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Executive Summary

The South African power system is in a crisis with urgent action required to ensure sy:

adequacy whilst simultaneously ensuring a cleaner and more diversified energy mix

' I
{ 2 dzu K | FeNeditrioity Qa, . oW
demand is currently supplied 5%
) 1400 1325 1&::5_2 1341
mostly by coafired power = 248
stations A distinctly flat to oo N =
800 874
declining demand has been . o3
476 908
experienced since at leagt010 400 618
200 176 203 406 192
with coatbased electricityalso N s B B
. 0 . 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
playlng areduced role (87A) n I unknown [l Stage 6/ Stage 5| Stage4  Stage3  Stage 2| | Stage 1 (v1D)
2010, 79%in 2019.  FollowWing e e e S T S

Sources: Eskom Twitter account; Eskom se Push (mobile app); Nersa; CSIR analysis

historicalperiods of supphdemand imbalance over more than 10 ye2819 andhe first half 02020
saw themost intensive loagheddingcontrolled rolling demand reductiomjithf m ®o ¢ 2 K 2
in eachof these periods This hasbeen driven by a combination of factors including delay
commissioning and underperformance of néwild coal generation capacity as well as degradatiol
existing Eskom coal fleehergy availability factofE AFpeclining fromF94% in 2002 to 67% in 2019.

Annual electricity
production in TWh

260 ﬂ4—4 251 248 247 246 247 545
240 4 — Supply
= Sources
200
180 Loadshedding
Il Pump load
160 Solar PV
140 Wind
120 CSP
100 Imports, Other
80 I Hydro +PS
Diesel
" M coal
0 I Nuclear
20

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Sources: Eskom; CSIR Energy Centre analysis

Annual electricity production in South Africa (2010 to 204@&aling flat to declining demand and reduced coal production
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The IRP 2019 time horizon is expanded beyond 2030 to 2050 where it is found that a

portion of the existing coal fleet is réuilt but a more diversified energy mix is expecte

Thelntegrated Resource PlaiRP 2019 represents current policy wherist new build capacity
(beyond shorterm emergency options) occurs in 2022 and consists oGWeof wind, 1.@GW of
solar PV and 0.6W of stationary storage. New coal capacity (0.75 GW) is planned for 202
another 0.75GW by 2027) as per DMREippladjustment process, followed by 1.0 GW of new
capacity in 2024 (and further gas capacity from 2027 onwards). Imported-bgdex electricity
of 2.5GW from Inga is also included in 2030. After 2030, annualmald limits on solaPV and
wind cmbined with a norambitious C@constraint, resukin 12.3GWof new coal capacity bein
built by 2050 (driving increased €€missions). Gafired capacity operated as peaking capacit
built pre-2030 (3.9GW of OCGTs/GEs) whitsinsiderablemid-merit capacity and further peakin
capacity is built thereafter (6.6W CGT/GEsand 21.7GW OCGGE).

Installed capacity Energy mix
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Installed capacity and energy mix for IRP 2@kended to 2050 by C$iRRvealing intentions for an increasingly diversified energy m
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A Reference scenario considers an updated demand forecast and EAF expectation

aligned with the latestinformation whilst also removing annual nevbuild constraints

Total installed
capacity (net) [GW]
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The SouthAfrican electrical energy mix is currently 81% coal but is expected to diver
as a leastcost future comprises 55% coal by 2030 and 11% coal by 208h lower
utilization of remainingcoal capacity expected, increasdi@xibility from this coal fleetis

requiredin a future South African power system

It is leastcost to shift from a coal dominated energy mix to an increasingly diversified energ
made up of 55% coal by 2030 and 11% coal by 2066.leastcost new build mix consists of sol
PV, wind, storage and natural gas fired capacity suppditean existing fleet of generation capac
including coal, nuclear and import&lexibility becomes increasingly important especially in ea
years of the time horizon (pr2030) as significant levels of coal capacity still exists and shou
utilized as much as technically feasible but no more than economically optiEwatirg technical
capabilities of the coal fleés explicitly considered in this study. Howevée feasibility as well a:
cost implications of an increasingly flexibilised coal fleeiperate at low capacity factossill need

to be carefully considered ascreased variable renewable energyntegrated.

Electricity production, Coal [TWh/yr]
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South Africarelectricity productiorfrom coalacross scenarioshere the role of coal reduces (in absolute terms) but remains part of 1

energy mix in all but one scenario (where coal is forced off by 2040) whilst increased flexibility is expected as ctpadigdae
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Regardless of C@mbition, renewable energy is expected to play an increasingly import:
role whilst other newbuild low-carbon energy providers like nuclear, CSP and coal (with ¢

are not part of the leastcost energy mix

Across all scenarios, in order to maatreasingly ambitious power sector gfiitigation in South Africa
wind and solaPV technologies play a dominant role. By 2030, these technologies are expec
comprise 29%4% of the energy mix depending on @&mbition whilst by 2050 the energy miaould
be 6781% solaPV and wind. This means sdPar and wind installed capacity f6£5-40 GW andF20-
45GW by 2030. By 2050, installed capacity of wind and BMais expected range froR80-75 GW
and F35-70GW respectively. Regardless of ;Cé&nbition level, no new-build nuclear, coa

(with/without CCS) or CSP capacity are part of least optimal energy mixes.
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Installed capacity and production across scenaigegaling how leastost energy mixes (even with increasing @@bitions) comprise new

build solarPV, wind, storage and natural gas capacity complemented by existing coal, nuclear, hydro, pumped storage and peaking
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Gasfired generation capacity is considered as a proxy for an increased need for fle

capacity but limited energy provision means limited natural gas offtake

The absolute capacity of flexible natural dimed capacity built across scenarios is reduced rela
to previous analyses undertaken by CSIR in this domain as increased levels of stationary s
deployed. The average annual capacity factor ofghs fleet is <30% across all scenarios wl
that of peaking capacity utilizing natural gas is <56%. Thus, demand for new gas capaesyyi
driven byflexible capacity requirements (not energy)Annual natural gas offtake is expected
remain reldively low, increasing fromi25PJ toF30-40 PJ by 2030 (additional annual natural ¢
demand off5-15PJ). Thereafter, increased natural gas offtak€4§F90PJ by 2040F(5-65PJ
excluding Sasol) ad®0-140PJ by 205(G65-115PJ excluding Sasol). éxception is when all coe
capacity is decommissioned by 2040 forcing an increased annual natural gas offtake 6L 8pRJd
by 2040 and200PJ by 2050. Similarly, in the B9 scenario, projections indicate natural ¢
annual offtake is expectedot rise towards 18®J by 2040f(m ®p excluding Sajohnd
270PJby 2050 £ H P excluding Sajol

Annual natural gas offtake
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Natural gas offtake across scenargigowing relatively low initial natural gas offtake volumes but increasing significantly after 2(

across most scenarios towards the end of the time horizon
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Water usageand emissionsin the power sectorare expected tocontinually declinewith

all new technologies deployed exhibiting low wateand emissionsintensity with

resultinglocalised and nationalbenefits

Water usagein the power sectoris
expected to drop significantly irall
scenarie even when new-build coal

capacity is builin the IRP 2019 In a

Electricity sector
Water usage

[bl/yr]
300
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2050. With the exception of the IRB019 scenario where further netwild coal is built after 2030

NOx and®M emissions are expected to decline significantly as the existing coal

decommission. SOx emissiondecline across all scenarios as a result of any-eid coal being

assumed to be fitted witlilue-gas desulphuration (FGD. The result of these findings is reduct

localized air pollution and improved air quality for surrounding camities in close proximity tc

coal generation capacity as NOx and PM emissions are expected to decline.

NOXx SOx PM
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Powersector NOx, SOx and Ridjectories showing notably reduced emissions in most scenarios even as power system size (
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With increasing C@ambition, system costs increase but not as much as initially expec
cclearnng a path for power sector decarbonization with minimal tradeoffs and substant

power sectorbenefits

The total discounted system COSt fO rotal system cost, discounted (2020-2050)
[% difference to Reference]

an Ambitious RHEndustrialisation

with 3.5 Gt of C@emissions (for 6o | @ e pors

20202050) is RB1-5%billion more ° |

4.0 A

than the Reference whilst a 2@t

3.0 1 2 Gt CO2 budget

CQ budget scenario cost R4 20 |

billion more. This represents a les™® | ambous ke (coalsfi 2020 /'

] ) 0.0 . . . ——r ‘ . . .
than4% increase in total system cos _ | S i Refernce
for substantial COmitigation gains -. A Modest RF nd.

Least-cost

of 05Gt and 2.0Gt of CQ 2%,y o5 10 15 20 25 30 35 40 45 50 55 60
respectively. Hence, even when €02 emissions, 2020-2050 [Gt]
imposing an earlier than optimand smoothed renewable energy build out program or when
ambitious power sector G@onstraint is considered, G@&missions mitigation comes atrelatively
small premium Furthermore, onservative technology costs assuméat renewable energy
technologiedurther strengthens this finding in scenarios with increased levels e@0ition and
resulting renewable energy penetration.

Total system cost, discounted (2020-2050)
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Motes: Transmission (Tx), distribution {Dx), system services (often referred to as ancillary services) and other costs not explicitly included in the PLEXOS. Medelling framework are
approximated by a high level assumption of 0.20 R/kWh for all of these cost compenents consistently across all scenarios. Discount rate = 5.2%
Sources: CSIR Energy Centre analysis

Total system cost (discounted) forZB02050revealing relatively small cost differentials as,@@bition grows relative to Leasbst
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The impact of the South African national lockdown to mitigate Coxil on the South
African electricity sector haseen wideranging but largely seen as acute reduct

demand which quickly returned resulting in the return of loahedding

Anovel coronavirus outbreak in Wuhan Province of Cbrwurredin Decembef019calledsevere
acute respiratory syndrome coronavirB4SARE0V2) which causes coronaviru:
disease2019(Covid19). In response, South Africa enforced a national lockdown with a

adjusted strategy from 2Karch 2020.0ne of the impacts dhisissubstantallyreduced electricity
demand. Durind.evel5 G weeks, a 23-26% weekly demand reduction occurradilst energy
demandto 7 July2020droppedby 10.5TWh (16%). For 2020, expectations are fdemandto

contract by 14TWh (6.2%). As the economy began +@pening inLevel3, electrical demanc
returned nearimmediatdy revealingthe acute and transiengffect of the lockdown on demand

This already manifested in J@920 as Eskomommencedotational loadshedding.

Weekly residual demand Annual residual demand
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Sources: Eskom; CSIR Energy Centre analysis

Weeklyresidual demand for 2020 highlighting the effect of the South African national lockdown (deviations during Level 5 kighlic
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1.1  Background; current power sectorlandscape

{ 2 dzii K lel@cNigity) Hetand is currently supplied mostly by efi@d power stations

(79%in 2019 which are primarily owned and operated by Eskom, the national power utiiskom

AadzLILX ASa 20SNI ppiz 2F GKS 02 dzy G NB Geman Being het Byt S O G NJR
municipalities, imports and independent power producers (IPPiglure 1 shows thannual electricity

production in South Africa from 2010 to 20iévealing a distinctly flat to declining annual demand

with a similar trend on codbaseal electricity production reducing from 22ZDWNhin 2010 to

195TWhin 2019whilst coal capacity increased from 3453V in 2010 t86.5GWin 2019

The South African power system teeen sporadic periods of supgdgmand imbalance over more
than 10years now Thisisdemonstrated irFigure2 showing theeventsof loadshedding. experienced
for the period of 20072020(YTD)with the worsteventsseen in 2019 and 202@p to Junewhere
F1.3TWhand¥1.2 TWhof loadwasshedrespectively. All of the load shed in the first half of 2020
was actually shed within thfirst 12 weeksf the year whereafter a extended economitockdown
and riskadjusted strategyvas implemented in response to a growing Cel@dpandemidl], [2]. A

brief analysis of the effect of Covi® is further éaborated on in sectiod.

Figure3 and Figure4 show the hourly load shedding distributighy load shedding stagefior 2019
and 2020 (year to date)respectively This hasheen driven by a combination of factors including
delayed commissiting and underperformance of nefwild coal generation capacity at Medupi and
Kusile as well as the degradationtioé existing Eskom coal fleehergy availability factofEAF) The
historical EARs seen irFigure5 reveals the decliningARrend overthe period of 20162020 (YTD).
Thecurrent yearto-date (YTDpverageEAFof 65.7%bagainst a planned2.5% EAKfrom IRF2019)[3]
and 70%for FY2020/21(from Eskom[4] revealthe notably lower thanplannedperformance On
10July2020Q, Stage? load sheddingwas implemented5], revealing the underlying reality of an

inadequate power system that still requires urgent attention.

Various draft and final iterations of the Integrated Resource RM&®P) from 2010-2020 are
summarised inFigure 6 across important dimensions including the energy mix, demand,

emissiongCQ), nuclear, imports, coal fleet performance, néwild coal, new technologies, security

! Load shedding is initiated by Eskom and is done countrywide as a controlled option to respond to unplanned
events to protect the electricity power system from a total blackout.
2The IRP is an electricity iaftructure development planonducted by the DMRE.
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of supply and network requirements. One of the clear outconfagpdated policy positioning on the
energy mix and akelevancdor this sudy,isthe continually decliing role ofcoal for power generation
aspart of adiversifiedenergymix. Simultaneously, there has not been a particular increased focus
on limiting longterm power sector C&emissions as only a shift from a peak. €Qissions constraint
(275Mtl/year) in the IRR2010 became a moderate PeBkateauDecline(PPD)trajectory for CQ
emissiondn the power secto(with 275Mt/year until 2037 and consistent decline to 210 Mt/year
thereafter by 2050).

The most recent iteration of the IRP is a promulgatedsioer - the IRP 201%s published in
October2019 by the Department of Mineral Resources and Energy (DNBRE)This is the newly
establishedpolicy position on the nationgbower sectorenergy mix to 2030 The key decisions
included in the IRR019 ardlisted inFigure7 where particular écisionsare highlighted irblue when
supported by the evidencbase whilstgrey texthighlightseither a notable lack aévidencebase or

are contradictory to the available evidenbase

1.2  Objective

To explore additional cumulatively more ambitious,@®issions abatemergcenariosn the South

African power system over the losigrm (for the period 220-2050).

Thus, he speed ofreducing power sector G@&missions in the power sectas explored from a
systems perspective to assess #ifects on theenergy mixand associated technologigesulting CQ@
emissionspther emissions (PM, SOx, N@rjltotal system costs for a range of increasingly ambitious

CQ scenarios.

This systems analysis is intended to inform a detailed tedmamcial modelling exercise to assess

the viability ofcleanclimatefundingto assistongoing and systemic financial challenge&sitom.

1.3 Document overview

Thisreportis structured as follow
1 Sectionl: is this section;

Section 2Powersystemanalysis

1

9 Section 3Scenario esults

1 Section 4Brief assessment of Covid® impact
1

Section5: Sunmaryand conclusions
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Annual electricity
production in TWh
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Sources: Eskom; CSIR Energy Centre analysis

Figurel. Annual electricity production in South Afr{2@10 to 2019supplied by a combination of Eskem
owned generators, electricity imports and energy produzgetPPs
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Notes: Load shedding assumed to have taken place for the full hours in w hich it w asimplemented. Practically, load shedding (and the Stage) may occassionally change/ end during a
particular hour; Total GWh calculated assuming Stage 1 =1 000 MW, Stage 2 =2 000 MW, Stage 3 =3 000 MW, Stage 4 = 4 000 MW, Stage 5 =5 000 MW, Stage 6 = 6 000 MW;
Sources: Eskom Tw itter account; Eskom se Push (mobile app); Nersa; CSIR analysis

Figure2. Annualload shedding in GWh in South Africa fron@2th 2020 (YTIQ 13 July 202Q)
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No load shedding [ stage 6 Stage 5 Stage 4 Stage 3 Stage 2 Stage 1

Notes: Load shedding assumed fo have taken place for the full hours in which it was implemented. Practically, load shedding (and the Stage) may occassionally change/ end during a
particular hour; Total GWh calculated assuming Stage 1 =1 000 MW, Stage 2 =2 000 MW, Stage 3 = 3 000 MWV, Stage 4 = 4 000 MW, Stage 5 =5 000 MW, Stage 6 =6 000 MW
Sources: Eskom Twitter account; Eskom se Push (mobile app); CSIR analysis

Figure3. Hourly load sheddin@@019focug, depicting how constrained the power systeradsoss all hours of
the day (signaling an energy shortage, not just a capacity shortage)
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No load shedding Stage 6 Stage 5 Stage 4 Stage 3 Stage 2 Stage 1

Notes: Load shedding assumed to have taken place for the full hours in w hich itw asimplemented. Practically, load shedding (and the Stage) may occassionally change/ end during a
particular hour; Total GWh calculated assuming Stage 1 =1 000 MW, Stage 2 =2 000 MW, Stage 3 =3 000 MW, Stage 4 = 4 000 MW, Stage 5 =5 000 MW, Stage 6 =6 000 MW
Sources: Eskom Tw itter account; Eskom se Push (mobile app); CSIR analysis

Figure4. Hourly load shedding020 YTD focisshowing a very constrained power system prior to and after
the nationalLockdown (MarciMay)
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Figure5. Eskonthermal fleethistoricalweeklyenergy availability factor (EAF) 262620 (YTD)a seasonal
pattern is evident where planned maintenance is reduced during winter mantineasing the EAF.
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Expected energy
mix

Emissions
(CO,-eq)

Nuclear options

Coal fleet
performance
New-build coal
New
technologies
Security of
supply
Network
requirements

IRP 2010-2030
(Promulgated 2011}
t: 2010-2030

Scenario-based;
Big: Coal, nuclear
Medium: VRE, gas

Small: imports (hydro)

454 Twh (2030)

Peak only, EM1
(275 Mt from 2025)

Commit to
9.6 GW

Coal, hydro/Ps,
gas (fuel)

>B5%EAF;
50yeardecom

1stunits forced earlier
1.0 GW (2014)
6.3 GW (2030)

Uncertain VRE cost/perf.

CSP (marginal);
Annual constr.:
0.3-1.0 GW/yr (PV)
1.6 GW/yr (wind)

LT (reserve margin);
ST (hourly dispatch);
Immediate ST need;

Research: Fuel supply,

IRP Update 2013
{Not promulgated)
t: 2013-2050

Decision trees;

Big: Coal, nuclear
Medium: VRE, gas, CSP
Small: Imports (hydro, coal),
others

403 Twh (2030)
522 TWh (2050)

PPD (Moderate)

Delay option
(2025-2035)

Coal, hydro/Ps,
gas (fuel)

~80% EAF;
LifeEx (10yrs)

Displaced by LifeEx (10 yrs)

1.0 GW (2025)
<3.0 GW by 2030

CSP (notable);
Annual constr.:
1.0 GW/yr (PV)
1.6 GW/yr (wind)

LT (reserve margin);
ST (hourly dispatch);

Research: Fuel supply,

Uncertain VRE cost/perf.

Draft IRP 2016
(Public consultation)
t: 2016-2050

Scenario-based
Big: Coal
Medium: Nuclear, Gas, VRE
Small: Imports (hydro), others

350 TWh (2030)

PPD (Moderate)

No new nuclear pre-2030;
14 units (2037)

Hydro,
gas (fuel}

72-80% EAF
50 year decom
MES delay (2020/25)

15115 GW (2028)
4.3 GW (2030)

VRE cost/perf. proven
CSP (minimal);
Battery/CAES (option);
Annual constr.:

1.0 GWlyr (PV)

1.6 GW/yr (wind)

Assumed similar
Research: None
highlighted

baseload, backup, high VRE

baseload, backup, high VRE

Not considered;

Not a concern (Tx power corridors)

None

Tx/Dx research need Dx networks research need (DG/EG)

Draft IRP 2018 IRP 2019
{Aug. 2018) (Gazetted Oct. 2019)
t: 2016-2030 t: 2018-2030

Scenario-based;

Big: Coal, VRE
Medium: Gas, DG/EG
Small: Nuclear, Imports (hydro),
Storage, others

Scenario-based
Big: Coal, VRE
Medium: Gas

Small: Nuclear, DG/EG
imports (hydro], others

313 Twh (2030) 307 Twh (2030)

PPD (Moderate) PPD (Maderate)

No new nuclear pre-2030;
(pace/scale/affordability)
2.5 GW (22030)

No new nuclear pre-2030;
(pace/scale/affordability)
1% units (2036-2037)

Hydro, Hydro,
gas (fuel) gas (fuel)
72-80%; 67-76%;

50 year decom
MES delay (2020/25)

50 year decom
MES delay (2020/25)

0.75 GW (2023)
1.5 GW (2030)

0.5 GW (2023)
1.0 GW (2030)

VRE cost/perf. proven
CSP (minimal);
Batteries (notable);
Annual constr.:
1.0 GW/yr (PV)

1.6 GW/yr (wind)

VRE cost/perf. proven
CSP (minimal);
Batteries (option);
Annual constr.:
1.0 GW/yr (PV)
1.6 GW/yr (wind)

Assumed similar;
Immediate ST need;
Research: Gas supply,
high VRE, justtransition

Assumed similar
Research: Gas supply,
high VRE, justtransition

Explicit Tx needs costed
(per tech.)

Explicit Tx needs costed
(per tech.)

Figure6® {
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Decision 1

Undertake a power purchase programme to assist with the
acquisition of capacity needed to supplement Eskom’s declining
plant performance and to reduce the extensive utilisation of diesel
peaking generators in the immediate to medium term. Lead-time
is therefore key.

Decision 6

South Africa should not sterilise the development of its coal
resources for purposes of power generation, instead all new coal
power projects must be based on high efficiency, low emission
technologies and other cleaner coal technologies.

Decision 2

Koeberg power plant design life must be extended by another 20
years by undertaking the necessary technical and regulatory work.

Decision 7

To support the development of gas infrastructure and in addition
to the new gas to power capacity in Table 5*, convert existing
diesel-fired power plants (Peakers) to gas.

Decision 3

Support Eskom to comply with MES over time, taking into account
the energy security imperative and the risk of adverse economic
impact.

Decision 8

Commence preparations for a nuclear build programme to the
extent of 2500 MW at a pace and scale that the country can afford
because it is a no-regret option in the long term.

Decision 4

For coherent policy development in support of the development of
a just transition plan, consolidate into a single team the various
initiatives being undertaken on just transition.

Decision 9

In support of regional electricity interconnection including
hydropower and gas, South Africa will participate in strategic
power projects that enable the development of cross- border
infrastructure needed for the regional energy trading.

Decision 5

Retain the current annual build limits on renewables (wind and PV)
pending the finalisation of a just transition plan.

NOTE: Decisions in grey lack evid: b of are tradictery to the il i b,

Sources: IRP 2019; CSIR Energy Centre analysis

; MES — Mini ission St

Table 5 in IRP 2019 document.

Figure7. Summary of decisiotgghlightedin IRP 201$6]
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2 Power system analysis
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2.1  Approach

2.1.1 Electricity modelling framework

A typical energy plannirfgameworkwasapplied in this stud{Figure8). A range of input assumptions
informed by various data sources (as will behhighted in sectior2.3) are provided to a modelling
framework (PLEXOS®) applying a longerm generation expansion planning optimisation resulting

in scenario specific outputs across important dimensions.

INPUTS
OUTPUTS
Demand Forecast )
IRP modelling

Existing Supply Forecast: Per scenario:

* Plants under construction framework + Total system costs

» Confirmed new capacity (PLEXOSO) + Capacity expansion (GW)

* Decommissioning dates * Energy share (TWh)

= End * (O, emissions

LT! techno-economic least-
cost optimisation

* Plant performance * 50x, NOx, PM emissions

* Water usage

New Supply Options:
Technology costs assumptions MT/ST? production cost Key questions answered:
Technical characteristics testing system adequacy * What to build (MW)?
New build constraints (security of supply) * When to build it (timing)?

Constraints:
* CO2 limits
* Security/adequacy of supply

11T = Long-term
* MT/ST = Medium-term/Short-term

Figure8. Methodology applied when undertaking loterm energyplannirng

The temporal resolutiof the optimisationis hourly with the study horizoteing 20182050. The
model ceoptimises existing supphside options (such ake Eskom generation flegind newbuild
investments over the planning horizon with thijective function of leastost (subject to prelefined
boundary conditions). The definition of input assumptions and boundary conditions define a range of

scenarios and sensitivities which can then be compared against each other (as discussed in

section2.2).

The outputs fronthe generation capacity expansion planninglude the capacity and timing of new
power generatorsas well as how these generators are expected to operate (engrggiuction).
Figure9 illustrates the leastost capacity expansion planning optimisatiproblem. The leastost

planoccursat the level of investment which minimises investmeabst and production cosif both
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existing and newnvestments Investment costs include new capital costs sthilroduction costs

include all costs associated witiperating existing and new generation investments.

Total systemcost=1+C

Cost

Investment cost (l)

1
1
1
1
1
1
1
1
1
] Production cost (C)
:

1

1

>

1
Least cost

: Level of investment
solution

Figure9. lllustration of the capacity expansion planning optimizatfi®jwhere the least cost solution is sought

2.1.2 Total system costs and average tariff trajectory

Power generation cost characteristics can be grouped into two broad categories, namely capacity
drivencosts (fixed costs)ma energydriven costs (variable costs) as showirigurel0. These costs

are modelled explicitly within the modaig framework usedn this study PLEXG®) The modelling
framework considers these costembined with existing and new capacity characteristics relative to
system demand to determina leastcost expansion plan. It is important to note that the utilisat

of a generator (if it is chosen as part of the leagst energy mix) is an output of the modelling

framework and is not provided to the model as an input.

The fixed and variable costs any generator form part of the calculation of the wietiown Leelised

Cost of Electricity (LCO#&)d is used as a valuable metric (typically to compare the relative costs of
different power generatiotechnologies). Capaciyriven costs consist of the capital investment cost
("capex") associated withuilding a powe generator and Fixed Operations and Maintenance (FOM)
costs for operating a powegenerator. The energy driven costs consist of Variable Operations and
Maintenance (VOM) and fuelosts(theseare a function of utilisation Start costshave also ben

exgicitly included irthis analysignot shown inFigure10).
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Owvernight
Cost (plant level
ost (plant level) g CAPEX
lant level
Construction %/a (b )
schedule Annualised
Cf} CAPEX
Discount Rate
e |

(#— FIXeD CoST

Economic
Lifetime

¥

LCOE

Fixed

O&M (FOM)

Utilisation @

(capacity factor)

Variable
0&M (VOM)

Fuel Price

VARIABLE COST g
Fuel Cost

—

Heat Rate
(1/efficiency)

Figurel0. Conceptual breakdown of generator cost drivehsch inform the LCOE of a particular technology

As showrstylisticallyin Figurell, total system cost is made up séveralcomponents. The codor
each scenario is inclusive of fixed costs (power generator capital invesémeéi©&M), variableosts

(fuel and O&M) and start/stop costs for all existing and new build power generators.

The capital andixed operating costs for emission abatements at existing -fioadl stations are also
included in the total system cogtee section 2.3) These costs are forced to be incurred in the
IRP2019 scenario as a result of tB8-yeardecommissioning lifencluded whilst all other scenarios in
this study assume endogenous coal fleet decommissionirigus, in all other scenarios considered,
these costs could be avoided if optimal to do sthe sum of all existing and new generator costs

outlined above maés up the total cost of powegeneration.

Transmissiometwork costgTx), distributiometwork costgDx), system servicesxcluding reservgs
and otherminor costs are not explicitly included in the modelling framework. As a reshigh-level

assumpion of 020 R/kWh for all of these cost components is made consistently acrosseslarios
in order to enable a consistent relative comparisarhe immediate network costo integrate new

generation capacity (shallow network costsg implicitly incuded for newbuild generation capacity

Theaveragetariff trajectory is the total system cost described above dividatb customer demand
in each year for all scenariost is appreciated that the absolute costs that result from scenarios run

in thisanalysianay differ to that of those run by theNDRE as part of thdRP2019 However,CSIR
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Optimised in PLEXOS model

consistency in the relative comparisons is made possible

Not optimised in PLEXOS modelling framework
(Assumption consistent for all scenarios)

Not

1
1
]
1 considered
1
I R — e
| L I — :
1 ,,,,_””--: Not Partially considered cmzlicd);red
I 1 considered previously
1 1 (guantified for
1 1 systeminertia)
I 1
I 1
I |
I 1
I 1
I 1
I 1
I 1
I 1
I 1
I 1
I 1
I 1
I 1
I 1
I 1
__________________ T
Generation  Tx network System Tx network System Distribution Other
(Gx) (shallow) services (deep) services network (metering,
billing, customer
(reserves) (other) (Dx) Ny
services,
overheads)

[bR/yr]

Total
system
cost

have utilised all information available in the IRFL9[3] but otherwise made generally accepted
assumptions from public domainformation as described in secti@3. It is important to note that

the comparisos made between scenarios are all relative comparstm each otherand thus

Costs included in
optimisation model:

* CAPEX (plant level)

*« FOM?*

* VOM?

* Fuel

* Shallow grid connection costs

* Minimum Emissions Standard
compliance costs

Costs excluded in
optimisation model:

« Gx: Externalities i.e. CO,
emissions costs

* Gx: Decommissioning costs

* Gx: Waste management
and/or rehabilitation

* Gx: Major mid-life overhaul

* Tx: Deep network costs

* Dx: Distribution network costs

* Other system services
(reactive power, stability,
black-start)

* Other costs

1FOM = Fixed Operations and Maintenence costs; 2 VOM = Variable Operations and Maintenence costs; 3 Typically refarred to as Ancillary Services includes services to ensure frequency stability,
transient stability, provide reactive power/voltage control, ensure black start capability and system operator costs

Figurell Modelling framework inclusions/exclusions and total system cost reporting approach

2.1.3

Model exclusions

frameworkoptimisation(also excluded from IRF)19)

- End of life decommissioning costs for any technojogy

- Waste managemerdnd/or site rehabilitation;

Power generation technologies externality costs {€@issions)

The modelling framework considers all primary caivers directly relevant within the electricity

sector (as shown irFigurell). It is important to note thefollowing exclusions from the modelling

- Mid-life generator major maintenance and overhauls for gaghnology

- Network infrastructure requirement&eep transmission costs and all distribution costs);

- System services (stability, reactive power and voltage control, Isiackrequirements)and

- Other costs (including metering, billing acstomer services)
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2.2 Scenarios

Senarios considered arghowngraphicallyin Figurel2 with total system costs relative to total GO
emissionover the study period (2022050) Thefocuson system cost relative to G@missions is in
order to demonstrate the relative differees in total system costs as a range of different. CO
emissions pathways are explore@ihe range opower sector C&emissions that would align with the
United Nations Framework Convention on Climate Chgbigd~CCC) Paris Agreemémhich South

Africa is asignatory) islso shown ifrigurel2 for information[9], [10].

Further detail to describthe scenarioexploredacross key parameters provided irsection2.3. Key
parameters are varied intentionally to explosensitivitiesandtheir relative impacts on total system

costs and C£emissions.These are further explored in the sgkctions that follow.

System &
cost
Carbon Ambition

(2 Gt CO, budget)

(csIR)
RE industrialisation
(Ambitious) with no
coal beyond 2040 IRP 2019
(CSIR) (DMRE)

RE industrialisation
(Ambitious)
[csIR)
Reference

(Current Policy)
RE industrialisation
(Modest)

(€SIR)

(CSIR)

Least-cost

(Unconstrained)
Paris Agreement aligned emissions range (CSIR)
> CO,
emissions
Motes: All ios include i b at scale (mostly embedded/distributed solar PV, storage) and other short-term risk mitigation capacity to ensure adequacy

gap is met (p gi p ). RE-R energy; Graph not to scale, illustration purposes only.
Sources: CSIR Energy Centre analysis; Meridian Economics

Figurel2. System cost relative to @@missions for pertinentisdy scenariogonsidered

Scenario: IRP 2019 (DMRE)
ThelRP 2019DMRE) aenario refers to théPromulgated IRR019[3] which was publishedybthe

Department of Mineral Resources and Energy (DMRE&ttiober2019.

The promulgatedRP2019 includeshe annual capacities of new generation options required between
2022 and 2030 to meet forecasted demaridhis scenario considers all input assurops defined in

the IRP2019 including pertinent input assumptions likew technology costs, Eskayaneration fleet
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EAFgeneration fleetdecommissioning date@ncluding coal fleet decommissioning0-year life)

carbon emissions constragnd annual eBw-build constraintson technologieswind and solar PV

The IRR019 horizon extends to 203fhly. In order to enable a further loAgrm understanding of
the IRP2019, he CSIRextended the time horizon from 2030 tB050 and optimised newbuild

invegment needs utilising the same input assumptions in the2BED.

ScenarioCurrent Policy (Reference)

TheReferencescenarids based on current policy to 208RP2019) and as a resudssumes the same

new build capacityas the IRP 201@p to 2030) This scenario was modified withe following

changes:
1 Lower demand forecast
T Lower Eskom plant performance projection (EAF)
1 Updated new technology casénd learning assumptionand
T Removal of annual neduild limits on wind andolar PV from 2031 onwards

The demand forecast, Eskdieet EAF and new technology cost assumptiaese adjustedto align
with the most recent information and projections availaklethe time of the studyand are outlined
further in section2.3. However, coal fleet decommissioning is still aligned with the2(RP (50year
life).

Scenario: Leastost

Theleastcost scenario assumethe same input assumptions as the Reference Scenario but with the

following changes:

1 Removal othe IRP 2019 policy adjusted capacity that is karitbr to 203Q i.e.all new build
capacity is optimized based on leaststfor the entire time horizon

1 Endogenous decommissioning of the Eskom coal fleet based ondeast

ScenarioModest RE Industrialisation program

TheModest RE Industrialisation programcenariobuilds on the outcomes of the Leasbst scenario
where a more practical and implementabienewable build program is tested. TIRE deployment
scenario aim to smooththe wind and solar PV annual new build over the planning horizon in order
to represent a more sustainable and achievable bailtl programmeconsidering the already known

outcomes from the Leastost scenario Thus, this scenariassumeghe same input assumptions as
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the Leastcost scenario but with the following change:

1 Dynamic nmimum annual build limits on wind and solar PV from 2022 onwétdscribed
further in section2.3.8).

Scenario/Ambitious RE Industrialisation

TheAmbitiousRenewable Energy (RE) Industrialisatiszenarioalso forces a minimurannual wind

and solaPV build out but with the following change:

1 More Ambitiouswind and solar PV buddut than the Modest RE Industrialisatite achieve

a lower carbon emissions trajectqry

Scenario’Ambitious RE Industrialisation with all coagtired by 2040

The Ambitious RE Industrialisation (coal off by 20483enarioalso forces a minimum annual wind
and solaPV build out as per the Ambitious RE Industrialisation scenario but also enforces that all coal
fired capacity is retired by 20400KA & A& | NBLINBaSydl dAdS aoOSyl N2

could be repeated for any year where the choice for all coal to be decommissioned is opted for.

Scenario2GtCQ budget

The2GtCQ budgetscenarioassumes the same inpassumptions as Leasbst but with the following

change:

1 A total CQbudget constraint of Z5t applied for the period 202€2050.
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Tablel. Summary of main study scenarios

IRP 2019 Reference Leastcost RE Industria_li_sation Ambiti_ous RE Ind. 2Gt CO2 budget
Parameter (DMRE) (CSIR) (CSIR) (ModestAmbitious) - coal retired by 2040™ ™" " gy
(CSIR) (CSIR)
Demand [TWh] 306 (2030) 285 (2030) 285 (2030) 285 (2030) 285 (2030) 285 (2030)
382 (2050) 355 (2050) 355 (2050) 355 (2050) 355 (2050) 355 (2050)

. 73% (2020) 66% (2020) 66% (2020) 66% (2020) 66% (2020) 66% (2020)

EAE, [%0] - 76% (2030) 65% (2030) 65% (2030) 65% (2030) 65% (2030) 65% (2030)

(Eskomexistinglunderconstr) 83% (205 82% (2050) 82% (2050) 82% (2050) 82% (2050) 82% (2050)

CQ mitigation PPD (Moderate) PPD (Moderate)  No constraint No constraint No constraint 2 Gt (202€2050)

VRE build limits 1.0 GW/yr (solar PV), None None Minimum limits Minimum limits None

1.6 GW/yr (wind) (Seesection2.4) (See section 2.4)
Forced technologies Coal, storage, Coal, storage, None None None None
hydro (import} hydro (import}

Technology costs Asper|RP2019 Seesection2.4 Seesection2.4  Seesection2.4  Seesection2.4  Seesection2.4

Coal flegt L AsperIRP 2019 Asper IRP 2019 Endogenous Endogenous All coal Endogenous

decommissioning (50 yearlife) (50 year life) decommissioning  decommissioning retired by 2040 decommissioning

Shortterm mitigation Included Included Included Included Included Included

NOTES: EAF i Energy Availability Factor; PPD i Peak Plateau Decline; * As per IRP 2019 (Table 5); 2 Economically optimal decommissioning of coal fleet (based on least-cost);

3 Included immediate customer response at scale (mostly embedded/distributed solar PV, storage) and other shorttermrisk mitigation capacity to ensure adequacy gap is met (portfolio
of technologies/options)

Sources: IRP 2019; CSIR; Meridian Economics

2.3 Input assumptions

This section outlines the main sources of datanform input assumptionsonsidered for the study

Publicly available information was used as far as possibte referenced accordinglyThe main

saurces of information usedere obtained from the followig:

1. Information authored by Eskom and available in the public domahignformation took two
main forms:

i. Information and data availableon the Eskomwebsite (technical reports or media

briefings);and
ii.  Directinteractionsand interviewswvith Eskom emplgeeswith intimate knowledge of

Eskonoperations, related air quality compliance matters and the cogiplysector.
2. Technicahrticles andeports available in the public domairom other sources
3. Domain experts witlleep knowledgef the South African powesystem

Most of the input assumpions in the Reference scenarave aligned with the IRP 2@13]. Other

scenarios deviate from inputs assumptions in the2BF9 andheseare documented in this section.
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2.3.1 Demand forecast

Figure13 andFigure14 showthe annual energy rad peak demand for théwo demand forecasts
consideredn thisanalysis Similarly, the previously promulgated IRP1L0 demand forecast is shown

for reference and relative comparison

The IRP 2019 demaridrecastis based on the IRP 208S R A Heyhand[3] and was developed
using statisticamethods[11]. This forecasis based on an average4 annualsDPgrowthto 2030
and 3.7% thereafter to 205906ut with notablechange in theslectricity intensity othe manufacturing
and commercial sectaf the economy Thisresult beinganaverage annual electricigemand gowth
of 1.8%to 2030 and 1.%thereafter to 2050. The demand forecast iBiclusive of theentire RSA
electrical demangd of which approximately 98% is currently met by Eskmammed generatorsand

Ltt Qao®

¢KS a! LRI G§SRé R&sednafiiRdvefope Byhé GSIRvhick essentially assumes a
slower uptake in demand in the short terrhis @mand forecast is based dhe Eskom MTSA{12]
demand forecast (until 2024) arassumes the samikRP 201%nnualgrowth rates thereafter As can

be seenthe IRP 201%nnual energy demand is expected to grow fr@d6 Wh today toroughly
306 TWh by 2030and 382 TWh by 205@hile the lower demand forecast is expected to reach 285
TWhand 355 TWh in 2030 and 2050 respectiv&he Updated demand forecast was assumed for all
scenarios excluding the IRP 2019 (DMRE) scenario.

The annual demand forecasts are converted into hourly electricity demand profiles based on the
historical actual hourly demand in South Africa in 2017.is Tmofile was assumed to remain
unchanged throughout the planning horizon (monthly average diurnal profile shokigunel5). The
winter peaking natte of the South African power system is clearly demonstrateéigure 15.
Similarly, the morning and evening peak become more accentuated in wintethsias residential

space heating shifts the diurnal profile.
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Figurel3. Historical and forecasted annudketricalenergydemandfor RSA
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Figureld. Historical and forecasted annudeetricalpeak demandor RSA
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Average diurnal demand profile
[Gw]

35

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figurel5. Historicalmonthly averagediurnal hourly demand profil€2017), showing larger variances in peak
demand during winter months than summer months
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2.3.2 Existinggeneration fleet

Thefollowing sections outline thexistinggeneration fleet assumptions used in this analysis

2.3.2.1 Installedcapacitiesand technology types

Table2 summarizeghe existing capacity assumptions in the year 2019 based on the IRP&2he
Eskom MTSAQ12] and Eskonfil3]. The decommissioning dates for all nomal technologis are as
per the IRP 2019, whilshe assumptions on decommissioning of ebedd power stations depends

on the study scenario atescribed in sectio.2.

Table2. Existing generation capacity in 2019 in South Africa (including import hydro) assumed in this study

Conventional Nominal Renewable Nominal Storage Nominal
Technologies Capacity [MW] Technologies Capacity [MW] Technologies Capacity [MW]
Coal 37 902 Hydro 2177 Pumped Storage 2912
Arnot 2232 CahoraBassa 1500 Drakensberg 1000
Camden 1480 ColleyWobbles 65 Ingula 1332
Duvha 2875 Gariep 360 Palmiet 400
Grootvlei 187 Small Hydro (REIPPP) 12 Steenbras 180
Hendrina 1092 Vanderkloof 240
Kendal 3840
Komati 200 Biomass-gas 282
Kriel 2850 Mondi 120
Lethabo 3558 Sappi 144
MajubaDry 1842 Landfill Gas REIPPPP 18
MajubaWet 2001
Matimba 3690 CSP 500
Matla 3450 CSP REIPPPP 500
Tutuka 3510
Kusile 720 Solar 1479
Medupi 3615 Solar PV REIPPPP 1479
Sasol Coal 600
Kelvin (Municipal) 160 Wind 2 086
Sere 100
Nuclear 1860 Wind REIPPPP 1986
Koeberg 1860
Gas 425
Sasol Infragas 175
Sasol Synfuel Gas 250
Peaking 3405
Acacia 171
Ankerlig 1323
Avon (REIPPPP) 670
Dedisa (REIPPPP) 335
Gourikwa 735
PortRex 171
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Figurel6 summariseghe total existing, under construction and committed capacity in South Africa
With respect to coal capacity availability (and related EAF calculatiig)study did noadjustany
existing coal capacity which Eskom malyeady have or are planning to place in cold reserve
temporarilyas this information was not available at the time of conductingghidly. As a cost saving
measure Eskonmoccasionally placecoalunits into cold reserver extended cold reservezenerators

in cold reserve are taken offline but are available to be called back into service at short(tatice

16 hourg, whilst plant in extended cold resenare considered unavailable, as it takége or more

days to return it to servicdl4]. Thus,the Eskomfleet publishedEAF is improved when poor
performing coal units are placed in cold reserve as these units are then assumed to have 100%

availability.

It is clear that existing nuclear generation capacity at KoefieRGW)is extended beyond 2024 as
steamgenerators are replaced and lixtend Koeberg to 2044 (as expect§®l) Other capacity that
is decommissioned over the time horizon (as planned) include existing OCGTBYsalard and CSP

capacity.

Total installed
capacity (net) [GW]
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Sources: IRP 2019; Eskom; CSIR Energy Centre analysis

Figurel6. Total existing, under construction and committed capacity in South Africa for the Ré18&050
(as per IRR019)

With the exception of the DMRE IRP 2019 scenario, endaggedecommissiomig of the existing coal
fleet was included in all of the scenarioBo date none of the published IRP plaas other literature
have allowed or considered earlier decommissioning ofbeth Africarcoal fleet. It should be noted

that no decommissioning costs refurbishmentcosts for life extensiobeyond theexpected50-year
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life for the coal fleetvere included Similarly, this applies for all other generation technologi€ke
optimisation model was configred to allow coal stations to either ruo their full 50yeartechnical
life or decommission prior to this date if it @&conomicalto doso. Thus, there is a natural balance
between carrying the costs of existing coal generation capacity tinatiplamed decommissioning
date relative to the costs of decommissioning earlier asohg other existing generation or building

new generation capacity instead.

Each of the coal stationsare modelled on a unit level and as such, partial decommissioning of each
station is possible if it is economic to do so. An additional constraint was imposed to ensure that coal
stations decommission at a pace of gd¢unit per year (two(2) units per yeafor smaller unit sizes)

in line with the decommissioning schedules in the IRP 2019.

For technical operational reasonspanimum annual average capacity factmnstraint of35% was
consideredon allexistingcoalgeneration capacity. Thugjth aminimum annual average capacity
factor constraint of 35%the continued operation of coal capacity (until-gar life) is optimized
relative to other existing and newuild options Earlier thanplanned decommissioning otoal
generation capacityvould then occur if other alternatives were more economically optimal (it is

uneconomicafor existing coal capacitp remain in the power systeinefore 5Qyear life is reached)

There is currently navailabléeliterature on the minimum capacity factors at whithe existingSouth

African coal fleet cantechnicallyoperate. However, a brief analysis afiinimum capacity factor
calculated as a function of EAF and minimum stable level (MSL) for any genericgeoeetor is

shown inTable3. It is important to remember that this is for an individual generator or a fleet of
generators with the same MSL and EAF (which is not the case in reality). In reality, there would be a
distribution of minimum capacity factors across the generators infteet as a function of their
individual EAF and MSL. The range of minimum capacity factors for EAF rang®¥f @0d MSL of
55-65% is highlighted in red. This is a likely range for the South African coal fleet which results in

average fleet minimum caeity factor off39-52%.

From an international perspective, the Indian coal fleet is seeing declining capacity factors in recent
years from the highs of 2007/08 (78%) down to 60% in 201[¥%B For two scenarios explored
in[16], half of the Indian coal fleet is expected to be less than 63% and 51% with and without
additional wind andsolar PV (100 GW and 60GW) respectively. The distribution of capacity factors as
part of the study undertaken if16] is what is most insightfud one quarter of the Indiaroal fleet

exhibits a capacity factor of less than 44% without the additional renewable energy but a capacity
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factor as low as 12% with the additional renewable energy. Similar findings are njadéwhnere

150GW of the Indian coal fleet would exhibit a capacity factor of 20% or less by 20p8], leoal

fleet capacity factors across 16 countries/regiomish Brazil, norOECD Europe, Other Americas,
Russia exhibit capacity factors of less than 50% (lowest is 21% in the Middle East). In the USA, more
recent trends are showing coal capacity being retired as a result of notably low capacity factors of less
than 55% relative to previously where capacity factors were almost always abov§L8P%lIn
SoutheastAsiaL Y R2y SaAl Qa O2lf Tt SSiG SEKA oninddhésia,53%.J OA (i &
in Malaysia, 53% in the Philippines and 53% in Vietf2@h Particularly, in Vietham capacity factors

of as low as 46% have been noted2t]. The need for increased flexibility from cdiaéd generation

capacity is clearly evident in international jurisdictions with large existing and/or planned coal
generation fleets already and will become increasingly impuar@s higher penetration levels of

variable renewable energy are deploy2?2], [23]

Table3. Minimum capacity factor relative to energy availability factor (EAF) and minimum stable level (MSL)
for a generigenerator.
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