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Context:
» the power demand must be satisfied
» different ways to produce energy
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ELECTIRIETRE MDA
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ELECTIRIETRE MDA

0 7

Context:

» the power demand must be satisfied
» different ways to produce energy
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ELECTIRIETRE MDA

Context:
» the power demand must be satisfied
» different ways to produce energy
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ELECTIRIETRE MDA

Context:
» the power demand must be satisfied
» different ways to produce energy
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Context:

» the power demand must be satisfied
o dlffereh+ varAvie A ArAadii~Aa Aanaray

Ongoing studies:
» Increasing renewable part in the mix!

1rce

» fatal production complex to model
» the production of conventional sources depends on the availability
of other sources
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MIXOPTIM - GENERAL APPROACH

Objective:
» predict the behavior of a non-existing electricity mix ...
» ... USINg an existing mix

The production chronicles reflect past events, changing
one source production affect the others...
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MIXOPTIM - GENERAL APPROACH

Objective:
» predict the behavior of a non-existing electricity mix ...
» ... USINg an existing mix

The production chronicles reflect past events, changing
one source production affect the others...
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. while the availability chronicles are almost
an intrinsinc charateristic of the sources
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5 Wind availability law



MIXOPTIM - GENERAL APPROACH
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MIXOPTIM - GENERAL APPROACH

60E/MWh
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Interconnection cost
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MIXOPTIM - GENERAL APPROACH

capacity: 7 GW 60E/MWh
export: 4 GW
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MIXOPTIM - GENERAL APPROACH

'
'

capacity: 7 GW 60E/MWh
export: 4 GW
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N
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Interconnection cost
probablity law

10 GW installed
production
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demand
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82 GW
Calculation output:
» energy production: who and how much
» CO;, production . L
» production cost (with import/export) ' . e e

Consumption

» ability to support (or not) the demand
4 PP ( ) 2 probablity law



export: 4 GW

capacity: 7 GW @E/MWh

L o2 ca ok o

Interconnection cost
probablity law

- the whole procedure is repeated a large production

number of times... max: 130 GW
» ... and an average behavior Is estimated
demand
max: 100 GW
82 GW
Calculation output:
» energy production: who and how much
» CO;, production . k
» production cost (with import/export) ' ¥

Consumption

» ability to support (or not) the demand
4 PP ( ) 2 probablity law
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MIXOPTIM - GENERAL APPROACH

il

Two aspects modeled:

» Availability law

» Spectral analysis

Solar availability chronicle
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MIXOPTIM - GENERAL APPROACH

Two aspects modeled:
» Availability law
» Spectral analysis

Solar availability chronicle Consumption chronicle
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MIXOPTIM - GENERAL APPROACH

Two aspects modeled:
» Availability law
» Spectral analysis

Solar availability chronicle Consumption chronicle
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Input file using xml format:

(..

-)

<pwr

(g

marginal cost="10."

fixed cost="12."

marginal co2="0."

fixed co2="1.5e-3"

priority order="4" direct calculation
power="63130."

alias availability law="pwr law"/>

-)

<pwr_ law>

<chronicle path="data/raw/pwr data" nb bin per day="48" nb bin in law="100"/>
SECERE S val1=1"0 "0 0 0 00 0 0 0 00 O. 11 0.22 1.22 8.80 9.80 0N0F OO
<loi 2 val="0 0 O 0 0 0.881.60 1.86 2.60 5.60 4.60 2.54"/>
<loi 3 wval="0 00 0.11 0.22 1.22 8.80 9.80 0 0 O O"/>

0 0

0O 00O0O0OO0OO
0O 000O0O0OO0CDO
<loi 4 val="0 O 0O 000O0O0OO0CDO 0 0.88 1.60 1.86 2.60 5.60 4.60 2.54"/>

</pw:_l;ﬁ>

(..

-)

or use given law
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Example of the French electricity mix

o0e
new calculation...
Introduction  manual

. close tab java simulation parc francais
park coal
sample number: 1 000 000 | start! park europe
park french

park french rwd stock
park french save
park gas

Installed capacity per production source

MIXOPTIM - IHM 7.4

calculation m calculation calculation

63130

50504

37878

25252

12626

0.0

drag and drop to modify...
o
o Q
o
® ©
[ @ F—— L]
coal? gasl hydrgl hydrg3 oill otherrnw pwr
coall epr gas? hydrg2  intercon o2 peak solar

... or modify directly the value in the table below
(chick on "enter” to validate the new value)

coall
coal2
epr
gasl
gas2
hydrgl
hydrg2
hydrg3
intercon
oill

oll2
otherrmw
peak
pwr
solar
wind

total
demand

taxe Euro..

1500.
6440.
0.
3200.
6290.
6390.
12900.
4940.
14000.
S00.
0.
640.
10360.
63130.
2230.
6640.

139160.0
100000.0
0.0
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Example of the French electricity mix

e0e MIXOPTIM - IHM 7.4
new calculation...

Introduction manual  calculation m calculation  calculation

Installed capacity _ Actual production
wind 4.7 8| ————————lcoal1 1.0 %] Wind2.0% 123 TWhee— ——lcoall 1.3 % 7.9 TWh|
solar 1.6 %) — cod2 4.6 % solar 0.4 % 2.5 TWh|™ S ic0al2 0.8 % 4.7 TWh)
0\ eor 0.0 %) ‘=-3®4ep.v 0.0 %)
.__\,:‘9;;1 2.2% L \\gas1 3.7 % 22.4 Twh|
\lgas2 4.5 % \lgas2 0.3 % 2.0 TWn|
Vnydrgl 4.5 % Ihydrg1 7.7 % 46.0 Twh)|

= hydrg2 9.2 %

pwr 45.3 %} ‘4‘ o 3.5 W)

= hydrg2 15.7 % 92.8 TWh|

J
~~JI
S hydrg3 1.0 % 6.4 TWh|

S Mintercon 0.7 % 4.2 TWh|

—intercon 10.0 %) pwr 64.4 % 380.6 TWh) .‘:\“‘.’Mo.s% 35 TWh]
P 0i1103% \Woi2 0.0 %)
4 ""‘--:_<°72°-° %) \lothermw 0.7 % 4.2 TWh|
“ . lothermw 0.4 %] ‘peak 0.0 % 0.1 TWh|
| Npeak 7.4 %
input
J— — .
Condensed availability and capacity factors modify the mix register the mix close tab
10 millions of samples
average production cost 37.172 euros/Mwh sigma = 0.00494 %
average demand cost 45.768 euros/Mwh sigma = 0.00565 %
ol l I = [ | U l | export (gross) 11.23 euros/MWwh sigma = 0.0207 %
= average CO2 0.06276 ton/MWh sigma = 0.0108 %
1 1 n A W ~ T S
o o WO e T e o v & W average produced power 67379 MW sigma = 0.00512 %
[ Avasabiny factor (Kd) ® Capacky factor (K0)] average demanded power 54723 MW sigma = 0.00716 %
- R . — load shedding 2.4E-4 % sigma = 22.0 %
export 23.12 % sigma = 0.0144 %
import 0.872 % sigma = 0.16 %
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French electricity mix and - 30 GW PWR without replacement (undersized park)

‘@ o] MIXOPTIM - IHM 7.4

new calculation...

Introduction manual calculation

Installed capacity
wind 6.0 % — ol 13%
solar 2.0 %) - .-__j_i"‘_;oal2 5.8 %|
N eor 0.0 %
N loast 2.9 %)
lges2 5.7 %
A hydrgl 5.8 %
. B
pwr 30.3 %} o
*-.,L hydrg2 11.8 %)
peak 9.4 % | { / _
A \'0-. —
othermw 0.5 % |\ l hydrg3 4.5 %
0il2 0.0 %S
0il1 0.4 %} ~——intercon 12.8 %|

o I ENNNEm N IL- | W0E A

(.09 o' o m,yq ‘ﬁ*ﬁtc“ ob o 6«\\* v;_-;)* 9"“1 ‘p\& o

| = Availability factor (Xd) ® Capacity factor (Kp) |

calculation DRI calculation

Actual production

———c0al1 1.5 % 7.9 TWh

€082 4.7 % 24.9 TWh)

o er 0.0 %)

T gast 4.3 % 22.3 TWh
Nge2 4.2 % 21.9 Twh|

L |hydrgl 6.8 % 46.0 TWh)|

wind 2.3 % 12.4 TWh| — —

solar 0.4 % 2.5 TWh|™ =

pwr 44.2 5% 230.1 TWhi——

S nydrg2 17.8 % 92.9 TWh)

peak 0.9 % 4.7 TWh|

othernw 0.8 % 4.2 Twh |\
N

o2 0.0 % F_::::-

i1 0.6 % 3.5 TWhj——=

hydrg3 5.3 % 27.9 TWh|
~ intercon 3.5 % 16.3 TWh|

moadify the mix register the mix close tab

+12%

10 millions of samples

average production cost 47.118 euros/Mwh sigma = 0.00519 %
average demand cost 51.128 euros/Mwh sigma = 0.0033 %
export (gross) 4.327 euros/MWh sigma = 0.0461 %
average CO2 0.1262 ton/MWh sigma = 0.00827 %
average produced power 59381 MW 4 | 00% sigma = 0.00441 %
average demanded power 54724 MW sigma = 0.00698 %
load shedding 1.321 § sigma = 0.194 %

export 8.595 % sigma = 0.0388 %
import 3.843 % sigma = 0.0611 %

|16 vs 0.02 h/year



MIDL@IRIR I M IDE STRUIEN

French electricity mix and - 30 GW PWR + 30 GW wind + 30 GW solar

‘o0 e@ MIXOPTIM - IHM 7.4
new calculation...
Introduction manual calculation calculation  calculation m
Installed capacity Actual production
— ———coal1 0.8 % — ~——coall 1.4 % 7.9 Twn|
——— wind 12.3 % 68.5 TWh) — ——
21.6 % o 3.0 % S icoal2 2.8 % 15.8 TWh|
wind 21. ' — SN\ — N\
. SN lepr 0.0 % SN Jeor 0.0 %

N\ past 1.8 % solar 6.4 % 36.1 TWhj—_ S \lgas 4.0 % 22.3 TWh)

e \ges23.7 %) //\ 922 1.9 % 11.0 TWh|
\ Ihydrgt 3.7 % - hydrgl 8.2 % 46.0 TWh

L Inyarg2 7.6 %)
“hydrg3 2.9 %)
S hydrg2 16.6 % 92.9 TWh|
intercon 8.2 % /
soler 19.0 % ‘
' 011 0.2 % : hydrg3 3.8 % 21.4 TWh|
NNGI2 00 % ), _..--:-’.i/imerton 0.9 % 5.3 Twh|
\ “‘o’.humw 0.3 % pwr 39.3 % 218.9 TWhi- ~— _~0l106% 3.4 Twn]
Npesk 6.1 %) == 0il2 0.0 %

T owr 19.5 % .""\:\ommnw 0.7% 4.2 m'hJ

\pesk 0.3 % 2.0 TWh|

Condensed availability and capacity factors modify the mix register the mix close tab
+75%
, 10 millions of samples

1 average production cost 68.756 euros/Mwh sigma = 0.00415 %
| I I [ average demand cost 79.793 euros/MwWh sigma = 0.0038 %
ol _ | - el B BB L l export (gross) 7.843 euros/MWh sigma = 0.0286 %

- average CO2 0.101 ton/MWh sigma = 0.012 %
= ¥ WO e o g™ o A average produced power 63505 MW 4+ £ ()9, Sigma = 0.00358 %
average demanded power 54721 MW < sigma = 0.00579 &

load shedding 0.2389 o sigma = 0.623 %

export 16.06 % sigma = 0.0243 %

import 1.099 % sigma = 0.101 %

21 vs 0.02 h/year
(116 vs 0.02 h/year)
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MIXOPTIM - SCENARIOS
|1 f

scenario ANCRE DIV - diversification of the power sources + consumption reduction

pie

00 MIXOPTIM - IHM 7.4
new calculation...

Introduction  manual m scenario  scenario  scenario

in put ancre div techpol
| — - 175
100000 == Consumption  “% 2 150 depreciation of the
35 000
125 . .
B 75000 ; 8 30000 S installation cost
s present PWR_\J_ wind| $ 5 000 % 100
£ 50000 (- solar| & 20000 3 -
3 EPR | 1500 2 =)
Z 25000 Z 10000 25 F—A |
&as 5000 2000 2025 2050 2075 210
0 coal 0 = ar
2000 2025 2050 2075 210 2000 2025 2050 2075 210 ye
year year |—Gaz —charbon — Eolien —Gen3 —Gen2 — Solaire |
cost co2
125 0,250
0,225
100 | 0,200
£ 0,175
£ 75 2 0.150
5 S 0,125
50 0,100
€ 0075
25 | 0,050
0,025
0 0,000
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 210 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 210
year year
import blackout
0,0050
17,5 0,0045
15,0 0,0040 |
125 0,0035
0,0030
2 100 ® 0,025
75 0,0020 |
5.0 0,0015 |
0,0010
25 00005 \ A
0,0 0,0000
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 210 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 210
year year

13



sV MIXOPTIM - S
Y re - SCENARIOS
a6l
\ gl _ , I
o : PR 5 = B
scenario ANCRE DIV - diversification of the power sources + consumption reduction
‘e0e@ MIXOPTIM - IHM 7.4 | - y
new calculation... ].‘(1)=_'J' (I'-i-t_) (1’)' . dtl
Introduction  manual m scenario  scenario  scenario ' @, o ﬁ[ ‘ ét 1+ l \
input ancre div techpol (1+x)"
i 175
100 000 |——_—" Consumption gg 2 150 depreciation of the
125 . .
75000 ) 30 000 - installation cost
% present PWR._—_ wind § .5. 100
Z s 25 000 g
£ 50000 ’ solar| & 20000/ 3 L
3 EPR| 3 15000 2 ol
Z 25000 Z 10000 5 A —————
&as 5000 2 000 2025 2050 2075 210
0 coal 0 — ar
2000 2025 2050 2075 210 2000 2025 2050 2075 210 ye
year year |—Gaz —charbon — Eolien —Gen3 —Gen2 — Solaire |
cost Cco2
125 | 0,250
0,225
100 | 0,200
£ 0,175
£ 75 2 0.150
5 00.125
50 0,100
€ 0075
25 | 0,050
0,025
0 0,000
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 210 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 210
year year
import blackout
0,0050
17,5 0,0045
15,0 0,0040
125 0,0035
0,0030
2 100 2 0,025 |
75 0,0020 |
50 0,0015 |
0,0010 .
25 00005 | A
0,0 — 0,0000
2000 2010 2020 2030 2040 2050 2080 2070 2080 2090 210 2000 2010 2020 2030 2040 2050 2080 2070 2080 2090 210
year year

13



MIXOPTIM - SCENARIOS

PY scenario SOB - renewable priority + consumption reduction

‘o0 e MIXOPTIM - IHM 7.4
new calculation...

| Introduction manual scenario  scenario  scenario m

input 40,000 ancre sob
T e ~——~__Consumption 5 20
. eoooo 3 30000 | 5 200
S sooo Present PWR—"""—yind §a2s000 .0
@ 2 g :
£ 45(‘;%‘ solar ,:g g 1%
3 2 .
= g% EPR £ 10000 € 50§ \
J | | ro—
10 000 gas 5000 | 0 7 e s
ol 2oal o= 2000 2025 2050 2075 210
2000 2025 2050 2075 210 2000 2025 2 050 2075 210 el
year year |—Gaz —charbon — Eolien —Gen3 —Gen2 — Solaire|
cost Cco2
125 025
100 5
£ a 3
% 75 0,15 |
50 0.10 | CO; reduced
25 | 005 |
0 _ ; 0,00 , : _ _
2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 210 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 210
year year
import 00050 blackout
17.5 0,0045 |
15,0 0,0040
0,0035 |
12,5 :
0,0030 |
* 100 ® 0,0025 |
75 0,0020 |
5.0 0,0015 |
0,0010 |
25 0,0005 |
0,0 . 0,0000 |=—"\
2000 2010 2020 2030 2040 2050 2080 2070 2080 2090 210 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 210
year year

|4



ONGOING DEVELOPMENTS - ENERGY STORAGE

DEPENDING OF SCENARIOS, MASSIVE ENERGY STORAGE WILL BE REQUIRED

Generate chronicles for the storage:
The fatal sources can be mixed in a macro source

» assumption: perfect prediction of the future production

» assumption (so far): no storage yield & no storage limit power ramp

0.5GW solar + 0.5GW wind + storage 0.17GWh (1h at average power)

=

=

- S storage

&

S 0,75

oy

S 0,50 : X

- i without storage

-

= 0,25/ : A\
= with [storage /\j
=

= 0,00

=5

DO 05 10 1.5 .20 .25 30 35 40 45-50 5560 65
Day

normalized chronicle only depends on the solar/wind and storage/power ratios

15



Production fraction

ONGOING DEVELOPMENTS - ENERGY STORAGE

0.5GW solar + 0.5GW wind +

storage 0.17GWh (1h at average power)

1,00

0,75

0,50 1
0,25 1

0,00 -

1,00
0,75
0,50
0,25

0,00

storage
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MIXOPTIM - MIX STUDY WITH ENERGY STORAGE

French electricity mix and - 30 GW PWR + 30 GW wind + 30 GW solar + no storage

[ NN
new calculation...

Introduction

Installed capacity

manual

—e——— 0311 0.8 %

- -»?.::;-;;f_:“couz 3.8 %|
_ \\ epr 0.0 %
N\ gast 1.8 %
. \oe23.7%
\ \hydrgl 3.7 %
L Inyarg2 7.6 %)
Shydrg3 2.9 %)

wind 21.6 % =

intercon 8.2 %
solar 19.0 % [~

k0011 0.2 %)
Noit2 0.0 %)
T lothemnw 0.3 %)
Vpesk 6.1 %)

T owr19.5%

Condensed availability and capacity factors

calculation calculation

g 5 A0 n
= o . & f&e‘(ﬁ

I[_ | I

o omat‘\":‘.‘ vf‘* V‘.“ N W

MIXOPTIM - IHM 7.4

calculation I
Actual production

wind 12.3 % 68.5 TWh) —

solor 6.4 % 36.1 TWhi—_

\
A\

pwr 39.3 % 218.9 TWhi~

moadify the mix register the mix close tab
+75%

10 millions of samples
average production cost 68.756 euros/Mwh sigma =
average demand cost 79.793 euros/MwWh sigma =
export (gross) 7.843 euros/MWh sigma =
average CO2 0.101 ton/MWh sigma =
average produced power 63505 MW .|.60% sigma =
average demanded power 54721 MW sigma =
load shedding 0.2389 o sigma =
export 16.06 % sigma =
import 1.099 % sigma =

\-h;—/'-‘.,__.
~—_0ll1 0.6 % 3.4 TWh|

—0il20.0 %

T othermw 0.7 % 4.2 TWh|

— ——coall 1.4 % 7.9 Twh|
“o coal2 2.8 % 15.8 TWh|
e 0.0 %)

B\
S \lgas 4.0 % 22.3 TWh)

\lgas2 1.9 % 11.0 Twn)
Yhydrgl B.2 % 46.0 TWn

S hydrg2 16.6 % 92.9 TWh|

Jhydeg3 3.8 % 21.4 TWh|
# Jintercon 0.9 % 5.3 TWh|

\pesk 0.3 % 2.0 TWh|

0.00415 %
0.0038 %
0.0286 %
0.012 %
0.00358 %
0.00579 %
0.623 %
0.0243 %
0.101 %

21 vs 0.02 h/year



MIXOPTIM - MIX STUDY WITH ENERGY STORAGE

French electricity mix and - 30 GW PWR + 30 GW wind + 30 GW solar + storage: |10h rnw average power

o] Q MIXOPTIM - IHM 7.4
new calculation..,

Introduction  manual m calculation calculation calculation

Installed capacity , Actual production
o coa108%

~coall 1.4 % 7.9 TWh|

B Jcoai2 3.8 %| wind wlvm% w046 ~ iljf;’.,_f"coalz 2.7 % 15.3 TWh|
B \Njer 0.0 % N[0 0.0 %
N\ gast 1.8 % .\ 'gasl 4.0 % 22.4 Twn|
. \lgas2 3.7 %) \gas2 1.7 % 9.6 TWn|
wing_solar 40.7 % |- Nhydrgl 3.7 % ‘hydrgl 8.2 % 46.0 TWh
y - \nydrg2 7.6 %)
hydrg3 2.9 %
- S hydrg2 16.6 % 92.9 TWh|
intercon 8.2 %)
~oil1 0.2 % hydeg3 3.8 % 21.6 TWh|
N Noil2 0.0 % = Jintercon 0.8 % 4.9 TWh
N Nothernw 0.3 %) owr 39.9 % 222.9 TWh! = oil1 0.6 % 3.5 TWh|
Npeak 6.1 %) “0il2 0.0 %
— 3m N\ Jotherrmw 0.7 % 4.2 Twh|
'peck 0.2 % 1.3 TWh|
Condensed availability and capacity factors modify the mix register the mix close tab
+73%
10 millions of samples
average production cost 68.032 euros/MWh sigma = 0.00284 %
l I I L average demand cost 79,169 euros/Mwh sigma = 0.00392 %
ot . -— _ — L . _ export (gross) 8.015 euros/Mwh sigma = 0.024 %
. . . a ) - « : average CO02 0.09803 ton/MWh sigma = 0.0124 %
w? o o W P ; 0‘3\6«\“ > w wf.a.-"”‘y average produced power 63695 MW + 5 5 % sigma = 0.00455 %
l' Availability factor (K3) B Cooocity factor (KZ:J average demanded power 54735 MW sigma = 0.00727 %
— load shedding 0.1074 & sigma = 0.863 %
export 16.37 % sigma = 0.0238 %
import 1.047 % sigma = 0.149 %

9 vs 0.02 h/year

(21 vs 0.02 h/year)
esU!®

f
\.\m‘\\’\d(\/ S’LO(O%Q




ONGOING DEVELOPMENTS - OPTIMIX PROJECT - NEEDS PROGRAM

Le projet consiste a simuler le fonctionnement d'un mix €lectrique sur un
territoire  pour explorer les limites physiques d’introduction des
renouvelables dans le mix, du point de vue de sa capacité de suivi de
charge. On se propose dutiliser pour cela le logiciel de simulation
MIXOPTIM, qui fart 'analyse spectrale des fluctuations de la charge, pour
en déduire la capacité maximale acceptable en €olien et en solaire dans un
mix, en fonction des hypotheses retenues sur les fluctuations de la demande
et sur l'agllité des sources pilotables presentes dans le mix.

Dans un deuxieme temps, on se propose de regarder comment les limites
d'introduction des sources renouvelables fatales determinées dans la phase
| sont deplaceées par le stockage et Pinterconnexion. |l est egalement
envisage d'e€tudier ce que deviennent les limites si on cesse de considérer
’éolien et le solaire comme des sources fatales, et si on en fait des
sources pilotables a la baisse.

@@= CNRS IRSN

physical limit of
renewables in the mix

spectral analysis

storage
interconnection

renewable = downwards
controllable source
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