on its shomntémplications. This justification can be seen in
form of main indices and the ancillary indices ténms of long term, the main indices include

the economic efficiency, the competitiveness inicg the indicators for contingency values
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and the customer freedom of choice indicators. l@nshort term, the cost of electricity and the
quality of service are the major indicators. Thesain indicators are affected by the
uncertainties in the factors that are used for riegl@ priori and by network effea posteriori

This analysis will be focused on the main indiced the ancillary indices will be applied in the
policy recommendation. Also having in mind that idem making in the power system is
affected by network of actors which could invanablffect the results, this analysis could be

understood to be contextually bounded.

41.1 Main indices
This includes the short term indices and the l@mmtindices.

4.1.1.1 The short term indices
The short term indices will be focused on the eleity prices evolution and the quality of
services.
The electricity price evolution
Comparing across the alternatives in terms of tstesm marginal prices showed that they
border across the same range with different pramketé® (case A, B* and C). Analysis of the
mean electric pri¢é for case C1 (for all scenarios, for peak weekddpwed a decrease from a
mean of 3568 to 50 Euros. While comparing across#ses for year 18 showed that case C has

a higher mean electricity price for all scenarfos peak weekday.

N Range Minimum [ Maximum Mean Std. Deviation Variance
CYR1price 408 | 17483.00 .00| 17483.00| |3568.5613 5073.72159 2.574E7
CYR18price 408 | 13636.00 .00| 13636.00 50.9534 674.27332| 454644.516
Valid N (listwise) 408

TABLE 0-1 VARIATION OF MEAN ELECTRICITY PRICE FOR CASE C’

*® Prices pockets occurs in clusters of 0 to 39 Ewiitisan outlier of 13636 Euros for all the cases
49 .
Using SPSS
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N Minimum Maximum Mean Std. Deviation

CYR1price 408 .00 17483.00 3568.5613 5073.72159
CYR18price 408 .00 13636.00 508.2819 2424.52493
BYR1price 408 .00 13636.00 2808.2941 4608.90225
BYR18price 408 .00 13636.00 51.4289 674.25249
AYR1price 408 .00 13636.00 322.6005 1790.48117
AYR18price 408 .00 41.00 9191 5.45032
Valid N (listwise) 408

TABLE 0-2 VARIATION OF MEAN ELECTRICITY PRICES ACROSS THE 18 YEARS FOR ALL CASES

Quality of service
The quality of service in transmission network tenseen from different perspectives of which

they could be broadly classified into regulatoryd aechnical. In technical perspective, the
distribution takes the largest chunk of the issfiguality of servicd’. However, some portion

can be attributed to the transmission network.him dutput of TEPES, this can be checked by
two means which are- the energy non-served (EN8)th@ congestion rate (number of lines

with above to 90 % usage).
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FIGURE 0-2 VARIATION OF ENERGY NON SERVED FOR ALL THE CASES

This was carried out for both contingency condsi@md non-contingency conditions. In the non
contingency conditions, for the three scenariosjas observed that ENS was lower in the case
A with lower demand but they all converged to tlane point by the end of 18 years. In
checking the contingency conditions, two approachese used in TEPES. One was the use of
generator contingency conditions (which considaes EFOR of the generators) and the other
was the consideration of the network contingencyddmns (N-1 criteria) and a few
observations were made. Nonetheless the casé was better even though the rate of decline in

c! was higher.

%90 % Losses and failures in electric system is attributed to distribution network
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The first observation was that in generator comtimay, the reservoir storage reduced implying
the need for the hydro generators and the ratechfation corresponded to the demand rate thus
lower in AL, This also can be attributed to the higher usdgken765 KV transmission corridors

as it was observed that they experienced heawessfhs the demand increases observed in case
C'. More generators were also committed justifying mleed to have more generation capacity as
the demand increases. The pattern of unit commitiwiethe generators was also different from

the cases as the network configuration differs.

FIGURE 0-3 CONGESTION ON THE 765KVORDO OF CASE C*

4.1.1.2 Long term indices
The long term indices that will be used to compaee alternative plans include the economic
efficiency, the competitiveness, the contingencliues and customer freedom of choice. The
first three can be directly or indirectly measufeaim the model while the last one is highly
gualitative and subjective.
Economic efficiency
The economic efficiency can be analysed throughrthestment cost and the system operation
cost of the alternative plans. This is shown indah3 that the investment cost increased as the
demand increases but the system operation costndid due to transmission network
configuration that is not identical hence, a upinenitment that is not the same.
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Economic efficiency ( million €)

investment cost systems operation cost
CASEA1 17382 102765
CASEB1 18941 ( 88657
CASEC1 19098 104930

TABLE 0-3 ECONOMIC EFFICIENCY OF THE TRANSMISSION EXPANSION ALTERNATIVES

Contingency values
This can be analysed from the perspective of gépnarand network contingency. Looking at

the generation contingency of the cases, it casbigerved in table 4.4 that the contingency value
does not depend on the demand growth but can hented by the generators unit commitment
which is indirectly determined by the fuel mix a@®2 price that was added. This is evident

case B1 that is higher than case C1 in terms qgfaaimeters but was less in all other scenarios

contingency value ( million €)

Generation reliability cost network reliability cost

CASE A' 238 2672
CASEB' 8282 2206
CASEC' 7904 2712

TABLE 0-4 CONTINGENCY COST OF EACH CASE

Competitiveness
This can be measured from many factors or theirbioation. First, the distribution of the

electricity prices within the country at the endtbé 18 yrs (number of different SRMC), the
evolution of the mean electricity prices over trearg' (mean variance between the average
price from yrl and yr 18), the level of congesttbat is experienced in the lines (percentage of
lines with more than 80%usage at the end of the yr18).

The mean reduction in electric prices of the axrb® cases showed that it was progressive
which is a good development with the plans as shoviigure 4.4

> This is on assumption that regulated tariff wilppprior to stability in the market when nodalggishall be used
> Nigerian Grid code stipulated that a transmissiomidor is congested if the corridor is experieigc80% usage
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FIGURE 0-4 MEAN REDUCTION OF ELECTRICTY PRICE ACROSS THE YEAR.

The mean variance of electricity over the yearsngtban expected progressive reduction in
electric prices due to the forklift transmissioneliupgrade and progressive optimization of the
lines through this plan. This was calculated as

Ntotal

WhereSRMCyg,_, is the average SRMC for all the nodes and allaoes for year n,

Analysis of competition for the transmission altgimes can be seen as a snapshot in table 4.5

competition

. ercentage o

. Mean variance of the p ) ge of

Number of different L lines with no of
average electricity

SRMC . congestion lines
prices
more than 80%
CASEA1 25 106.9 74% 67
CASEB1 26 135.3 54% 48
CASEC1 32 180 56% 48

TABLE 0-5 COMPETITION MEASURES FOR THE CANDIDATE TRANSMISSION LINES

4.1.2 Decision making for transmission expansion planning
alternatives
The issue of choosing an alternative Long termsirdssion planning is a decision making

process under uncertainty due to lack of knowleafgbe probability of the states (demographic
factors and drivers of TEP). Hence the choice td@rahtives between these three scenarios can
be largely based on the decisions’ makers’ attitiodeards life. In order to aid this decision
making process, two conservative approaches wilkb&uated- the pessimistic approach (
maximin) and the opportunistic approach (minimak)e aggressive approach of maximax is

neglected due to the fact that it was mostly fatanto the demand forecast and mostly because
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a pessimistic and conservative approach is ustdsrevaluation. The payoff table that was used

was from the transmission assessment factors tbeet 1.

4.1.2.1 Maximin criterion
This decision approach fits the conservative aedpssimistic decision maker guaranteeing the

minimum payoff for the conservative where a pessinexpects the worst possible result to
occur.

Payoff table

System Gen Network # of Mean variance percentage
Investement . s e . . . -
cost operation Reliability reliability different of Average of lines with Minimum
Cost Cost Cost SRMC Electricty price congestion
Case A 17382 102765 238 2672 25 106.9 74 25
CaseB 18941 88657 8282 2206 26 135.3 54 26
19098 104930 7904 2712 32 180 56 32
Maximum
Payoff 32

Maximin

decision

This decision criterion showed that it is most @mative to expand the Nigerian transmission
network considering the optimistic generation péthe ECN, hence case C.

4.1.2.2 Minimax Criterion
This criterion is an opportunistic approach in evhthe “lost opportunity or regret” incurred by

failing to carry out the best alternative transhaissplan is used as the evaluation factor. The
regret table was built from the payoff table in efhthe regret for each decision alternative is the
difference between the payoff value and the comedimg best pay off value. Then the

maximum regret was calculated and the best deciomesponds to the alternative that has the

minimum of these maximum regrets and this is alasedC

Regret Table

System Gen Network # of Mean variance percentage
Investement A N L ] ) ! 5
cost operation Reliability reliability different of Average of lines with Maximum
Cost Cost Cost SRMC Electricty price congestion
Case A 1716 2165 8044 40 7 73.1 0 8044
Case B 157 16273 0 506 6 44.7 20 16273
0 0 378 0 0 0 18 378
MiniMax
regret 378
payoff

MiniMax
regret

72



Thus it can be concluded that a conservative dppistic and conservative pessimistic

approach both favours the final case of C. Congatuéhe transmission expansion of Nigeria

should take care of the optimistic generation amppk/ forecast and includes a CO2 policy

while obliging itself to the policy layout of thexgected generation mix. This has been carried
out in this work.

4.2 Policy issues of transmission expansion in Nigeria
Even though the transmission expansion serves -soapnomic and technical challenges, it

policy implication is mostly socio-economic thattechnically constrained. The transmission
expansion is normally expected to be social welfareximizing however in deregulated power
system, its underlying assumption that side paymantl charges may efficiently distribute the
social gains among the market agents might not bhetduse welfare transfer will be unfeasible
or mostly subject to imperfection meaning thatwedfare maximization objective might not be

Pareto optimal. This counterintuitive results cattdr be explained by the economic theory of
“second best” that suggest that when more thanntamiet imperfectior occurs, correction of

the one imperfection might not be pareto optimal.

Furthermore, the alternative objectives and s¢esaf the transmission expansion can produce
conflicting results between maximization of soailfare, maximization of producer surplus,

maximization of consumer surplus and minimizatidtooal power. Comparing across the cases,
this can be seen in table 4.4 in which the cdseaB a higher reliability cost compared to caSe C
but lower values in competition values of table. Ao this effect can be seen when compared

across the scenarios.

The conflict within these results can become clebyethe differentiation of the two economic
effects of transmission expansion- the competigfiect and the substitution effect. While the
competition effect encourages the competition amdhg generators which is welfare
maximizing, it can cause substitution effect forsérg generator by its introduction of newer
cheaper generation posing threat to older genaratoestment, which is undoubtfully welfare
minimizing (Leautier 2001). Thus it is possiblathhe transmission plan that minimizes the

local market power of generation firms (lower nunsbef different SRMC) may differ from the

>* Social welfare is very difficult to define but feimplicity is considered to the net of consumer pratiucers surplus.
> The market imperfection in transmission expansimiudes the monopoly, the connectivity problem, &égents in the market etc
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expansion plan that maximizes welfare (lower investt and system operation cost) and vice
versa (Sauma and Oren 2007). Therefore, the pwofiplications will be better seen in terms of
investment, access and pricing although sometirygerm modernization and reliability can be

added which will generally explain the ancillargices of figure 4.1.

4.2.1 Regulation and Policy Challenges in transmission expansion
planning
It is obvious that the optimal transmission expanglan is dependent on the objective that was

applied, which in most deregulated electricity keatike the current Nigeria electricity market,
the multi-actor environment will imply conflictingbjectives that is dynamic. Hence a TEP that
totally eliminates network congestion might nottbe best decision even when the investment

cost is not a constraint.

It can also be observed that the optimal TEP idlfiigensitive to the demand and supply
parameters. The repercussion is that the costtisteuof generators which is an assumpti@an
greatly alter market expectation. The consequesitieat a proper generation expansion plan of
Nigeria that assumes a uniform stochasticity toTE® is essential for the total acceptance of
this work.

Furthermore, the distributional effect of TEP sugjgehat a Pareto optimal decision may not be
welfare maximizing, hence the design effect of $raission investment on the access and
pricing regulation should be perfectly adapteditahle long term and short term expectation of
NERC while not distorting the market policy.

4.2.2 Regulatory recommendations for transmission planning
The socio- economic aspects transmission is &y@sues that is mostly regulatory and this

greatly affect the net revenue of the electricitgrket, the rate of market entry and other issues
like forward contracting and auctions in the marked ensure that this transmission plan can

hold, the following policy suggestions are recomdsion

> Determined mostly by fuel cost and is static irs tmodel while in real life is very volatile
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4.2.2.1 - investment
Transmission planning Objectives

The objective of the planning should be re-focusexstly on have a healthy generation mix of
which renewable will play a major role to ensurstainability and technology trajectory follow-
up on the long term. This has been adopted inplais. The advantages is not only that a lower
cost can be experienced as observed from the @alyg given the cosmopolitan nature of
Nigeria, a healthy fuel mix will favour the reg@npower development knowing that primary
energy sources is scattered all over the countrgnTon the short term, the plan should focus on
congestion relief and the midterm focused on rditglenhancement.

Scope of the Authority of the planning processes

The transmission planning would be better if dawenfthe federal to the state levels (top-down
approach) by the TCN due to its natural monopolyma .However a hybrid can be allowed to
interconnect regions that are not in the budgethef state due to some limitations that the
regions can afford to cover especially for socialposes like connecting local villages that are
in the hinterlands. A competition agency shouldrstituted to help foster competition between
the generation expansion energy market and the TCN

Scope of planning process

The scope of the planning process should not nagssxtend beyond transmission planning
but should be harmonized in time and space withddreand response plans, distributed power

generation plans of other sections of the miniatrgl other regulatory development.

Preferential treatment

Preferential treatments that could distort thagnaission planning like the federal permit option
should be avoided to ensure that the planning pe@an have a realistic scheme for its
management justified by performance except in dages where time of consideration may be

an issue.

Authority

The transmission planning should be viewed fromrtagonal perspective with the sole power
given to the TCN as an independent system operBis.is essential to avoid separation of the

reliability of the transmission system from the ngmission construction. However, the
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transmission system construction time and pernatikhbe accelerated by federal jurisdiction to
avoid delays that can fault transmission plans.

4.2.2.2 Transmission line Funding and cost allocation
Building the developed transmissions lines can @b 19 billion Euros depending on the case

that was adopted and this raises a contentioussssuine funding and cost allocations.

Funding and cost allocations

The transmission line should be funded by the TG whould be independent. However, prior
to this, a healthy regulation on cost recovery #hdae in place to ensure fast and reliable cost
recovery. The current multi-year tariff order (MYT@hat is in place is an RPI-X that is
reviewed every two yearS. The procedure could be better if the time fraimeaeviewed
especially borrowing a leaf from the OFGEM of URSO modef’.

In terms of cost allocation, this should be on editysof which average participation is currently
the best approach. Deep connection cost shoulgplesd to the generators that locate to places
more than the prescribed capacity and shallow adiore charge shall be applied otherwise.
Even though this could sound discriminatory, it d@ncounterbalanced by land permit that is

limited by time to avoid seizure of good generatocstions sites and associated market power.

*® NERC MYTO- put reference
> OFGEM has developed a new model-RIIO that allowsrfioovation in the RPI-X regulation of natural nopoly
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CHAPTER 5

5 CONCLUSION

Nigeria has restructured her power sector and wmelgsstarted deregulating it. This implies a
change in the method of planning from centralizedi¢centralize planning. It is obvious that
planning is very essential and helpful in almo#t émtire value chain of the power sector and
this was vividly shown in the generation and dem#éoreécast that was earlier carried out by

ECN of Nigeria which was an essential input to thesk.

Even though there has been a plan has laid outaacped generation fuel mix up till year 2030
that is expected to satisfy this forecasted demandree scenarios due to the abundance of the
natural resources, however there has not beeniad Mg term plan on transmission of this
energy from generation centers to demand pointa éveugh transmission has been a major

factor contributing to the current load sheddinat tls experienced in Nigeria.

The need to make a long term plan that will transgius power to the demand points while
respecting the forecasted the generation fuel sithé major aim of this project. A systems
approach was used since it is obvious that in @mtealized power sector, it is necessary to
adopt a network decision making approach to sassffyulti-actor issue of which transmission
planning was one .This plan is expected to seniadisative, mitigating the risk of investors in

locating generators while serving the main purpaisdynamically determining the investment
and operation cost over the years while taking adreeliability both in networks and in

generation.

Given the challenge for a transmission expansi@nmphg that could follow the identified

generation and demand growth trend, it was obvibas a long term dynamic approach is the
most appropriate, although it is not common fosoes enumerated. In line with that, this work
used TEPES, a novel dynamic optimization transmissiodel developed in IIT which did not

only gave the yearly optimal investment plan aralithplied cost but the associated operational
procedures based on operational and reliabilityditmms that were specified. It is not expected
that this will be a prediction rather indicate thmugh estimated expected investment and

operation cost for the government and private sectddaving reckoned that the reliability of
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this TEP output depends on the reliability of thput (i.e. the demand and expected generation
evolution), keen efforts were made to reduce thereto the least achievable minimum.

Afterwards, it was observed that the planned 765¢érlay supergrid is a very welcome

approach to bulk power transfer which is appararg tb the nature of the abundance and
distribution of primary energy sources and the etguk demographic factors evolution

especially population and industrial growth. Howgva some scenarios, the adopted network
configuration might not be optimal. It was alsogatic that continued transmission at 330 KV
will not be economical and environmental friendlydathat transmission at HVYDC was also

needed for likely direct connection to areas inalfilows might need to be easily controlled for
the stated reasons. The number of required trassmidines in Kilometers was decreasing as
the year’s increase, the interconnection increatsmlwhile none served energy sharply declined
lower than the targeted value.

Having justified the transmission expansion plagrnio be technical, economic and regulatory
issues that are intertwined; the economic bottlenaas approached using a suggestive
regulatory design to support this transmission egm planning in other to boost the
confidence of all stakeholders.

A detailed analysis and continuous forward revibat is inclusive is necessary to assure the
stakeholders of security of investment.

5.1 Contributions of this project
This project developed a tactical transmission pieat leveraged on the forecasted demand and
supply scenarios that were already in place togdeai relatively detailed dynamic long term

transmission plan for deregulated electric sectd¥igeria up to year 2030.

The plan was also analysed under network and ggoercontingency using the available load
and generation scenarios. Fictitious generatore wieed corresponding to the generation fuel
mix that was forecasted yielding an indicative piag of the likely location of generators in the

near future to fulfill the expected fuel mix.

This plan also confirmed the need to respect ¥pe@ed generation fuel mix showing that it

will be better off not only in terms of natural eesce utilization but also in terms of reducing the
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generation/ transmission bottleneck, foster coripatin generation and reduce electricity price.

It will also be beneficial in reducing the totalst@f investment in transmission.

Regulatory suggestions on transmission issues Veensulated both from the perspective of

indicative planning and the perspective of sustamalectric power system.

5.2 Suggestions for further work
There is a need to carry out a good Reactive p@wpansion planning in order to support this

TEP especially to control the flows.

Also environmental studies are essential to make #hose accurate kilometres of the line were

used and that the line does not cross conseevateas and validate the cost that was suggested.

There is a need for indebt study on the incentikas will promote renewable generation so that
the Northern part of the country can have elegyriat almost the same price as the south and

reduce the cost of transmission lines. This wébaleinforce the plan that has been carried out.

There is also a need to study the implicationafitng a gas transmission network not only for
the generation industry but also for the economye Tmplications could be that this could
relocate some of the gas generators to the Nortle vghill maintaining the fuel mix hence

reducing the cost of electricity.
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APPENDICES

Al. APPENDIX 1
Nigerian Electric Power Transmission Data

The following data has been taken into considematiothe long term expansion planning that
was carried out using the TEPES Model. Most of tiwegne gotten form the TCN of Nigeria and
this data is valid as at December 2011.

Al.1 Transmission system Capacity

MAXIMUM VOLTAGE 330KV PEAK DEMAND FORECAST 8,080MW

STATUTORY LIMITS 313.5KV - 346.5KV GENERATION CAPABILITY et
PEAK GENERATION 4,162MW

NOMINAL FREQUENCY 50HZ MAXIMUM INSTALLED CAPACITY 5,482MW

STATUTORY LIMITS 49.75HZ - 50.25HZ MAXIMUM ENERGY GENERATED 93,224MWH

Table Al.1 Statutory Limits Table Al.2 Expected Capacity

# Parameters Qty

1 Capacity 330/132kV (MVA) 7,044

2 Capacity 132/33kV (MVA) 9,852

3 Number of 330kV Substations 28

4 Number of 132kV Substations 119

5 Total Number of 330kV circuits 60

6 Total Number of 132kV circuits 153

7 Length of 330kV lines (kM) 5,650

8 Length of 132kV lines (kM) 6,687

9 National Control Centre 1

10 Supplementary National Control Centre 1

11 Regional Control Centres 2

Table A1.3 Transmission system statistics

Presently the Grid consists of 5,650km of 330 kahsmission lines and 6,687km of 132kV
transmission lines, all in AC without any HVDC. Alghere are 28 numbers of 330/132kV
Substations with total capacity at 7044 MVA and hi@nbers of 132/33/11kV substations with
total capacity at 9852 MVA. This is expected to guee evacuation capability of above
5,000MW on 330kV and 8,000MW on 132kV network. Mearie the peak generation stands at
4,162.2 as at end of January 2012.

A.1.2 Major current challenges and associated Policy

The major challenges that the Nigeria transmissietwvork has been experiencinglie radial
grid structure, mostly single 330KV Circuiteandno EHV networksconcentrated generation
due to availability of gas in the soudnd eastern part of the country that led to strahde
generation capacity on the eastern netwdiknce evacuation of power is the most imminent in
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the power planning agenda and in the effort to esadhis bottleneck of power evacuation, the
table below shows the next planned effort and thedlebe taken into consideration in the
candidate lines selection.

1. EVACUATION OF |

STRANDED
GENERATED POWER

A

TO EVACUATE \ p
B NIPP’S ALAOJI

CAPACITY PLANT AND
REDUCE
FROM AFAM
STRANDED
ALACUIL AN CAPACITY AT
OKPAIPOWER

TO EVACUATE IMPROVE

GENERATION LOCAL
CONSUMPTIO

STATIONS ALAOJI

BiEILIJ\IRNEORTH REINFORCEMENT OF
— = SUBSTATIONSLIKE
OSHOGBO ALAOJI, AFAM,

330KV & ONITSHA ,ABA, UYO

e.t.c

Figure A1.1 Current Stranded Power evacuation polic

Expanding this issue, the picture below shows #stezn zone and the necessary candidate line
that will be coming up for Lheaso_le purpose of ppexacuation.
*M’ e Mahkurdi

AJADKUTA I(
= MARURD (5
BENUE

em. ATLANTIC OCEAN

Figure A1.2 Stranded part of Eastern network

The existing 330KV with the number of circuits fssvn below
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EXISTING EASTERN 330KV TCN NETWORK

New Haven Alaoji
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I 330KV Existing Network

Aladja

Figure A1.3 Congested eastern Transmission cogidor

The highlighted areas showed the corridors thatangested anchayneed reinforcement. Also
noting the line reinforcement may not be the sohutto the problem, but may relocate the
bottlenecks, the process of strengthening is acaamred by expansion that will span from now
till 2014 and is depicted in the following diagram.

EASTERN 330KV TCN NETWORK DEC. 2012

New Haven Alaoji

Okpai Total () () — @
@ \ \ - Is\\‘ alahsr
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a

N 330KV Network by 2012

Bl Existing 132KV Network
Bl On-going 330KV Network

Figure Al1.4 Expected expansion and reinforcemerdiy

Aladja

A1.1.3 Transmission development
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There is no detailed long term plan that spans d%eyears, rather work has commenced on
statutory “TCN'’s Transmission Development Planttisaassumed to guide future development
of the Transmission infrastructure. The developmaah is expected to be implemented in
phases of 10,000MW evacuation plan, followed by H0QOMW evacuation plan and
20,000MW evacuation plan. It is more inclined tatgtics than optimization approach.

The 10,000MW Plan has been finalized for implemimta The next evacuation plan is the
15,000MW of which the introduction of the superdgfY65 KV) is envisaged in the evacuation
plan. Super grid is considered due to concentraifddIPP power stations in the south and the
need for evacuation of power to the northern pérthe country will be beneficial with the
introduction of the super grid. Another importarafesuper grid is the meshing of the network
and thus enhanced system wide voltage, espeaiethei northern parts of the network.

REPUBLIC
OF BENIN

{
/_.l REFUEBLIC
[ OFCAMEROON

\
b

Al.1.4 West African Power pool

The West African power pool is an essential compbnethe power planning even though the
issue of coupling will also be considered. HoweWigeria being the largest country in west
Africa in terms of population and economy will benoected to other countries that will make
Nigeria a net importer. The magnitude of power ek@md the point of connection shall be
considered in the design of the interconnection.
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A2. APPENDIX 2

Issue paper for Nigeria transmission plan
A2.1 summary

The issue paper contains a proposal for conductingtudy on the transmission network of Nigeria rafte
liberalization. The focus is on the capacity of tetwork, its inability to wheel as much power asduced now and
the main issue that borders the Nigerian transomseetwork after deregulation. Hence the objeciivéo study
what is needed to have a sustainable and scalesientission grid in Nigeria that will not only haemough
capacity to transfer produced power but providemiwes for proper electric sector growth.

In order to delineate this problem to a specifiojhem statement, so that a proper research metbgylaln be
applied, there is a need for a multi-actor approach

System delineation

Using thesystem diagraimthe various criteria were developed that was fthenperspective of a problem owner
who is the TCN of Nigeria. Then because of these@cionomic factors that affect this technologicalgtem, there
was a need to find out how they interrelate witbheather.

In the bid to achieve that, the system was diviidéal its component viz the environmental, technaal political
and economic subsystems .The various externalrfatiat affect the current boundary context wenenegted to
the various subsystems and the relationship betweersubsystems were also connected together thrthey
various causal diagrams.

Then the next approach was to find out how toaextthe criteria and the various means which wasitated at
the subsystem levels. The subsystaganswere aggregated to the system level within thénddfboundaries. The
means included line reinforcement, locating gemesatlose to demand source, locating generaticsedio primary
fuel, having a higher voltage transmission as arlay to reduce the issue of right of way etc.

However, this problem cannot be solved in isolatioronly from the perspective of the TCN. Othemsast(agents)
are involved in the Nigerian electricity sector.ejhwere identified and their degree of importaneeranalysed
and they were categorised. The most important Wwldtking power included the market operator calted

Nigerian bulk trader, the generating companies,régrilator (NERC), the Bureau of public procuremand the
citizens. Through an integrated actor analysis ithatlved identifying the actors and mapping themainetwork,
their interest and objectives were harmonized whtt of the TCN and the main challenge is to findoanmon

problem formulation that can fairly meet the intrand objective of all the major actors. Obviouslyas observed
that this is a multi-actor — multi-issue agenda

Problem reformulation

Having carried out an uncertainty analysis to oedthe knowledge gap that abound this problem raremum,
and subsequently conjoining the actors issueshegethe problem was reformulated. The problenestant is

How can one design the long term transmission expim plan for Nigeria (15 -30 years), that detemeis the
technical characteristics and installation time dhe new network facilities so that the total expedtcost of
supply (including the consumer outage cost) will bminimized while not compromising on the optimal
acceptability of technical reliability, financial ad environmental multi-criteria constraints

This was broken down to different research quasttbat should apply different methodologies.
Research methodology
Research problemDesign of tactical transmission plan for Nigeria

Type of ModelOptimization model
Time: Dynamic, discrete and continuous, stochastic ieitlg term horizon

85



Aggregation High because of demand and supply models thargenresults used as input
Knowledge Benders decomposition, mixed integer programmapgmization methods, GAMS.

Research problem2mplication of plan to energy policy program
Type of ModelMultivariate -Regression analysis

Time: Dynamic:Static, continuous,

Aggregation low because of the aim is oriented to impleméorat
Knowledge Multivariate analysis, multi-criteria analysis

A2.2 Approach

Based on the boundary instituted by the assumpéi@ystem is defined. The system which is a desedcpart of
reality is a scalable and sustainable transmissa@work in a deregulated Nigerian electric sedtorithis system (
conceptual model), the objective is broken downmeasurable quantities callediteria. This is through the
objective tree method. From the objective treewetbe criteria for this problem were developedwing what the
actor wants to achieve. They include the EFOR,Tth€, the interconnection rate, and access to cheapration,
rate of congestion, investment, operation and reaarice cost. The objective tree answers the questiavhy”.

Sustainable and
scalable
transmission
network

" v v v v v

More

system

. More access to . . Less operation and
Less EFROR More TTC interconnected . Less congestion Less investment cost . P
cheap generation maintenance cost

Interconne
ction/node

These criteria were used in the system diagram. édewin the system, there are exogenous factotsattea
contextual to the transmission problem of Nigefihese factors are termed external because theyeirde the
causal relationship of the Nigeria transmissiorbfgm but cannot be influenced. Then the next fasttine steering
instrument that is called the means. They are tis&ruments that can be used to control the critedm the
objectives through various causal relationships.

Outage/yr

The

The causal relationships are broken down into Wsystems namely economics, political, technical and

environmental
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EXTERNAL FACTORS

Expected electricity demand
expected electricity supply

GDP per capita growth rate
Population and industrial growth
Cost of fuel

Generation technology growth

Emission cost

¢ CRITERIA

MEANS
-Locate generator close to source
-Use higher voltage level

-Reinforce existing transmission
line

—

-Use DG, microgrid and smart
grid

-Apply demand response
- Create regional networks

-use import from borders close to
regions

-More competition among
electric market participants;

-Less discrimination to access

-More access to cheap -
generation for all consumers;

-Less transmission congestion;
-Less risk of investments;

‘éiess cost of investment and

operation;

-More reliability of the network;

-Increased flexibility of system
operation;

-reduced network charges;

Less environmental impacts

Figure A2.1 The System Diagram

The causal relationship of each of the subsysteth aach other, the contextual factors and the m#aatscan
influence them to yield the expected criteria isvgh. The colours shows the interfaces with othesgstem while
the dashed line boxes showed the contextual factors

+

Investment time

( vegetatian ) +
‘- i it 9 e

transmission line
per right of way

+

Cheaper network
tariff
displacement of people
+
Investment cost
cost for +
compensation

-+

Figure A2.2 Causal relationship of environmentddssistem
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Figure A2.3 causal relationship of technical subtmys

' Industrial growth\
+ rate /

environmental
effect

GDP per capita Nondiscriminatory

access

1

{ Population growth\
rate

e/

utilization of
abundance primary
energy

Figure A2.4 Causal relationship of economic sutesyst
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acceptance my public restraint

market operator
+ +

+ +
l competition in

transmission uses

Indicative planning Transparent market

operator

+

Less investment risk

Independent TSO

Better grid code

Cheaper generators

Figure A2.5 Causal relationship of political sulisys

The next step is to answer the question of ‘howadhieve the objective that has been laid downs Ehachieved
by using themeans-end diagramin the means-end diagram, arrows points upwsindsving that it is a bottom up
approach to build the proper problem solutions fdation. From the various means, the problem isntdated
through the means-end diagram shown below.

Have along termitransiission plan

Haveacheap and competitive

Have areliable network

Hgher voltage level
Have less Force Reinforce existing Have better Increase Locate generator Lkgmarﬂ qeatelSO g::ddﬁaem 5
outege rate transmissionlines | | meintenance cutture) interconnection dosetoderend microgid \dtage dass

Actor analysis

Sequel to its multi-actor context, there is a neethvolve all the essential stakeholders so tiheir objectives can
be harmonized with the objective of the problem erymvho is TCN of Nigeria.
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This is summarized in the table below.

Actors

National independent power

project

Generation companies

TCN

National electricity regulatory To protect the consumers and

commission

Bureau of public procurement

Ministry of Power

Nigerian bulk trading
company

The citizens

desired objectives Interest
proper utilization of natural
resources ( primary source of
fuel)

all generated power should
be evacuated

cheap and timely IPP projects

to have aviable generation To sell all the power
business generated at profitable prices

To have a sustainable
transmission expansion plan
that is scalable, that will
ensure adequacy and security
of the system.

To ensure nondiscriminatory
access to electric grid to all
stakeholders at the most
sustainable price

To ensure that the
transmission grid is the most
procurement process by TCN  competitive that is built
followed the due process that through the best tender
process with the best

To have areliable and robust
electricity grid

the producers

To ensure that the

is transparent and fair
technology
To ensure that the citizens
have access to power atall
times and non of the
stakeholders is cheated

To have a sustainable level of
electricity that will drive the
economic policies

To trade powerin
transparently and inreal time

To have reliable source of
power at affordable rate electricity

IPPs should have access to
cheap transmission

To have a viable trading
platform that is competitive
and hedges risk

to have sustainable access to

possible solution

location of generations technology
close to source of primary energy

having a robust and reliable
transmission to evacuate the power and
aplan thatis indicative to ensure that

To have access to uncongested
transmission grid,

To have a good transmission network
road map rooted a an indicative
planning that is holistic.

To have a perfect transmission
regulation that borders access,
investment and pricing

to ensure that the tender process is
transparent enough to promote good
transmission investment in terms of
size, technology and timing

To ensure the Nigerian deregulated
electricity road map is achieved through
proper monitoring and enactment so
laws

to have powers to control all the power
traded in the country to proper laws

to have an opinion in the approach to
be used for electricity planning in the
country.
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A3. APPENDIX 3
Exogenous Data for TEPES Modéel from Energy commission of Nigeria (ECN)

A3.1 Country profile

Location latitudes betweer’4’ and 139’ North of the equator and longitudes 2 and 14 30’ east.

Land area of: 923. 768 sq km.

Solar Radiation/Annual average of 3.5 KWh/day in the south and 7.0 KWhirday in the North with 4-9 hour
sunshine a day.

Demographics

Item unit 2000 2005 2010 2015 2020 2025 2030
Population [mill] 115.22] 13248 150.55| 167.03] 183.42| 200.54| 219.25
Population growth rate | [%p.a.] 2.83 259 2.10 1.80 1.80 1.80
capita/hh [cap] 5.8 5.77 552 5.06 4.5 4
households [mill] 22.85 26.10 30.27 36.11 44.38 54.60
rural pop [%] 57.90 55.10 52.00 46.80 40.90 34.00
Table A3.1

A3.2 IAEA Models and the results

MAED (model for analysis of energy demand) was ufeecenergy demand analysis and this was donestegs
where the results from energy demand MAE®was used to calculate electricity demand uditigAD-el. Then
the results were used by the WASP model (Wien Aatarsystem planning package for electricity getiena
expansion planning) to plan for electricity geniematexpansion. The supply strategies were desigrséuy the
MESSAGE model (Model for energy supply strateggaatives and their general environmental impdcisjhe
supply scenarios.

The GDP and population against the years for tfferdint scenarios showed a high optimism in thé lggowth
scenario as shown in Figure A3.1. The GDP foreaast used to get the final energy demand over thesy®r
different scenarios as shown in figure A3.2

—m— High Growth Scenario GDP

—aie— Ref Scenario GDP
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Figure A3.1 The expected GDP and population \&tise scenarios
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Figure A3.2 The expected total energy consumptgairest the year

Technical and economic data for the Power plants
The technical and economic data of the power plargspresented in the Tables below. Table A3.2 shihe
existing thermal plants while the table A3.3 shdtes candidate thermal plants that has been cononisdito be
built in the near future ( before 2015). Also thble A3.4 shows the existing hydro together with thajor three
candidate hydro. Note that the Hydro is only sifgdsin and there is no pumped hydro for now.

TECHNICAL AND ECONOMIC DATA FOR EXISTING POWER PLANT
Minimum Maximum | Heat rates (Kcal/KWh) | Fuel cost ( Cent/10%6 Scheduled Fixed | Variable
operation Level | capacity Average Spinning maintenan |Maintena| O&M( 0&M

Name | No of Units (MW) (MW)  [Minimum|increment |Domestic |Foreign Fuel type| reserve | EFOR | ce(days |nceclass| S/KW- [($/MWh)
AAl 0 10| 26 3246 2898 47.4 0]Gas 10 10| 12 50 0.47) 1.02
EB1 6 55 220 3068| 2790 47.4 0]Gas 10 10| 12 200 0.42 1.02
SP1 2 60) 120 3651 2482 47.4 0]Gas 10 10| 12 150 0.27) 1.02
DL1 0 5 44 3228 2868 47.4 0]Gas 10 10| 12 50 0.08] 2
SP2 0 20 75 3200 2871 47.4 0]Gas 10 10| 12 100 0.47 2
AA2 1 25 27 3902 2649 47.4 0]Gas 10 10| 12 50 0.84 2
AA3 1 25 75 3200 2871 47.4 0]Gas 20 10| 12 100 0.42 2
AA4 0| 40 138 3651 2482 47.4 0]Gas 10 10| 12 150 0.43 2
DL2 2 5 25 3970 2610 47.4 0]Gas 10 10| 12 50 0.62 2
DL3 2 5 20 3970 2406 47.4 0]Gas 10 10| 12 50 0.62 2
DL4 6 5 100 3177 2810 47.4 0]Gas 10 10| 12 100 0.62 2
1R 1 5 20| 3200 2871 57.4 OfDiesel 10 10| 12 50 13 2
AS1 9 5 30 3970 2610 69.5 0]Gas 10 10| 12 150 0.59 2
PA1 0 10| 41 3270 2810 47.4 0]Gas 10 10| 12 50 0.44 2
GER 0 40 138 3651 2482 47.4 0]Gas 10 10| 12 150 0.43 2
OMT 0 10 41 3270 2810 47.4 0]Gas 10 10| 12 50 0.43 2
AU 0 10 44 3200 2871 47.4 0]Gas 10 10| 12 50 0.43 2
AGP 3 25 100 3177, 2810 47.4 0]Gas 10 10| 12 100 0.43 2
1BM 0 37 147 3132 2832 47.4 0]Gas 10 10| 12 150 0.59 2.2
NIG 21 5 115 3177, 2810 47.4 0]Gas 10 10| 12 150 0.62 2

Table A3.2 Existing Thermal plants

92




TECHNICAL AND ECONOMIC DATA FOR CANDIDATE THERMAL POWER PLANTS
Minimu | Maximu Heat rates Fuel cost ( Cent/10%6 Schedule Fixed
m m Average d O&M( | Variable
operatio | capacity Incremen Spinning maintena|Maintena| $/KW- 0&M

Name |[nlevel (| (MW) [Minimum|t Domestic |Foreign Fuel type| reserve EFOR nce ( |nceclass| Month |[($/MWh)
GTP1 20 50 4619 3299 47.4 0|Gas 10 12 15 50 2.5 2
GTP2 50 100| 4541 3243 22.9 0|Gas 10, 25 15 100 1.07 1.8
GTP3 25 150 4307 3077 47.4 0|Gas 10 12 30 150 1.08 2
CGT1 25 200 2176 1530 47.4 0|Gas 10 12 30 200 1.08 2
CGT2 25 400 2530 2430 47.4 0|Gas 10 12 30 400 1.08 2
SNG1 20 100| 2980 2900 47.4 0|Gas 10, 12 30 100 0.8 2
SNG2 20 200 2390 2130 47.4 0|Gas 20 12 30 200 0.68 2
FBC1 100 200 2490 2120 22.9 0[Coal 10 12 30 200 1.33 2
FBC2 200 400 2530 2490 22.9 0[Coal 10 12 30 400 1.33 2
0ST1 100 200 2900 2840 49.1 0|FO 10, 12 30 200 1.12 2
NUP1 150 300 2720 2440 0 697.8|Nuclear 10 15 61 200 3.33 2
NUP2 300 600 2720 2440 0 697.8|Nuclear 10 15 61 200 3.33 2

Table A3.3 Licensed Thermal plants
Existing , committed and candidate Hydro plants
Average flow Average flow Difference
Hydroplants Capacity before 1980 after 1980 in %
Existing and committed Hydro plants
Kainji 550 173.8 139 -20
Shiroro 600 61.4 43.3
Jebba 540 40.7 24.3 -40
Candidate Plants

Mamb 2000 108 7607 -29
Zung 950 94 74.9 16.5
Dadi 39 16.5 14.8 -10

Table A3.4 Existing and Candidate Hydro capacity
Electricity Demand projection
The electricity demand projection for the scenaisoshown in figure A3.3 and shows the variatiamstiie different

scenarios.
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Figure A3.3 Output of the MAED-el model

The load curve for Nigeria can be seen in the §gAB.4 and Figure A3.5 shows the extracted loadectior
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Figure A3.4 Load curve for Nigeria ( as of 2010)
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Figure A3.5 Residential load curve of Nigerieoh2010

Electricity Generation System Expansion

The output of WASP model for the various optiregpansion plans for the electricity expansion pldrem the
electricity demand plans that was carried out uirgMAED model output. With the goal of energylfoex, and
supply sources diversification, the supply projes are shown below for different scenarios.

Supply projection by fuel Mix for the reference Scenario, MW
Year Total Hydro |(Coal Gas oil AGO Nuclear |Renewable |Total
2005 1730 0 4680 0 0 0 30 6440
2010 1769 0 13169 400 60 0 330 15728
2015 8219 600 17831 600 60 300 746 28356
2020 8219 2000 35958 1600 60 1500 1480 50817
2025 8219 7400 51626 2400 60 4800 2945 77450
2030 8219 10000{ 101500 3600 60 9900 3600 136879

Supply projection by fuel Mix for the High growth Scenario, MW
Year Total Hydro |(Coal Gas oil AGO Nuclear |Renewable |Total
2005 1730 0 4680 0 0 0 30 6440
2010 1769 0 13562 200 60 0 330 15921
2015 8219 1200 19188 800 60 300 746 30513
2020 8219 3000 38616 2000 60 3600 1480 56975
2025 8219 9000 77293 4000 60 5700 2945| 107217
2030 8219 30800| 128400 7800 60 13200 3600 192079
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Supply projection by fuel Mix for the optimistic Scenario, MW
Year Coal Gas oil AGO Nuclear |Hydro Renewable |Total
2005 0 4680 0 0 0 1730 30 6440
2010 0 13639 200 60 0 1769 330 15998
2015 1200 20110 600 60 300 8219 746 31235
2020 4400 51405 1600 60 4800 8219 1480 71964
2025 11400 104347 3200 60 7200 8219 2945 137371
2030 27700 180150 10800 60 19500 8219 3600 250029
Table A3.5
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A4.

APPENDIX 4

A4.1The Defined Nodes

Voltage|Latitude|Longitude
[kv] [ [°]

FCT 1 132 9.116| 7.476|Katampe
FCT_2 132 9.151| 7.332|Kubwa
FCT_3 132 8.474| 6.946[Abuja City
FCT 4 132 9.013| 7.473[Abuja Tow
NIGR 1 132 9.615| 6.552|Minna
NIGR_2 132 9.114| 7.220[Suleja
NIGR_3 330 9.813| 6.156(Zungeru
NIGR_4 330 9.168| 4.821[jebba
NIGR_5 330 9.861| 4.614[Kainji
NIGR_6 132 | 10.081] 6.179|Tegina
NIGR_7 132 | 10.406| 5.473|Kontangot
NIGR_8 330 9.973| 6.830|Shiroro
NIGR_9 132 9.075( 5.998(Bida
BEN_1 132 7.364| 9.044|vandev
BEN_2 132 7.725( 8.498|Markurdi
BEN_3 132 7.601| 8.481|Alade
KG_1 132 7.563| 6.239|0Okene
KG_2 132 7.684| 6.479|Itakpe
KG 3 132 7.558| 6.606|Ajaokuta 1
KG 4 330 7.362| 6.612|Ajaokuta
KG_ 5 132 7.132| 7.661|Otukpa
KG_6 132 7.952( 6.430|Obajana
KG_7 132 8.220| 5.508|Egbe
KW_1 132 8.492( 4.543|llorin
KW_2 132 8.139( 5.092({Omu-aran
KW_3 132 8.140| 4.726|0ffa
NSRW 1 | 132 8.838| 7.882|Keffi
NSRW_2 | 132 8.912| 8.408|Akwanga
PLT 1 132 9.323| 9.431|Pankshin
PLT 2 132 |10.183| 7.383|Maikeri
PLT 3 330 9.920 8.892|Jos_Town,
TRB_1 132 8.899| 11.368|Jalingo
TRB_2 330 7.269| 11.006|Mambilla
TRB 3 132 | 7.881| 9.778|Wukari
GMB_1 132 10.471| 11.551|Ashaka ce
GMB_2 330 | 10.294| 11.168|Gombe
GMB_3 132 9.817| 11.316|Savannah
BRN_1 132 | 11.833| 13.153|Maiduguri
BRN_2 132 | 11.164| 12.761|Damboa
BRN_3 132 | 10.614| 12.196|Biu
BRN_4 132 | 10.134| 12.065|Dadinkow
BRN_5 132 | 12.382| 13.841|New Marte
BRN_6 132 | 12.683| 13.609|Monguno
BUC_1 132 |10.316| 9.846|Bauchi
ADM_1 132 9.200| 12.504|Yola
ADM 2 132 9.458| 12.029|Numann
ADM_3 132 | 10.270| 13.251|Mubi
ADM_4 132 | 10.805| 13.455|Gulak
ADM 5 132 | 9.824| 12.625[Song
ADM 6 132 | 10.161| 12.738|Gombi
YBE_1 132 | 11.703| 11.072|Potiskum
YBE_2 132 | 11.763| 11.960|Damaturu
SKT_1 132 | 13.059| 5.226|Sokoto
ZMF_1 132 | 12.566| 6.059|Talata_Ma
ZMF_2 132 | 12.182| 6.670|Gusua
KBI_1 132 | 10.853| 4.751|Yelwa
KBl 2 132 | 12.437| 4.197|Birnin Kek
KTN_1 132 | 12.996| 7.661|Kastina
KTN_2 132 | 12.544| 7.827|Kankiya

TEPES input Data

Voltage | Latitude |Longitude
[kv] | [l

KTN_2 132 12.544 7.827|Kankiya
KTN_3 132 11.515 7.330|Funtua
KN_1 132 12.700 4.950|Gagawa
KN_2 330 11.991 8.521|Kano
KD 1 132 10.564 7.430|Kaduna_tc
KD 2 132 11.079 7.707|Zaria
KD_3 330 10.451 7.459|Kaduna
KD_4 132 9.443 8.004|Kwoi
KD_5 132 9.869 7.952|kachia
JGW 1 132 11.789 9.342|Dutse
JGW 2 132 12.441|  10.022|Hadeija
M 1 132 5.820 7.336|Okigwe
IM 2 132 5.475 7.056|owerri
ENG_1 132 6.263 7.273|0rji
ENG_2 330 6.459 7.526|New have
EBY_1 132 6.328 8.097|Abakiliki
EBY 2 132 6.474 7.780|Nkalagu
EBY 3 132 5.990 7.647 Mpu
ANB_1 132 6.022 6.906|Nnewi
ANB_2 330 6.151 6.773|Onitsha
ANB_3 132 6.209 7.068|Awka
AB_1 132 5.204 7.969|Itu
AB_2 132 6.406 7.549|Ugwuaiji
AB 3 132 5.536 7.486|Umuahia
AB 4 330 5.106 7.369|Alaoji
AB 5 132 5.943 7.386|Ngodo
AB_6 132 5.617 7.833|Ohafia
RV_1 132 4.747 7.111|PH Main
RV_2 132 4.728 7.152|0Onne
RV 3 132 5.332 6.651|0moku
RV 4 132 5.083 6.648|Ahoada
RV 5 132 4.783 7.002|PH Town
RV 6 330 4.852 7.251|Afam
RV_7 132 4.801 6.843|Oporoma
RV_8 330 4.816 6.598|Egbema
ED_1 132 6.741 6.214|Irua
ED 2 330 6.379 5.612|Benin City
ED 3 132 7.126 6.207|Ukpilla
ED_4 330 6.406 5.683|lhovbor
DLT 1 132 5.875 5.699|Sapele
DLT_2 132 5.708 6.574|0kpai
DLT 3 132 5.520 5.754|Effurun
DLT 4 132 5.356 6.307|Ugheli
DLT 5 330 5.717 6.437|Kwali
DLT 6 132 5.477 5.774|Aladja
DLT 7 330 5.541 5.915|Delta
CRV_1 132 4.818 8.236|0ron
CRV_2 330 4.956 8.350|Calabar
BYS_ 1 132 5.016 6.299|Gbarain
BYS 2 132 4.932 6.279|Yenogoa
BYS 3 132 4.547 6.019|ighomaturt
AKB_1 132 5.022 7.906|Uyo
AKB_2 132 5.192 7.938|Ikot_Ekpe
AKB_3 132 4.551 8.006|Eket
EKT_1 132 7.625 5.213|Ado
LAG_1 132 6.467 3.183|0jo
LAG 2 132 6.508 3.094|Agbara
LAG_3 132 6.610 3.341|0gba,Alau
LAG 4 132 6.520  3.381]Akangbe |

Candidate line results

97



98



AS.

APPENDIX 5

Equations of the Model
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AG.

APPENDIX 6

Results

Case A

PNS ( power non served)

p01 po1 p01 po1 po1 p01 p02 p02 p02 p02 p02 p02 p03 p03 p03 p03 p03
weekday | weekday |weekday |weekend [weekend |weekend [weekday | weekday | weekday |weekend |weekend |weekend | weekday | weekday |weekday |weekend |weekend

nol no2 no3 nol no2 no3 nol no2 no3 nol no2 no3 nol no2 no3 nol no2
yrol 1501 1117 558 502 251 136 994 748 488 809 180 488 1823 1372 1244 871 638
yro2 1155 884 516 462 210 96 809 658 448 695 139 448 1422 1059 966 733 584
yro3 1118 862 516 462 210 96 791 651 448 686 139 448 1374 1027 939 721 583
yro4 874 654 393 354 165 74 596 491 344 517 107 344 1100 795 718 543 442
yros 736 544 312 277 135 74 491 398 269 421 98 269 911 669 604 444 355
yro6 648 497 292 262 135 74 450 368 255 388 98 255 786 595 545 409 330
yro7 465 334 158 132 42 22 298 226 125 244 29 125 591 418 373 262 192
yro8 308 220 114 98 42 22 198 153 94 165 29 94 398 275 244 176 134
yro9 287 205 107 92 42 22 184 143 88 153 29 88 371 256 227 164 125
yri0 287 205 107 92 42 22 184 143 88 153 29 88 371 256 227 164 125
yrll 169 120 55 46 21 15 106 78 44 85 17 44 223 151 134 92 67
yri2 169 120 55 46 21 15 106 78 44 85 17 44 223 151 134 92 67
yri3 159 112 51 42 20 15 99 72 40 79 17 40 211 141 125 86 62
yrld 159 112 51 42 20 15 99 72 40 79 17 40 211 141 125 86 62
yrl5 123 85 39 32 20 15 75 54 31 59 17 31 167 108 95 64 46
yri6 84 49 7 3 0 0 39 21 2 26 0 2 125 70 58 30 14
yri7 34 15 0 0 0 0 11 0 5 0 0 62 25 19 7 2
yrl8 34 15 0 0 0 0 11 3 0 5 0 0 62 25 19 7 2

The power Non served for the Case A shown ptrgkdecline over the years for all load level, $menario 1

LENGTH Added Circuit
YRO( 2012) 0
YR1 8673 KN2-JGW2
YR2 8844 BUCI-YBEL X 3
YR3 8844
YR4 9492 KTN1-SKT1
YR5 9492
YR6 9492
YR7 9762
YRS 9762
YR9 9762
YR10 9762
YR11 9762
YR12 9762
YR13 9762
YR14 9762
YR15 9762
YR16 9762
YR17 9762
YR18 9762

LENGHTH ccT
765KV 3284 12
330KV 5222 35
AC 425 9
132KV VDO a1 -
Total number of circuit 69
Total length 9762

The installed circuit for Case A showing the diéfet VVoltage levels, the number of circuits andlémgyth of lines
with the additional lines that was installed at plaeticular year.

PNS ¢
2000 S
1500
1000
15
500 9
0

PNS

w =z

10

100




The PNS for case B in year 1 and yr 18 showirg afl reduction in PNS due to capacity installation

SRMC  yri8
0 13 14 16 20 23 24 26 27 50 13636

NGR 1 KN_1 FCT.1 DLT.3 TRB_3 KG_2
NIGR2 KN2 FCT.2 DLT 4 GMB_1 KG_6
NIGR 3 JGW_1 FCT.3 DLT5 GMB_2 RV_7
NIGR_4 BEN.1 DLT 6 GMB_3 BYS_3
NIGR_5 BEN.2 DLT.7 BRN_1 LAG_1
NIGR_6 BEN.3 OSN_1 BRN_2 LAG_2
NIGR_8 KG_4 OSN_3 BRN_3 LAG_3
NIGR_9 KG_5 OSN_4 BRN_4 LAG_4
TRB_2 PLT1 OY.1 BRNS LAG_5
KBI_2 PLT2 OY2 BRNG LAG_6
KD_1 PLT 3 AB5 BUC1 LAG_7

TRB_1 AB_6 ADM_1 OGN_1

ENG_1 RV.1 ADM._2 OND_2

ENG.2 RV.2 YBE 1 OND_3

EBY_1 RV.3 YBE2

EBY.2 RV.5  SKT.1

EBY 3 RV 6 KD2

ANB_1 RV.8  KD_3

ANB_2 ED1  IM_1

ANB.3 ED2 M2

AB_1  DLT1

AB_3  DLT.2

AB_4

Short Range marginal cost of Case C in year 18 stgpdifferent price pockets and the number of soctEnnected
to it. Comparing it with the same layout in Yrl @&lshowed that while in yr 13636€ dominated theahqdice in
the market, in year 18, it was dominated by 14€ctviné very good.

SRMC yr1
31 1954 4563 4565 4891 5101

C1
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Typical TEPES output for installed capacity
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Typical TEPES output of installed line showing c&superimposed on the demand nodes.
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The same output of Case C with the Nodal pointsagted

Descriptive Statistics

N Minimum Maximum Mean Std. Deviation
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SRMCA1

SRMCA 2

SRMCA 3
SRMCA 4
SRMCA5
SRMCA 6
SRMCA 7

SRMCA 8
SRMCA 9
SRMCA 10
SRMCA 11
SRMCA 12
VAR00013
SRMCA 14
SRMCA 15
SRMCA 16
SRMCA 17
SRMCA 18

Valid N (listwise)

408
408
408
408
408
408
408
408
408
408
408
408
408
408
408
408
408
408
408

-10.00
-10.00
-10.00
-10.00
-7.00
-7.00
-7.00
.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00
-1.00

13636.00
13636.00
13636.00
13636.00
13636.00
13636.00
13636.00
13636.00
13636.00
13636.00
13636.00
13636.00
13636.00
13636.00
13636.00

40.00

40.00

40.00

1930.3554
1928.9779
1894.8480
948.3775
768.2647
701.6544
468.1201
466.3775
377.1422
377.1422
229.0809
229.0809
154.8382
154.8382
154.8382
6.4657
6.4657
6.4657

4058.96488
4059.44805
4018.98521
3152.59945
2911.12022
2767.50291
2178.33887
2178.65761
1998.57034
1998.57034
1558.71331
1558.71331
1277.03419
1277.03419
1277.03419

11.22580

11.22580

11.22580

SPSS ouput of Case' &howing the mean and variation in SRMC for 18&gea

Descriptive Statistics

Minimum Maximum Mean Std. Deviation
SRMCB 1 408 .00 13636.00 2808.2941 4608.90225
SRMCB 2 408 .00 13636.00 2699.0588 4572.02044
SRMCB 3 408 .00 13636.00 3188.1422 4975.41391
SRMCB 4 408 .00 13636.00 2913.6495 4964.42244
SRMCB 5 408 .00 13636.00 2805.9044 4886.26912
SRMCB 6 408 .00 13636.00 2615.4926 4794.65002
SRMCB 7 408 .00 13636.00 1884.1201 4327.83660
SRMCB 8 408 .00 13636.00 1519.2647 3968.85510
VAR00009 408 .00 13636.00 1154.0980 3536.56286
SRMCB 10 408 .00 13636.00 1154.0980 3536.56286
SRMCB 11 408 .00 13636.00 839.0466 3032.79075
SRMCB 12 408 .00 13636.00 838.8799 3032.83579
SRMCB 13 408 .00 13636.00 731.2917 2843.10433
SRMCB 14 408 .00 13636.00 731.2941 2843.10372
SRMCB 15 408 .00 13636.00 656.7279 2712.86573
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SRMCB 16 408 .00 13636.00 582.5368 2573.80408

SRMCB 17 408 .00 13636.00 508.2819 2424.52493
SRMCB 18 408 .00 13636.00 508.2819 242452493
Valid N (listwise) 408

SPSS ouput of Casée 6howing the mean and variation in SRMC for 18&yea

Typical TEPES
output of power
output of each fuel in
generation with the
PNS shown for
generation reliability
Case A,Band C

Data S|




Line map of Case A
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Line maps of Case'C
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