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Motivation

« Variable renewable generation
o Flexibility
* Hydropower

— Seasonal storage
— Up/down regulation

Indicators

— Price distribution

— Income distribution

— CO, offset

— Renewable utilization
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o] Cases

| Il < +8GW turbine
+10 GW pump
+11 GW interconnectors

Base case Expanded Flex

™A

< +8GW turbine
< +10 GW pump
< +11 GW interconnectors

Gas fuel cost: 100 £/MWh = < Gas fuel cost: 100 €/ MWh
Coal fuel cost:135 €/MWh => < Coal fuel cost:100 €/ MWh




o] Results

NTNU
e System
— Generation mix
— Power price distribution
— Area income — who wins?
— CO, offset from thermal generation

e QOperational
— Transmission utilization
— Pumping utilization
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eneration mix in TWh
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E Generation mix comparison in TWh
o _eson GO0t _taton_v__ins__

4443 159.6 309.9 186.7 341.2 235.8 463.5
lI-E 445.7 158.2 304.7 1.8 190.2 340.8 0.0 235.8 463.5
[1I-BHG 4541 215.8 145.6 57.5 189.8 339.6 0.1 235.8 463.5
IV-EHG 455.6 219.0 122.3 65.5 193.7 339.2 0.0 235.8 463.5

Deltas
Case  Nuclear Hardcoal Gas (Ol Bio  Hydro |Ration [PV |Wind |
I-B - - - - - - - - -
II-E 1.4 -1.4 5.2 -0.1 3.5 -0.3 0.0 0.0 0.0

[11-BHG 9.9 56.1 -164.2 55.6 3.1 -1.6 0.0 0.0
IV-EHG 11.3 59.4 -187.6 63.6 7.0 -2.0 0.0 0.0 0.0,
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 Production
reduced [TWh]

e CO2 emissions
reduced [Mt]

0] CO,emissions offset

Case  Hardcoal Gas 0l
-B - - -

lI-E -1.4 -5.2 -0.1
HI-BHG 56.1 -164.2 55.6
IV-EHG 59.4 -187.6 63.6,

Case _Hardcoal [Gas 0l sum
|-B - - - _

lI-E -1.3 -2.1 -0.1
[1I-BHG 50.5 -65.7 41.7
IV-EHG 53.5 -75.0 47.7

-3.4
26.5
26.1




Average area prices [€/MWNh]
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0] System income change |l > |
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Area

NO1

NO2

NO5

NO3

NO4
Sweden-N
Sweden-S
Finland
Denmark
Germany
Netherlands
Belgia

Great Britain
France
Switzerland
Austria
Czech Republic
Poland

Baltic

Nuclear

0.019

-0.007

-0.140
0.021

0.001

Hardcoal Gas

-0.430

-0.030
0.000

0.017

0.002
-0.042
-1.000
-0.216
-0.200
-0.705
-0.012

-0.012
0.009

oil

0.001
0.000
-0.004
-0.063
-0.015
-0.024
-0.016
0.000

0.000

Bio

0.007
0.011
-0.017
-0.173
-0.029
-0.014
-0.045
0.002

-0.003
0.000

Hydro
0.042
0.127
0.063
0.028
0.009
0.034
0.012
0.010

-0.066

-0.024
-0.001

-0.001
0.000

SPP

0.000
0.000
0.000
0.000

0.000
0.001
0.000
0.002
0.011
0.008
0.005
0.026
0.007

0.000
0.000

WPP
0.000
0.002
0.001
0.002
0.001
0.008
0.008
0.006
0.004

-0.086
0.005
0.000
0.164/ *
0.006

GB-SOUTH | -2.9E+07
GB-MID -2.8E+07
GB-NORTH | 8697957

-0.003

0.001




0] System income change Ill D IV
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Area

NO1

NO2

NO5

NO3

NO4
Sweden-N
Sweden-S
Finland
Denmark
Germany
Netherlands
Belgia

Great Britain
France
Switzerland
Austria

Czech Republic

Poland
Baltic

Nuclear

0.176

-0.005

-0.105
0.071

0.017

Hardcoal Gas

0.000

0.003
0.015
0.007

-0.022

-0.209

-0.922

-0.312
-0.214
-1.000
-0.012

0.088
0.000

-0.001

0.000

oil

0.000
0.039
0.028
0.002
-0.049
-0.008
-0.013
-0.022
0.008

0.038
0.121

Bio

0.063
0.0c0
0.005
-0.101
-0.021
-0.010
-0.032
0.005

0.014
0.006

Hydro
0.313
0.754
0.444
0.206
0.068
0.289
0.099
0.078

-0.043

-0.035
-0.019

0.001
0.012

SPP
0.005
0.005
0.002
0.001

0.002
0.009
0.003
0.008
0.035
-0.002
-0.001
0.003
0.012

0.001
0.000

WPP
0.009
0.035
0.020
0.036
0.009
0.085
0.078
0.059
0.045
0.047
0.011
0.005
0.237
0.014

0.027
0.011




® Transmission utilization []
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o] Pump utilization
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« TBC



o] Further work

NTNU
« Effect of increased VRE capacity
o Updated scenario matrix

I
Base case

Expanded
Flex

Base case

Expanded Flex




0] References
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o] Thanks for your attention!
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* Any questions?
 Any ideas?
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0] System capacity mix [GW]

M HardCoal Lumum

Norway South
Norway Mid
Norway North
Sweden_North
Finland
Denmark
Germany
Netherlands
Belgium
Great-Britain
Sweden_South
France
Switzerland
Austria
Czech_Republic
Poland

Baltic

Sum

5.2

0.0
0.4
0.0
8.1

46.3

0.0
0.9
60.8

19.2
6.4 13.0
0.0 0.0
6.4 32.2

0.0

2.5
3.5
2.6
44.0
12.1
10.8
36.3

7.6

4.5
2.8
126.7

0.9
0.7
0.4
3.0
0.8
1.3
0.9

2.1

2.4
1.4
13.9

1.6
2.5
1.8
7.4
1.8
0.9
4.1

3.9

2.4
0.3
26.6

0.2

2.6
0.9
5.7
99.9
233
16.6
32.9

39.4

1.0
0.1
224.5

3.7
0.6
24.9
7.9
13.0
82.2
19.7
10.6
44.0
0.0
58.0

12.4
1.8
282.0

42.1
7.6
2.7

16.3
3.3

4.8
0.0
0.0
1.2

32.3

4.2
2.8
117.4

a

*Hydropower
upgrade
scenario



0] Generation mix in TWh for case |

28.4 0.7 1.3
NO2 37.7 0.7 3.7
NO5 34.0 0.3 2.9
NO3 33.7 0.2 8.4
NO4 11.7 2.1
Sweden-N 50.5 0.4 27.6
Sweden-S 6.1 0.1 12.2 16.9 2.0 21.5
Finland 40.3 1.7 0.0 18.4 14.7 0.8 18.7
Denmark 1.9 0.2 9.4 5.2 14.1
Germany 79.7 105.0 1.3 55.1 27.6 105.9 129.7
Netherlani 3.0 40.4 0.0 12.9 24.1 16.7
Belgia 28.1 0.1 6.5 17.3 11.1
Great Britz 62.6 98.2 0.2 27.8 5.2 0.0 32.3 59.6
France 331.6 6.1 0.0 22.1 73.2 44.8 109.3
Poland 79.9 18.1 0.0 20.0 3.7 1.0 32.1
Baltic 6.8 0.1 4.3 2.4 4.0 0.1 4.7

Sum | 444.3 159.6 309.9 1.9 186.7 341.2 0.1 235.8 463.5
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e Solvang et al (2014)

ydropower upgrades

Table 2.2 New power generation and pump installations — Scenario 3.
Case | Power station ?}:lir,:.]"l.;' Upper reservoir' Lower reservoir’
A2 ;gﬂ:‘jtg’:jf‘*d storage 1400 | Nesjen (14 em/h) Sirdalsvatm (3 emh)
B3 E{‘)’f; pumped storage 1000 | Urarvatm (10 crwh) Bossvatn (12 cm/h)
Béb ggﬂ‘:";gﬁpfd storage 2400 | Blisjo (11 cu) Suldalsvam (6 cow'h)
BTh ;zle_:?;ra‘;‘.’:nhydm sterage 2400 | Blasjo (11 ch) Josenfjorden (sea)
c? ;i?:f‘:&;ffd storage 2,000 Mesvatn (3 cm'h) Tinnsjo (4 co/h)
c3 ;ﬂ_’:ﬁ‘;ﬁgﬂ?e‘i starage 2400 | Kallbovd (7 ch) Tinnsjo (4 cr/h)
D1 ;’gﬁ:;_o;:ﬁm storage L.500 Lyngsvatn (12 em/h) Lysefjorden (sea)
El ;il?;“f:;j;’dm storage 400 Tuklavatn (14 cm/h) Hardangerfiorden (sea)
E2 g:;ianh}'d:o strage power T00 Fingedalsvatm (12 co/h) | Hardangerfjorden (sea)
E3 ;g:; pumped storage 1000 |Langevam(13cmb) | Ringedalsvam (11 cmh)
FI ggﬁfﬁa‘fg" storage 1000 | Sysemvatn (11 cmh) Hardangerfjorden (sea)
Gl ;‘;‘ﬂ:?i:gﬁ” storage 700 iddalsvatn(1? ch) | Awlands§orden (sea)
@ H;O?’dm storage power 1000 | Tyin 2 covh) Ardalsvatnef

Total new power 15,200

generation capacity

! Water level decrease in parentheses.
? Water level increase in parentheses.
?Insufficient data to calculate water level increase in Ardalsvamet
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2050 Extended

Cl
MordLink NOR
MorthSealink MNOR
NorthConnect NOR
MordMed MOR
Skagerrak MOR

c2

DEU
GER
GBR
NLD
DEN

Cap

1400
1400
1400

700
1700
6600

0] Transmission upgrades

Additional Total cap

4

e =

7000
1400
4200
1400
3400

17400
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