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Résumeé

La planification énergétique peut étre caractéris@me un probléeme de décision
d’investissement. Les investisseurs utilisent delor@uses méthodes différentes pour traiter
ces problémes. L'une des méthodes la plus couemshteasée sur la théorie du portefeuille de
Markowitz par laquelle les investisseurs tententmd@triser les risques et de maximiser la
performance du portefeuille en vertu de divers Itas économiques volatils. Ce travail
explique les idées de la théorie du portefeuillaretlyse leurs principales applications dans
un pays producteur de pétrole et de gaz naturaelsNdlons illustrer comment le parc de
production d'électricité en Iran peut étre influengar une addition supplémentaire de
ressources nucléaires et renouvelables. En comsparavec les mix électriques dominés par
les ressources fossiles, des portefeuilles effg@eeproduction d'électricité peuvent réduire
considérablement les colts de production tout eorporant une plus grande part d’énergies
décarbonées dans le mix. Les résultats optimaux l[pamix électrique Iranien montrent que
par rapport aux mix basés sur les ressources dassilexiste de nhombreuses structures de
production avec de plus grandes parts de non-éss@l la fois nucléaires et renouvelables) a
des codts et des risques égaux ou méme infériBlatleurs, si nous prenons également en
considération les recettes d'exportation de contilestfossiles libérés (colt d'opportunité

des combustibles), cette conclusion devient engloieévidente.

En outre, notre modele d’analyse du portefeuilfiete I'interrelation des codts (covariances)
parmi les alternatives de production d’électrigtdeur impact sur les codts et les risques du
portefeuille final. Les résultats montrent que lertefeuille typique de la génération
d’électricité en Iran, basé sur des ressourcesldes®ffre peu de diversification. Bien que
cela puisse isoler le risque aléatoire, comme hgsug entourant le développement de la
filiere nucléaire Iranienne, il fournit peu de ceuwre contre le risque systématique des

mouvements du prix du pétrole et du gaz, qui higt@ment ont été fortement corrélés.

Mots-clés: Portefeuille de la Production d'Elecdtéclran; Diversification



Abstract

Energy planning can be characterized as an investdezision problem. Investors use many
different methods for treating such problems. Ohthe most common methods is based on
the Markowitz's portfolio theory by which investdry to manage risk and maximize their
portfolio performance under variety of volatile aomic outcomes. This work explains
essential portfolio theory insights and analysiirtlapplication in an oil and gas producing
country. We will illustrate how different electrigi generation mixes can be influenced by
additional share of nuclear and renewable sourdcesomparison to the fossil dominated
mixes, efficient power generation portfolios carardatically reduce the generation costs
while containing larger shares of decarbonized pawés in the mix. The optimal results for
the Iranian generation mix demonstrate that contptoethe fossil-based mixes, there exist
many generating mix structures with larger nonifagsares (both nuclear and renewable) at
equal or even lower expected costs and risks. Meredf we also take into consideration the
export revenues of released fossil fuels (oppotyucst of fuels) this conclusion becomes

even more affirmative.

Moreover, our portfolio model analysis reflects tbest inter-relationship (co-variances)
among generating alternatives and their impacthenfinal portfolio costs and risks. The
results illustrate that the typical Iranian gas dneél generating portfolio offers little

diversification. While it may insulate from randomsk, such as Iranian nuclear issues, it
provides little insulation from the systematic riskoil and gas price movements, which have

historically been highly correlated.

Keywords: Power Generation Portfolio; Iran; Divéicsition



Iran’s Economic Outlook and Recent Political Develpment

Currently Iran's economy is going through an exelndifficult period. GDP contracted in

2012 for the first time since the early 1990s, unitie weight of US sanctions, which are
supported by many other major economies. While tgam have long been in place, they
have become more severe since 2010 in responsarts klleged nuclear program. The
sanctions are targeting Iran's energy sector itiqodar, as hydrocarbon products accounted
for almost 80% of Iranian exports and governmenémees in 2010. Furthermore, sanctions
have become more effective because they are not tanjeting Iran directly but also

countries or companies that trade with Iran. Faneple, the EU placed a ban in 2012 on
insurance for tankers carrying Iranian crude. Tésult has been that oil exports have more

than halved in the past few years, a blow to IrAs¢al position.

The imposition of sanctions and the collapse inogetgpare causing knock-on effects that will
have serious repercussions in both short and kemgst The value of Iran's currency, the Rial,
has depreciated by over 80% since late 2011, cquassharp increase in the price that Iran
must pay for imported goods. This has added tatiofh that was already high following the
progressive removal of energy subsidies that bagdecember 2010. As a result, inflation
hit 37.5% in July 2013. Aside from stoking sociairest, high inflation levels reduced
consumer purchasing power, thereby reducing domestisumption and contributing to the

short-term economic slowdown.

The surprise election of Dr. Hassan Rouhani assiraext president signals a possible change
in the country's external relations and economitices from recent years. Rouhani's
moderate tone resonated with the majority of votdre turned out in record numbers (72.2%

of an estimated 50 million voters) to reject thecéibn of more conservative candidates.

The new political leadership will focus on tacklitigge country's economic crisis after Iran has
suffered under crippling sanctions over the past y&ars, which pushed the inflation rate to
36%, increased youth unemployment to 28% and ni@e halved the value of the Iranian
Rial against the dollar since July 2010. In oraerdvive the economy, Rohani will have to
restart bilateral talks with the US on nuclear éssto get international sanctions removed and

to mitigate their permanent damage to the couningigstrial growth.



Iran Oil and Gas Sector

Iran is the second largest oil producer in the NMeddast and plans to significantly increase
output through developing a number of oil and gakl$ in the Persian Gulf and through
enhancing the recovery rate with gas injectionnettgy. This is a very ambitious plan given
that external investment is constrained under U& BU sanctions, unattractive buy-back
contract conditions, ageing assets and chronic rtingestment in petroleum infrastructure.
The largest oil fields are Ahwaz, Gachsaran anduMamhich are located onshore and
account for about one third of Iran's oil currembguction. Oil exploration, production,
transportation and exports are managed and opdrgtedrious units of the National Iranian
Oil Company (NIOC). The NIOC, through its affiliatehas a high degree of control over oil
development projects. Buy-back contracts with manoil companies must be signed by
international oil companies to develop gas fielddran. This has tended to result in lengthy
delays as Iranian companies struggle to find chfitadate, there have been twelve buy-back
deals with foreign companies but only Asian NOGsam in the existing field developments,
given the exodus of IOCs from Iran. Oil and gasastructure of Iran is illustrated in figure
3-1.
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(Source: Fanack 2012)

Although Iran has the second largest gas reseet@sd Russia, the country is expected to be
challenged in exploiting these gas resources. 8imd the oil sector, external investment
constraints will be the major impediment to the elepment of the gas sector. Iran's
remaining commercial gas reserves are estimatée tb/0 trillion cubic feet and are mainly
found offshore in the giant South Pars gas fieldctviis part of the same structure that Qatar
has developed successfully (the Qatari side iedaie North Field). Foreign companies
must enter into buy-back contracts with NIOC (saniio the oil sector) to develop gas fields
in Iran. A number of foreign companies had agredmér the development of South Pars
including Phases 2&3 (Total, Petronas and Gazpr&mises 4&5 (Agip and Petro Pars) and



Phases 6-8 (Statoil and Petro Pars). Although S@ath phases 11, 13 and 14 were due to be
developed, the IOC patrticipants have since beewvethfrom gas production projects.

Current natural gas production is dominated by fonshore non-associated gas fields
(Khangiran, Kangan, Nar and the Parsian group) thedfirst five phases of South Pars.
Unlike Qatar's success in developing its gas reseivan has been unable to support its plans
to expand supply capacity and to become a majoregpsrter. While sales gas production
has increased from 56 bcm in 2000 to 138 bcm i®20&n now faces some choices how to

invest in the gas sector to maintain or increaseywtion capacity.

Although Iran is a large gas producer, the counitlycontinue to be a net importer over the
next years. Iran imports gas via pipelines fromkmgnistan to supply Iran's northeast, which
has no direct pipeline connection with Iran's pdg fields in the South. While some

imported gas is also going to Tehran, the denseljulated area around Teheran in the
country's centre is mainly supplied via pipelinesnf the South. Iran currently exports gas

only to Turkey via long-term pipeline contracts,i@rhwill expire in 2025.

Iran’s Power Sector Overview

Gas is the dominant fuel for Iran's electricity getion as it provided 76% of total power
generation in 2010, while oil and hydro supplied®8nd 4%, respectively (figure 3-2). Gas-
fired generation grew at 7% per annum over 2000spQrred by low gas prices (figure 3-3).
A severe drought caused hydro power generatiohutorpet in 2008-09 and electricity from
hydro power to drop from 18 TWh in 2007 to 7 TWh 2009. The shortage of hydro
generation was offset by an increase in gas-fi@dep generation. Frequent power outages
resulted from insufficient hydro power supply dgrithe drought, which could not meet
quickly rising power demand. Since then, a sigaificprogram of state investment has been
implemented to boost installed power capacity theoto avoid power shortage in the future.

Hydro power generation started to rise again inl2&d water levels returned to normal.

Iran's electricity generation capacity reached 6§ & 2011 and the country's generation
plants are owned and operated by the company TAVRANHydro generation capacity is
owned and operated by then Iran Water and PowerURess Development Company or by

Independent Power Producers (IPPs). Electricitgpetion from TAVANIR supplies around



90% of Iran's total electricity generation. Any pawproduced by IPPs must be sold to
TAVANIR under long-term contracts of around 25 yeafrhegovernment does intend to

establish a competitive wholesale market and alftin@ct sales to large end-users, but we
believe it is highly unlikely that this will happesoon given the country's poor track record

for privatization efforts over a number of years.
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Figure 3-2: Electricity production composition nah
in 2010

(Source: IEA & BP Statistics)
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Figure 3-3: Fuel inputs to electricity generatioonfi 2000
to 2010

(Source: IEA & BP Statistics)

Half of the total electricity demand in Iran goes fesidential and commercial sectors, while
industrial demand takes the second position witugd 30% of the total domestic demand
(figure 3-4). These shares remained almost intactaf decade between 2000 and 2010,
whereas the total demand of the country increagearcund 80% proportionally for all the

sectors (figure 3-5).
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Figure 3-4: Electricity demand in 2010
(Source: IEA & BP Statistics)
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Figure 3-5: Electricity demand evolution from 2G0@®010
(Source: IEA & BP Statistics)

Iran exports electricity to Armenia, Pakistan, Teyklraq, and Afghanistan and the country's
net electricity exports have increased noticealigr dhe past years. Although Iran's exports
could be negatively impacted by rising domestic @oprices when subsidies will be further
removed, we expects the trend of rising electriekports to continue over the forecast period
as long as the domestic electricity generationtesnasmission infrastructure in neighbouring

countries (Iraq, Pakistan, Afghanistan) remainsendeveloped.

The History of the Electric Power Industry in Iran

The history of electricity dates back to 1885 wites first dynamo came into service in Iran.
This machine with the capacity of 3 KW was usedigbt the royal court of Tehran, the
capital of the country. This occurred 3 years after inauguration of the first commercial
electric lighting entity by Edison in the New Yo€kty. 8 years later, a 12hp generator was
installed in the Mashhad city (north east of Irag)the private sector. Also at that time, the
first license for establishing commercial electighting was granted (for lighting only during
evening hours) and the first power plant inaugwuraite1906. Since that time, during around
40 years, electric power was considered as a lugrggtuct used only for lighting with small
number of consumers all around the country. Theageisector became active in this business
and supply facilities were installed by private tigions. After World War I, the
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government became actively involved in the elacatfon of the country and started to
supply power with subsidized prices. Iran Power €ation & Transmission Company
(TAVANIR) established and private sector graduddgnned from investing in electricity
business. Thereafter, the main objective of theeguwent was to cover all potential
electricity consumers and started to install langenber of combined-cycles and hydraulic
power plants.

Finally, since 90s, the government decided to gmligludecentralize and privatize the
electricity sector and persuading investment byate entities for bringing more competition
into the sector, leading to possible reductiorhim prices, and helping the electricity business

to move toward financial self-reliance.

Moreover, according to the Article 44 of the Irawsnstitutional law, Ministry of Energy
must release and transfer the ownership of itsraepewer plants to the private sector and
facilitate the liberalization process leading cofitpe electricity markets.

Electricity Market status in Iran

Iran’s power market was launched in 23 October 200%as based on a mandatory pool
model and all producers and consumers should $emdaids one day ahead, before 10am, to
the market. In this market 32 generating entitiasl almost 43 distribution companies
participate in wholesale energy trade each daye@me power purchase and sale offers have
been accepted, they will be matched by the marketrator that administrates financial
transactions and shares out production and demaothg different parties involved in the
auction. To provide a close and effective supesmison the electricity market of Iran,
Electricity Market Regulatory Board has been esthbd. This entity is independent of
TAVANIR Company and includes seven expert persdribe power industry assigned every
two years by the Energy Minister. Ancillary servitarkets in Iran’s electricity market are
evolving gradually. Primary frequency control markas introduced on 22 May 2007 along

with voltage support services (reactive power) bladk start services.
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Wind Energy Situation in Iran

Persians were the first people to construct tret ¥iind mills around 200BC. Some of those
historic mills are still on operation in rural aseaf Khorasan province in North East of Iran.
Iran is blessed with diversified and four seasomaie and besides having deserts; it is also a
mountainous land with Caspian Sea on the NorthRardian Golf & Oman Sea in the South.
Due to this geographical position, the country fighdrom various tropical wind flows

coming from Central Asia during winters and Ind@oean during summer seasons.

Iran’s first experience in installing and using read wind turbines backs to 1994. Two sets
of 500KW NORD-TANK turbines were installed in Mangind Roodbar sites (Alamdari et al.
2011).

Manijil and Binalood are major wind sites of Iranttwinstalled capacity of 94MW (Mousavi
et al. 2011). Almost all of the wind plants in tb@untry are sate owned and private investors
have not yet been involved in this technology. Highestment costs, financing problems,
lack of long-term governmental support and of ceutse low prices of electricity, due to
heavily subsidized natural gas, are the most inaportbarriers in front of private

interventions. Evolution of wind capacity in Iramee 1997 is shown in figure 3-6.
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Figure 3-6: Iran wind installed power plants 1997-Q

(Source: Iran Renewable Energy Organization SUNA)
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Looking at its potential, it is essential that Irahould absolutely not fall behind in the
development of this technology. Nevertheless, é far journey so as to fill up the technology

gaps and to utilize the large wind power potentials

Hydropower Development in Iran

Iran is classified as an arid and semi-arid courliecause of its long-term average
precipitation of around 250mm, which is nearly apmrter of the world’s average rate.
Moreover, the precipitation is not evenly distriégaitall over the country. The total surface
water is around 92bcm of which 27bcm flow into thm@ajor basins: Dez, Karkheh and
Karoon rivers basins all located in the South-Wsiran over the Zagros mountain chains
where the major hydroelectric projects are locadmithern and Northwestern regions have

relevant precipitation and topography for develgmmall medium-sized hydro plants.

Currently, there are 42 hydroelectric plants onrapen in Iran, with total installed capacity
of around 8GW and many others with total capacifyabnost 7GW are also under
construction. Large hydro plants with capacity arenthan 200MW cover more than 90% of

the installed capacity.

Volume of hydropower is highly variable in Iran adépends on yearly water falls. For
example, in 2007 more than 18TWh of power was dedational grids while this amount was
decreased by 72% in 2008 due to unexpected droylhtsstry of Power Annual report
2008).

There are many water streams in Iran which eitlbewgste or finish at rivers and finally into
the sea. Therefore, many small and mini hydro systean easily be installed to provide
locally needed power or to be injected to gridsfddmnately, these huge potentials of hydro

power are not effectively utilized and are evenrokeyl of any further extensive planning.

Solar Energy Status in Iran

Iran enjoys approximately 2800 sunny hours per g&adit is located on the world’s Sun Belt.
Iran’s average solar insulation rate is estimateldet around 2000 kwh/m2. Figure 3-7 shows

the average annual sum of this rate for differegtans.
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Figure 3-7: Iran solar energy map

(Source: Solar GIS)

The first in Iran and the largest in Middle Eashjr&z solar power plant will come to full
operation by the end of 2015 according to Iran’sdé¥eable Energy Organization.

Methodology

Hereby, we describe essential ideas related tdgtiortheory and discuss their application in

the analysis of the Iranian electricity generatioix. We adopted this methodology for the

I[ranian case as the electricity sector in Iran gaasi-competitive system and more privatized
than other oil and gas producing countries sucBaagli Arabia. Besides, energy diversity is
the main focus of late between Iranian energy aiite® and portfolio-based models are very
much adapted to treat energy diversity issues.
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Therefore stand-alone least cost approach doesewdssarily provide the most optimal
solution for the Iranian generation mix and we sti@adopt an optimization model based on

both cost and risk minimization process.

By applying this approach we will illustrate hoveetric power generation mixes can benefit
from additional shares of non-fossil generatingtaunin comparison to fossil dominated
mixes, efficient portfolios could decrease the ltgf@nerating cost while including greater
non-fossil (nuclear and renewables) shares in the This improves also energy security.
Though counter-intuitive, this conclusion is comelg consistent with fundamental finance
theory. As a matter of fact, under dynamic and uage environments, the relative value of
producing technologies should be determined notewgluating alternative resources but

alternative resource-portfolios.

Mean Variance Portfolio Approach

Markowitz’ mean variance portfolio theory is a pabllistic approach which could be used to
value and optimize fuel mix diversity. This theodgfines portfolio risk as total risk
(including both random and systematic fluctuatiom®asured by the standard deviation of
periodic historic returns. An efficient portfolingludes the smallest risk for a given level of
expected return or vice-versa, the biggest expemttatn for a given level of risk. The
process contains making an optimal portfolio gelhetay using historical measures of risk,
returns (costs) and of course the correlation @oeffts between various assets to be
considered in the portfolio.

By numerical (computer aided) processing the rilr(dard deviation), return or cost and
correlation coefficients data, it would be possibdeproduce a number of portfolios for
varying amounts of return having the least riskelédvom asset classes consisted. They are
called efficient/optimal portfolios, which situaten the so called efficient frontier. Efficient

frontier of two risky assets and the set of optip@aitfolios are shown in figure 3-8.
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Then according to this efficient frontier, the ist@ simply needs to choose his desired level
of risk. Actually, mean-variance portfolio theonyggiests not a single efficient portfolio, but a
range of optimal choices. Based on their risk agarand preferences, investors will choose a

risk-return combination.

Initially, mean-variance portfolio theory developexly for financial applications. But it can
also be used for power generation assets to deterthe efficient portfolio for a country or
generation company, discussed in detail in Awerb&cBerger (2003) and Roques et al.
(2008). Awerbuch and Berger (2003) suggest thatrédative value of producing assets
should be determined not by evaluating alternatis®ets, but by evaluating alternative asset
portfolios. Hence, energy planning entities needfdous less on stand-alone least cost

alternative and more on building optimal power gatieg portfolios.

In 1976, Bar-Lev and Katz applied mean variancéfplow theory to fossil fuel supply for US
electric utilities. By focusing on a regional apacb, they constructed the theoretical efficient
frontier of fossil fuel mix for various regulatediliies and compare it with the real
experience of the power utilities. They found duhttmost of the utilities portfolios were

situated on the efficient frontier but with veryghilevel of risk and rate of return. They
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interpreted this as a consequence of the costrpudatory frame work encouraging electric

utilities to operate in a very risky manner.

Humphreys and McClain (1998) also used portfolieotlty to propose the most optimal

energy mix in the USA to reduce risks associateith wnanticipated energy price shocks.
They note that American electric utilities have m@ehed more efficient points of generation
since the 1980s, and that the switch toward nagasltook place in the 1990s were driven by

strong wish for higher returns to investment.

Awerbuch (2000) analysis the US gas-coal generationand demonstrating that more wind,
solar and other renewables with zero variable costhe portfolio will lead to overall risk

and cost reductions, even if their stand-alonescosght be higher.

Awerbuch and Berger (2003) attempt to determinedp&mal European technology mix,
taking into account not only fuel price risk bus@lconstruction period risks and operation
and maintenance risks. They found that EU-2010 ismooupled with higher rate of risk and

return compare to EU-2000 generation mix.

Jansen et al. (2006) use portfolio approach fotyamag the electricity generation mix of
Netherlands. Their study concentrates on fuel puiceertainty and is based on generation
costs. They conclude that more diverse productiontfgdios are generally associated with
lower risks for the same amount of returns. Esjlgcibose which contain more fixed-cost

renewables and nuclear which have a low covariaimitethe fossil-fuel technologies’ costs.

More recent studies like Roques et al. (2008) fanase on a private investor prospective.
They conclude that in the absence of long-term pgwechase contracts in the UK efficient
portfolios differ greatly from socially optimal oseThey found that there is a little motivation
of diversification for private investors as thesea high correlation between electricity, gas
and carbon prices. This kind of conclusion raisesstjons about how policy makers and
regulators should adapt the market frame work Bur@ssystem diversity and security of

supply.
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Portfolio Theory Application in Power Generation Investment

Traditional power generation investment valuatiapproaches such as the famous levelized
cost method, are mainly based on stand-alone asaBst generation technologies have
various risks and return patterns, as such tha¢ thee many valuable potential advantages in
constructing a diversified portfolio of power plantMean variance portfolio theory
applications provide more information for a counpglicy maker and utilities regarding

many critical risks in liberalized and quasi-libkrad power systems.

Portfolio theory application is highly used by fir@al investors to construct high return and
low-risk asset portfolios under different econorsmntexts. In one word, investors have
learned that an optimal portfolio contains no umssary risk to its expected return-on-
investment. Portfolio theory could be very suitaloleplanning and evaluating electric power
portfolios and strategies as the process is toadlasino one used by financial investors

seeking to maximize their profit under minimizatiohthe variety of unpredictable risks. In a
similar way, it is essential to conceive of powengration not in terms of the levelized cost
of a specific technology today, but in terms of ptertfolio cost. In other words, when we

apply portfolio theory to power generation planniagd strategy, fossil and non-fossil

alternatives are evaluated not on the bases of fitend-alone costs but on the basis of
portfolio cost which is their contribution to totpbrtfolio producing cost relative to their

contribution to total portfolio risk.

If we look at the example of two assets from soglahner view point (Iranian government in
our case), the generating cost would be the retavaasure. As a matter of fact generating
cost ($/KWh) is the inverse of a return (KWh/$)atlis, a return in terms of physical output

per unit of monetary input.

In this case, expected portfolio cost is the waightiverage of the individual expected

generating costs for the two technologies:
E(Cp) =X x E(Cy) + X2 x E(Cy)

Where X and X% are fractional shares of the two technologiesha generating mix and

E(C,) and E(G) are respectively their expected levelized costsWwh.
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Expected portfolio risk, Bp) is the expected year-to-year variation in getiemecost. It is
also a weighted average of the individual technplogst variances, as tempered by their

covariance;:
E@Op) = (X%62°+ Xo26,° + 2X1Xop120167) °°

Where X and X are the fractional shares of the two technolomi¢he mix,06; ando6, are the
standard deviations of the holding period retutdBRs) of the annual costs of technologies

andp;.is their correlation coefficient.

Portfolio risk is estimated as the standard dematf HPRs of the future cost of generation

defined as:
HPR= (V- W)/ V4

In which Vis the ending value and; 6 the starting value of the costs. In castief cost for
example, V¢ can be considered as the cost of fuel in yearl(f and \f as the cost in year (t).
In other words, HPR, measures the rate of changeinost stream from one year to the next.

A detailed discussion is given in Berger (2003).

The correlationp is an indicator of diversity in a sense that seral among portfolio
components generates greater diversity, as measyresh absence of correlation between
portfolio constituents. Adding a zero fuel costhiealogy to a risky generating mix, lowers
expected portfolio cost at any level of risk, evethis technology costs more (Awerbuch
2006).

A fixed cost technology (with zero fuel cost) ltas0, or very near to zero. This will decrease
consideringop since two of three items in thedp) equation decrease to zero. And it is clear
thatop reduces ag; falls below one. For example again in case of fuet-less, fixed-cost

renewable technologies, fuel risk is zero andatsetation with fossil fuel costs is also zero.

Modelling Tool and Process

For the modelling purpose we have used OptQuesCaystal Ball tools developed by Oracle
Enterprise Performance Management System. Firsiy go through the Crystal Ball

simulator structure which we use for our cost egtiom and modelling purpose and then
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OptQuest modelling tool will be developed in detab as to reveal the in-depth structure of
our portfolio optimization model and of course tlesults based on already modelled costs

structures.

Crystal Ball is a forecasting and risk analysisl ttws decision making under uncertainty.
Through Monte Carlo simulation technique, CrystallBorecasts the entire range of results
for a given situation. It also shows us confidelesels, so we can know the likelihood of any
specific event taking place. For each uncertainabée in a simulation, we can define the
possible values with a probability distribution.sAnulation calculates numerous scenarios of
a model by repeatedly picking values from the pbiiig distribution for the uncertain
variables and using those values for the cell. rDistions and associated scenario input
values are called assumptions. After hundreds ouséinds of trials, we can view sets of
values, the statistics of the results (such asrtean forecast value), and the certainty of any
particular value. Crystal Ball actually is a sintida model that prepares the ground for our

optimization model defined in OptQuest.

Traditional search methods work well when findimgdl solutions around a given starting
point with model data that are precisely known. Sehmethods fail, however, when searching
for global solutions to real world problems thahton significant amounts of uncertainty.
Recent developments in optimization have produdédient search methods capable of
finding optimal solutions to complex problems invialy elements of uncertainty. OptQuest
incorporates meta-heuristics to guide its seargorghm toward better solutions. This
approach uses a form of adaptive memory to remembgh solutions worked well before
and recombines them into new, better solutionsceSihis technique doesn’t use the hill-
climbing approach of ordinary solvers, it does get trapped in local solutions, and it does

not get thrown of course by noisy (uncertain) matih.

Once we describe an optimization problem (by silgaecision variables and the objective
and possibly imposing constraints and requiremer@ptQuest invokes Crystal Ball to

evaluate the simulation model for different setsle€ision variable values. It evaluates the
statistical outputs from the simulation model, ggat and integrates them with outputs from
previous simulation runs, and determines a nevofsealues to evaluate. This is an iterative

process that successively generates new sets wésvaNot all of these values improve the
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objective, but over time this process providesghlyi efficient trajectory to the best solutions.

As shown in the following flow chart, the searclogess continues until it reaches some

termination criteria, either a limit on the amowfitime devoted to the search or a maximum

number of simulations.
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22



An OptQuest optimization model has four major eletee an objective, optional

requirements, decision variables (already simulate@rystal Ball) and optional constraints.

Optimization Objectives: Elements that represemstarget goal of the optimization, such as

maximizing profit or minimizing cost, based on adcast and related decision variables.

Requirements: Optional restrictions placed on fasestatistics. All requirements must be

satisfied before a solution can be consideredi&asi

Decision Variables: Variables over which you hawatoml; for example, the amount of

product to make, the number of dollars to allocateong different investments, or which

projects to select from among a limited set.

Constraints: Optional restrictions placed on dedswvariable values. For example, a
constraint might ensure that the total amount oheyoallocated among various investments

cannot exceed a specified amount, or at most areqgdifrom a certain group can be selected.

The whole stochastic simulation-optimization motielbe constructed by Crystal Ball and

OptQuest tools would be summarized in the followiggre:
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Assumptions JAVAVAVAVIE S =

) ';-;‘.,'\_r\pk "\ \» Objective

Decision Variable . e (Forecast)
: » L
Decision Variable > |-
> #
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?J” K\%:

N Model % %,
% “ G
> % %
Figure 3-10
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Iranian Power Generation Mix Model

As already mentioned at the beginning of this okapbth renewable and fossil fuel power
plants are to be considered for the national etatstrgeneration of Iran. Hence, coal, fuel-oil
and natural gas power plants introduced to our masléossil-based power units. In addition,
nuclear power units and renewables (hydro, windsahar) were also added to the generation
mix. Geothermal units were not considered in oudetiong because of the non-existence of

any influential policy in the ministry agenda.
Therefore the total expected portfolio cost of litamian mix is given by:

E(ClranP) = XoiIE(CoiI) + XgasE(Cgas) + XcoaIE(Ccoal) + XnucE(Cnuc) + thdroE(Chydro) +
XsoIarE(CsoIar) + XwindE(Cwind)

And the total expected standard deviation (riskthefportfolio is:

E@rane) = [ Xoi“Goi” + XgasOgas + Xcoal Ocoal + XnucGnuc’ + Xnyaro Oryaro. + Xsolar Osolar” +
Xwind Owind” +  2XoiiXcoaPoi coaloilfoal +  2XoitXgagoil gadoitfgas +  2XoilXnugloil nucoilfnue +
2X0il XnydrgPoil,hydrloilOhydro +  2XoiXsolapoil,solar0oilOsolar T 2XoilXwindPoilwindOoilOwind  +
2XgasXcoaPcoal,gadgadeoal  t  2XgaKnuPnuc,gabnudgas T 2XgagXnydrPhydro,gadgaddhydro
2XgasKsolaPsolar,gadgadsolar t  2XgasXwingPwind,gadgadwind +  2XnucXcoaPcoal,nudnudeoal
2XnydroXcoalPcoal hydrdcoalPhydro + 2 XsolarXcoalPcoal,solaPcoallsolar + 2XwindXcoapPwind,coaPwindOcoal +
2XnucXnydrPnuc hydrdnydrddnue T 2XnucXsolaPnue,solaPrudsolar -+ 2XnucXwind?nuc windnudwind
2 XnydroXsolaPhydro,solaPhydrdlsolar + 2 XnydroXwindPhydro windhydrdDwind +
2XsoaiXwingdsolarwindsolardwind ] >

In which X; and C; are respectively the shares and costs of Iran@anep generation
technologies. The standard deviation associatéd e@ch technology is denoted @yandp;
illustrates the correlation coefficients betweemnioass fuels used in related power units. For
instance the correlations between fossil fuel gricealculated based on the last decade

monthly-averaged price of fossil commodities, dreven in the below figure.
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Correlation analysis of fossil commodities used in the model
Brent, Dubai and WTI Average, $/toe Natural gas, Europe, $/toe, current  Natural gas, US, $/toe, current  Coal, Australia, $/toe, current
Brent, Dubai and WTI Average, $/toe
Natural gas, Europe, $/toe, current 0,942016019 1
Natural gas, US, $/toe, current 0,740124098 0,675343067 1
Coal, Australia, $/toe, current 0,572281856 0,591320862 0,462094974 1
Figure 3-11

In case of nuclear fuel, we considered the annualage price of natural uranium over the

last fifteen years and its correlation with othesdil resources prices. This resulted in a rather

high correlation coefficient between coal and nacla around 0.4 while natural gas and oil

have respectively 0.2 and 0.1 correlation coeffitsevith nuclear fuels (table 3-1B).

Consequently, the total generating portfolio cast heen constructed based on the weighted

average cost distribution of each technology. Cestge defined with normal distributions

and their associated means and estimated standaiatidns. Details of standard deviation

(risk) for each technology for its constructionipdr fuel cost and O&M costs and correlation

coefficients between various technologies are surzedhin tables 3-1A and 3-1B.
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Technology Risk Estimates / Standard Deviation
Construction Period | Fuel’ | Variable O&M | Fixed O&M
Nuclear 0,2 0,15 0,2 0,08
Coal 0,18 0,05 0,2 0,08
Oil 0,1 0,3 0,2 0,08
Gas 0,15 0,3 0,2 0,08
Wind 0,05 0 0,2 0,08
Solar 0,09 0 0,2 0,08
Hydro 0,2 0 0,2 0,08

a. Estimation based on empirical data 2005-2012

Table 3-1A

Correlations Coefficients between Technologies

Gas Coal Nuclear Oil Renewable
Gas 1 0,5 0,2 0,8 0
Coal 0,5 1 0,4 0,5 0
Nuclear 0,2 0,4 1 0,1 0
oil 0,8 05 0,2 1 0
Renewable 0 0 0 0 1
Table 3-1B

Source: TAVANIR, Awerbuch et al. (2010) & Authorstimations

As you can see in the table the standard devidtiorfuel costs are all equal to zero for
renewable technologies. As there is no requirerfnany sort of fossil fuel. Construction

period risks vary by unit type and are mainly retlto complexity and length of construction
period-. Fixed cost implies an annual obligation that Ww#l undertaken by an investor as long
as sufficient income exists, which make this risknehow similar to the risk of payments on

the company’s debt.

As explained previously, the correlation coeffitignis an indicator of diversity. Lower

correlation among portfolio components creates tgrediversity, which serves to reduce

! Nuclear construction period and its related steshdviation is based on the normal situation aomtractual
relations, even if it was not really the case & tinst nuclear power plant (Booshehr) construétettan. The
construction period of Booshehr plant took almdsy8ars due to political reasons.
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portfolio risk. In general, portfolio risk falls ¥ increasing diversity, as measured by an
absence of correlation between portfolio elemehtiling a fixed-cost technology to a risky
generating mix serves to lower expected portfobsta@t any level of risk, even if the fixed-
cost technology costs more (Awerbuch 2005). Incthee of fuel-less renewables, fuel risk is

equal to zero and its correlation with fossil faeéts is also taken as zero.

For each power unit, risk is equal to the yearaarystandard deviation of the holding period
returns for main generating cost: capital or carcdion period risk, fixed and fuel. Fossil fuel

standard deviations are estimated from historiatd dlready explained in previous chapters.

The portfolio analysis focuses on the risk of gatieg costs only. We ignore year-to-year
fluctuations in electricity output from wind (or lag) plants, taking the approach that a

properly managed wind resource can produce conatemial output.

Future fossil fuel costs and other generating gatire random statistical variables. While
their historic averages and standard deviationgmoa/n, they move unpredictably over time.
No one knows for sure what the price of gas wilhle&t month, just like nobody knows what
the stock markets will do in finance theory. Estiimg the generating cost of a particular
portfolio presents the same problems as estim#éti@xpected return to a financial portfolio.

It involves estimating cost from the perspectivé®inarket risk.

Current approaches for evaluating and planningonatienergy mixes consistently bias in
favour of risky fossil alternatives. Whereas by arstiating the true value of wind, solar, and
similar fixed-cost, low-risk, passive, capital-inggve technologies. The evidence indicates
that such technologies offer a unique cost-risk umaiong with other valuable attributes that
traditional valuation models cannot (Awerbuch, 1993 he evidence further suggests that
fixed-cost renewables cost-effectively hedge thesifoprice risk as compared to standard

financial hedging mechanisms (Bolinger et al. 2004)

The total cost of the portfolio is the sum of dletlevelized costs distribution (specific for
each technology). Crystal Ball simulation tool, getes the total cost of the portfolio as

showed in the below figures.

As a matter of fact, the cost of each power germrainit is given to the model under the

normal distribution assumption of the cost disttib with associated mean and variance.
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Afterwards, we generate the total cost of the whmbetfolio under Monte-Carlo process
based on the percentage share of each unit inotttélp. Details of this total cost modelling

process are illustrated in figure 3-12.

28



Total generation cost of the portfolio

10,000 Tesls Splt View 9.955 Dplayed
Total Cost Stabsse Forecast values
Trials 10,000
120 |BsseCase 245
) Mean 245
ommercial Use |, |ws 24
oo & | 1 1 i Mode
Standisrd Devisbon 103
8 T |Variance 106
E 2 |Skewness 00112
] 0 5 |Kuriosis 2%
] 5 Coeff. of Varisbality 00458
& Ease Case = 22 29) Mirsmum 1872
eov-n“ Q| Mwimom %2
Mesn Sid. Errce 001
|r|||| .
Aty ||||||'|| Pttty 7 °
1960 1980 2010 2040 2070 2100 2130 2160 2190 2220 2250 2280 2310 2340 2070 21400 240 1460 21490 2520
Percentie Forecast values
5o wn
¢ 2 21
y
oy | 90 [20% 2158
0%0 so0 O |2% 2%
2 os0 § [eo 21
2 ol 700 £ g% 24
8 60 2 [60% 2n
& oe0 ,.ul[l[ll][] e 3 |ox 2%
e os0 |mu| 3 eo% axn
£ 1 4000 3 foon an
3 owff === o0 § [100% %2
§ o g 2000 €
O /
o P lIIlIIIIIIl 1000
o i ||||mu|||m ] muum ||||m|||||u|||||m|||||||| "
VT T T [EETLHT A R T ‘
1950 1980 2010 2040 2070 2100 2130 2160 21.90 2220 2260 2280 2310 2340 2370 2400 2430 2460 2490 2620
$
' réce] Certainty. 10000 % q ity
F .
Frequeacy Frequency R ® 3 *,’.’ S
R 2 ziNian= e viale R 22 208 v
<
3 " 3 : B 2
S » S - s
3 3 8 g
g i . ¥
= $ 3 $ : H 8
c 3 $ 3 8 H 8
3 3 s S
> S x S O
' ] Q 8 P s
C 5 é B S v
o 3 8 3 % S
= 3 q s
= = 2 8
@ - % i
— x 3
J] 3 i 8 3 H
c 8 > 3 '
Q . 8 <
x ®
(@] x ¢
2 ®
S o
039 . . 8
(@] 8 b4 8
Q Fre " quency = "
) R 2220 gl ® " 2l - ~
(&] 3 o R %
® S ¥ 8
s Awarqeay = Awaeqesy e
Hq;) E Areiay :
~
(@) £ R 4 19 4 ~
¢ IS i | § 8l | § ;
5 b 8l | S 3 | DK 3
e} 8 3 3 : 3 8
= 3 3 s : 3 e 3
>3 = e %
o] 8
- — - X 8
= i 8|9 # : 2 B
N it $ %
X J
© # s H H
4 ~ ¢ v H
(2] i s -
@] ® = B
o x
O . N 8 8
8 " -
2 8 - R
8 s i o
L] -
- 8
R -~ -
v ))( X
] Kooy Aapaeqeag - Amaeosy

29

Figure 3-12



Feasible intervals for technologies’ share are ahwmduced in the model. Intervals are

defined according to the techno-economic feasilifor each power unit. For example, the

upper bound of hydroelectricity cannot go beyon&o2@ue to its saturation level in Iran.

Technologies’ share-bounds of all power units usgle model are given in table 3-2.

Coal
Gas
Hydro
Nuclear

Oil

Solar
Wind

1%
30%
10%

2%
10%

1%

1%

Table 3-2

5% 10%
40% 80%
20% 20%
15% 40%
10% 40%

5% 30%

5% 50%

Model’'s Result and Optimal Portfolios

After running the model for around 10,000 triatei@tions), we obtain the following efficient

frontier (figures 3-13 and 3-14) for the variousigeation mix portfolios for the Iranian mix.
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Figure 3-13

Each point on the efficient frontier representoptimal generation mix scenario based on its
related generation total cost and risks. Resultsvalis that the least risky portfolio of power
generation has the total cost of electricity get@naequals to 26.35 USD/MWHh. Least risky
portfolio has the largest possible share of hydmtekity and solar power units while fossil
fuel technologies have the least possible shareshi$ case, nuclear power share stays at
11%. On the contrary, in the least cost portfaiibaround 13.8 USD/MWh with two times
riskier portfolio, nuclear and gas power plantsrebare respectively equal to 35 and 36 per
cents. Renewable resources, both wind and som@taheir minimum levels. A comparative
analysis of these two max and min costs portfolithsstrates the impact of the non-fossil
power units integration into the national generatioix. The more we decarbonize the mix

(via renewables and of course up to the upper bbomit), the less risky portfolio we have.

However, strong penetration of non-fossil powetsim the system can increase significantly
the total cost of the power portfolio. Central plan can choose among all the possible

portfolios on the efficient frontier according ts risk aversion.

In the second step we place the current portfdiithe Iranian power generation mix (data
available in figures 3-2 and 3-3) on the cost-gs&ph (figure 3-13).
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Figure 3-14

We can see that the current Iranian portfolio i2 siuated on the efficient frontier
constructed by the model. Central planner can khegportfolio to the efficient and optimal
frontier by running a trade-off between risk andakacost. Iranian power portfolio could
become at least 20% less risky under the curremtrgéon cost by following the constant-

cost path (trajectory 1 on the figure 3-15) forat@ag the efficient border.
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This action implies an increase of non-fossil poweits share up to 30% in the generation
mix (with at least 11% of electricity coming fronuciear). Fuel oil power plants share must
be reduced up to 40%, half of their current sh&md in case of coal power units, the
situation is less dramatic as the model suggess awsmall increase of its share up to 1% of
the total mix which can be explained by the tengesfdche model to raise the diversity of the

portfolio and consequently reducing the total risk.

Trajectory 1, is the most risk-averse way of optimy the Iranian portfolio while there are
plenty other existing trade-offs among various skl cost values. Trajectories 2 and 3 are
other examples (figure 3-16). If the planner faldopath 3, it will lead to the least cost
scenario in which the share of nuclear energy shoedch the maximum upper limit and the

natural gas units take over just after. What weomgnend as the most economic rational
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solution is the path 2 which is the median casecamdains a fifty-fifty trade-off between risk

and cost.

y = 44.489e-001
R? = 0.9942

Figure 3-16

Summary of the power generation mix structure ofeeh above-mentioned portfolio

possibilities and the current one, are given ihet&s3.
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We also performed a sensitivity analysis over thesit fuel price used in the energy system
model. We did it for 30% of oil price variation the international markets compare to our
initial input. This will obviously impact the valie costs of power generation in our fossil
based power units. As already analysed in theegadictions of this paper, oil price variation
will also influence the price of other fossil comdiites. This in not only the case of natural
gas price, which is mainly indexed on oil pricet lalso that of coal and natural uranium

whose prices are in correlation with the oil price.

Fuel price sensitivity analysis was done for theolehportfolio and for every new price
assumption. We run the simulation and optimizatimdel so as to generate the new efficient
frontiers of our power generation portfolio. Foeteame reasons explained above, we are
mainly interested in the median case. Structuressaxfh optimal electricity generation

portfolio are given in table 3-4 under variouspoikce variation assumptions.

Power Units | AS Oil (-30%) AS 0il (-15%) | Median | AS Oil (+15%) | AS Oil (+30%)

Coal 0.25% 1% 2% 1.5% 1%
Gas 60% 51% 33% 29.5% 20%
Hydro 16% 18% 19% 20% 20%
Nuclear 3% 9% 19% 22% 30%
Oil 20% 13% 10% 6% 2%
Solar 0.5% 6% 12% 14% 17%
Wind 0.25% 2% 5% 7% 10%
Table 3-4

The results show that the increase of oil pricelaghly promote the non-fossilisation of our
power generation portfolio. For instance, in cas808%6 increase in the oil price the shares of
natural gas and fuel power units in the system d=orease respectively by 16 and 10 per
cents. Nuclear and solar power units would be tlwstnoptimal and cost-risk efficient
production means. Nevertheless, the model stibmenends 2% of fuel power units as these
units can provide energy diversity and reliablekbag power for intermittent renewables in

the system.
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On the contrary in case of oil price decreasenbdel suggest significant amount of gas and
fuel power stations. But still the share of theunalt gas in the system is less than that of the
current portfolio (63% of gas) which is situatedywéar from the efficient frontier. This also
the case for the power units run by fuel. Finaliythis case, we can observe a dramatically
decrease of the nuclear and renewable sharestittitl shares are not equal to zero as the
model has always the tendency to bring energy slityeand security in the system. To
conclude, we can say that under the oil price @gser@assumption, the optimal mix would be
pushed toward more fossil-based structures congisighly inter-connected fossil fuels (oil,

natural gas and even to some extent coal).

Moreover, higher oil prices in the internationalrkeds (and consequently higher natural gas
prices) brings more export opportunity for Iran ance versa. This can also accelerate the
impact of oil price variations on the electricityxstructure of Iran. However, we must add
that the natural gas export has recently becomeryastrategic matter due to its geopolitical
and technological perspectives. And Iranian eneagthorities have always announced
keeping this issue as a priority whatever the ojpdly cost of natural gas monetization
would be elsewhere in other domestic usages, exaspfeed for petrochemical units

providing products also ready for export.

Lastly, we also integrated the @@osts of 10, 15 and 20 € MWH in the model. Thaultes
for each CQ cost integration compare to the median optimahadge without carbon price

are given in table 3-5.

Coal 2% 1% 0.7% 0.2%
Gas 33% 26% 21% 17%
Hydro 19% 19.2% 19.5% 20%
Nuclear 19% 26% 31% 34%
oil 10% 6% 4.5% 2%
Solar 12% 15% 16.3% 18%
Wind 5% 6.8% 7% 8.8%
Table 3-5
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The results show that GQcost reacts and influences the power system inofyosite
direction of oil price variation. Except for theseaof coal which is not recommended neither
in case of oil price increase nor €Bigh costs. We can conclude that a proper-Ca3t
integration in the system cannot only provide emwnental benefits but also dampen the
vulnerability of the electricity mix against oil ipe fluctuations. Yet, there is not still any
solid CQ reduction policy concerning the power generatiect@a and for the time being the
main focus of Iran in terms of environmental issigesather on the transport sector than

others.

Conclusion

Today’s dynamic and uncertain energy environmentraf needs planning procedures that
accommodate risks and de-emphasize stand-alon&i@tgcgenerating costs. Procedures
that can reflect the cost inter-relationship ameagous generating alternatives. In this work
we attempted to construct the efficient portfolfonational power generation for the Iranian
electricity sector. This was done under Mean VamarPortfolio (MVP) approach of
Markowitz theory, fully explained throughout thete

Mean-variance portfolio theory that we applied ur analysis is well tested and ideally suited
to evaluating national electricity strategies. Tk&/P framework offers solutions that

enhance energy diversity and security and are forereconsiderably more robust than
arbitrarily mixing technology alternatives. MVRustrates that the typical Iran gas and fuel
generating portfolio offers little diversificatiorihile it may insulate from random risk, such
as Iranian nuclear issues, it provides little iafoh from the systematic risk of oil and gas
price movements, which have historically been higtarrelated and can dramatically impact

the export revenue of the country and opporturost of electricity generation.

Given the high degree of uncertainty, the relatraie of generating technologies must be
determined not by evaluating alternative resourbes, by evaluating alternative resource
portfolios. Energy analysts and policy makersilrpooducing countries face a future that is

technologically, institutionally and politically caplex and uncertain. In this environment,

2 Increasing use of contracts may mitigate thisohisal relationship by pricing each fuel more oa tasis of its
costs. However, history suggests that when shestégr a particular fuel occur, the cost of altéreafossil
fuels rises. This is also the case in hydrocarbodyrcing countries.
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MVP techniques help establish renewables target$ portfolio standards that make

economic and policy sense (Jansen, 2004). Theyatsade the analytic basis policy-makers
need to devise efficient generating mixes that ma&e not only the national revenue but also
the system security and sustainability. MVP analgsiows that contrary to widespread belief,
attaining these objectives need not increase cisthe case of the Iranian national power
generation mix, increasing the non-fossil sharend¥it is believed to cost more on a stand-
alone basis, reduces portfolio cost-risk and enbsvery high energy security. The results
revealed that the current Iranian generation mfangrom the optimality in terms of cost and

diversity. In fact, according to our model's outputhere is a huge potential of improvement
in costs and risks reductions (respectively 15 d@der cent) by going toward more non-

fossil fuel based portfolios of power generation.

However, any sort of aggressive strategy concerhotfj cost and risk reduction process, is
not recommended as they are negatively correlaiedath other. Massive investment in
nuclear and other non-fossil resources would hightyease the portfolio’s costs and can
make the Iranian power sector very vulnerable agjdachnological risks even if the impact
on the energy security risk reduction could be \@gyificant. Besides, relying on the current
investment trend in the fossil power units can hane Iranian power sector seriously by
increasing the total risk of electricity generatiportfolio. Moreover, this will also lead to

substantial reduction of hydrocarbon export, asdbrmestic demand of oil and gas for power

generation will continue to rise.

A compromise between fossil and non-fossil souafgsower generation would be the most
efficient solution for Iran. In the short and medigterm Iran should continue to invest in both
types of power units while gradually decrease tiares of fossil units in the generation mix
until reaching the optimal values. Both nuclear agtkwable (wind and solar) power plants
should gradually become more and more presente@méitional electricity portfolio of the

country. However, this should happen under the itimndthat the nuclear power units’ costs
per MWh become at the normal and internationallgeptable rates. If the nuclear costs
continue to stay at the same levels as of thelfiasiian nuclear power plant in Booshehr (30
years of construction time and tripled investmeosts), this conclusion would be totally

irrelevant and inconsiderable from economic poihvview. But under any circumstances,
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investment in solar power must become the priaftyhe Iranian authorities as Iran with its
vast desert areas can benefit from very smootheable solar firms.

Last but not the least, it should not be disremeaetbéhat this gradual non-fossilization of the
Iran’s generation portfolio must be fulfilled in nadlel with a solid and efficient policy
regarding the decrease and eventually total renuiMalssil fuels subsidies.
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