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NEA Outline of the presentation /[;

Introduction to OECD/NEA and its work in the electricity markets

Economics of generation technologies: plant level costs

O

O

O

The concept of Levelised Cost Of Electricity (LCOE)
Results of the NEA 2010 study

Sensitivity analysis and key messages

Economics of generation technologies: a system approach

O

O

O

O

O

Introduction on the NEA study on “System Effects”

The system effects of nuclear energy

Methodology: residual load duration curves

Application of residual load duration curves: impacts of Variable Renewable’s introduction

Synthesis of the results and key messages

A measure of economic value of Variable Renewables
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/( :\NFT,?\AQ ~ OECD/NEA History and Mission }é

o 1947: U.S. Secretary of State George
Marshall proposes a post-WW Il European
Recovery Program: the Marshall Plan.

o 1948: The Plan led to establishment of the
Organisation for European Economic Co-
operation (OEEC) to work on the joint
Recovery Program (18 member countries).

1961: OEEC became OECD (USA + Canada)

o 1958: European Nuclear Energy Agency 31 member countries (24 in the Data Bank)

(ENEA) set up which became NEA in 1972. 88% of global nuclear electricity capacity

NEA Mission

o To assist its member countries in maintaining and further developing, through international
co-operation, the scientific, technological and legal bases required for a safe,
environmentally friendly and economical use of nuclear energy for peaceful purposes.

o To provide authoritative assessments and to forge common understandings on key issues,
as input to government decisions on nuclear energy policy, and to broader OECD policy
analyses in areas such as energy and sustainable development.
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ﬂ? Economics of electricity generation @»
~I NEA  Work performed at the OECD/NEA OECD

e Economics of electricity generation — Plant level costs
m) o Projected Costs of Generating Electricity (NEA/IEA 2010 and 2015)

Carbon pricing, power markets and the competitiveness of

@)

Grid-level
nuclear power (2011) costs

o The Economics of Long-term Operation of NPPs (2012)
m) o Nuclear New Built: Financing and Project Management (2015) Total costs

o Costs of Decommissioning Nuclear Power Plants (forthcoming, 2015)

e System Effects Study — Grid-Level costs
m) o Nuclear Energy and Renewables. System Effects in Low-carbon electricity systems (2012)

o Dealing with System Costs in Decarbonising Electricity Systems: Policy Options (planned for 2016)

e Total costs - Externalities

The Security of Energy Supply and the Contribution of Nuclear Energy (2010)
Comparing Nuclear Accident Risks with Those from Other Energy Sources (2010)
Estimation of potential losses due to nuclear accidents (forthcoming, 2016)

Social and Economic Impacts of Nuclear Power (forthcoming, 2015)

O O O O O

The full cost of electricity provision (planned for 2015-2016)
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Economics of generation technologies:
plant level costs

On the basis of :
Projected Costs of Generating Electricity: 2010 and 2015 Editions
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/séNEErOJected Costs of Generating Electricity )

EGC,y,, is the 7t Edition in the series of Joint IEA/NEA studies

2010 and 2015 Editions OECD

(since 1983) and was published in March 2010. Projected

The 8t Edition in press (1 September 2015). Costs of
Generating

* Presents baseload power generation costs for 190 power plants Electricity

(181 in the 2015 edition) with different technologies in 17 OECD
and 4 non-OECD countries (Brazil, China, Russia, South Africa),
including a wide range of technologies:

O

O O O O

©)

2015 Edition

Nuclear: 20 light water reactors (11)

Gas: 25 plants of which 22 CCGTs (17)

Coal: 34 plants of which 22 SC/USC (14)

Carbon capture: 14 coal-fired and 2 gas-fired plants with CC(S) (No)

Renewables: 72 plants, of which 18 onshore wind, 8 offshore wind, 17 solar PV, 3 solar thermal, 14
hydro, 3 geothermal, 3 biogas, 3 biomass, 1 tidal and 2 wave (114: 42 PV, 22 On-W, 12 Off-W, 28 H )

CHP: 20 plants, of which 13 gas, 3 coal, 3 biomass, 1 biogas and municipal waste (18)

-, — (3 ) NEA

* The study assumes, for the first time, a CO, price of 30 USD/tonne and long-term fossil fuel
prices based on WEO 2009 (WEO 2014).

e Extensive range of sensitivity analyses to changes in key cost parameters (interest rate,
fossil fuel and CO, prices, construction costs, lead times, lifetimes, load factors).

Summer School “Economics of Electricity Markets”, Ghent, 4 September 2015



( {1) NEA Levelised Cost Of Electricity (LCOE) 9;:/[;

e LCOE is a useful (and widely used) tool to compare the unit cost of generating technologies
that use different fuels, have different economic lives, different capital expenditure paths,
different annual costs (O&M, fuel, carbon prices), different sizes and load factors.

e The LCOE is the constant unit price of output (S/MWh) that would equalise the sum of
discounted costs over the lifetime of a project with the sum of discounted revenues.

- Electricity, z Invest; + O0&M; + Fuel,+Carbon; + Decomm,
electricity T ;
t (1+7r) 1+7)

e LCOE is basically a NPV calculation -> Electricity price that makes the NPV=0.

e LCOE is a lifetime average cost, corresponding to the costs for an investor bearing no risk
(certainty of investment and production costs, certainty of electricity output and stability of
electricity prices).

e LCOE s closer to the real costs in a regulated monopoly market (or a market where long-
term contracts are possible) than those of a competitive market with variable electricity
prices.

e Cost concept: social resource cost (no inclusion of technology-specific or solvency risk)

rather than private investor financial cost (WACC).
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AY Basic Methodology of EGC Study @//
< ‘)4 NEA OECD

* |In order to calculate LCOE per MWh all plants costs and revenues discounted or capitalised
to the date of commissioning = 2015 (2020 for CCS). Results are given in USD,,,s/MWh

 Two discount rates, 5% and 10% real (net of inflation) [in the 2015 edition, 3%-7% and 10%].

In comparison corporate bonds of European utilities (> 6 years) have a nominal rate of
around 2+3% (May 2014) and long term government bond (30 years) of around 1.5+4%.
Equity investors would require higher rates of return (WACC utilities is about 7+9%). #

* Plant-level cost of the production of base-load power for nuclear, coal, gas (85% load-factor)

and using a local load factor for renewables and hydro. Load factors: 20+41% for on-shore wind
(26% median), 34+43% for off-shore wind, 10+25% for solar (13% median) and 40+60% for hydro.

e Costs at the plant gate (including transport of fuel, but not electricity connection and
transmission).

* The electricity price and the discount rate are stable during the lifetime of the project. All
the electricity produced is immediately sold at that price.

 LCOE does not take into account taxes, transfers, subsidies and any form of government
intervention (social cost more than a private investor perspective).
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Y Shortcomings @//
;’)4 NEA OECD

e LCOE consider power plants in isolation -> no inclusion of system effects and costs.

e LCOE indicates the cost of electricity production but does not takes into account the “value”
of electricity (when electricity is generated).

e LCOE indicates production costs at the power plant gate, and thus does not takes into
account for connection, transmission and distribution (where electricity is generated).

e LCOE does not indicate the relative stability and predictability in generation costs (fuel price
variability + uncertainty in construction costs).

e LCOE does not recognise the size of a power plant and thus the size of cash-flows.

e LCOE is sensitive on the assumptions (discount rate) and ignores the concept of risk.
o Plant risk (construction cost, lead time, O&M costs, availability and performances)
o Market risk (fuel costs, demand and consumption, electricity price)
o Regulatory risk (market design, licensing and approval, transmission)
o Policy risk (environmental standards, CO, policies, support for specific technologies)

* Risk should be reflected in the discount rate, and be different for each technology, BUT
o Risk differs strongly over the lifetime of the project
o Even during operations, risk depends on the level of variable cost
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Results

o Examples of LCOE calculations (Eurelectric)
o Regional ranges of LCOE

o Cost structure: capital costs
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At 5% Discount Rate
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Eurelectric/VGB

At 10% Discount Rate
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< NEA at 10% discount rate
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Nuclear power plants:

I NEA LCOE [USD/MWh] O@C’é
Net mgmqn; Inestment costs? I}lEI-D:]rrI'I:TEEII]rllﬂH FI..EI:I:%I:H D&M costs? LCOE
country Techrology ~— capaclty  costs
5% 108 % 109 5% 108
Ve US US0/Ke LISETeT'h US0/MWH LS TeTWh LISC T N
B=lglum EPE-1500 1600 ¢ 5 383 6 185 7117 0.23 0.0z B.33 .20 6106 | 108.14
Czech Rep. PR 1150 B BER & 192 GATL 022 0.0z B.33 14.74 88,74 | 110
Framce* EPR 1 &30 ,’ 3 BED |\ 4483 B 219 0.05 0.00&8 B.33 1600 BE42 92,38
E T PR 1 €00 \\4 :I.EIE,/ 4 Z88 B 022 0.00 0.00 B.33 .80 48.97 B2.64
Hungary PR 1120 b B 832 G112 17T 2,18 B.77T [@B.78/20.B4 8166 | 131.62
lapan AEWR 1330 3 Eﬂ): 3430 3 840 013 0.01 B.33 16.60 48.71 TEAdE
Korea CPR-1000 264 4 1EBTE |\ 2006 2 340 0.09 0.01 7.80 10,42 42,93 4838
APR-1400 1343 \\1.5_5-5// 1761 1864 .07 0.01 7.80 8 85 28.06 4208
Methedands | PAF 1&50 [F 03 BTO8 G 383 0.0 0.02 B.33 13.71 B2.TE | 106.0E&
Slovak Rep. YWER 4407 V213 264 4 261 4 274 B GED 0.16 0.02 B33 [B3A5/1E.FY 62.58 a7.82
PR 1600 ( 863 D 69486 B 334 0.2 0.03 B.33 1384 TE.2d | 136.5D
Switzeriand PR 1530 J68]1 d 33T B 0B&E 016 0.01 B.33 1640 6d4.85 .23
Unlted States | Advancad Ganlik-| 1250 3282 d 214 4 288 0.13 0.01 B.33 12 By 48.72 17.28
NON-OECD MEMBERS
Brazll PR 1405 3 798 4703 B ala 0.Ed 0.84 11.64 15,54 66.28 | 106.28
CPR-1000 1000 1/1 ?'E-E\\ 1245 2145 0.08 0.01 B.33 7.10 20.89 4400
China PR -1000 1000 1 744 ) 1531 2 128 0.08 0.01 B.33 7.04 20,82 43.72
AP-1000 13260 202 1 2642 2 anz 0. 10 0.01 B.33 2 36.21 Bd.e1
Russla WWER-1120 1070 2 823 3 238 2674 0.00 0.00 4.00 [AE6T471854 4348 EB1E
INCHISTRY O
EPRI &FWH. AEWH 1400 o7 4 218 3714 0.12 0.01 B.33 15 B0 48,23 TZ.8T
Euralectric EPR-1600 1 &00 (:4 724 D BE75 G 6E2 0.19 0.02 B.33 1180 .83 | 10684
*The cost astimets refers 1o tha EFR In Aamarslia [ECF daia) erd ks ske-spacHo.
1. Cwamight costs Inchids pre-coretruot on |, Exrestru ot o [on gl nessirg, procursmant and coresin ok ion) erd comtingsanoy costs, but not Inkerest during construction 10C).
2. nvesmant cosis Inchide cvamight oosis a5 wal w3 the Implled ntamest during construction [ICC).
3. In pasas wheo teo rmbors am ised under OEM corls, numbers refect 5% and 108 dscount rebes. Tha numbers difer due bo oouning-s peofio oot lloogtion sdradulos.
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uclear Energy Agency

Gas power plants:
LCOE [USD/MWHh]

Net  Electrical ouarpignt Investment  Docommissioning - ) cabon  0&M LCOE
Country Technology capacity efficiency costsl 5% 10% - 10% costs costs costs? - 10%
MWe %  USD/kWe USD/kWe USD/MWh  USD/MWh USD/MWh USD/MWh  USD/MWh

Single Shaft CCGT | B50 | 58% | 1240 |1366]1403] 0.00 | 0.03 | 61.12 | 10.54 | 633 | 89.71] 98.29
Bolgum | CCT 400 | 55% / 1000\1200(1328) 0.08 | 0.03 | 6380 | 11.02 | 656 | 91.86 99.54
CCGT 420 | 57% (| 1060 [4130(1103] 0.08 | 0.03 | 61.65 | 10.63 | 4.06 | B6.05| 92.57
CCGT 420 | 57% \| 1245 [§316(1300] 000 | 0.03 | 6165 | 1063 | 571 | 89.31] 96.90
Czoch Rep. |°CC" 430 | 5/% NQ573/17032043] 0.12 | 0.04 | 61.65 | 10.23 | 3.73 | 91.92(104.48
CCGT w/CC(5) 387 | 54% 29253276 0.18 | 0.06 | 65.08 0.54 | 622 | 98.71/117.90
erm CCar BOO | B0%( | 1025 |XL147|1282 0.08 | 0.02 | 5857 | 10.08 | 672 | 85.23) 92.81
W Gas Turbine 150 | 38% 520 | 582| 650 0.04 | 0.01 | 0248 | 1502 | 538 |118.77|122.61
Italy CCGT BOO | 55% @313 872 0.06 | 0.02 | B3.8B0 | 11.25 | 4.67 | 86.85| 91.44
Japan CCar 1600 | 55% / 1540 N B863|2234] 0.2 | 0.04 | 7258 | 11.02 | 555 |105.14|119.53
Korea LNG CCGT 405 | b5i% (| 643 | )678| 713| 0.05 | 0.02 | 69.79 | 10.42 | 4.0 | 90.82] 94.70
LNG CCGT 602 | 57% \ 635 |/ 660 704] 0.05 | 0.02 | 6054 | 10.38 | 412 | 89.80 93.63
Mexico CCGT 446 | 40% | —88Z |1105|1240] 0.07 | 0.02 | 5803 | 12.21 [4.53/4.74 8426 9185
Netherlands | CCGT 870 | 59% | 1025 |1076|1127| 0.08 | 0.02 | 5958 | 10.27 | 1.32 | 80.30| 86.48
Switzerland |CCGT 305 | b5B% C| 1622 3776|1042 0.13 | 0.04 | 6050 | 10.35 | 7.83 | 94.04|105.19
CCGT 400 | 54% 060 |1030|1113] 0.07 | 0.02 | 4027 | 14.74 | 3.61 | 1656 82.76
“m““""l AGT 230 | 40% 640 | 668| 687 0.05 | 002 | 6652 | 14.74 | 4.48 | 91.48 95.08
CCGT w/CC(5) 400 | 40% | 1928 |2065|2207| 0.13 | 0.04 | 67.01 1.47 | 560 | 91.90/104.19

NON-OECD MEMBERS
Brazi CCGT 210 | 48% | 1419 |1636/1880 0.00 | 0.00 | 57.79 0.00 | 540 | 83.85) 94.84
CCGT 1358 | 58% 538 | 565| 503| 0.04 | 0.01 | 2814 0.00 | 2.81 | 35.81 39.01
il CCGT 1358 | 58% 583 | 612| 642 0.05 | 0.01 | 2814 0.00 | 3.04 | 36.44] 30.01
Russia CCGT 302 | 55% | 1237 |1208|1357| 0.00 | 0.00 | 30.14 0.00 | 7.55 | 567.75 65.13
EPRI CCGT 708 | 48% 727 | 705| B35 0.04 | 0.01 | 5578 | 12.73 | 3.30 | 78.72| 83.25
CCGT AC 480 | 5B% | 1678 |1740|1821 0411 | 0.04 | 41.25 0.08 | 3.64 | 69.89] 79.54
ESAA CCGT WC 400 | 58% | 1504 |1661|1730| 0.00 | 0.00 | 30.68 080 | 358 | 67.03| 76.36
OCGT AC 207 | 43% 742 | 761| 770/ 000 | 000 | 5287 | 1280 | 767 | 79.82 s3m
Ewrelectric |CCGT 388 | 58% | 1201 |1202|1387| 0.00 | 0.03 | 60.50 | 10.45 | 3.03 | ©6.08) 93.84
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/( ;,) NEA Total generation cost structure ;/

at 5% at 10%
Nuclear Coal w':ﬂ,.‘gs Gas Wind Solar Nuclear Coal w':,gs Gas Wind  Solar
Total Investment cost | 58.6% | 25.9% | 51.6% | 11.1% | 76.5% | 91.7% | 75.6% | 39.8% | 66.8% | 17.3% | 83.8% | 94.9%
0&M 252% | 9.2% | 219% | 52% | 22.7% | 7.3% | 14.9% | 7.5% | 15.1% | 4.9% | 160% | 4.9%
Fuel costs* 16.0% | 27.9% | 21.0% | 71.3% | 0.0% | 0.0% | 9.5% | 22.8% | 14.5% | 66.4% | 0.0% | 0.0%
€O, costs 0.0% | 35.8% | 52% | 12.3% | 0.0% | 0.0%| 0.0% | 29.9% | 3.6% | 11.4% | 0.0% | 0.0%
Decommissioning 03% | 01% | 02%| 01% | 08% | 1.0%| 0.0% | 0.0% | 0.0% | 0.0% | 0.2% | 0.3%

*Fual costa for nuclear comprigse the costs of the full nuclear fusl cycle including spent fusl reprocessing or disposal.

e (Capital intensity of a project indicates the vulnerability to changes in demand and
electricity prices.

e Total investments are sunk costs and cannot be recuperated.

e High capital cost technology does not possess the option of exiting the market
when prices evolve unfavourably.

* Presently renewables are protected from electricity price risk by FIT or other form
of support.
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) \c.Total generation cost structure and ris
"<~ 250 an illustrative example (nuclear)

NPV calculation for a nuclear plant and a gas plant under different electricity price scenarios.
Both technologies yield the same NPV at base price (by adjusting overnight costs).
Permanent price fall [-10% to -70%] occurs after commissioning [0-50 years].

Power plants are supposed not operate when electricity price is lower than variable costs.

The NPV of a Nuclear Power Plant in Function of a Fall in Electricity Prices and
the Onset of the Price Fall Years after Commissioning (r = 5%)

0 E+00 50

-1 E+09

>-2E+09 Price Fall
o

-3 E+09

-4 E+09 fter Commissioning

-5 E+09

-6 E+09
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Y nen generation cost structure and ris
"<~ 250 anillustrative example (gas)

The NPV of a Gas-Fired Power Plant in Function of a Fall in Electricity Prices
and the Onset of the Price Fall Years after Commissioning (r = 5%)

Average Price Fall

Years after Commissioni
-4 E+09 u

NPV

In the worse case scenario, the gas plant leaves the market with losses limited to the
investment costs.

Nuclear will keep producing at decreasing net revenue levels, but losses are consistently higher.

Remember: Risk is not captured by LCOE!
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A w“NEA Gas vs nuclear: a comparison

Nuclear Energy Agency

OECD
The economic profiles of nuclear and CCGT (Courtesy of EdF)

= Very high CAPEX during

Major refurbishment the development and
costs, e.g. steam construction period
E generator replacement
L Production costs l ) Reﬁmar a.nd
- (D&M, fuel) comparatively lower
O OPEX during the operating
= period
2 N i ~
40-60 years
10 20 30 -Ill]- ISl]- Ii-l]-
Years
= Very low CAPEX during
- development and
) construction, but
c[;ﬁﬁ'ﬂ' ﬂ? Uncertain comparatively higher
r- costs production costs due to the
O = significance of fuel costs
8 S
High and uncertain fuel and
CO, prices and consequently
30 years high uncertainty on future
m™M——T T T 1 T 1 17 1 1T 17 1T 17T T T T T T T T T T T T T T T T T 1T T T T T 11 pdeLICtIDﬂCGStS
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Years

":: EDF .:fﬁfi bffg;ﬂ;f‘ i baze load The Role of Long-term Electricity Price Guarantees in NPP Economics — Yves Giraud | 19/09/13 | 2



Sensitivity Analysis and Key Messages.

o Definition of a median case
o Key factors for each technology

o Sensitivity analysis to major input data
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/( Sensitivity analysis: median case S
= N EA
e T OECD
Median case specifications Nuclear CCGT SC/USC coal m%clzc{s:r Onshore Solar PV
Capacity (MW) 1 400.00 480.00 750.00 474.40 45.00 1.00
Owner's and construction 368107 1018.07 1915.65 3 336.96 2 235.80 5 759.35
Overnight cost (5, KW)* 4 101.51 1068.97 2133.49 3 837.51 2 348.64 6 005.79
&M ($/MWh) 14.74 4.48 6.02 13.61 21.92 29.95
Fuel cost ($/MWh) 9.33 61.12 1821 13.04 0.00 0.00
CO4 cost {$/MWh) 0.00 1054 23.96 3.22 0.00 0.00
Efficiency (net, LHV) 33% 57% 41.1% 34.8% i i
Load factor (%) 8% 5% 85% 5% 26% 13%
Lead time {years) 7 2 4 4 1 1
Expected lifetime (years) 60 30 40 40 25 25
LCOE (4 Mwh) 5% 58.53 85.77 65.18 62.07 96.74 410.81
10% 98.75 92.11 80.05 89.95 137.16 616.55

*Cemight costs include owner's, construction and contingency costs but excludes 1DC,

o Sensitivity analysis have been realised assuming an uniform + 50% variation in each

individual parameter.

o Calculations were performed keeping all other parameters constant.
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) e, Multi-dimensional sensitivity analysis: @),

QINEA Nuclear OBCD

Meadian case Meadian case
(at 5% discount rate) (at 10% discount rate)

1 1
o e | I

- Lifetime* I
- Fuel cost .

Carbon cost

- Lead time

1 | 1 1 1 1 1 1 | | 1 | |
40% a0% BO0O% 1009 120% 140% 160% 40% 60% BO% 100% 120% 140% 180%

Impact on LCOE Impact on LCOE

* Lifetime and LCOE are inversely r=lated, as a lifetime extesnsion results in total levelissd cost eduction and a lifetime decreass leads to
a generation cost increase.
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Q) iy Imensional sensitivity analysis:
G\ ] -
« e @Gas and Coal at 5% discount rate OECD
Gas Coal
Median case Median case
(at 5% discount rate) (at 5% diTnt rate)
i Discount rate *
- Construction cos _ C
| | Lifetime | ]
i E 4=
Lead time
| | | | I 1 I T T | T 1 1
40% 60% 80% 100% 120% 140% 160% 70% 80% 90% 100% 110% 120% 130%
Impacton LCOE Impacton LCOE
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) imensional sensitivity analysis:
J

"NEA . -
—= \NINd and Solar at 5% discount rate OECD
Wind Solar
Median case Median case
(at 5% discount rate) (at 5% discount rate)

1 1

Fuel cost

Carbon cost

' Lead time
I T 1 T T 1 I T 1 T T T 1
40% 70%  100%  130%  160%  190% c 40% 70% 100% 130% 160% 190% 220%
Impacton LCOE Impacton LCOE

* Load factor and LCOE are inversely related. A higher load factor results in a decrease of LCOE and vice-versa.
Summer School “Economics of Electricity Markets”, Ghent, 4 September 2015



ch) NEpSensitivity to cost of financing and carbon
OECD
LCOE as a function of discount rate LCOE as a function of carbon cost
g %
450 230
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NEA

Nuclear Energy Agency

ensitivity to fuel cos

LCOE as a function of fuel cost
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() nsitivity to load factor
th) NEA Sens y to load facto Al

Load Factorfor renewable technologies (%)
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* Based on the OECD median case, considering 75% of O&M costs as fixed.
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) Each technology has @
;1)4 NEA strengths and weaknesses OEC@

Nuclear delivers significant amounts of low-carbon electricity at stable costs —
but has to manage high amounts of capital at risk and is faced with perception
issues regarding decommissioning, waste management and proliferation.

Coal is competitive in the absence of a sufficiently high carbon price — but this
advantage is quickly reduced as CO, cost rises.

Carbon Capture may be a competitive low-carbon generation option — but has
not yet been demonstrated at commercial scale for power plants and needs a
significant carbon price signal.

Gas key advantages are its low capital cost, low CO, profile and high operational
flexibility, which make it a low risk option — but costs highly depend on gas price
levels which may make it not profitable as base-load power.

Hydro and, for the first time on-shore wind, are shown to be competitive in
cases where local conditions are favourable — but if not dispatchable,
renewables cannot be used for base-load.
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B Key Messages from
2 NEAPrOJected Costs of Generating Electricity OC’S

No technology has a clear overall advantage globally or even regionally.

Looking at detailed country numbers, the study show large differences between
countries; national policies and local circumstances matter.

Boundary issues such as system costs (which may be substantial especially for
intermittent renewables) or specific financing issues must be assessed in a more
qgualitative manner. The 2015 study offers discussions on:

o Financing issues

o Prospects for emerging technologies

o System costs of integrating variable renewables

o The future of base-load and role of LCOE

At 5% per cent, nuclear energy is an attractive option for baseload power
generation in all three OECD regions.

At 10% per cent, nuclear energy remains a competitive option for baseload
power generation in the United States and OECD Asia.

A 30 S/tonne CO2 price is not enough to give a decisive advantage to low-carbon
technologies in all circumstances.

Government action remains key (lower the cost of financing and a significant CO2
price signal to be internalised in power markets).



n( ) Points for discussion (after the break)
e | @

o Is there still a need for base-load technologies?

How meaningful is an analysis at 85% load factor which seem
unachievable in present (and near-term future)?

o What is really the use of LCOE in liberalised markets?
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Nuclear Energy and Renewables:
System Effects in Low-carbon Electricity Systems.

Study methodology and key technical findings
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NEA

Nuclear Energy Agency

Background

OECD

Deployment of intermittent sources (solar and wind) in OECD countries
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Summer School “Economics of Electricity Markets”, Ghent, 4 September 2015

EU

«—— USA
«—— Japan

35



(Y NEA Challenges of VRE
- OECD
1)
i 0.8 08
= wind in-feed —wind in-feed
wwsolar in-feed ——wind forecast
3 E
hours
Wind does not always e . Good sites are distant from
Y Difficult to predict
blow load centers
\ J

Y

“Variable” renewable energy source (VRE)

Source: courtesy of Lion Hirth (neon)

Summer School “Economics of Electricity Markets”, Ghent, 4 September 2015 36



The NEA System Effect Study

(4) NEA

Nuclear Energy Agency

In 2010 the NEA undertook an extensive study to assess the interactions between renewables,
nuclear energy and the whole electricity system.
1) Estimation of system effects (and costs) of different generating technologies.

2) Impact of integrating significant amounts of fluctuating electricity at low marginal cost on
the whole electricity system and on nuclear power.

< [ * Transmission and distribution infrastructure. .
‘= | * Challenge in short-term balancing and additional flexibility
S requirements from existing plants. Ndci€ar Energy and
O ] . ] Rehewables
— Le Change in the traditional operation mode of power plants. J »
Bectricity Systems
o " * Impact on electricity markets (lower prices, higher volatility).
£ | * Investmentissues in financing new capacity and adequacy =)
21 concerns. -
o . “ . ” ;
a1 Long-term impact on the “optimal” generation structure.

L * Significant increase in total costs for electricity supply. @))0ECD Cynea

It was the First quantitative study on SE ‘ Large uncertainties in the results.
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/( /) NEAThe System Effects Study - Introduction O.Ec}[;

“System costs are the total costs above plant-level costs to supply electr|C|ty at a given load
and given level of security of supply.” -

e Plant-level costs

costs

e Grid-level system effects (technical externalities) Rileyel

o Grid connection
{ o Grid-extension and reinforcement Total system costs
{ o Short-term balancing costs

o Long-term costs for maintaining adequate back-up capacity [**]

e Impact on other electricity producers (pecuniary externalities) [**]
o Reduced prices and load factors of conventional plants in the short-run

o Re-configuration of the electricity system in the long-run

e Total system costs

o Take into account not only the costs but also the benefits of integrating new capacity
(variable costs and fixed costs of new capacity that could be displaced)

o Other externalities (environmental, security of supply, ...) are not taken into account
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(‘ ‘)\ Methodology and Challenges in =)
2 NE2 defining and quantifying system effects O-cp

Interconnected power systems yields effects that cannot be explained by considering
its components in isolation.

e System effects can be understood and quantified only by comparing two different systems.

e Grid-level system costs are difficult to quantify (externality) and are a new area of study.
o There is not yet a common methodology used and accepted internationally.
o Knowledge and understanding of the phenomena is still in progress.
o Modelling and quantitative estimation is challenging and there is no “all-inclusive” model.
o Difference between short-term and long-term effects, often not acknowledged in the studies.

e Grid-level costs are country-specific, strongly inter-related and depend on penetration level.
Different cost categories influence each others:

o Larger balancing areas: 1 balancing costs, cheaper optimal generation mix;

o More flexible mix, storage : 1 balancing costs, generally is more expensive.

e What we observe in electricity markets results from many factors, not only system effects.

o Grid cost (including distribution and transmission).
{ o Balancing costs.

o Utilisation costs (profile costs or back-up costs) including adequacy.
o Still connection costs are substantial and should be considered.



Methodology:
residual load duration curves.

o How to calculate the long-term optimal mix (load duration curves)

o Extension to VRE (residual load duration curves)
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NEA

Nuclear Energy Agency

France 2011

100
Electricity demand in France (2011)
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W( ethodology: =

=J NEA Long-term optimal mix I

Yearly load duration curve

100 100
Electricity demand in France (2011)
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Simply obtained by ordering demand from highest to lowest.

The curve shows the number of hours that electricity demand is higher than a certain level.

Electricity consumed is the integral of load duration curve.

Load duration curve loses an important information: the time (and thus dynamics).
All methods based on the residual load do not consider (and value) flexibility.
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X ) NEA Long-term optimal mix II OECD

Nuclear Energy Agency

Economics of different generation options
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A)

Gengﬁst = Z(CI : FCI + Ei ' VCL)
i

*The optimal generation mix
obtained is the one that

minimises the generation cost
for meeting a given yearly load

duration curve.

*The cost/MWh depends upon

the shape of the load duration
curve.

* Methodology developed for

dispatchable generators but can

be applied also to VRE.

e Difficulty in modelling storage.
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di NEA load duration curve with VRE (wind) O?E?g

Residual load duration curve (wind at 30%)

100 100
Electricity demand in France (2011)

90 —Yearly load

l ‘4“ [M M | : N
Ll MU WW.HM i MM M - jj \\\

~
. N

80 -i-t—Hii

@
o
L

Power (GW)

N
=)

Electricity demand (GW)

N
o

° Jan Feb  Mar Apr  May Jun Jul Aug Sep Oct Nov Dec 0 . . . . . . . . \
+ 0 1000 2000 3000Uﬁ"sa‘:i ::IO:ime (ho j::;year) 6000 7000 8000
Wind load factor probability distribution in France
o r/M\ * Represents the load curve seen by the other
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Nuclear Energy Agency

A)

load duration curve with VRE (solar)

OECD

Residual load duration curve (solar at 30%)
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* Statistical analysis (Monte Carlo with 650 trials).
* Load factor probability:
- Takes into account correlation solar/demand.
- Educated guess (very smooth & “optimistic”).

* The non-parallel shift of the residual load duration
curve is more pronounced than for wind.

Summer School “Economics of Electricity Markets”, Ghent, 4 September 2015

46



Application of residual load duration curves:
impacts of VRE introduction.

o Effects on the generation structure: short-term and long-term

o Impacts on CO, emissions
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()\;\NEA The Short-run and the Long-run (I) @//
~ NS Al

Crucial importance of the time horizon, when assessing the economical
cost/benefits and impacts on existing generators from introducing new capacity.

Two scenarios can be used to describe the time effects of the introduction of new
generation capacity.

Short-term perspective

The introduction of new capacity occurs instantaneously and has not been anticipated by
market players.

In the short-term physical assets of the power system cannot be changed. Investment
occurred are sunk.

VRE deployment induce fuel, carbon and variable O&M cost savings. (value for the system)

New capacity is simply added into a system already capable to satisfy a stable demand with
a targeted level of reliability. ‘ No back-up costs for new VRE capacity.
VRE replace dispatchable technologies with higher marginal costs:

o Reduction in generation by existing plants (lower load factors, compression effect)
o Reduction in the electricity price level on wholesale power markets (merit order effect)

o Declining profitability especially for peaking OCGT and CCGT; base-load is less affected
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( 5 NEA The Short-run and the Long-run (II) 9{;@

(

Long-term perspective

o The analysis is situated in the future where all market players had the possibility to adapt to
new market conditions.

o In the long-run, the country electricity system is considered as a green field, and the whole
generation stock can be replaced and re-optimised.

o VRE can also induce investment and fixed O&M cost savings (the system value of VRE is
higher than in the short-term).

o VRE due to its low capacity credit requires dedicated back-up, which is not commercially
sustainable on its own.

o Structural change of the generation mix is observed:
o Shift toward a more flexible generation system, with less base-load and more mid- and peak-load.

o The per MWh cost for the residual load rises as technologies more expensive per MWh are used.

‘ Issue for investors and researchers: when does short-run become long-run?

Impacts of VRE deployment depends on the degree of system adaptation and thus the
speed of their deployment as well as on evolution of electricity demand.
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Nuclear Energy Agency

In the short-run, renewables with zero
marginal costs replace technologies with

90

higher marginal costs, including nuclear as .,

well as gas and coal plants. This means:

Capacity (GW)
g

e Reductions in electricity produced by

dispatchable power plants (lower load
factors, compression effect).

e Reduction in the average electricity price®

0 -

on wholesale power markets
(merit order effect). #
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i Nuclear: Lost load

—VYearly Load
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10% Penetration level 30% Penetration level
Wind Solar Wind Solar
1] Gas Turbine (OCGT) -54% -40% -87% -51%
g Gas Turbine (CCGT) -34% -26% -71% -43%
B | coal -27% -28% -62% -44%
3 Nuclear -4% -5% -20% -23%
_..? Gas Turbine (OCGT) -54% -409 -87% -51%
% § Gas Turbine (CCGT) -42% -31% -79% -46%
% § Coal -35% -30% -69% -46%
a Nuclear 24% =239 -55% -39%
Electricity price variation .m .\1§% -33% -23%

e Together this means declining

profitability especially for OCGT and
CCGT (nuclear is less affected).

No sufficient economical incentives to
built new power plants.

Security of supply risks as fossil plants

close. HIS CERA estimate 110 GW no longer
cover AC and 23 GW will close until end 2014.
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‘4) NEA optimal generation mix OECD

Nuclear Energy Agency

A\

Gas (OCGT) = Coal Renewables
B Gas (CCGT)  m Nuclear _| Capacity Credit
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* New investment in the presence of renewable production will change generation structure.

* Renewables will displace base-load on more than a one-to-one basis, especially at high penetration
levels: base-load is replaced by wind and gas/coal (more carbon intensive).

* The cost for residual dispatchable load will rise as technologies more expensive per MWh are used.
* No change in electricity prices for introducing VRE at low penetration levels.

* These effects (and costs) increase with the penetration level.
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NEalOng-run Impacts on

Nuclear Energy Agency
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@ Nuclear:residual production
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* Less capacity installed and lower electricity production.

|

Base-load tech. * (Small) reduction on average load factor.

(nuclear energy)

* (Limited) reduction on time-weighted average electricity prices.
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(\ Impacts on CO, emissions @
‘) NEA and electricity price N C/[g

In the short-run, renewables replace technologies with higher marginal cost, i.e.
fossil-fuelled plants emitting CO,.

e Electricity market prices are significantly reduced (by 13-14% and 23-33%).
e Carbon emissions are considerably reduced (by 30% to 50%).

In the long-run, low-marginal cost renewables replace base-load technology.
e No changes in electricity market prices at low penetration levels < 15-20%.

e The long-term effect on CO, emissions depends on the base-load technology displaced
(nuclear or coal):

o If there was no nuclear on the generating mix, renewables will reduce CO, emissions.
o If nuclear was part of the generating mix, CO, emissions increase.

Short- and long-term CO, emissions *
Reference 10% Penetration level 30% Penetration level
[Mio tonnes Wind Solar Wind Solar
of CO,] [%] [%] [%] [%]
Short-term 59.3 -31% -29% -66% -44%
Long-Term 2% 4% 26% 125%

* Based on a demand curve for France and optimised generation mix
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@(4) NEA

I”

Estimates of “grid-level” system effects

o Transmission and distribution costs
o Short-term balancing

o From adequacy concerns to the cost of back-up (profile cost)

e Capacity credit and adequacy cost: an “old” paradigm

o Cost of providing the residual load
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(\ Estimates of system costs components: @/
I NEA, Grid-related costs e cé

necy

e T&D grid costs are related to geographic location of VRE output.
o Increased investments in construction and reinforcement of transmission infrastructure.
o Increase in transmission losses due to increased transport of electricity.
o High penetration of distributed solar PV requires sizeable investments in the distribution network.

e Literature estimates vary strongly depending on location conditions and penetration level
o USA (EWITS): 2-3 S/MWHh (46-92 S/kW) at 6%-30% penetration.
o EU (European Wind Integration Study): 1 to 5.4 S/MWh at 10-13% penetration level .€S
o lIreland: 2-10 €/MWh depending on penetration level.
o Germany (DENA | and Il studies): 2-22 S/kW at 10%-30% penetration levels
(different assumptions between DENA | and Il studies).
Holttinen (2011): 2-7 €/MWh for penetration levels below 40% in Europe.
Sweden (Hirth): about 5 €/MWh
Solar PV (PV parity project): 1-3 €/MWHh for transmission and 10 €/MWh for distribution grid.

e Grid-related costs are system specific, depend on technology and penetration level.
e Available estimates tend to lie in a range from few S/MWh to 10 S/MWh.

NB: Connection costs may be significant, especially if distant resources has to be connected to
the grid. Not often considered in the literature of system costs.
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Estimates of system costs components: @)I
J NEA Balancing costs OECD

Nuclear Energy Agency

Balancing costs are related to uncertainty of VRE output.
o Changing power plant schedule more frequently and closer to real time.
o Increasing ramping and cycling of conventional plants, and inefficiencies in plant scheduling.
o Need for additional reserves in the system.

Literature estimates for balancing coats (wind) range in 1-7 S/MWh depending on
penetration level and system context (lower for hydro-based than thermal-based systems).

e Increase in wear and tear on PP cycling has been estimated at less than 1 S/MWh.

8.0 © Ireland (SEAI)
UK 2002
1 - UK 2007
6.0 =S Colorado
- =0~ S Minnesota 2004
s 50 US Minnesota 2006
s US California
s U —0- US EWT
3 30 Pacificorp US
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Wind penetration as share of gross demand
Source, Holltinen, 2013
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Demand and residual load [GW]

/(’““\,NEA Short-term balancing: &)
Ut =
ST o Residual Demand Load OECD

* Quantitative analyses performed by IER Stuttgard based on very detailed modeling of the
German electricity system.

* Twelve scenarios, with 4 shares of renewables electricity generation.

50% Renewables scenario (35% of VRE) 80% Renewables scenario (62% of VRE)
100 100
80 +
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60 a0
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Residual demand load is determined more by the production of VRE than by the demand.

Residual demand load loses its characteristics seasonal and daily patterns.
* More difficult to plan a periodic load-following schedule.
* Loss of predictable peak/off-peak pattern (ex: impact of PV and effect on hydro-reservoir economics).

Significant number of hours in which Renewables fully meet the demand.
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( ) Short-term balancing: @ Y

I NEA Ramping Rates Requirements OECD
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High gradient of change in residual load (more than 20 GW/h, about 25% of maximal load !).

Those changes must be assured by a reduced number of dispatchable generators.

The unpredictability of those changes adds an additional difficulty to the challenge.

=) More and more flexibility will be required from all components of electricity system.
o Significant load-following will be required from all dispatchable generators including base-load.
o Large amounts of storage capacity (250 GWh - 4.2 TWh with a loading power of 54.8 GW).

o Under certain conditions, curtailment of VRE or Demand Side Management are the most cost-
effective solution.
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/(\ Estimates of system costs components: ”
e NEA — Profile costs (or “back-up” costs) e

gency

e Profile costs are related to the variability of VRE output.
o Long-term impact on the cost for providing the residual load.
o Takes into account also additional flexibility requirements on the system.
o Impact associated to the low contribution to generation adequacy (low capacity credit).

e |t represent the opportunity cost of having a cheaper generation mix for the residual system.
e Some authors established a link with the market price of electricity produced by VRE.

e Depend on:
o correlation between the VRE production and electricity demand, and
o penetration level of VRE

 Complex modelling is required, and results are sensitive to modelling assumptions.
o Ability to correctly modelling and optimise storage capacity: JJ profile costs
o Ability to correctly model impact of flexibility requirements: 1 profile costs

* Few estimates on the literature, but all tend to suggest that profile costs may be large at high
penetration level (especially for solar PV).

{NEA estimates (wind: 4-9 S/MWh, solar 13-26 S/MWh at 10-30% PL) using residual load duration curves
IEA estimates (wind: 5-10 S/MWHh, solar 4-15 S/MWh at 10-30% PL ) using residual load duration curves

Other estimates using dispatch & commitment models are higher (Hirth)



/CT\NE . Adequacy costs and capacity credit: S/

(Generation) Adequacy is “the ability of an electric power system to satisfy demand at all times
(peak), taking into account the fluctuations of demand and supply, reasonably expected
outages of system components, projected retiring of generating facilities, etc”.

Capacity credit is “the amount of additional peak load that can be served due to the addition of
a power plant, while maintaining the existing levels of reliability”.

s | than that of dispatchable.
Capacity credit of variable renewables { s lower than that of dispatchable

* Decreases with penetration level. #

(a plant is added to a system that already meets adequacy goals).

The new power plant only increases (or does not decrease) the system adequacy.

# Adequacy needs and costs are zero in a short-term perspective.

(a plant is added to satisfy new demand instead of another plant).

* Electricity produced.

The two plants have to provide the same service in term of { o
* Contribution to adequacy.

# Additional capacity must be built in addition to VRE to ensure the same adequacy

level of a dispatchable power plant.
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($ Y Adequacy costs and capacity credit:
Q‘/") AL an “old” approach (II) OECD

1. Determine the need in term of additional capacity

For a given capacity of dispatchable power plants (Cp,).
i. Firm capacity guaranteed by dispatchable.  I;,_, =Gy, * CCpyoy
LF

C B C.Disp * L pisp
VaRen — LF
VaREn

iii. Firm capacity guaranteed by the VRE. [vagen = Craren * CCrapen

ii. Amount of VRE producing the same electricity.

iv. Amount of additional dispatchable capacity required. lizcovacy = Ipisp — [raren

CCDisp o CCVaRen>
LFDisp LFVaRen

Ijéldequacy - CDisp g LFDisp g (

96.6% 8%
85%  2Z23%

'ﬂ.-".-':'."!d 1004 = 1000 MWW = 850p = ( ) =670 MW [ 1000 MWDiSp = 3700 MWWihd + 670 MWAdequacy ]

2. Determine the cost of providing that additional capacity
What is the least-cost mix to provide back-up capacity?

{ o Peak-load power plant (OCGT, oil, retained old PP) =) Least investment cost

o Other optimised generating mix ) Least total cost for the system
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\\:;J)'NEA cost for providing the residual load D

Nuclear Energy Agency

We compare two situations: the residual load duration curve for a 30% penetration of

fluctuating wind (blue curve) and 30% penetration of a dispatchable technology (red curve).
100

[ Wind surplus

90

Wind shortage

— Load duration curve

80 \
&\ ——Residual load curve - wind
70
x \ ——Residual load curve - dispatchable

. = T
30 o~

78.2 USD/MWh

D
o

Power (GW)

20

81.8 USD/MWh A = +3.7 USD/MWhggigual
A = +8.7 USD/MWhying

10

85.5 USD/MWh

0 1000 2000 3000 4000 5000 6000 7000 8000
Utilisation time (hours/year)
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‘NEA

Nuclear Energy Agency

Cost of providing residual load

10% Penetration

Wind
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Area 2 - wind deficiency

——Load duratien curve

= Residual load curve - wind
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idual load curve - di:

ble generator

\
T
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~
S
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—Load duration curve
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i
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(4) NEA  curves to estimate capacity credit OECD

» Capacity credit is calculated using complex probabilistic techniques (LOLP) and requires a
sophisticated modeling of the whole electricity system.
‘ Residual load duration curves allow for simple and reasonably
reliable estimation of the capacity credit (only generation).

95
Dispatchable generation capacity
that can be effectively replaced (IEA).
—Yearly Load Curve
CC=5,9%
90 ——Residual load curve —
\ Dispatchable generation capacity that could be ]
\ ~———__replaced based on averaged values. —Residual load curve - Max
lo { \ \ ——Residual load curve - Min

0o
(2}

\

Power (GW)
(o]
o

Residual load curve corresponding

to a minimal wind production.
Residual load curve corresponding \

to a maximal wind production.

70 T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
Utilisation time (hours)
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:

Synthesis of the results, key messages of the NEA
System Cost Study and overall conclusions.
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(‘ System Effects of Different Technologies: @,,

NEA Estimating Grid-level Costs OECD

(y;

System Costs at the Grid Level (average of 6 countries - USD/MWh)
System Costs at the Grid Level [USD/MWh]

Technology Nuclear Coal Gas On-shore wind Off-shore wind Solar
Penetration level 10% 30% 10% 30% 10% 30% 10% 30% 10% 30% 10% 30%
Back-up Costs (Adequacy) 0.00 0.00 0.05 0.05 0.00 0.00 6.03 7.38 5.71 7.67 15.88 18.04
Balancing Costs 0.53 0.35 0.00 0.00 0.00 0.00 4.19 8.34 4.19 8.34 4.19 8.34
Grid Connection 1.71 1.71 0.94 0.94 0.51 0.51 6.24 6.24 18.68 18.68 13.71 13.71
Grid Reinforcement and Extension 0.00 0.00 0.00 0.00 0.00 0.00 2.23 6.28 1.51 3.82 4.46 13.55
Total Grid-Level System Costs 2.24 2.05 0.99 0.99 0.51 0.51 18.69 28.24 30.11 38.51 38.25 53.64

e Six countries, Finland, France, Germany, Korea, United Kingdom and USA analysed.

e Grid-level costs for variable renewables at least one level of magnitude higher than for

dispatchable technologies.

o Grid-level costs depend strongly on country, 400
context and penetration level.

M Grid-level system costs

M Plant-level costs

o Grid-level costs are in the range of 15-80 300
S/MWh for renewables (wind-on shore
lowest, solar highest).

o Average grid-level costs in Europe about 50%
of plant-level costs of base-load technology
(33% in USA).

o Nuclear grid-level costs 1-3 $/MWh.

o Coal and gas 0.5-1.5 $/MWh. e B s

Nuclear ‘ Coal ‘ Gas ‘ On-shore wind ‘ Off-shore wind ‘ Solar ‘

Total cost [USD/MWh]
N
o
o

100
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QL, )W) The “Total” Costs of Electricity Supply @»

= FOF Different Renewables Scenarios OECD

. “« ” Total cost of electricity supply [USD/MWh]
* Co m pa r ng tOta I annua I su p p Iy Ref. 10% penetration level 30% penetration level

costs of a reference scenario with Conv. |Wind on- Wind off- . |Wind on- Wind off- .

Mix shore shore shore shore

only dispatchable technologies with =
. . . 5] Increase in plant-level cost - 3.9 7.8 16.9 11.6 23.3 50.6
six renewable scenarios (wind On, s Grid-level system costs - 19 28 36 | 132 129 249
(V]
wind Off, solar at 10% and 30%).
x Increase in plant-level cost - 1.5 3.9 26.5 4.5 11.7 79.6
S Grid-level system costs - 1.9 3.4 5.8 9.1 13.6 21.5

o Takes into account also fixed
and variable cost savings of
displaced conventional PPs.

Increase in plant-level cost - 2.1 4.2 14.3 6.2 12.5 42.8
Grid-level system costs - 1.6 1.4 1.5 6.0 6.5 8.5

USA

M Reference

M Wind on-shore

= Wind off shore e Total costs of renewables scenarios are

W Solar

N
o
=]

large, especially at 30% penetration levels:

[
w
o

o Plant-level cost of renewables still
significantly higher than that of
dispatchable technologies.

100

o Grid-level system costs alone are
large, representing about % of the
cost increase.

50 +

Average annual cost of electricity supply [USD/MWh]

Finland France Germany Korea United Kingdom United States
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/L, NEA New Markets for New Challenges ?E?[I)'

The integration of large amounts of variable generation and the dislocation it creates in
electricity markets requires institutional and regulatory responses in at least three areas:

A. Markets for short-term flexibility provision 70
For greater flexibility to guarantee continuous 60-
matching of demand and supply exist in principle

four options that should compete on cost:
1. Dispatchable back-up capacity and load-following.
2. Electricity storage.
3. Interconnections and market integration.
4. Demand side management.

So far dispatchable back-up remains cheapest. D e e —
B. Mechanisms for the long-term provision of capacity oey GprltoMare)

There will always be moments when the wind does not blow or the sun does not shine.
Capacity mechanisms (payments to dispatchable producers or markets with supply obligations
for all providers) can assure profitability even with reduced load factors and lower prices.

Energy Delivery Factor (%)
N w N 0
S S S S

-

g
o
:

C. A Review of Support Mechanisms for Renewable Energies

Subsidising output through feed-in tariffs (FITs) in Europe or production tax credits (PTCs) in
the United States incentivises production when electricity is not needed (negative prices).
Feed-in premiums, capacity support or best a substantial carbon tax would be preferable.
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/L, NEA Future Visions: Smart Grids @)/

- OECD

Smart grids are electricity networks that intelligently coordinate the actions of all
users (generators, distributors and consumers) and provide flexibility for VRE

o Integrate IT technologies in the operation and
control of the power system kw Peak demand
o Currently a vision than a defined set of elements
that could be implemented everywhere
e Smart-grids provide flexibility through: Demand
o Demand side management '
o Decentralized storage capacity (Electric
vehicles...) Time
o Virtual power plants

e Two possible outcomes for base-load technologies:

1.

Global perspective: smoother load curves make for more
intensive use of baseload technologies such as nuclear

Local perspective: decentralised supply and demand balancing is performed in a
smaller market with decreasing needs for large centralised power plants.
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) NEA Key Messages 9{;@

The integration of large shares of intermittent renewable electricity is an important challenge
for the electricity systems of OECD countries and for dispatchable generators such as nuclear.
o Grid-level system costs for variable renewables are large (15-80 USD/MWh) but depend on country,
context and technology (Wind On < Wind Off < Solar PV).
System effects of nuclear power exist but are modest compared to those of variable renewables.
Grid-level and total system cost increase over-proportionally with the share of variable renewables.

Lower load factors and lower prices affect the economics of dispatchable generators: difficulties in
financing capacity to provide short-term flexibility and long-term adequacy need to be addressed.

1. Account for system costs and ensure their correct allocation.

2. New regulatory frameworks are needed to minimize and internalize system effects.
(1) Capacity payments or markets with capacity obligations, (2) Oblige operators to feed stable hourly bands
of capacity into the grid, (3) Allocate costs of grid connection and extension to generators,
(4) Offer long-term contracts to dispatchable base-load capacity.

3. A Review of Support Mechanisms for Renewable Energies.

Subsidising output through feed-in tariffs (FITs) in Europe or production tax credits in the US incentivises
production when electricity is not needed (including negative prices). A substantial carbon tax would be
optimal and less distortive solution. Second best options are feed-in premiums or support to investment.

4. Develop flexibility resources to enable the co-existence of nuclear and VRE.
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(/c NEA Pomts for discussion (after the break) @”
OECD

o What we observe now in Europe is simply due to a too fast
integration of renewable energy or there is something more?

Is there a “speed limit” to the deployment of renewable energy?

It is economical, technical?

o What could be a technological breakthrough that would allow a
better integration of intermittent generation sources?

o What would be the optimal level of a VRE technology if its LCOE
would be lower than that of the base-load?

o What is the “grid-parity”? Is the concept useful?
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A measure of the economical
value of fluctuating renewables

Why 1 kWh generated by fluctuating sources has a lower value for the
system than 1 kWh generated by dispatchable power plants
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% Introduction

(4) NEA

ar Energy Agency

A different approach consist in weighting the generation costs of Variable
Renewables with the (marginal) value of the electricity produced.

o In absence of large amount of storage, the value of electricity is not
homogeneous over time, but depends on when (and where) it is produced.

o Fluctuating generation does not have the same “value” or utility for the system
as dispatchable generation.

o The “value” of fluctuating generation sources for the electrical system decreases
significantly with penetration level.

The two approaches are complementary and in my view equivalent; they should
lead to the same economic choices.

We developed a simple method based on residual duration curves to derive the
value of electricity produced (which takes into account when the electricity is
generated). :> This accounts only for “back-up” (profile) costs.
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NeA simple example for an “ideal” generator @»
OECD

A generator providing a flat power band (30% of the electricity)

o
A)

100

920

—Load duration curve
80

Results
l \ —Residual load curve - ideal generator
70

\ \ * A parallel shift on the load curve.
© \ \ * No changes in the capacities and electricity

Power (GW)

N \ production of medium- and peak-load

. TN technologies.

» \\ * The flat power band replaces base-load
" technology.

Utilisation time (hours/year)

* The value of the electricity produced by the ideal generator is calculated as the difference between the
cost of supplying the original load duration and the residual curve.

Total cost Specific cost

[Bil. USD] [USD/MWh] o The total cost of residual load is reduced
Original load curve 37.18 78.20
Residual curve 27.32 81.96 o The specific cost increases
Value of flat band 9.86 <_69. @

* The value of the flat band for the system is equal to the cost of base-load technology (Expected).
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:,)fNE A The 30% wind penetration case

Nuclear Energy Agency

A wind providing fluctuating power (at 30% penetration level)

%0 —Yearly load Res UItS

80 ——Residual load: wind at 30% penetration .
i} N * Non-parallel shift on the load curve.

\\\\ * Significant changes in the composition of the

generating mix (proportionally more peak- and
medium-load capacity).

\ *The wind production replaces base-load
\ technology on more than one-to-one basis.

)\

@
o

a
<)

Power (GW)

IS
S

w
S

~N
o

=
5]

o

0 1000 2000 3000 4000 5000 6000 7000 8000
Utilisation time (hours/year)

Previous case (flat power band)

Total cost Specific cost Total cost Specific cost

[Bil. USD] [USD/MWh] [Bil. USD] [USD/MWh]
Original load curve 37.18 78.20 Original load curve 37.18 78.20
Residual curve (28.60) 85.79 Residual curve ( 27.32) 81.96
Value of wind at 30% PL 8.58 (60.16) Value of flat band 9.86 (69.1D)

e The total cost for the residual load is higher # the value of wind production is lower.

» We define the value factor (or utility factor) as the “value of a fluctuating technology relative to that of a
flat power band”.

* Value factor depends on technology, penetration level and country.
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/( 4) Nggneratlon Cost for providing Residual Load @)}

Nuclear Energy Agency

40 -

w
(%]

w
o

N
(&,

N
o

—e—Total Cost - Dispatchable (Bil. USD) |

=
wu

[y
o

--#--Total Cost - Wind (Bil USD)

w

--+--Total Cost - Solar (Bil. USD)

Genaration cost for the residual load [Billion USD]

o

0%

5% 10% 15% 20% 25% 30% 35% 40% 45% 50%
Penetration level (%)

>

- =
‘ 3828 Mio
\.\" i 1253 Mio
Wind Solar
< | 20% Extra c.ost [MiousD] | 197.6 612.6
°>) Costincrease [%] 0.6% 1.8%
~ Extra cost [Mio USD] | 644.3 1964.9
< | 20%
(S Costincrease [%] 1.9% 5.9%
s 309 | BtracostMiousD] | 1253.2 [ 3828.1
Y| 7 Costincrease [%] 4.4% 10.0%
<
Q i . .
& | 40% Extra cost [Mio USD] | 2046.0 | 6044.2
Costincrease [%] 7.8% 12.7%

* Yearly generation cost in excess to the
reference case (without VRE)

* The auto-correlation of VRE production reduces the effective contribution of variable
resources to covering electricity demand.

* Cost of the residual load does not decreases linearly with penetration level. New VRE
additions bring lesser and lesser value to the system.

* The additional cost for providing the residual load increases significantly with penetration

level,

up to several Billion USD per year.
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_/my) Value of a variable genera!llon source @»
thfﬂ) NEA I - i
« e from the view-point of the system OECD

We can look at the impact of the variability from a different perspective:
< * Cost for the whole electrical system
* Value of an intermittent generation source (as seen by the system)

100%

90% -

80%

The marginal value
should be taken into
account in investment
decision making !

70%
60%

50%
—e— Electricity value - dispatchable \
40%

=@~ Electricity value - wind

—@— Marginal electricity value - wind \\\\\
30% 7| -~ Electricity value- solar
—&— Marginal electricity value - solar >
0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50%
Penetration level (%)

Electricity value (% of a flat band)

20%
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Q»CJ‘)NEA How to use it?

Nuclear Energy Agency

100% °

90%

60%

50%

—@— Electricity value - dispatchable \
40% | =®= Electricity value - wind

—&— Marginal electricity value - wind \\\
30% 7| -~ Electricity value - solar
—&— Marginal electricity value - solar \’
0% 5"% 1(;% 15‘% 26% 25‘% 36% 35;% 46% 45L% 50%
Penetration level (%)

Electricity value (% of a flat

20%

o What is the optimal amount of solar/wind in a system as a function of his levelised cost
(relative to the base-load technology).

If the solar would be 25% cheaper than base-load B the economic optimal penetration
level would be 5% (for wind it would be 37.5%).

Summer School “Economics of Electricity Markets”, Ghent, 4 September 2015 78



QQDNEA

e effects o

Iversification: F¥
waes COMBbINAation of solar PV and wind OECD

Y

o A combination of wind and solar increases the value of combined output (but not too much).

o Calculations have been done assuming 70% wind and 30% solar .

o At each penetration level it is possible to calculate the optimal share of the 2 technologies.

100%

90%

80%

70%

=@~ Electricity value - wind

—®— Marginal electricity value - wind

Electricity value {% of baseload technology)

60%
—@— Electricity value - dispatchable\\
50%

40%

-~~~ Electricity value - solar

—&— Marginal electricity value - solar
30% .

==&~ Electricity value - W&S

—— Marginal electricity value - W&S
20% T T T

0% 5% 10% 15%

20% 25% 30%

Penetration level (%)

T T T

35% 40% 45% 50%
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Nuclear Energy Agency

The mar
NEA

a graphical explanation

ket value of variable renewables:

o Simple graphic explanation of these phenomena.

o Power produced by the technology vs. electricity price on the market

60 120
—Wind production
—Average production
50 100
—Marginal price
=
40 80 =
=
= o
: I
5 30 : 60 g
S =
a. ; ' ©
1 ' c
20 5 | g 2
: _— ! ©
_/L/-—' : E
10 ' 20
0 T T T T T T T T 0
0 1000 2000 3000 4000 5000 6000 7000 8000
Utilisation time (hours/year)
Peakers and DSM Peak/mid-Load Mid-Load Base Load VRE
< ><€ > € ><€ >
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(4) NEAValue factor and correlation with demand

Nuclear Energy Agency

(

Data on load curves and VRE correlations have been derived from RTE data (France)
and are valid only for France.

o France peak production occurs in the evening at winter -> poorly correlated with solar
output.

o Simulation for wind does not take into account correlation between wind production and
electricity demand (but it could be done).

“California Dreaming”: what if solar PV output would be better correlated with
demand?

o We created an ad-hoc (unrealistic) model in which we have forced a better correlation
between solar production and daily/seasonal demand.

o It has simply the purpose to show what could be the solar utility value in a country in which
solar output is very well correlated with demand.
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=) NEA -
W e correlated with demand OECD
120% -
110% —®— Marginal electricity value: Solar (***) |
= @®=- Electricity value: solar (***)
100% - E—
= #= Electricity value - solar
10, - —
90% —&— Marginal electricity value - solar
< 80%
[]
g . Ad-hoc model
= 70% L s
S el
S R ..
0% i Ty Real data for France.
Sl S~e..
~eo. °
50% .
RN M
o \Q"\‘\
o N
20% T T T T T T T T T 1
0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50%
Penetration level

The value factor for solar can be higher than that of dispatchble plants.

* Solar could be economically competitive (and deployed) even if more expensive than base-load.

The value factor of solar decreases significantly with penetration level

e Evenin optimal locations the value of solar is rather low when penetration level reaches 10-15%
(in absence of storage).
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p(/y Current Limits of Technical Analysis : ¥

NEA Storage modelling

The model developed does not take into account storage capacity (nor dynamics of the system)
o Difficult to correctly model storage using a "load duration” approach.

o It can be done in a simplified way.

Few qualitative comments

o Storage will reduce the cost of residual load for both the scenario with VRE and the
reference.

o The presence of significant amount of storage will increase the value factor of VRE.

o Different systems (depending on Ren type and penetration level) will call for an “optimal”
level of storage.

o Increasing VRE penetration level B increase optimal storage level.
* The associated cost for storage should be taken into account in the analysis.

o Taking into account the dynamics of the system will reduce the value of VRE (at high PL).

Cost of providing the residual load is a key driver for VRE integration cost and
should be better understood and modelled.
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(4) g, current Limits of Technical Analysis : »

- \alue factor and correlation with demand OCD

Data on load curves and VRE correlations have been derived from RTE data (France) and are
valid only for France.

o France peak production occurs in the evening at winter -> poorly correlated with solar
output.

o Simulation for wind does not take into account correlation between wind production
and electricity demand (but it could be done).

o Results could be better if wind production would be positively correlated with
demand (as in Ireland) .... But worse the other way around.

California Dreaming — what if solar PV would be better correlated with demand?

o We created an ad-hoc (unrealistic) model in which we have forced a better correlation
between solar production and daily/seasonal consumption.

o It has simply the purpose to show what could be the solar utility value in a country in which
solar output coincides with maximal demand.
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At 30% penetration, the value factor of wind falls to 0.5 — 0.8 of the base price. In Germany, it has already fallen
from 1.02 to 0.89 as penetration increased from 2% to 8%. The value drop jeopardizes power system

decarbonization and transformation.

Different methodologies — robust finding: value drops

* Wind value factor decreases with wind penetration (as expected)
* Itdrops from 1.1 at zero market share to about 0.5 at 30% (merit-order effect)

* Solar value factor drops even quicker to 0.5 at only 15% market share

* Existing capital stock interacts with VRE: systems with much base load capacity feature steeper drop
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et value of variable renewables:

T}
A)

Nuclear Energy Agency

The mark
NEA

A graphic explanation

@

OECD

Simple graphic explanation of these phenomena.

Power produced by the technology vs. electricity price on the market

60 120
—Wind production
—Average production
50 100
—Marginal price
=
40 80 =
=
s o
s E]
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/(/,, NEA Summary /[;

e Methodology
o Relatively simple, robust and intuitive.

o Needs reliable data on renewable production profiles and correlations (with demand and
with other variable renewables) to derive correctly residual load duration curves.

o Difficult to model storage capacity in a satisfactory way.

* Results
o The value factor drops significantly for fluctuating sources with penetration level.

o Important implications if VRE have to be financed in a competitive market environment.
o Marginal value factor should be used in system planning.

o Storage availability would reduce integration cost and hence improve the value factor of
VRE ....but at what cost?

* Potential applications
o To LCOE calculations (correcting the electricity produced by the value factor).

- but this introduces additional complications

o Concept of grid-parity. ‘ The notion of “grid-parity” should be substituted by

“system-level” parity.
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Q,L)? NESYstem cost vs. System value approaches

Nuclear Energy Agency

OECD

System cost approach

I N e S .-
i
B R . Effect o timing % 10—

Generation

EUR/MWh
EUR/MWh

System value approach

.

NN Integration

Eﬁect of
forecast errors T

effect

LCOE  Profile Balancing  Grid Short-term Flexibility System Average
costs costs costs  systen  options  LCOE electricity price
LCOE

Profile Balancing  Grid-related  Residual  Wind market
costs Costs costs value
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NEA The "“Grid Parity” concept (I)

Nuclear Energy Agency

/j

A decrease of the investment costs of PV installations has make them competitive with the
electricity generated from fossil fuels in some particular locations.

Grid parity aims to measure the competitiveness of distributed generation (residential PV).

PV would reach grid parity if its production costs fall below the price of electricity so that a
private consumer would invest on it without subsidies.

It is a rather simple and appealing concept, but it is really meaningful?

1. Which price of electricity? Total cost of electricity (fixed & variables)
Only variable part of customer bill (“Socket parity” by IEA)

(a) Total cost: [b)  Grid parity: ) Cost parity Example from WEO 2013
S700 S820 5700
~ 250 e
3 " :'.rst:lrn (a) Costs are 300 € in fixed costs + 400 € for an
Ezﬂﬂ — annual consumption of 4 MWh (100 €/MWh).
3 . @t Total costs are 700 € =) (175 €/MWh).
Solar PV
100 (b) Imagine that PV produces 1.6 MWh with a
specific cost of 175 €/MWh. Total costs are 820 €.
50
(c) To have the same cost for the customer (700 €)
Grid _Grid_, LG PV should have a total cost of 100 €/MWh, i.e the
4 000 kWh 15011 24011 1501} uuﬂ iabl fth | icity bill
v, 1600 240K variable part of the electricity bill.
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AY “Gri itv”’ '/
( ;ﬂ) NEA The “"Grid Parity” concept (II) Oe;)é

2. This is valid only if all the electricity is self consumed.
Generally electricity not consumed is sold to the grid at a generally lower price, if no subsidies.
o The level of “socket parity” will depend on the “self-consumption” use.

o It will differ strongly from customer to customer.

Socket Parity = Variable Price * a + Resale Price x (1 — a)

3. This is valid only if all the real fixed costs (system costs) are correctly passed on to the
customers in the electricity bill.

“Grid Parity” is based on a individual’s perspective and does not takes into account a more
global perspective taking into account the whole electricity system.
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For your attention
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Q(“J)NEA

Nuclear Energy Agency

Additional information and Contacts:

On NEA reports and activities

http://www.oecd-nea.org

http://www.oecd-nea.org/ndd/reports/

On the “system cost” and on the “"nuclear new built” studies

The System Cost study are available on-line
http://www.oecd-nea.org/ndd/pubs/2012/7056-system-effects.pdf

http://www.oecd-nea.org/ndd/reports/2012/system-effects-exec-sum.pdf
http://www.oecd-nea.org/ndd/pubs/2015/7195-nn-build-2015.pdf

Contacts: Marco Cometto and Jan Horst Keppler

Marco.Cometto@oecd.org
Jan-Horst.Keppler@oecd.org
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Q(‘j?)NEACorporate and government bonds yields: §a:
‘C@ Nuclear Energy Agency M ay 20 1 4 OECD

Corporate bond yields (%)
European utilities
(different maturities, >2020)

Government bonds (%)

10y 20y 30y

CEZ 1.8-2.0 UsS 2.6 3.4
EDF 15-29 Canada 2.4 2.9 2.9
EnBW 23-35 UK 26 33 34
Enel 2.4 CH 08 14 14
E-On 1.6 Japan 0.7 15 1.7
GDF Suez 1.3-1.9 Europe 1.5 2.2 2.4
RWE 20-3.3 Germany 1.5 22 24
Vattenfall 1.8-2.9 France 19 26 30
Italy 3.0 38 4.2

Spain 30 36 41

#
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Q,(:g) NEA The “merit order” effect

Nuclear Energy Agency

Electricity price (USD/MWh)

Electricity prices (USD/MWh)

Figure 10.4: lllustration of the merit order effect

o Qil
o Gas GT

mmm Coal
mmmm Bioenergy

e Gas CCGT
\ mmm Lignite

mmm Nuclear
s Demand

02 46810121416182022242628303234363840424446485052545658606264666870727476
Capacity (GW)
wm Original
merit-order
merit-order
s Demand
P1 I_I
1]
F H
rrrrrrrrrrrrrrr1rrrrr1rr1rrrr1rr1rrr11rrr11rrnririurid

LI T
0246810121416182022242628303234363840424446485052545658606264666870727476
Capacity (GW)

MNote: CCGT = combined-cycle gas turbine; GT = gas turbine; GW = gigawatt; P1 = price without additional
generation; P2 = price with additional generation.

Source: Schaber, 2014.

OECD

Supply curve - S1

Demand curve

The introduction of low-marginal
cost technology (10 GW ) shifts
the supply curve to the right

(S1 = 32)

The marginal technology is now
coal instead of Gas CCGT
(P1=P2)

=
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A{;NEA A (very schematic) illustration: )

«--Fhe evolution of the solar capacity credit OECD

Figure 10.6: lllustration of capacity credit evolution after increasing share of solar PV generation

Load shape for a summer day before and after the addition of solar PV

60 000

Load satisfied with first 6 000 solar PV A - Peak reduction from B - Peak reduction from

Load satisfied with second 6 000 MW sclar PV first 6 000 MW = 2 943 MW second 6 000 MW =1 614 MW
50 000 M Net load after 12 000 MW solar PV

I-I_K

40 000

30000

CAISO load (MW)

20000

10000

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Hour of day
Source: Jones (2012).

=
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A special focus on nuclear power:
the system effects of nuclear.

o Grid-level system effects (qualitative)
o Flexibility of NPP — short-term

o Flexibility of NPP — fleet management
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;)NEA The System Effects of Nuclear Power 9{;@

While the system effects of variable renewables are at least an order of magnitude

greater than those of other technologies, all technologies have some system effects,
including nuclear power.

The study identifies the following grid-level effects for nuclear power:

1) Specific and stringent requirements for siting NPPs
o Vicinity to adequate cooling source
o Location in remote, less populated areas

2) Large size of most nuclear units has an impact on grid design and dimension
o Large minimum size of electricity system (output of a plant < 10% of lowest demand)
o Significant amounts of spinning reserves to ensure short-term balancing and grid stability

3) Importance of grid stability and power quality for the safety of nuclear installations
Stable electricity supply is essential for the safety of a nuclear installation
o At least two independent connections to the electricity grid.
o Stringent requirements in term of grid availability, frequency and voltage stability.
o On the positive side, the inertia of the turbo-generator and substantial provision of reactive power
contribute significantly to the stability of the electricity system.
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Nuclear Energy Agency

significant flexibility is required of NPPs:
o Primary and secondary frequency control.

o Daily and weekly load-following.

e Good load-following characteristics

o No proven impacts on fuel failures and major components.

100

70

60

50 1+

40

30

20

10

0

11/07/2008

0+

* In some countries (France, Germany, Belgium)

ontribution to reduce system effrects:
flexibility of nuclear power plants

OECD

[

T

30/08/2008 19/10/2008

08/12/2008

27/01/2009 18/03/2009 07/05/2009

o Availability factor reduction due to extended maintenance (1.2 — 1.8%).

26/06/2009

15/08/2009

o Economical consequences of load-following mainly due to reduction in load factors.

Start-up Time Maximal change in 30 sec Maxin;;r;n:;:jp rate
Open cycle gas turbine (OGT) 10-20 min 20-30% 20 %/min
Combined cycle gas turbine (CCGT) 30-60 min 10-20% 5-10 %/min
Coal plant 1-10 hours 5-10% 1-5%/min
Nuclear power plant 2 hours - 2 days up to 5% 1-5%/min
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The costs of flexibility for nuclear:

(v
A NEA  impact on Levelised Cost Of Electricity

/
v Nuclear Energy Agency

OECD

From an @écvbamiadzicwpaist fostipraidoction hoarsoapréseribthéicrgebitscast assositded
with load following operations:

- Primary frequency control: 2%
- Secondary frequency control: 5%
- Primary and secu.rau. b, .cy control 7%
- Daily load following: “2-18%

Primary and secondary frequency control

- Increase on outage length: 0.7-1.8%
LCOE Increase (%)
N\ 3% Interest rate N\ N\ 10% Interest rate ™\
/ Nudem\ Coal Coal w. CCS / Gas \ /Nuder:rr\ Coal Coal w. CCS / Gas \
Primary requlation 1,7% 0,7% 1,5% 0,3% 1,8% 1,0% 1,7% 0,5%
Secondary regulation 44% 1,9% 3,9% 0,3% 4.8% 2,5% 4,3% 1,2%
Primary and secondary requlation 6,3% 2,7% 5,6% 1,2% 6,8% 3,6% 6,2% 1,7%
Daily load following \ s /| 6% 13.0% |\ 29% /| \60% /| s83% 145% |\ 39% /
N4 )\ \_/ N

A decrease of LF of 7% means that LCOE for nuclear increases by 5%.
=) Due to its high investment cost, the LCOE for nuclear is sensitive to load factor variation.
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4) NEA

NEA Outage’s management of nuclear fleet (I) >2

Nuclear fleet management: planning outage of each unit of the nuclear fleet in order to
minimise the economic losses of the outage.

* Performing outages when the electricity is less "valuable” (residual demand is lower).
 Maximise the nuclear power plant availability in the high peak periods.

NPP planned outages and demand forecasts in France

80

70 A
\

- _ -
60 /,/\~ \\ M\ A//\
AN i of ~ vy
Y3 " Is/\~l'\ i \\ N Il
‘' Z ” \‘ r ,-o“vl W\ /4, s Ib\ ]
- ‘ (V4

50 y V \J \/
=
- 40 v
@ P4 \"4
g \Y}
&
Demand forecast (weekly - Avg. 8-20)
30 B
Demand forecast - hydro production (weekly - Avg. 8-20)
20 ===-Nuclear production forecast |
------ Nuclear - Planned outages
10 4 oo e R T A
% 0ot . o . . .- %t o o A o e °
o 400 G- 00000000O0O0O0O0O0O0O0O0O0O0O0O0O0@|Dteeeee
Aug Sep Oct Nov Dec Jan Mar Apr May Jun Jul Aug Oct Nov Dec| Jan Feb Mar Apr Jun Jul Aug Sep Oct Nov

2009 2010 2011 101




4) NEA Outage’s management of nuclear fleet (II)

Effect of nuclear fleet management on residual demand (incl. import/export)
25
|

——Residual demand - <Real case>

20

——Residual demand - <Outages averaged>

15

A AR A
A i ;
YAIIWN A\ A

“n

Power (GW)

D

iSR! W WY
T LA A VA

wn

Seasonal nuclear fleet management contributes to fIattening the residual demand curve and
reduces its volatility.

©)

©)

©)

©)

Economical benefit is 0.5 — 1 USD/MWh (1-2% of LCOE) for the whole nuclear park.

Reduces the maximal power imbalance and the need for additional capacity.
Reduces the residual electricity need provided by more expensive technologies.
Reduces the volatility of residual demand.

Allows a more efficient use of more expensive generating capacities.

ERV 4



N :
Qs;d)’ NEA flexibility of nuclear power plants (I1I)

NNNNNNN Energy Agency

Power history of a French PWR reactor

L T T T AW W

i
Ll ,
‘ Wy rire v ‘\J\ ‘\ Ty ™t

BRI i
|
|

000000000000000000000000000000000000000000000000000000000000000000000000000000000000000000 18/12/2008 19/12/2008 20/12/2008 21/12/2008 22/12/2008 23/12/2008 24/12/2008 25/12/2008 26/12/2008 27/12/20C

Whole cycle 10-day period around Christmas

e For 2/3 of the cycle the load fluctuates between 85% and 100%.
e [nthe last third of the cycle the plant is operated in a base load mode.
e Daily load following, with power reductions up to 35%-40% of nominal power.

e “Stretch” can be observed in the last few days of operation.
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Q»c;ﬁ) NEA flexibility of nuclear power plants (III) OEC>3

Example of power history for 6 E.ON nuclear power plants during 24 hours

1400
1200
1000 =
> 800 -
=
600
400
200
0 T T T T T T T T T T T T T T T T T T T T T T T T T T T
DO OUOHOLULOLLOLOOULOLOLOOOLLOLOLOLOLOLWOLWOLWOLWw
O AL NOMNM AT ANLULNOTALUOLONOMNATNLLNOTALONOM AT ANLLMOSSTHLWUN
OO0 d AN ITITIOLODORNNOODOOSCAANNNITIIONOOONNOOODDO ddNNM
O OO0 0000000000000 Hddd o o o v e v e v 1 NN NN NN
—KBR (Brokdorf) ~ eeeees KKG (Grafenheinfeld) = + +KKI1 (Isar)
----- KKI 2 (Isar) — KKU (Unterweser) KWG (Grohnde)

e Significant load-following (up to 50% of nominal power).
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Q,(%,) NEaAExamples of NPPs operating at base-load Al

Example of power history for the Miihleberg NPP in 2013

ww
4 A i
400 B B - C 400 - b. b A A A 3
350 390 | ! (
300 300 -
200 200 |
100 — 100 |
0 . : : ‘ : ; 0 . - ,
Janv. Fév, Mars - Avril Mai , Juin Jull Acat ' Sopt. Oct, Nov Déc.
rute 258 264 290 282 260 280 GWh rute 283 87 201 280 281 251 GWh
enlemps 90 100 100 100 100 100 % on temps 100 az 100 100 100 100 %

Arréts programmeés: 3

A Remplacement d'éléments combustibles et révision annuelle du 11 aolt au 7 septembre

B Arrét temporaire du 19 au 22 janvier, remplacement d'un joint sur la pompe de circulation B du réacteur
C Arrét temporaire du 24 au 27 mal, remplacement d'un joint sur la pompe de circulation B du réacteur

Arréts non programmeés: 0
Aucun

Eaisses de puissance (supérieures a 1 heure a pleine puissance): 7
a Contrbles périodiques

b Température élevée de l'eau de I'Aar

(- Panne de la pompe de circulation B du réacteur
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NE Examples of NPPs operating at base-load

Nuclear Energy Agency

90X = 30
Mwe
| | I I | |
L
. ! : v | 1
= 4
o | | : : |
| |
- | | | |
| | | |
g | | | |
| I f —
Sarwme Flwhar Nars Al Ny Jun
brute At w12 4 ey a3 wes Giwh
BT 19 "o 108 20 ne 79 x
0N + 300000
Mle
| | | | |
- !
: f | | : |
- | | |
| | | | |
1| | | | |
| | | |
- | | | |
| | | |
| i | |
Juthet l Aot Septarrbre Cctobew L Neverbrw l Détomtes _|
P Eratn 2064 088 nes w22 784 mwsa wn
% an Samps ne "o "w we " . 1 x
Arréts programmeés:
A 41* remplacement d'assembiages combustibles et arrét pour révision 2013
Arréts non programmeés:
Aucun
Baisses de puissance: 3
a Prestation de service systéme tertiaire négatif
b Réduction temporaire de puissance pour ne pas dépasser la température de sortie maximale
autorisée de |'eau de refroidissement
c Réduction de puissance sur instruction du centre de conduite du réseau d'énergie électrique en raison

d'un dérangement du réseau en ltalie

OECD

Example of power history for the Beznau 1&2 NPPs in 2013

00X = 380 MW
Hwe
| I I i i ‘
|
4004
» { T ; T : e}
| | |
" I | | | I ;
| | | | | |
-l | | | | | |
| | | | |
"= | | | | |
| | | |
| | | |
Janvier Février Mars Avril I Mai Juin J
2837 2584 2833 2743 227 2715 Gwh
emps. 100 100 100 100 100 100 x
100% = 380 M
e
| | | | | i
| |
400
p 4 : ! ! ! |
3 |
~ I I | a | |
| | | | | |
i | | | | | |
| | | | | I
L | | | | | |
| [ | | | |
1 ! 1 | 1 i
Juillot Aot J Septembre Octobre .L Novembra ] Décambre |
27185 1360 109.4 2821 2742 2838 Ll
emps 100 499 418 100 100 100 x
Arréts programmeés: 1
A 39° remplacement d'assemblages combustibles 2013
Arréts non programmes: 0
Aucun
Baisses de puissance: 2
a Réduction temporaire de puissance pour ne pas dépasser la température de sortie maximale
autorisée de I'eau de refroidissermeril
b Réduction de puissance pendant la réparation de la fuite de vapeur sur le dispositif de mesure de la

température du surchauffeur intermédiaire
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Nuclear Energy Agency

Coal power plants:
LCOE [USD/MWHh]

@)

OECD

9

Net  Electrical Overnight LD T sl (M artn 0&M LCOE
Country Technology capacity TRee0n  costs &% 10w 5w oy | OSts  costs  costs — T
MWe %  USD/kWe USD/kWe  USD/MWh  USD/MWh USD/MWh USD/MWh  USD/MWh
Black SC 750 | 45% | 2530 |2761|3 000 D10 | 0.02 | 2880 | 2350 | B.73 | 82.32]100.43
Belglum 5\ ook sC 1100 | 45% | 2534 |2756|2004] 040 | 002 | 2880 | 2350 | B30 | 81.94/100.00
Brown PCC 800 | 43% | 3485 3080|4561 0.14 | 003 | 1830 | 2511 | B53 | 8454114.12
Brown FBC 300 | 42% | 3485 |3005|4572| 014 | 003 | 1883 | 2571 | BB6 | 8594|116.64
Brown IGCC 200 | 45% | 4671 |5360|6148| 018 | 004 | 1757 | 2340 | 10.35 | 9353|133.24
Brown FEC w/Biomass 300 | 42% | 3600 4225|4830 045 | 0.08 | 2741 | 2343 | 045 | 93.71/125.00
Czoch Rep. o vn BCC w/CC(S) E10 | 38% | 5BiZ |6565|7417| 022 | 005 | 2081 | 141 | 1343 | 8860(|136.12
Brown FEC w/CC|S) 255 | 37% | 6076 |6872|7768] 023 | 005 | 2137 | 1.44 | 1460 | 92.80/142.57
Brown IGCC w/CC{S) 360 | 43% | 6268 |7148|8148| 023 | 0.05 | 1852 | 147 | 1226 | 88.29/140.84
Br FBC w,/BioM and CC{S)| 255 | 37% | 6076 |6872|7768| 023 | 005 | 3078 | 144 | 1408 |10259(1562.27
Black PCC BOD | 46% | 1004 2131|2381 008 | 002 | 2817 | 22.07 | 1287 | 79268 94.10
, |B1adk POC w/CO) 740 | 38% | 3223 |3566|3046| 012 | 0.03 | 3456 | 325 | 2011 | 8528(109.61
Garmany o wn PCC 1050 | 45% | 2107 |2450|2747| 0.00 | 0.02 | 11.27 | 2642 | 1404 | 7029| 87.41
Brown PCC w/CC(S) 070 | 37% | 3516 |3800|4304 043 | 0.03 | 1370 | 381 | 2070 | 6808 94.60
Japan Black BOD | 41% | 2710 |2035|3166| 041 | 0.02 | 31.61 | 2388 | 10.06 | 88.08|107.03
Black PCC 767 | 41% BOb | O7B|1065| 0.04 | 0.01 | 3153 | 24.04 325 | 68.41] 74.25
Korea Black PCC 061 | 42% BO7 | 881| 060| 0.08 | 0.01 | 3078 | 2350 | 384 | 85.88| 71.12
Mexico | Black PCC 1212 | 40% | 1061 |2316|2722] OO0B | 0.02 | 2671 | 23.40 | 651 | 74.39] 92.27
Netherlands | Elack USC PCC 780 | 46% | 2171 |2380|2 756 0.0 | 0.02 | 2875 | 22.23 3.07 | 7329] 91.08
Slovak Rep. | Brown SC FBC 300 | 40% | 2762 |3002|3462] 041 | 0.02 | 6016 | 27.27 | B.86  |12001/141.84
Black PCC 500 | 30% | 2108 |2310|2526) 0.08 | 0.02 | 10.60 | 2640 | B76 | 72.49) B1.85
United Black IGCC 50 | 30% | 2433 |2666|2016| 040 | 0.02 | 10.63 | 2640 | BA37 | 74.87| 92.61
Black IGCC w/CC(S) 380 | 32% | 3560 |3005|4263| 014 | 0.03 | 2415 | 261 | 1131 | 6804| 93.92
| NONOECD MEMBERS |
Brazil Brown PCC 446 | 30% | 1300 |1400|1504| 000 | 0.00 | 1530 | 0.00 |37.89/43.03 63.98] 79.02
Black USC PCC 032 | 46% 656 | 680| 723| 0.03 | 0.01 | 2306 | 000 | 1.64 | 2089| 33.47
China Black 5C 1110 | 46% 602 | 632 663| 0.03 | 0.01 | 2306 | 000 | 151 | 20.42| 33.26
Black SC E50 | 46% 672 | 705| 740 0.03 | 001 | 23.06 | 0.00 168 | 30.18| 34.43
Black USC PCC 627 | 47% | 2062 |2406|2637] 0.00 | 000 | 2041 | 000 | 10.06 | 50.44| 65.91
Russia Black USC PCC w/CC(S) | 541 | 37% | 4864 |5123|5308) 000 | 000 | 2640 | 000 | 2158 | 86.82(118.24
Black SC PCC 314 | 42% | 2108 |2323|2454| 0.00 | 0.00 | 2283 | 000 | 1020 | 50.77| 6515
South Africa | Black SC PCC 704 | 30% | 2104 |2584|3172] 000 | 0.00 | 750 | 000 | 487 | 32.19] 53.99




