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North-South Transmission (rt axis) == Scotland Wind (rt axis)

Britain wastes enough wind generation to power 1 million homes [1]
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commissioned by BMWK; Model: Enertile v5 (1 node per

country, except 6 nodes for Germany)
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— 220 kV

300 kV
— 380 kV
—— HVDC Links

The ENTSO-E Transmission Grid Map

[4]
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Challenge II: Conflicts between Resource & Transmission ( =] crew
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Planners
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Transmission Planners Resource Planners

Source: Telos Energy, Presentation uploaded to LinkedIn
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Transition

Combined Planning o the restor f S e Eo

Experimental resource requirements to solve the European Grid and Resource Model using Gurobi [5], [6].
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What does it
How much? cost?
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Investment Decisions using Electricity System Models o e rstr o 5 ot v
Objective: minimise the total system cost that consist of

investment costs in new generation projects
@ investment costs in new storage capacity
@ investment costs in new transmission line projects
@ variable costs, such as costs for fuels or maintenance
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How to reduce the size of the network?

temporal scale spatial scale

J

average over certain At
(here At < 3h)[9], [10]
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contents of this Chapter are based on [6] Martha Maria Frysztacki, Jonas Horsch, Veit Hagenmeyer, et al. “The strong effect of network resolution on electricity system models with high shares of wind and solar”. In: Applied
Energy 291 (2021), p. 116726. ISSN: 0306-2619. DOI: doi.org/10.1016/j .apenergy.2021.116726
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methods contributed to the open-source model PyPSA-EUR [8] https://github.com/PyPSA/pypsa-eur (licence: MIT)
data published: Martha Frysztacki, Jonas Hérsch, Veit Hagenmeyer, et al. Clustering Dataset. DOI: doi.org/10.5281/zenodo.3965780 (license: CC BY 4.0)
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k-means

contents based on [6] Martha Maria Frysztacki, Gereon Recht, and Tom Brown. “A comparison of clustering methods for the spatial reduction of renewable
electricity optimisation models of Europe”. In: Energy Informatics 5.4 (2022). ISSN: 2520-8942. DOI: doi.org/10.1186/542162-022-00187-7

Introduction Electricity System Modeling Effects of Spatial Resolution Methods to Improve Clustering Disaggregation & Feasibility Conclusions
00000 0000 000000000 @000 000 000

20/29 25.4.2024 Martha Maria Frysztacki: Spatial Scale on Offshore Expansion @@ Open Energy Transition gGmbH


https://doi.org/doi.org/10.1186/s42162-022-00187-7

HINE BN Open
L I Energy
| Transition

Can Other Spatial Clustering Methods Improve Results? < ccomumminien

How to reduce the size of the network?

20N

temporal scale spatial scale

|

hierarchical k-means
clustering, <, "¢
(renewable properties)

contents based on [6] Martha Maria Frysztacki, Gereon Recht, and Tom Brown. “A comparison of clustering methods for the spatial reduction of renewable
electricity optimisation models of Europe”. In: Energy Informatics 5.4 (2022). ISSN: 2520-8942. DOI: doi.org/10.1186/542162-022-00187-7
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Can Other Spatial Clustering Methods Improve Results? < ccomumminien

How to reduce the size of the network?

20N

temporal scale spatial scale
hierarchical k-means modularity
clustering, f*, fime maximisation, Q
(renewable properties) (connectivity of the grid)

contents based on [6] Martha Maria Frysztacki, Gereon Recht, and Tom Brown. “A comparison of clustering methods for the spatial reduction of renewable
electricity optimisation models of Europe”. In: Energy Informatics 5.4 (2022). ISSN: 2520-8942. DOI: doi.org/10.1186/542162-022-00187-7
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Resulting Regions Using 4 Different Clustering Methods oot

Example: 64 regions

k-means < (4 modularity, Q

avg. annual capacity factors (wind and solar combined), avg. at 8 o’clock for ftime

0.0 01 0.2 0.3 0.4 05 0.6
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Choice of Regions Strongly Impacts Optimal Solution

k-means

f2P(v) fime(v) modularity, Q

°

°
3

°
>

°
IS

o

solar %
ol 17 ;
00 02 04 06 08 1000 02 04 06 08 1000 02 04 06 08 1000 02 04 06 08 10
G?}’S‘ - low resolution capacity

o
>

GZP! - high resolution capacity
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Choice of Regions Strongly Impacts Optimal Solution rom the cretors of yPSA meet Eart

z k-means feeP(v) fime(v) modularity, Q CO:, reduction 100%

S 10 T — - - i

& on vz ’ MSE wind solar
€ 0 k-means 3.8 1.3
Boals ff“"(v) 2.2 0.3
505 I fime(v) 2.5 0.6
= solar /

oo wind | B4 / Q 2.3 1.0
i’)u 00 02 04 06 08 1000 02 04 06 08 1000 02 04 06 08 1000 02 04 06 08 1.0

G?}’S‘ - low resolution capacity
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Hierarchical Methods allow accurate representation of ( =1 v

Transition

Grid Connectivity & Wind Potentials rom the cretors of yPSA meet Eart

a compared to the presented methods, k-means performs worst: no grid & no resource representation

a HAC methods are best: aggregate only regions ...

m ... connected by a transmission line (possible to include a weighting)
a ... that are homogeneous in terms of load, on- and offshore profiles

methods contributed to open-source python packages PyPSA [7] https://pypsa.org/(license: MIT) and NetworkX https://networkx.org/ (license: 3-clause
BSD), and the open-source model PyPSA-EUR [8] github.com/PyPSA/pypsa-eur (license: MIT)
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Inverse Methods: Disaggregate Spatially Low-Resolved ( EI_ Eneray

Transition

Optimisation Results e e
Q) %Z

create :22 Cllgisiier g/\opéiiiBize g%;?:i
T N 5 N

AL L e

P

— infeasibility

6

electricity demand (%]

g0 ¥

4

Z) FNEN) operate

. -»& 100 B o6 & w
4 umber of nodes benchmark

contents based on [13] Martha Maria Frysztacki, Veit Hagenmeyer, and Tom Brown. “Inverse methods: How feasible are spatially low-resolved capacity
expansion modeling results when dis-aggregated at high resolution?” In: submitted to Energy (under review) (2023). DOI:
doi.org/10.48550/arXiv.2209.02364
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Spatially Low-Resolved Models cause Lost Loads!

loadshedding

] F16
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Spatially Low-Resolved Models cause Lost Loads! romthe cretos o P53 et Eart

loadshedding
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min excess [
__ 400 —— re-optimized L . . . . .
T reference (low resolution) | ~= @ (substantial) differences in disaggregation methods
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Spatially Low-Resolved Models cause Lost Loads! romthe cretos o P53 et Eart

loadshedding

I F16
5001 @ —— uniform
min excess ri4
400 —— re-optimized . . . . .
T reference (low resolution) | ~= @ (substantial) differences in disaggregation methods
3 g
E 3001 "¢ m 37 nodes: 8 — 15% of demand can not be met by
e .\. 8 3 renewable generation
8200 . S
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] ®. . =
= 100 \0/. B[4 =
—*
0 0
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number of clusters
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Spatially Low-Resolved Models cause Lost Loads! rom th creatrs of PyPSA meets Earth

loadshedding

F16
5001 @ —— uniform
min excess 4
4001 —— re-optimized . . . . .
T reference (low resolution) | ~= @ (substantial) differences in disaggregation methods
H 5
E 3001 "¢ m 37 nodes: 8 — 15% of demand can not be met by
3 °\ 83 renewable generation
@ 200 . \. le 2 o
2 \. ~— s @ 127 nodes or more: 3 — 6% of demand can not be met
® 100 ~i—=8 '“\3 = by renewable generation, thereafter improvement is
o
r2 lower
01 0

1 'y gl AL iy AT ,L\’l
number of clusters
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Spatial Clustering Methods Have a Strong Impact on ( EI_ Eneray

Transition

Grid and Resource Planning rom the ceatrs of7yPSA meets Eartn

— in contrast to k-means, hierarchical clustering accounts for network topology = better solution
— depending on allowed carbon emissions in the model, use e.g. modularity or renewable feed-in as
similarity measure for clustering

k-means feP(v) fime(v) modularity, Q
1.01 60% CO; reductiort

100% CO; redumen‘/

 high resolution capacity

GeR
2 g

bg 05 T000 05 To 00 05 To 00 05 To
G27% - low resolution capacity
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Low-Resolved Model Results Are Inaccurate and Infeasible < oo e

a Spatially low-resolved model solutions deviate significantly from highly-resolved solutions

a Deviations lead to system configurations that are infeasible at high resolution due to transmission
bottlenecks

loadshedding

7’7 100 0% transmission expansion 500 uniform
3 80 min excess 14
G>J~ — 400 —— re-optimized 12
;U 60 s reference (low resolution) =)
=2 = 10 @
= 40 E.300 2
2 20 32 8 =
Q = =
3 D e e e e e e e @ 3 B
© £ 200 ¢ B

a8 = 2

2 \.’ L
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number of clusters [log scale] number of clusters
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Research Questions e meTEon

1. How does spatial resolution 1. Large impact on technology ratio
Effects of impact modeling investments? Offshore : Onshore
Spatial Resolution 2. What are the driving forces 2. Counteracting transmission &

for the differences? generation constraints

3. Are there better ways 3. Yes, e.g. hierarchical clustering
Methods to to cluster the model?
Improve Clustering 4. Which methods are best for 4. Accurate representation of
offshore planning? on- and offshore potentials
Disaggregation 5. Do the differences impact an 5. "in-feasibility" or "lost load"
& Feasibility inverted spatially highly-resolved model? depends on reference resolution.
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Table: Technology investment costs.

asset cost unit

onshore wind 1110 €/kW
offshore wind 1640 €/kW
solar PV utility 425 €/KkW
solar PV rooftop 725 €/kW
open cycle gas turbine 400 €/kW
run of river 3000 €/kW

HVAC overhead transmission
HVAC underground transmission
HVAC subsea transmission
HVDC underground transmission
HVDC subsea transmission

400 €/(MWkm
1342 €/(MWkm
2685 €/

1000  €/(MWkm
2000 €/(MWkm
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Table: Technology investment costs with 1$ = 0.7532€.

asset cost unit
pumped hydro storage 2000 €/kW
hydro storage 2000 €/kW
battery storage 192  $/kWh
battery power conversion 411 $/kWq
hydrogen storage 11.3  $/kWh
hydrogen power conversion 689 €/kW,
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Notation |

Abbrev.

Description

general abbreviations

€

TR ue S

(v, w)
E
g

technology type (storage)

set of all storage technologies

technology type (generators)

set of all generating technologies

subset of renewable technologies, S C S

time discretization

set of all time-steps t

set of all original nodes in the network graph G
(highly-resolved) line connecting nodes v, w € V
set of all original lines in the network graph G
original, fully-resolved network graph, G = (V, E)
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Miscellaneous

K number of clusters

c, d clusters, or (low-resolved) nodes

Ve set of nodes v € V, aggregated to form cluster ¢
line attributes

Mv,w) resistance of transmission line (v, w)

X(v,w) reactance of transmission line (v, w)

Cwvw) capital costs of line (v, w)

Fw)y  capacity of transmission line (v, w)

fivw),t  electricity flow of transmission line (v,w) at time t

000e0000000 000000
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Notation III rom the creators of PyPSA meets Earth

nodal attributes
Xy, Yy coordinates of node v
Gys cost-optimal capacity of technology s in node v
H, , cost-optimal capacity of technology r in node v
Cv.s capital costs of technology s in node v
Cv,r capital costs of technology r in node v
Ov,st variable costs of technology s in node v and time t
Ovst capacity factor for renewable technology s in time ¢
Ov,s,t dispatch in node v of generator s in time t

graph related attributes
A, w  (weighted) adjacency matrix of the network graph G
k, (weighted) degree of node v € V

References Miscellaneous Energy System Modeling Effects of Spatial Resolution Methods to Improve Clustering Disaggregation & Feasibility
0000000000 000000 000000000 000000000000 00 [e]e]

39/29 25.4.2024 Martha Maria Frysztacki: Spatial Scale on Offshore Expansion @@ Open Energy Transition gGmbH



Aggregation rules |

References

40/29

. aggregated . values
attribute attribute mapping or units
latitude & longitude (X, yc)” I\ll Y (%, 0) R?

¢ veY,
power capacity Ges > Gus MW
veVe
installable potential ~ GZ'¢* > GIY mw
veEV,
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Aggregation rules Il o he cretos ofPyPSA meatsEat

. agg. ] values
attribute atribute ~ oPPd or units
length I min | km

g (c.d) (v,w)eIE(c,d) (v,w)
power capacity  Fc q) > Fuwm MVA

(v,w)€E(c.0)

length 1
underwater H(ea) (c.a) 2 0w Py
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) agg. . values
attribute attribute mapping or units
power capacity S(c.d) ) S(v.w) MVA

’ (vW)EEGa)
power capacity min min
) s > s MVA
maximum (e,) (VW) EEc.a) ()
power capacity max max
L s > s MVA
minimum (c.d) (v,w)€EE(e,q) (v.w)
number of parallel parallel arallel R
lines (.0) (v, W)EEc.0) (vw)
terrain factor for _
t(c.d) [Ec.o)l ™ 22 tvw)  P-UL

capital costs

(V,W)EE(c,d)
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Final Energy Consumption by Sector

15%
28 %
Gesamt: M Gewerbe/Handel/
2.493 TWh Dienstleistung
27% Private Haushalte
W verkehr
M Industrie

[14]
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contents based on [15] Martha Frysztacki and Tom Brown. “Modeling Curtailment in Germany: How Spatial Resolution Impacts Line Congestion”. In: 2020
17th International Conference on the European Energy Market (EEM). 2020, pp. 1-7. DOI: https://doi.org/10.1109/EEM498602.2020.9221886
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Lessons Learned to Adapt Calibration Methods

g 1.01 o
- 0.81 original data solar
-‘5 xxxxxxxxxxxx"xx estimated value for solar . .
% 0.6 X . o original data onwind Fit a function to, for example:
S B S x  estimated value for onwind
< 0.4+ p’“ original data offwind-dc
.g = estimated value for offwind-dc a- log (b : X) +c
20.21 X‘ o original data offwind-ac
X @ : i . . . .
ool Sttt | L Somated value for offwind-ac g pags constraints to optimisation:
0 200 400 600 800 1000 min max
number of nodes Gv,s < Gv,s < Gv,s
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HINN BN Open
Technology Variables are Subject to Expansion Limits & ( 5,"§J§i¥ion
Restricted Amount of CO, (Equivalents) PuPsA meetsEar
Expansion of Generators and Storages is subject to upper and lower bounds: mi@

@—0]

GI'P<Gys<G)¥ VYveV,seS®
Hxvx?rn < Hv,r < H\r,rjé,lx Vv € V., reR.
Transmission lines can not be expanded (in the presented results):

min  __

(V,W) — F(V,W) V(V, W) 6 E
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Transmission Variables are Subject to Expansion Limits

Expansion of Transmission Lines is subject to a lower bound:

Fvsy < Foowy Y(v,w) € E.

The upper bound is given as a cumulative cap (measured in MWkm)

Y lvwFw S (THF™) > o - Fb
(v,w)eE (v,w)eE
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Generation Variables are Subject to Generation Limits rom the ceators o PyPSA meets Earc

Generation of conventional generators is bound by their installed capacity

0<9vst<Gys YveV seS™ teT.

Generation of renewable generators is bound by a weather-related fraction of their

& N 'y ,
installed capacity ﬂﬁ? (%)

0<0gvs:<0vsiGys VveEV € S teT.

State of charge is bound by the capacity of the storage unit

0<e, 1 <TH i YwveV,reR, teT.

References Miscellaneous Energy System Modeling Effects of Spatial Resolution Methods to Improve Clustering Disaggregation & Feasibility
00000000000 00e000 000000000 000000000000 00 [e]e]

48/29 25.4.2024 Martha Maria Frysztacki: Spatial Scale on Offshore Expansion @@ Open Energy Transition gGmbH



- ( -— I f’:aer:‘gi)t,ion
State of Charge (Storage) Must be Consistent rom e crotors of PyPSA meets i

(Dis)charging of storage units is constraint by their thermal ratings

0<hf,;,h ., <H, VeV, reR tcT. (1)

v,r,t> Yv,r,t

.. and must be consistent with its earlier state of charge and operational behaviour while
accounting for all efficiencies (charge, discharge, standing, spillage, ... )

1 _
Cv,rt =Wt (nv,r,+ : hv+,r,t —Nyr,— - hv,r,t)
Tl ill
+w, (ht/nrotw - hf/{nf,t) + nv r,0 “€y,r,t—1
YveV, reR,teT\{0}

Additionally, we require reservoirs to be filled by the end of the year to the same level as they were at the
beginning of the year.

€v,ro = €y r|T| Vv e V,re R.
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HINN BN Open

Power Flows Must Obey Line Limits and Kirchhoff’s Laws _IT“

Power flows are constrained by the transmission line capacities minus a 30% security
margin

|f(v,w),t| <0.7- F(v,w) V(V, W) S E, teT.
.. and subject to Kirchhoff’s first (current or junction) and second (voltage, loop) law.

S Kewwmfvwe =dvi+ > (W = hy ) =

wev: (v,w)eE rerR

ng,s,, VveV, teT

seS

S LuweXvmfuwmi =0 VteT,ceC.

(v,w)ec
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Optimisation Model: Computational Resource Requirements. ™ ...~

Currently, there does not exist an acceptable open-source solver for such large scale modeling.
A promising benchmark of 3 open-source and the commercial solver Gurobi on small PyPSA models:

80 4 n —8— Gurobi
z 3 HIGHS
£ --m- Chc
QE, 60 - —+=- Glpk
= SF
© 404 l 7/
® o 7/
3 /
g 20 — ~t
8 T
e o —o
04 ‘5‘/ A4 A
T T T T T
20 40 60 80 100

number of nodes

European Electricity Model: implementation in HIGHS
unacceptably slow relative to Gurobi. For example:

VI | IT| | ratio]s]
5 240 4:21

100 | 240 521:1148
5 8760 | 180:11363
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Case 1: simultaneous clustering

0% transmission expansion

fary
o
o

25% transmission expansion 50% transmission expansion

80 1 1
60 1 1

;‘21/ [go |

0
40

costs [10° €year!]

20

|
|
m

0 . e : ———
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PO QTRTAD AR PTAV VTR AV S

number of clusters [log scale] number of clusters [log scalel number of clusters [log scale]
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Case 2: clustering on siting resolution

0% transmission expansion || 25% transmission expansion 50% transmission expansion
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Case 3: clustering on transmission nodes

0% transmission expansion || 25% transmission expansion | | 50% transmission expansion
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rom the creators of PyPSA meets Earth

k-means [16]

Problem with k-means: does not see renewable generation or connectivity of the transmission grid

k
. T T
min(x, y.)"er? Z Z woll (Xe; ¥e) — (v, o) Iz
c=1vey,

Methods to Improve Clustering Disaggregation & Feasibility
[e]e]

Effects of Spatial Resolution
900000000000 00
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Hierarchical Agglomerative Clustering: Ward’s Method [17] oo ommincicn

m bottom-up
m initially: each node is its own singleton cluster
m iteration: aggregate two adjacent clusters with most similar feature f : V +— R” (greedy)

a = Freedom to choose: "feature” f; ideally incorporating renewable resource availability
Our choice:

v, solar, t

v, solar, t

= gv, solar ti = gv, solar, t 1
fP(v) == Gv,s = | fime(v) == guse = | = I
gv, wind gv7 wind, t

gv, wind, &

9v, wind, i
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HINN BN Open
Energy
Transition

Clauset-Newman-Moore Greedy Modularity Maximisation [18]-cooneieii

m aim: find community structures in (large) networks
a initially: each node is its own sigleton cluster
m iteration: aggregate adjacent clusters that maximise modularity Q most

1 Ky K
=5 D <AV,W T > 5(cv, Cw)

where

W if (v,w) e E 1 1 if ¢, =c¢
Ay w = (v.w) ( ) , M= > Z-Av,m ky = Z-Av,m d(cv, cw) == Y "
w

0 otherwise 0 otherwise

weighted adjacency matrix sum of all weights weighted degree of node v Kronecker — Delta
and wy,w) == —— (inverse impedance)
’ Iz(v, w) |
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Modularity: Examples of Good and Bad Communities

AQ(V, W) ~ AV,W - m

2m

Go

W, 5) = 1

W(2'3)=0.1

2
W(o,zF/ Nl,zFl
w =1
o/ Vo 1
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Modularity: Examples of Good and Bad Communities

AQ(V, W) ~ AV,W - m

2m

C1

Wa,5 =1 AO,Z =1> % ~ 017

W(2'3)=0.1

W(,2=1
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Modularity: Examples of Good and Bad Communities

AQ(V, W) ~ AV,W - m

2m

Ca

Wa,5 =1 Ar3=0.1< % ~0.18

W(2'3)=0.1
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Modularity: Examples of Good and Bad Communities

HINN BN Open
| I Energy
| Transition

from the creators of PyPSA meets Earth

G1 X@3,4=15 G2 X(3,4=15
B Xa,5) =20 / Xa,5) =20 g1 : Ao 2 ~ 0.067 > % ~ 0.006
X@2,3=200_— X@,»=200_— ) m
e X(3,5=15 //// X(3,5=15
o : =0.05 > %k ~0.010
X(1,2=15 X(0,2=15 Xa,2=15 g2 ’ AO,1 ’ = 2m ’
X(0,1=20
. kik
Gy: A5 =0< 4% ~0.010
g} X(3,4)=15 Q4
Xa9=20 xws=20 | Gy Apz = 0.005 < %% ~ 0.007
X(,3=200_— X(2,3=200 ’ m
— X@3,5=15 X@3,5=15
oy
X(o,zFV Xq,2=15 X(0,2=
o X(0,1=20 0 1
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Choice of Regions Strongly Impacts Optimal
Power Flows

w
E k-means feaP(v) fime(y) modularity, Q
E 0.6 A
g a=a i =) ams
g o4 2
§ o2 5 ° S "
5 i§f y (56 4
é 0.0 Y &% & g S
@ -02 %9 / 745 -
= 3% Ll
2 -04]
z p
', -06 el
‘5? -0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5
w 7P, ¢ - low resolution powerflows
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Choice of Regions Strongly Impacts Optimal
Power Flows

w
E k-means feaP(v) fime(y) modularity, Q
E 0.6 A
g a=a i =) ams
g 0.4 2
S 02 oF, i €5 &
g o ey ; S @
o 02 753 A
= 3% Ll
S -04{
z p
', -06 &)
‘5? -0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5 -0.5 0.0 0.5
« 7P, ¢ - low resolution powerflows
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100%

p

k-means
fcap ( V)
ftime(v)
Q
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ftime

(“7) |t:1.1.201‘3, 08:00

s

0.08 0.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 |0.0
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Choice of Regions Strongly Impacts Optimal Solution: 67 o ypsA meetsEarc
CO; reduction 60% 100%
technology wind solar wind solar
k-means 0.33+2.65 0.01+4+2.34 | 0224243 0.25+4+0.71
fP(v) 0.23+4+0.79 0.05+40.31 | 0.144+1.12 0.05+40.12
ftime(y) 0.02+226 0.07+0.99 | 0.51+1.63 0.06+0.24
Q 0.42+1.45 0.16+4+0.71 | 0.61+1.76 0.07 +0.48
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Choice of Regions Strongly Impacts Optimal Solution: 97 o FyP3A mects Eat
CO; reduction 60% 100%
MSE wind solar wind solar
k-means 0.37+3.82 0.01+2.80| 051+333 0.12+1.23
fep(v) 0.214+0.60 0.03+1.00 | 0.01 +2.22 0.11+0.15
fime () 0.04 +3.17 0.08+40.79 | 0.55+1.94 0.26 +0.28
Q 0.36+1.31 0474117 | 025+1.98 0.17+0.78
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Choice of Regions Strongly Impacts Optimal Solution: 127 - PyPsi meets Eart
CO; reduction 60% 100%
technology wind solar wind solar
k-means 0.42+534 0.06+2.17 | 0.51 +2.22 0.21 4+ 1.03
fP(v) 0.79+0.86 0.02+4+0.82 | 0.2+41.14 0.1140.15
ftime(y) 0.81+274 0.02+4+145| 0.14+2.38 0.24+40.75
Q 0.36+1.31 047+1.17 | 0.244+22 0.36+ 1.07
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Choice of Regions Strongly Impacts Optimal Solution

k-means

feaP(v)

ft\me(v)

modularity, Q

60% CO, reduction

0oll”

100% CO, reduttion

G2P - high resolution capacity
-
o

0.2{ y A
[0
0.0 ©. . '
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G2PL - low resolution capacity
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MSE hydrogen battery
CO: reduction 60%
k-means 06+02 1.0+0.7
fP(v) 1.3+0.0 04+1.3
fime () 0.6+05 05+0.2
Q 054+00 08+1.4
CO: reduction 100%
k-means 0.7+15 0.240.3
P (v) 02+0.6 22+0.6
Fime (v) 05+27 0.9+0.3
Q 0.0+28 0.0+0.2
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Choice of Regions Strongly Impacts Optimal Power Flows: 67 c.comncn

CO, reduction 60% 100%
P 2 P r2
k-means 0.704 0.188 | 0.725 0.195
P (v) 0.754 0.174 | 0.759 0.187
fime(v) 0.749 0.173 | 0.765 0.181
Q 0.739 0.173 | 0.740 0.187
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Choice of Regions Strongly Impacts Optimal Power Flows: 97

CO, reduction 60% 100%
P 2 p 2
k-means 0.746 0.165 | 0.755 0.175
P (v) 0.769 0.160 | 0.768 0.173
fime(v) 0.767 0.160 | 0.781 0.169
Q 0.757 0.164 | 0.757 0.179
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Choice of Regions Strongly Impacts Optimal Power Flows: 1)2 mees arn

CO, reduction 60% 100%
P 2 P r2
k-means 0.735 0.164 | 0.772 0.166
feap (v) 0.802 0.144 | 0.786 0.163
ftime(v) 0.782 0.147 | 0.808 0.152
Q 0.789 0.152 | 0.792 0.165
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Disaggregation is Not Unique: 3 Approaches rom the crators of PyPSA mets Eatn
Short name  Method description Formula
Optimal low-resolved capacities are distributed ...
G
. . Lt 1 c,s
uniform ... uniformly across all nodes within a cluster Go.s m ~ c RV
¢ GC,S
re-optimize ... anew by re-optimising capacities within each cluster objective + constraints +
& enforcing build-out capacity totals per technology and Zvevc Gvs = Ges
region
min excess ... according to the objective to concentrate generation Igm ZseVSE\?CéT [Qv,s,tev,s -

at nodes with higher demand and grid capacity +
dv,t - 072 /(Vﬁw)GE: F(V,W):|

v=cVw=c
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Accuracy of Disaggregation Balances Computational ( EI_ Eneray

Transition

Requirements rom the creators of PyPSA meets Earth

full network

c — > == (reference) —e— minandmax -+ median ~—— uniform min excess ~—— re-optimized
S o S £
E g < a 30 memory usage [GB RAM] solving time [min] _
- = oc =1 ) -
c ~ g e =T N -
Q ()} > e
E £ 5 2 [N _—7 P Nl ==
s = 2 3 —
(X o o [
E ® = g

uniform o/ /X

minexcess | X V V /

re-optimize X X X v 50 75 100 125 150 175 200 50 75 100 125 150 175 200

number of clusters number of clusters
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