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1. Introduction

¢KS LINP2SOG a{GNYGS3e o62dzi {eaidiSYy 'R
ONBIFaAy3a [ S@Sta 27T esthdeKectddf iSere@sByI&NT G A 2
els of penetration of renewables on the system adequacy and reserve margins

of the South African grid. It is supported tye South AfricasDanish program

for renewable energy.

The project is led by Ea Energy Analyses and supported by the Danish
Technical University, EOH EnerWiBhnish Energy Agen@s well as the
Danish TSO, Energinet.dk (in an advisory capacity).

This reportdocumensthe Stochastic Analysis and System Adhery studyg

and explors scenarios for the South African power system assessing how
system adequacy and the need for reserves may develop in the future,
addressing the geographical distribution of the renewables, the load, and the
transmission grid. It ab provideinput to the analysis of costs of ensuring
system adequacy.

Thoughout the project we haveollaborated closelwith the Steering

Comittee andthe UserGroup. SANEDI, DoE aBgkomhave been

represented in these groups. Detailed data about the South African system
has been supplied by Eskom for use in this project.

Training in the usefdhe SisyfosR model has been part of the project. The
institutionsinvolvedin the projectcancontinue using the SisyfosRnodelfree
of chargeafter the completion of the project.

In this project, the use of stochastic analybes been demonstratedxten-
sive data collection has taken plaead the current study has been based on
the best available iiormation. In order to further refine the analysis, how-
ever,continuedwork with the modelkouldinclude further improvements of
the input data.

Mikael Togeby
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2. Executive summary

Thereliability of electricity supply in South Afrigaifar from the desired level.
In periods since 2005 has been necessary to curtail demand to secure the
stability of the overall supply. Many critical parameters contribute to the cri-
sis, including lack of adequate investment in new generation andeoel bf
availability of the existing fleet of generatérs

Electricity systems must be in balance at all sn@eneration must be equal

to demandc in each hour and each second. If generationasadeguate, de-

mand must be curtailed or system blackouis adistinct possibility Reserves

are used to maintain a stable system, also after loss of individual elements like
power stations or transmission lines. Traditionally, static methods haen

used to allocate reserves, e.g. thell¢riteria thatdictates that the system

should always be able to survive a sudden loss of the largest or most critical
unit or a certain excess capacity e.g. 20%

This perspectivavill alwaysremainrelevant Sudden loss of elements hap-
pens and the system security should ibe threatened by thisStrategic or
economicconsideration can indicate whether it should belr N2 (one or
two independent failures) and what timespan is required before the system
mustagain be able to withstand a new failure.

In this study a stdtastic method of analysirgystemadequacy has been
used. Stochastic methods canprovethe N-1 method since failure of all
unitsis considered The strengths of stochastic methods are multiple:

1 The results are in real security of supply units, engrgy not served
(ENS)Thiscan be compared to a security of supptiterion (e.g. max
20 GWh ENBer yearor 1 hour per yeardrdza S R (i 2ecdhdmi-tR  a | y
cally2 LJG A Y I £ Biffefent fulirg syStdmecan e simulated,

e.g. with different level®sf plant availability or different levels of re-
newable energy penetratioatc.

1 The complex nature of a given system can be represented, e.g. the ac-
tual setup with the individual power plants and thieyout of the
transmission grid, as well as the actuahgability of the different ele-
ments.Especiallynew power sources with varying generation, like
wind and solarcan be included in the analysasdtheir contribution
to securityof supplyinvestigated.

1 See: Wilson et al (2006), MAPS (2014), Trollip (2014), South Africa Government (2015)
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Stochastic methods can be complex and demandiitig respect tocomputa-
tional powerresourcesThe model employed in this study, SisyfosR, simplifies
some aspects of power system modelling (e.g. unit commitment and ‘oerit
der dispatch), while delivering superiperformance in terms of ease of use as
well as speed of model rutime. It should though be noted that theimplifi-
cationsindicateddo not affect the mode® ability to calculate ENS.

The system adequacy model SisyfosR has been populated with detailed data
about the South African electricitystem Information about all power plants
and a detailed representation of the transmission grid has been entered into
the model. Hourly demand profiles for each node in the transmission grid
have been used, as well as hourly nexpecific generation prdés for wind

and solar power (time series of 8,760 hours for each proftegrgyNot

Served (ENS)as been calculated for 2014, 2020 and 2025 for a selected num-
ber of alternative scenarios.

The SisyfosR model hasM®&Excel interface and can be run on a server or a
regular personal computer

Scenarios In the current study, a number of scenarios have been investigated in the
SisyfosR model. All results are based on 1 000 annual, i.e-{8ou80model
runs foreachsgél NA2d | WwSFSNBYyOSQ OF asS NI LIN.
simulated in order to provide a validation for the model, as well as a within
model benchmark for the future scenarios. For year 2014, the SispioR
elled ENS d855GWh compares relatively web the reatlife reported ENS of
512 GWh.

Simulations are also made for years 2020 and 202&pectivelyIn order to
account for the uncertaintyegarding future developments® number of key
parameter variations arexplored:
1 Demand(Low1% p.a.Moderate 2% p.a.High3% p.a)
1 Plant outage levelon averageLow8% Highl13% Very Highl7%)
1 Renewable energylevelopment pathways (All RE, Half RE, Half? Half
RE)

2 Scenarios where onlyalf of the planned RE expansion¢alplace, whereas the other half (in expected
power generation equivalent) is substituted through centional generation capacity
6 | Stochastic analyses of adequaeyp4-08-2016



The results of all of the scenarios explored in the current study are presented

in Tablel.
Demand:Low Demand:Moderate Demand:High
Outage level

Year | RE development| Low High Vgry Low  High Vgry Low High Vgry

High High High
2014 | Actual 655
2020 | Half Half RE 9 9 9 19 42 293 136 1636 5435
2020 | AllRE 9 9 9 19 55 355 174 1746 5440
2020 | Half RE 9 9 9 19 83 569 256 2636 7776
2025 | Half Half RE 9 9 9 16 16 16 47 344 1389
2025 | AllRE 9 9 9 16 16 17 66 493 1699
2025 | Half RE 9 9 9 16 16 21 104 926 3134

Tablel: Annual average ENS for 8isyfosR modellestenariosacross 100 runsper scenario. Unit: GWh per annum

The SisyfosR scenario analysis suggests that the demand projections are a crit-
ical factor with regard to the resultingodelledsystem adequacy, as ex-

pressed by the average annual Energy Sietved (ENSEE.g. with the current
generation fleet expansion plans materializing on schedule and the demand
growth continuing at a rate of 1% per annPemand: Low)the system ade-
guacy should be able to reach satisfactory levels, even in the absénoe o
provement in the existing generation fleet availability rates. Shouldithe

mand growth rate reaches 2% per annum throughout the projection period
(Demand: Moderate)the modelling results suggest that system adequacy
outcomes would be more dependenhdhe developments in other key fac-

tors, e.g. the availability rates of the existing generation fleet and realization

of the RE development plans (the factors tested), especially towards 2020. Fi-
nally, if the demand development reaches the levels as ptejeby IRP 2010

(i.e. demand growth rate reaches 3.1% per annum throughout the projection
period; Demand: High scenaripgshe modelled outcomes in terms of average
annual ENS reach critical levels even under the assumption of most favourable
outcomes in érms of other key factors.

In addition the impact of potential alternative futures with regard to the RE
expansion development have been explored in the current analysisS W1 |  F
w9 Q ao0Syl R (GSYLWINE woQ akKz2ga GKFO |
will result insevere imtications for system adequadydemand is highSimi-

lar effects can be observed in the cas&620 with moderate demand and

outage levels above low.
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¢ KS WI RETrpidSihvEstigate the possibility of half of the planned

RE expansion taking place, whereas the other half (in expected power genera-
tion equivalent)beingsubstituted through conventional generation capacity,

i.e. coat and gadfired. Thae are onlyslightdifferences in the resulting mod-

Sttt SR 9b{ 0SG6SSy (KS WI ITheHigettionfoff w9 Q
GKS RAFTFSNBYyOSa 6AdPSd KAIKSNI NBadzZ GAyY
G2 Wttt w9 Q sthatSigpatdhAbk dapagitdgeRproidethi§her
contribution to security of supply; the absolute scale of difference (i.e. fairly
slight) would though indicate that also RE generation can contribute very sig-
nificantly to system adequacy. Finallycan be observed that the diffemee

in the modelled ENS is almost negligible in the most critical system condition
scenarios (i.e. high demand and high outage rate), which is fairly intuitive con-
sidering that in critical situations any additional power generation capacity

can likely helglleviate the pressurdt should be noted, however, that these

results are subject to the underlying assumptiges. expression of expected

RE generation into conventional generation capacity and its allocation in the
transmission systemras well as th specific RE generation profijes

Economially optimal Energynot-served isseen as sign ofailure inthe power system. However,
ENS some solutions to avoid ENS can be too expensive. In a simplifieqg,sbe
economially optimal EN$ias been comgted in this studyThe nputs used
are a (defined) price on ENS and a price for adding new generation capacity.

With 2014 as test case it is found that it would have been optimal to have ad-
ditional firm capacity in South Africa of50 MW. This resulsiinfluenced by
the fact that 2014 was a year with high outage rates on many power plants.

The analysis supports the idea of having a goal for ENS. In the IRP 28 GWh i
described as the maximuacceptabldevel of ENS. This seem to be in line

with the aralyses of optimal amount of EN&ll results have values between

10 and 20 GWh after optimal investment in new generation capacity. To re-
duce ENS below these value would lead to generation capacitysthsed

less than 16 hours per year.
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3. Method

The rdiability of a synchronous electricity system can be divided dwle-
guacyandsecurity System dequacy idulfilled when sufficient gengation

and transmission capacitiexist to serve all electricity demand. Security de-
AONAROSa GKS aecaidtsSyQa FoAfAadGe G2 sgAlGKaA
transmission lines or major power plants.

Reliability

Adequacy Security

Figurel. The reliability ofin electricity system depels onits adequacy andts security.

TheSisyfoRmodelfocusseson systemadequacyWill the available units
(plants and transmission) be able to supply all den?and

Security can be studied in otherodek, e.g. PSS/E or PowerFactory, where
0 KS asabilily$ovwidhstand failures can lmemputed This includes stud-
iesof voltage, power flow and dynamic propertiebthe system

SisyfosR model

SisyfoRis a simulation model for investigation of power system adequiacy

is suitable for analyses ofrigterm security of supply in the power system
(generation and transmission),gein relation to the system adequacy implica-
tions brought about by increasing wind power penetration, decommissioning
of existing plantsor possible improvements to power system adequacy aris-
ing from new investments in generatig@antsor transmission lines.

TheSisyfoRmodel appliesa numerical approach based on the Monte Carlo
principle (with a large number of runs with randauatcome ofunplanned
outage. The outcome of a Monte Carlo simulation is the probability distribu-
tion of the expected values of reliability indices.
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Thehighvoltagenetwork is included in the modelling, and the model evalu-
ates whether it is the network or the prodtion capacity that is the key cause
of power system adequacy issues.

Time series (hourly values per node) Probabilities for outages

}

/T ' (N )

Load Profile Generators Transmission
Network

BN \ %
-
\ .
| A .
> | Planned outage
\ s .

wind \ v
Ini .

SystemAdequacy | Monte Carlo
* Energy Not Supplied '

«+ Supply-induced ENS Unplanned  Sjmulation
* LOLP outage .
(Stochastic)

Figure2. Outline of the computation i8isyfoR Also hydro plants and pumped hydro may be
represented by time series dteetheir limited/ time-specifiogeneration.

The model uses stochastic methods of power generation and grid outages to
determineEnergy Not Supplied (ENENS is computed per hour and per node
across many runs. Results can be aggregated to yearly values or presented in
graphs. Median radts as well as percentiles and minimum and maximum val-
ues across all rurere computed.ENS can be expressed in MWh or in percent-
age as ENS divided by the total demand.

Key inputs to the model are:
9 Generation: Capacity (MW) and planned and unplanned gri{&o)
0 Wind, solar and pumped hydro are represented by hourly var-
iation profiles for a year

1 Lines: Capacity (MW) and unplanned out#&y# It is the typical, ac-
tual transfer capacity that should be used. Practical operation may
dictate that this can be snfiar than the technical line rating.

1 Demand: Hourly demand per node for a year

The SisyfosR model is based on the SISYFOS model developed by the Danish
Energy Agency. The rights of the current model are shared betieeban-
ish Energy Agency and Ea Egetgalysis.

Limitations of the model
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The model does not include any economic dispatch. The focusademjuacy
i.e.whether it is possible to cover all logalt any costs)The model is not con-
cerned withsecurity i.e. if the operation is in a way thtte system can sur-
vive a sudden loss of elements.

The SisyfosR modabes notfully support chronological / consequential rep-
resentation of eventst KS Y2 RSt O2y&adARSNB y>Itcn a0
representing one hour of the yeag)each with a radom assignment of out-

age for each unitAs suchfeatures like e.g. unit commitmeratr duration of a
specificfailure are not represented in the model analyd®sdefault How-

ever, representation of chronologicahd simultaneousimelinescan be done

through application of time series profiles in the model (e.g. availability and
operational limitations of hydro and pumped storage plants, planned mainte-

nance schedules per unit over the year etc.)

A simple example

A simple test case is supplied togethethwthe model. In the example, three
nodes exist: Demand is constant 1,000 MW in one node and the electricity can
be supplied by one of the two plants each with 1,000 MW capacity. The grid is
connecting the three nodes and all lines have 2,000 MW cap&dants and

lines have 10% probability of not being in service (unplanned outage).

This system can tolerate anyINerror without interrupting demand. Several
combinations of N2 errors will result in ENS, e.g. loss of both power plants

(G1 and G2) or loss of two lines (T1 and T2). See Bgure

This example is so small that it is pb$sito compute theENSexactly.Seen
over a long period of time this system HaSISf 2.15%of the demand
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T T1

T3 ¢

7 '|\ —
Figure3. lllustration of the simple example.

Table2 show the result of the model. The median result gives the abrtee-
oretical value.

ENS (MWh/yr) ENS%)

Max 243.000 2,77%
75 percentage 197.000 2,25%
\ 50 percentage 188.000 2,15% |
25 percentage 163.000 1,86%
Min 140.000 1,60%

Table2. Results based on 1,000 runs. The median result (50%) is the main result. The other rows
indicate the variation across tHe0O0Oruns.

The user decides on the number of runs that the model should exelcute

one run the model evaluates all hours of oyear (8,760 hours). In Figude

the development of the result (median value) is described as a function of the
number of runs. The model needs more than 50 runs to get a stable result be-
low 0.5% from theorrectvalue and more than® runs to make the rest

be within 0.1% from the correct value.
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Figure4. The SisyfosR result accuracy compared to the theoretical result. Results from a test
with 1,000 runs.

Thus, the statistical error can be reduced by executing many Hmsever, in
reakife situations,other sources of error due to simplification of the problem
or lack of information are usually of larger importance. Therefibrie recom-
mended to balance the timspert on executon with the quality of input data.
With excellent input data it is relevant to minimise the statistical error by us-
ing many runs. When comparing different scenarios, e.g. two runs with one
parameter changed, it is relevant to keep the statistical error lotivan the
studied impact.

Method
The SsyfosRmodel calculates key indicators of power system adequacy:

1 Energy Not Supplied (ENS): all unserved energy demand (e.g. due to
missing supply or missing grid capacity)

1 Supplyinduced ENSnergy not supplied due to missing supply, i.e.
generation andmport capacity (in order to be able to discriminate
between supply and grid adequacy impacts)

1 Lossof-Load probability (LOLP): The probability that an instance of
unserved energy occurs in the system, expressed in hours/year (i.e.
number of hours with BS incidents divided by the number of hours in
the year, i.e. 8760) or in percentage points.

The necessary number of simulations to calculate ENS and LOLP depends on
how "reliable" the power system iSypically100 to 1,000 runs, equal to
876,000 to 8,380,000 individual tests, is a relevant number of runs.
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The simulation procedure is as follows:

1 Compute the plan for the planned outage (or load an external plan).
The computed plan will allocate the planned outage per ghiased
on the hourly surplus gaacity (generation capacity minus demand).
See Figure 5.

9 Calculate available power for all power plants and transmission by
random process ("Monte Carlo") based on outage rates.

9 Determine demand load for all nodes based on historical time series,
possiby scaled to a projected future consumption level.

1 Determinate the available power from wind and solar. Inpet node
from CorWind used in WP2.

9 Calculate a generation and transmission solution, which supplies all
power demand if possible, or as much asgible.

9 If production is less than consumption, calculate the corresponding
contribution to the ENS.

Each generator has two probabilities of being out of service: A plannedrand a
unplanned probability. For transmission lines only an unplanned outage factor
is used.

The plarfor planned outage will allocate most of the planned outage to sum-
mer (Novemberg February) when the demand is lo@ependent on the
amount of planned outagthe stress on the system tend to be the same all
year round.This fact is a strong argument for investigating all hours of the
year¢ and not only to focus on peak houfSee Figure 5.

50.000
45.000
35.000
30.000
25.000
20.000
15.000
10.000
5.000
0

Hﬂ'l“‘hgm(.DG‘\NLHCOH?T\DCO(DG'\NLHCOH?T\D(O(DG‘\N

— mwhmo‘—cmgmr\mmommvwr\mo‘—cwmm
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s Demand == Capacity minus planned outages Total cap
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Figure5. Example of model based allocatiof planned outage.

By default (and throughout this study) all unplanned outage is considered as
independent. However, the model has a feature wheoenmon failuregan

be defined. A group of elements can share a probability of outage. This can be
units of a power plant sharing some elements or transmission lines sharing
some elementg or a combination of both.

The method used and the mathematical equations arecdbed in the
SisyfosR manual (Ea Energy Analyses and Danish Energy Agency, 2016).

Other examplesf use The Sisyfos model has been used imumber of studies. The Danish Energy

of Sisyfos Agency uses the Sisyfos model in the Danish system adequastigatiens,
and e.g. in 2014 an analysis of the transmission grid functionality was carried
out (Agency, 2014)sing the Sisyfos model. Surplus and deficits of capacity to
obtain a predefined level of security in different regs for future years was
estimated in this study. For the long term, six different scenarios were set up
and investigated

Ea Energy Analyses (20bé4k applied the Sisyfos modelitvestigate the
level of ystem adequacy in Lithuani&cenaricanalysis was used favesti-
gatethe trade-off betweenREdevelopmentand additional investments in
dispatchable generationapacity Fully functional model of Lithuania in
Sisyfos wathen transferred to thelLithuanian National Control Commission
for Prces and Energypon completion of the project

Generallythe applicationof simulationmodelsis becoming moreprevalent
within system adequacstudies A simulation model similar to Sisyfekas
also been used to estimate the adequacy of émtire European network(EN-
TSCGE, 2016)
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Annualdemand for year
2014

IRP2010demand pro-
jections for2020 and
2025

4. Data

This section of the repogrovides an overview of the input data used in the
model, focusing on demand, generation and outage data.

Demand
The following data sources for the demand in Soittica have been used in
this study:
- Nodespecific hourly load data for 2014
- Net Sentout (NSO) hourly data for 2014
- Interruptible Operating ServicéBDS hourly data for 2014estimated
by the National Control Center (NCC)

All this data has been obtained from Eskom and match the Eskom generation.
Demand satisfied from generation of independent produdsrsot repre-

sented in this data. Therefore, the hourly node demand is scaled to match to-
tal demand in South Africa.

The node-specifichourly demandis scaledso as to correspond to thetal
systemNSQGdemand datehour by hour thereby incorporating any underlived
demand The modelled annual demand for 2014 for South Africa equals to
234 TWh.

Ly 2NRSNJ G2 2060GFAY | WNBLINBaSyidal aGdAgs
2014 10S hourly data has been added back to the 2014 NSO hourly data to ac-
O2dzy i F2NJ (KS WekhesaltdNkedodeSgeclithSuny dg-R Q ®
mandis scaled so as to correspond to the total system (NSO + 10S) demand
data hour by hourFinally, the obtained hourly load profile is then scaled to

the 2020 and 2025 annual demand levels, respectively.

Theannualdemandprojectionsfor 2020 and 202%ave been derivedrom

the IRP 2010As illustrated by Tablg, IRP 2010 projects a very steep demand
growth trajectory towards 2020 and 2025nd projected a much higher an-
nual demand level for 2014 (than was actually realized).

2014 2020 2025
Historical demandNSO) 234TWh - -
IRP 2010 demand

356 TWh 404TWh
(SO Moderate)

Table3. The demand values used in the simulations.
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Figure6 illustrates the discreparydetween the realized anthe projected
electricity demandievelopment over time.

400
350
=
= 300
250

200

—m— Electricity distributed in RSA (TWh) —s—IRP 2010 (TWh)

Figure6: Realized vs. Projected electricity demand in South Africa. Sqi8tistics South
Africa, 2014)(Department oEnergy of South Africa, 201 {$tatistics South Africa, 2016)

Due to the widening gap between the realized and the IRP-podjected
electricity demand development, a number of alternative demand projection
scenarios f02020 and 2025 have been investigated in this sijpdlyase see
Scenariosectionof this report)

Nodal demand profiles  The tourly nodespecific load profilefor the existing nodefrom the 2014
2020 and 2025 reference case armaintainedfor the 2020and 2025 scenariofNew nodes
FNBE FaaA3aySR 'y Wl @SwelgHefdveragédédion RSY | y
the hourly nodal load profiles from 2014), which are then scaled to corre-
spond to the peak load projections per nofie the respective yeaprovided
by Eskom. The resulting hourly nodspecific load profiles for 2020 and 2025
are thenscaled tocorrespond to he projectedannual demand levelsespec-
tively*.

Table4 provides an overview of the peak load as projected by different
sources vis-vis the ak load as obtained from the demand profile repre-
sented in the SisyfosR model. The level of peak demand extracted from the
modelled demand profile in SisyfosR (scaled to correspond to the ag@gal
and 2025demand projections from IRP 2010) is broadiynsistent with the
peak demand projections as per IRP 2010, with a slight upwards tendency.

3 Based on the data from 2015 2020 CF Post Peak Rev 2

4 This is done in order to ensure consistency across the nodes with regard to the annual demand level. Fur-
ther scaling the demand in the new nodes (beyond their prei@gieak load levels) could, however, over-
estimate their respective shares of the total demand.
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IRP 2010 PSS/E study projectec SisyfosR modelled

peakload data® peak*
2014 43436 MW 45451 MW
2020 52719MW 40923MW 55643MW
2025 60150MW 42 264MW 63256 MW

Table4. Comparison of the peak demand data derived from IRP 2010, the PSS/E analysis results,
and the SisyfosR modelled dfteBased on thedjusted and scaled demand profile as de-
scribed in the Demand section).

Generation

Information per individual generation plant has been used to represent the
existing generation fleet in South Africa. The generation plants and their re-
spective capacitiefor the 2014 modelled system apgesented in Tablé.

Plant type / Name  Capacity (MW) Plant type /Name  Capacity (MW)

Coal 35,940 Hydro 2,100
Arnot 2,220 CahorraBassa 1,500
Camden 1,520 Gariep 360
Duvha 3,480 Vanderkloof 240
Grootvlei 1,080 Oil 2,460
Hendrina 1,900 Acacia 180
Kendal 3,840 Ankerlig 1,350
Komati 900 Gourikwa 750
Kriel 2,880 Port_Rex 180
Lethabo 3,540 Nuclear 1,860
Majuba 3,840 Koeberg 1,860
Matimba 3,720 Wind 457
Matla 3.480 CookhouségPosei- 135
don)
Tutuka 3,540 Dorper(Delphi) 97
Storage 1,400 Hopefield(Aurora) 65
Drakensberg 1,000 fgfrf;ﬁ di;ae% 134
. VanStaden
Palmiet 400 (Grassridge) 26

Table5. Generation capacity 2014.

The number of units per plant have been represented in the model, with an
assumption of the same unit sigéthin one plant (in real life, the unit sizes
within a plant can vary).

Only Cahorra Bassa out of the RBekom generation plants has been repre-
sented due to lack of information on the other plants. According to IRP 2010
(2013 update) the additional neBskom generation in the system amounts to

5 Based on the data from 2015 2020 CF Post Peak Rev 2
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Decommissioning

Wind power

1 830 MWg and it is not represented in the SisyfosR model in the current
study.

The expansion of generation capacity towards 2025 is showabie6.

Generation type (MW) 2014 2020 2025
Coal 35,940 45,596 45,626
Qil 2,460 2,460 2,460
Hydro 2,100 2,000 4,563
Nuclear 1,860 1,860 6,660
Pumped torage 1,400 2,732 2,732
CCGT 474 711
OCGT 1,029 2,643
Wind 457 3,846 7,446
SolarPV 2,697 4,897
CSP 700 1,200
Other 79 79
Total Capacity (MW) 44,217 63,472 79,016

Table6. Generation expansidrased on the data from 2015 12020 CF Post Peak Rev

More detailed representation of the generation exygon as modelled in
SisyfosR is presented Appendix I: Generation Expansion Plan

Decommissioning schedule of the existing generation fleet has been based on
the capacity development plan data provided by Eskddamden and Komati
plantsare being gradually decommissioned towards 2025.

Detailed generation profiles for each node with wind capacityett®een com-
puted. By use ofhe program CorWind metrological mescale data has been
converted to nodespecificand capacityspecifictime series. Data develop-
ment is documented i separate report.

Due to the size of theountry,a strong smodting of the electricity generated
by wind power takes place, séégure7 andFigure8.

6G ¢ 5t cRORMAssumptionsPaped Sy RSGFAfa wS@ oéY /2y@SyilArzylt
riod 2017 to 2026
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Figure?. Yearly average wind generation across the hour of the day. Percentage of installed ca-
pacity. The blackhick line is capacitweighted aerage. The other lines are nedpecific data.
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Figure8. Example of wind generati a specific day (1 January). The bldukk line ighe capac-
ity-weighted average. The other lineseanodespecific data.

Solar Data for PV generation time series has been developed per node in the trans-
mission grid. Documentation of the data developrhenpresented in a sepa-
rate report.

Solar generations in illustrated Figured and Figurel0. The variation be-
tween areass much smaller than for wind.
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Figure9. Examples of solar profiles for a specific day: 1 Januanod with PV capacity in
2020.
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FigurelO. Examples of solar profiles for a specific day: 1 July. 27 nodes with PV capacity in 2020.

Hydro and pmped stor- The generation from hydro planislimited by the inflow of water. In the

age studyhydro plants withstorageare represented with full capacity availability
during 7:00¢ 11:00 and 15:0@ 19:00 time periodgach dayfor the two units
Gariep and Vanderkloof. Cahora Bassa has a base loagor{fide) 1500 MW
in 2014 and 1400 MW for 2020 and 2025.
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Demand response

Existing generation fleet

The pumped storage plants Drakensberg and Palmiet are represented as
charging at night on weekdays and all day on weekends; and being available
for generation during daytime on weekdays. In the rabithe pumped storage

is represented to be available at full capacity from 7:00 to 22:00 ankahays.

No availability profiles have been assigned tofilteire hydro plantdmport
Hydrol and 2. The prospective Ingula hydro plant has been assigned the
pumped storage availability profile.

Hydro plant Modelled capacity available (MW) Availability profile

2014 2020 2025
Cahora Bassa 1500 1400 1400 Flat
i 7:00¢ 11:00 and 15:0Q@
Gariep 360 360 360 .
19:00daily
7:00¢ 11:00 and15:00
Vanderkloof 240 240 240 S . an S
19:00daily
7:00¢ 22:000n work-
Drakensberg 1000 1000 1000
days
. 7:00¢ 22:000n work-
Palmiet 400 400 400
days
7:00¢ 22:000n work-
Ingula 1332 1332
days
Import Hyd
port Hydro 2280 Flat
1(4 x 570)
Import Hydro
5 P y 283 Flat

Table7: Overviewof the hydro and pumped storage representatioisigyfosR

Demand response could be modelled as a one or more power plaatsand
response has not been explicitly represented in the model in the current anal-
ysis. This isuk to the complex nature of demand response representation
(and the uncertainty associated with making future projections theresnfy

the fact that SisyfosR currently does not employ chronological / sequential
representation of eventdviost demand respoders act by moving the power
demand to later hourdn the interpretation of the modelling results in terms

of Energy Not Served (ENS) it should, however, be noted that Hifeeaper-
ation, a share of the ENS instances registered could in fact havealieein

ated via activation of demand response.

Outage data
Statisticson outageare central for systeradequacy stuiges. Hourly data on
outage has been received for a number of power plants for the period from
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January 1998 to September 2014 total 20 plants with 112 urstare in-
cluded in the statistics (more than 15.000.000 detdries).

It has not been possible to acquire outageoimhationfor the plantsCahara
BassaKriel andPort RexThe outage rates for these plants are calculated as
the average of the actual outage rates of plants of the same type in the fleet
(e.g.the outage rate of Cahorra Bassa is based on the averagebe out-

age rates of Gariep and Vanderkloof).
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Figurell. Average outageates 19982014 capacityweighted.The totalgeneration capacity
per fuel type is shown on the right axis
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Figurel2. Outagestatistics 1998014, capacityweighted
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New generation plarg

For the existing generation fleetytage data has been used per station (aver-
age across units). For statewithout statistical information, average values
for all other station®f the same type havbeen used.

All units within a plant have been assigned the same (plant average) outage
probabilities. In the modelling process, however, the units are treated as sep-
arate entities. l.e. the units can experience outage independently in the
model.

For new generation plants, the standard planned and unplanned maintenance
values from the IRP 2010 have been usetepresent the planned and un-
planned outage rates, respectivelys summarizeth Table8.

Plant type Planned maintenance Unplanned mainenance
Coal 4.8% 3.7%
Hydro 0.8% 0.2%
Storage 5.0% 1.0%
Nuclear 6.0% 2.0%
CCGT 6.9% 4.6%
OCGT 6.9% 4.6%
Other 4.0% 6.0%

Table8: Planned and unplanned maintenance assumptions for new generation plants based on
IRP 2010

Transmission

The transmission grilas been represented in a considerable level of detail,
incorporating the projected power system development plans towards 2020
and 2025 The number of nodes represented in the modelling of each scenario
year has been praded inTable9.

Modelled year Number of nodes represented

2014 167
2020 205
2025 248

Table9: Number of nodes represented in the model in each scenario year

Each transmission line is described with a capag#yimatingthe relevant ca-
pacitydata can be a challenge, since, wtfall lines havea technical capacity
(thermal capacity), this value may for many lines be bigger than the practical
maximum loading offte line. N1 consideratios (that the loss of any line
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shoul not overload other lines) as well as considerations for voltage and re-
active effect can significantly reduce the practical loading of a line. As an ex-
ample the lineAlpha-Betaconnection fas a technical capacity of 14,000 MW,
but in practical operation it is not loaded with more than 4,000 MW.

For this study, the operational line capacities have been provided by Eskom
transmission expertg but have not been adjusted to correspond to theac-
tical loading limit§ I.e. this study has employed the current and projected
technical capacities of the transmission lines.

No statistical information about outage of transmission lines has been re-
ceived. Instead, a standard value of 0.35% ouiagesedo represent the un-
planned outage raté as petthe dimensioning valuased in IRP 2010 he
reaHife outagevalues may be loweRlanned transmission outages have not
been modelled. This may to some extent underestintatemodelledENS.
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Figurel3. Simplified representation of the transmission grid. 2014.

7With the exception of the ALPRBETA line, where the practical limit of 4 000 MW has been imple-
mented

8 Planned outage rate has beelisregarded for transmission, as the information provided by Eskom trans-
mission representatives suggest negligible operation interruptions arising from transmission maintenance
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Demand

5. Scenarios

The Sisyfd@modelhasbeenused in two differentasks within the framework
of the current study In the firsttask,the economic optimal level of reserves is
analysedIn the second taslseveral parameter variations adone for 2020
and 2025 to describe the ENS in alternative futures.

In all scenarios it is assumed that 1,000 MMvailableat-all-times reserve
generation capacity is required to coverINerrors(sudden loss of the largest
unit). This capacity is excluded from the model. The capesityctionisim-
plemented byreducing all generators (excluding wind, solar and pumped hy-
dro) proportionaly. Thebackground is that ipractice curtailment of load will
start when the remaining capacity is in the order of 1,000 MW. Many practical
operational issues influence the concrete operational pchge. The 1,000

MW is used as an indicativ@lume.

Relationshp between outage and reserves

Any electricity system will need generation capacity to cover peak demand
and have a surplus to enable realisation of the planned maintenahpeveer
plants. Also, any system must have reserves to make the system secure: To
withstand sudden loss of major elements. Also capacity is needed-gebff
unplanned outageA number ofdifferent scenariofiasbeen computed and

for each adurationcurve of ENS will be established. From the duration curve
an optimal level of reservesqtope with unplanned outage) will be com-
puted.

Input to the optimal level is a price parameter describing¢bstof ENS (the
Harm donéby curtailment) and the cost of having reserves (mainly, capacity
costs).

Alternative futures
Simulation are mael for 2014, 2020 and 2025. The future is uncertain and
many central parameters cannot easily be defined.

1 Demand

1 Plant outage levels

For the purpose of the study we also vary the amount of renewable energy.
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The official prognoses for the eleciticdemandare from IRP 2010. However,
this prognosis is based on a higher economic growth that what has been real-
isedin the past10 years. Three scenarios dnerefore defined:
1 IRP 20130 Moderateaverage growth3.1% p.ain the 20142025
LISNR AR K& d |
1 IRP 20130 Lowaverage growth: 2 % p.m the 20142025 period
6daz2RSNF GS€0
1 Low growth:average growtiL%p.a.in the 20142025 periodd d [ 2 6 € 0

The demand projection scenarios are presentediablel10 below.

Year / Wh IRP 2010 IRP 2013
Low growth
per annum  (SOModerate) (SO Low)
2014 291* 271* 235
2020 356 316 250
2025 404 339 262

Tablel0: Expected annual electricity damd scenarios (TWh).
*) Prognosis level©nly the historical levei.e. 235 TWh per annurne. Low growth)sused in
the 2014scenario

By varying thelemand,the capacity balance is changed (generation surplus).
The scenarios with logr demand can therefore also be seen as examples in-
dicating the impact of extra investment in generation.

The total demand is scaled to match demand from IRP 2010 and IRP 2013 SO
Low scenario, respectively. It should be noted that the resulting peak of this
scaling is higher that the corresponding peak from the two reports. The differ-
ence is about 2,008,000MW or 56%. The only exception being IRP 2013 SO
Low for 2025. Tablg1 provides an overview of the peak demand projections
derived from different sources.

From data reports Calculated from Sisyfd®data
IRP 2013 PSS/E IRP 2013 Low
IRP 2010 SO Low study? RP 2010 SO Low  growth
2014 43436 40210 45451 42513 36747

2020 52719 48154 40923 55643 49423 39007
2025 60150 54596 42264 63256 53031 40997

Tablel1: Comparison of the pealemand data derived from IRP 2010, IRP 2013, the PSS/E
analysis results, and the SisyfosR modelled data.

Outage

9 Based on the data from 2015 2020 CF Post Peak Rev 2
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Renewable energy

Outage data frondifferent time periods habeen used in thecenarios, in or-
der to represent the different potential states of the flemtailability in the fu-
ture:

1 199820090 @ [ én average 8%)

1 2010-H n m nA Dédcverage 13%o

1 H n mneryéldIéhéaverage 17%

The IRP describes the expected expansion of renewable energy. To illustrate
the impactof increased RES generation ENS, this expansion is varied. This
is done bytesting the following cases relating to RE development:

g 1ff w9 SELIYy&aA2Y & LXIFYYySR oda! ffé
9 Half of the planned RE expansiora given period on top of the exist-

ing capacit}, no additional capacity to compensate for the reduction

oal FfF¢€vo
1 Half of he plannedRE expansioim a given period on top of the exist-

ing capacity!, and the other half (in expected power generation

equivalent) is substituted through conventional generate@pacity,

i.e. coal and gadfired 6 Half Hal 0

Tablel2 presents theRE capacity and expected generation differences-vis
A& W!Iff w9Q a @Sufingbdhveriichal gederatios €apacity a ( K
@ tdzSa FRRSR Ay (KS WIItFuyllftFQ aoSyl

RE capacity RE generation  Conventional Additional
Year reduction reduction* generation FLH  conventiona
(MW) (GWh) assumption** capacity (MW)
2020 3,393 7,998 7,752 1,032
2025 6,543 14,949 7,752 1,928

Table12: RE capacity anéxpected generation differencasy (G KS Wl | f Fwikdt F w9 Q
Gra Wit , ondte ey@SyWIiNIR3E t ISYSNI GA2y OF LI OAdGe |
iosin 2020 and 2025, respectively, based on power generation equivalence terms.

* Basedon the expected wind, solar PV and CSP generation

** Basedof newly built thermal plant availability assumption of 88.686urce: IRP)

The additional capacity has been proportionally distributed (on capacity basis)
across the planned coand natural @sfired units in the system post 2020.

Tablel3 provides an overview of the additional conventional capacity distri-

bution across individual planfsy (G KS WIQf FQSYIENR 24 60 KS

09 3 d Wi ib forRa25 viill@uByyiniclnk the existing RE capacity from 2014, but only half the RE ca-

pacity developments from 2014 to 2025

ngpaId WIFEFYl FEFQ A0SYFNAR2 F2N Hnup gAff Fdzd £t & AyOf
capacitydevelbdY Sy & FNRBY unanmn (2 Hanupd® ¢KS WYyraaaiaydQ w9 Ol
expected power generation terms) is compensated by conventional capacity (in expected power generation
equivalence terms)
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20KSNJ O2y @Sy itaAaz2ylt 3ASYSNIrdGAzy LA Iyda
scenarios vigr-vis other scenarios)

2020 2025 2020 205
Plant  Default Default Half Halfw 9 C Walf Halfw 9
type capacity capacity scenario scenario
(MW) (MW) capacity (MW)  capacity (MW)
Medupi  Coal 4,428 4,428 4,837 4,988
Kusile Coal 4,428 4,428 4,837 4,988
Dedisa OCGT 294 294 321 331
Avon OCGT 735 735 803 828
Khanyisa Coal 400 400 437 451
Masa Coal - 1,000 - 1,126
Kriel Coal 400 400 437 451
Masa Coal - 1,250 - 1,408
Dedisa CCGT 474 711 518 801
Dedisa OCGT - 1,614 - 1,818

Tablel3: Additional conventional capacity distribution across the power plants in the 2020 and
HanHp WI | &cénarios, feSpectivohyQ

Scenariognalysed Tablel4 provides an overview of all of the scenarios tested in the study.

Parameter / Year

High High
Demand Actual Moderate Moderate
Low Low
Actual Ver)_/High Very High
Plant autage* (Very High) High High
Low Low
All All
Renewable energy Actual Half Half
Half_Half Half_Half
Number of scenar- 1 27 97

ios

Tablel4. Overview of the scenarios tested in the study.
* Only applies to the existing units. All new units assigned outage rates as per IRP 2010.
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6. Energy not served

This section of the report presents the results of the SisyfosR modelled sce-
narios.The results of each scenario modelled in the current analysis have
been based on a sequence of 1 000 annual ruasX 000 stochastic simula-
tions of each year represented by 8 760 hours).

2014 Reference

The South African power system as of year 2014 has been represented using
the actual measured demand data, the nesigecific load prfiles and the ac-

tual planned maitenance schedule of the existing generation fléggurel4
illustrates the capacity surplus situation (only accounting for the planned out-
ages) in the South African power system in 201repeesentedin SisyfosR.

50,000
45,000 o
40,000 W M
35,000
30,000
é 25,000
20,000
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10,000
5,000
23885 B28 I8 NI08NBARENRES
OESIGRIAIRSBBIITINERBERRREID
Hours in a year (18760)
e Demand Capacity minus planned outages Total cap

Figurel4: Demand, total generation capacity and capacity minus planned outages for the
SisyfosR modelled year 2014

Using the above as inputs, the unplanned outages on generation units and
transmission lines have been stochasticailiyidated in the SisyfosR model
Figurel5 presents the modelled distribution of demand and ENS over the
hours of the day
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Figurel5: Average demand and ENS over the 24 hours of théndhg SisyfosRnodelled year
2014across 100runs

In line withexpectationsthe ENS instances are on average higitdimes of

the day exhibiting higher overall demaraehd vice versddowever, as illus-
trated by Figurel6, the highest frequency of ENS instances is not to be found
during hours with the highest demani is in fact the load levels 80000¢
32000 MW that exhibit the highest frequencies of ENS instances in the mod-
elled results of the 2014 system.
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Figurel6: ENS distribution per demand ranges (bins) forStsyfosRnodelkd year 2014 over
1000 runs

Figurel7illustrates the duration curve of the ENS instances representing the
minimum, median and maximum of the0D0 runs modelled in SisyfosR.
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Figurel7: Duration curves of EN8presenting the minimum, median and maximum of teed
runs in Sisyfosfer modelled year 2014

Figurel8presents the capacity surplus histogram in relation to the number of
instances and ENS incidents, as well as the average ENS acro88@h&iis

in SisyfosR. As the graph illustrates, the vast majority of ENS takes place at
times of capacity deficithe remaining ENS instances being attributable to
grid issues).

v)

“é 350 70,000

©

% 300 60,000
£

0 250 50,000 —~
=z =
w =
—~ 200 40,000 S
) ~
$ 150 30,000 £
5= w
2 100 20,000

° 50 ‘ 10,000
3

g O 0

> -30.00% -10.00% 10.00% 30.00% 50.00%  70.00%

Capacity surplus (deficit) over the prevailing demand (%)

Incidents (#) ——ENS incidences (#) ENS (MW)

Figurel8: Histogram ofiverage number dhcidentsand ENS instancess well as averagéNS$
over capacity surplusinsoverthe prevailingdlemandacrosshe 10 runs in Sisyfosfi@r mod-
elled year 2014

Figurel9presents an ENS density map for the modelled year 2014. It should
be noted, havever, that thenode-specific results arising from the SisyfosR
modelled simulations should be interpreted with caution as SisyfosR does not

32| Stochastic analyses of adequaeyp4-08-2016



apply economic dispatch in its ENS allocation algorythm, and a given annual
ENS result could yield a number of different ENS dllmtsiper nodes

Namibia W Botswana

Caﬁm Port Elizabeth

Figurel9: ENS density map f&isyfosRnodelled year 201dver 1®0 runs

The results in terms of Energy Not Served (ENS), ENS due to missing capacity,
ENS as a share of the total annual demand lavebof-Load Probability (LOLP)
are presented in Tabl&b.

o ENS as %
( G&/T]Z) Shargu(lfe%ag;a\lcsltyn- of annual LOLP (%)
demand
Average 655 94% 0,28% 10,4%
Max 747 93% 0,32% 11,4%
75 percentile 674 93% 0,29% 10,6%
50 percentile 654 94% 0,28% 10,4%
25 percentile 597 94% 0,25% 9,8%
Min 566 94% 0,24% 9,5%

Tablel5: ENS capacityinduced ENS, share of ENS of the annual dermaadd OLP results for
the SisyfosRnodelledyear 2014across 100 runs

* Loss of Load Probability (LOLH)e probability that an instance of unserved energy occurs in
the system, expressed in number of hours with ENBlémts divided by the number of hours in
the year, i.e. 8760

As can be seen from the resultee ENS instances in the modelled 2014 case
are almost exclusively related to missing capacigof all instances), which

is in line with the overall assessment of the ENS causes in South Africa in 2014
(reported to be solely attributed to capacity shortage).
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The total annual ENS in the modelledusio African system for 201éverage
of 655 GWh)slightlyexceeds the actual reported ENS512 GWhThere
could be several reasons for this, including the missingEgkom generation
in the modet? (apart from Cahora Bass#fg provision for the 1000 MW
availableat-all-times generation capacity buffér.e. reduction of the total
generation capacity by 1000 MVvEnd the fact thathere might bealternative
possible power flow r@&outing options beyond théighvoltagetransmission
grid represented (whicimight be possible in real littarough lower voltage
lines). More importantly, the demand response capabilities haveyeitbeen
represented in the modemeaning that a fraction of the modelled ENS in re-
ality could have been alleviated hgtivating the demand responsgOn the
other hand,implementation ofplanned transmission outage mighbmewhat
increasethe modelledENS.Further data input and model assumption im-
provements could yield a result more closely resembling the actual regort
level of ENS.

Though not perfectly matching the realized ENS in 20#tniodeled ENS for
2014 can bausefulbenchmark fothe alternative scenariogsted, investi-
gatingthe prospective impact of different development pathwdygs key pa-
rameters tavards 2020 and 2026n a likefor-like basis

2020 and 2025 scenario results

Tablel6 provides an overview of the results of all of the scenarios investi-

gated in the SisyfosR model, expressed in terms of average Energy Not Served
(ENS) in GWh per annunrass 1000 model runs for each scenario.

Demand:Low Demand:Moderate Demand:High
Outage level

Year | RE development| Low High V_ery Low  High Vgry Low High Vgry

High High High
2014 | Actual 655
2020 | Half Half RE 9 9 9 19 42 293 136 1636 5435
2020 | AllRE 9 9 9 19 55 355 174 1746 5440
2020 | Half RE 9 9 9 19 83 569 256 2636 7776
2025 | Half_Half RE 9 9 9 16 16 16 47 344 1389
2025 | AllRE 9 9 9 16 16 17 66 493 1699
2025 | Half RE 9 9 9 16 16 21 104 926 3134

Tablel6: Annual averag&NS for albisyfosR modellextenariosicross 100 runsper scenarioUnit: GWh peannum

2|n case norEskom generation units were b represented in the model, alignment between the genera-
tion and demand data should be ensured. The extent to which the demand supplied by tteskom gen-
erators is represented in the current demand data might be limited.
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TheWdw Demandi1%annualgrowth rate) scenarios all show a very small
amount of ENS regardless of the otlparametervariations, well below the
adequacy metric of Unserved Energy of 20 GWh per annum indicated in the
IRP 2010 (2013 updatd)he ystem has enough spacapacity even if plant
outageandRE generatiosapacity developmestare less than satisfactory.

TheW aderate Demand}2 %annualgrowth rate) scenarios are all below the
20 GWh metricin 2025 except forthe Half RE and High agecase which is
only slightly exceeding the limit (21 GWBP20is more criticalandthe re-
sulting system adequacy is matependent on the otheparametervaria-
tions. Particularlythe outages levelaffect theresultinglevel of ENSOnly low
outage levelsesultin acceptablenodelled valuesf ENS.For higher levels of
outages the modelledENS igxceeding the thresholHere theimpact ofde-
layedREdevelopmento W1 I falSoshavis €esultingin significantly higher
ENS

TheWigh Demand3.1 %annualgrowth rate) scenarios altesult incritical

ENS levsl with 2020 being more stressed than 202Be results also suggest

that the outage levévariationshave a higher impact than the Rievelop-

ment pathways testedin the senarios featuring the generation plant outage

f SPSta O2yaradsSyld oAGK (K2a$S 20aSNUSR
sults suggest extreme levelsBNS.

¢CKS WIFEFYPl FEF woQ aO0SYyIFINAR2aA Ay@SadGail
RE expansioraking place, whereas the other half (in expected power genera-

tion equivalent) being substituted through conventional generation capacity,

i.e. coal and gadired. There are only slight differences in the resulting mod-

Sttt SR 9b{ 0SUG6SSYR KISt f(WIWE T pad @S yFl NIOXR
KS RAFFSNBEYOSa 6A®DPSd KAIKSNI NBadzf GAY
2 Wittt woQ A08SYINR2a0 R2Sa ahghek OF G 8
contribution to security of supply; the absolute scafedifference (i.e. fairly

slight) would though indicate that also RE generation can contribute very sig-
nificantly to system adequacy. Finally, it can be observed that the difference

in the modelled ENS is almost negligible in the most critical systenitioond

scenarios (i.e. high demand and high outage rate), which is fairly intuitive con-
sidering that in critical situations any additional power generation capacity

can likely help alleviate the pressure. It should be noted, however, that these
results aresubject to the underlying assumptions (e.g. expression of expected
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RE generation into conventional generation capacity and its allocation in the
transmission system, as well as the specific RE generation profiles).

Tablel7 presents the share of capacity shortaigeluced ENS instances as a
fraction of all ENS outages across all of the modelled scena@®9 runs per
each scenario.

Demand:Low Demand:Moderate Demand:High
Outage level

Year RE development| Low  High V_ery Low High Vgry Low High Vgry

High High High
2014 | Actual 96%
2020 | Half_Half RE - - 0% 0% 56% 94% 79% 98% 100%
2020 | AIRE - = 0% 1% 67% 95% 84% 99% 100%
2020 | Half RE - - 0% 1% 78% 97% 89% 99% 100%
2025 | Half_Half RE - = = = 0% 0% 6% 36% 45%
2025 | AIRE - - - - 0% 1% 13% 41% 49%
2025 | Half RE - = = = 0% 3% 20% 45% 52%

Tablel7: Share of capacitinduced instances of ENS for@ilyfosR modellestenariosacross 100 runsper scenario
&G A YLIX A S &indced ENE actudeksiiagistered.

Thegenerationcapacityinduceal instances of ENS are nexisent or negligi-
ble in scenarios witltow demand growth assumpins. Here the unplanned
transmission outageesultin a minimum level of ENS at®Vh per annum,
seeTablel6. As the demand projection assumptions increake, minmum
ENS level rises to IBNh. It is worth noticing thain some instanceshen

the demand is higlfe.g. 2020, high outage rate, half R minimum level
of ENS due to gridlone(1% of 2 636 GWIi3 above theacceptabldevel of 20
GWh per annum.

WhenENS is above thecceptabldevel,it is mostly due to insufficiergener-
ation capacity. 2014lemonstratesa very highshareof capacityinduced ENS
this share is only comparable to the most pessimistic of the future scenarios
tested That isjn the cases for 2020 withigh demandyrowth assumptions

and /or very high level of outages.

Tablel8 presents the modelled annual average ENS per scenario expressed as
a fraction of the respective annual demand.
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Demand:Low Demand:Moderate Demand:High

Outage level

Year sqlzndtevelop— Low High \|_/|?ng Low High \I-/I?gr% Low High \I-/lia;%
2014 Actual 0.279%

2020 Half Half RE| 0.004% 0.004% 0.004% | 0.006% 0.013% 0.093% | 0.038% 0.460% 1.528%
2020 All RE 0.004% 0.004% 0.004% | 0.006% 0.018% 0.112%| 0.049% 0.491% 1.529%
2020 Half RE 0.004% 0.004% 0.004% | 0.006% 0.026% 0.180% | 0.072% 0.741% 2.186%
2025 Half_Half RE| 0.003% 0.003% 0.003% | 0.005% 0.005% 0.005% | 0.012% 0.085% 0.343%
2025 All RE 0.003% 0.003% 0.003% | 0.005% 0.005% 0.005% | 0.016% 0.122% 0.420%
2025 Half RE 0.003% 0.003% 0.003% | 0.005% 0.005% 0.006% | 0.026% 0.229% 0.775%

Tablel8: Average annuaENS=xpressed as a fraction of respective annual demandof?a)l SisyfosR modellextenariosacross
1000 runsper scenario

Though some of the cases tested result in truly extreme absolute levels of
ENS, when regarded relative to total national demand,fthetions are still
very minot In most cases ENS oalyounts toless than halbf 0,01%of the
national demandIn the most severe cagtne ratio of EN$o the demandex-
ceeds that of the2014case scenario by 10 times

Figure20 provides a graphical representation of the results of all of the sce-
narios investigated in the SisyfosR model, expressed in terms of average En-
ergy Not Served (ENS) in GWh per annum acr688 inodel runs for each
scenario.
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Figure20: Annual average ENS for all SisyfosR modelled scenarios &¥0gsids per scenario.

37| Stochastic analyses of adequaey4-08-2016






























