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Abstract—This work examines the generation and transmis-
sion expansion planning problem of offshore grids under differ-
ent market clearing mechanisms: a home market design, a zon-
ally cleared offshore bidding zone and a nodally cleared offshore
bidding zone. It aims at answering two questions. Is knowing
the market structure a priori necessary for effective generation
and transmission expansion planning? And which market mech-
anism results in the highest overall social welfare? To this end,
a multi-period, stochastic generation and transmission expansion
planning formulation is developed for both nodal and zonal mar-
ket designs. The approach considers the costs and benefits among
stake-holders of hybrid offshore assets as well as gross consumer
surplus. The methodology is demonstrated on a North Sea test
grid based on projects from the European network of transmis-
sion system operators’ ten-year network development plan. An
upper bound on potential social welfare in zonal market designs
is calculated and it is concluded that from a generation and
transmission perspective, knowing the market structure a priori
is not strictly necessary but planning under the assumption of a
nodal offshore bidding zone is recommended as it results in the
highest overall social welfare and best risk adjusted return.

Index Terms—Expansion planning, grid topology, meshed
HVDC grids, mixed-integer optimization, offshore wind energy,
power generation, power transmission.

NOMENCLATURE
APT Balancing responsible optimization variables
Ate Transmission expansion optimization variables
A; Storage developer optimization variables
Ao Transmission developer optimization variables
Ay OWPP developer optimization variables
o' Intra-zonal candidate line binary decision variable
o’ Inter-zonal candidate line binary decision variable
at Candidate line binary decision variable
Piabs  Set of storage absorption power variables
Pi-ni - Set of storage injection power variables
pPv Set of instantaneous demand variables
of Set of candidate transmission line variables
0 Set of voltage angle variables
Pe Set of candidate generator output variables
1:3g Set of existing generator output variables
S Set of candidate generators
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Sg Set of candidate transmission lines

0 Candidate voltage angle

AG™2* Maximum voltage angle difference

AE»™a% Change in storage capacity

§I¢ Converter expansion investment

ors Generation expansion investment

50 Storage expansion investment

AP&™3* Change in generation capacity

APS™aX Change in converter capacity

AE}™a% Set of change in max storage capacity variables
Alfcvmax Set of change in max converter capacity variables
AP&™2* Set of change in max generator capacity variables
& Set of all (directed) edges

EAre Set of AC network edges

Ere Set of DC network edges

EPT Set of intra-zonal edges

gte Set of inter-zonal edges

EACPC Set of all edges between AC and DC networks
nabs  Charge efficiency of storage
nnJ Discharge efficiency of storage
Sg Set of existing generators

Se Set of existing transmission lines
~ Self-discharge rate

A Market clearing price

N Set of all nodes

N2 Set of all AC nodes

NPC  Set of all DC nodes

s Probability of scenario s
e RES generator time series
gt Demand time series

S Set of all generators

S; Set of storage devices

Sy Set of all transmission lines
Ss Set of scenarios

Si Set of hours

Su Set of demands
Sy Set of years

T Transformer ratio

0 Voltage angle

g™ma*  Maximum voltage angle

an“\ Minimum voltage angle

Ej/x“jx Maximum expansion capacity of candidate storage

Psmax Maximum expansion capacity of candidate generators
P¢max Maximum expansion capacity of candidate converters
e Maximum charge rate
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¢4 Maximum discharge rate

Z Set of market zones

b Transmission line susceptance

Ce Generator bid price

ct Consumer bid price

Emax Maximum capacity of candidate storage
F Capacity of candidate storage

I NPV scalar for hourly revenues

Y NPV scalar for yearly revenues

It Candidate line investment

LS Converter loss factor

Ptmax Maximum transmission line power

Pt Instantaneous Transmission line power
pemaX Maximum generator power

pe Instantaneous generator power

Piabs  Instantaneous storage charging power
Pi-"i Instantaneous storage discharging power
prmax- Maximum demand power

P" Instantaneous demand power
PSmax Maximum converter power

PSAC Instantaneous AC side converter power
PSP Instantaneous DC side converter power
PSIoss Instantaneous converter power losses
T Hours per simulation year

I. INTRODUCTION
A. Motivation

Recent events in Europe and around the world have cre-
ated an environment where a rapid transition of the energy
supply towards a safe, secure and carbon neutral system is
essential. The issues of climate change have converged with
an urgent need to reduce the dependence on Russian gas in
light of the invasion of Ukraine. In response to the invasion,
the European Commission recently presented the 300 B€ RE-
powerEU plan to rapidly scale-up Renewable Energy Sources
(RESs) and network electrification. The plan builds on the al-
ready ambitious targets under the Fit for 55 plan, increasing
renewable generation targets from 1067 GW to 1236 GW by
2030 [2].

Offshore wind in the North Sea is crucial in meeting these
targets. The North Sea governments of Belgium, Denmark,
the Netherlands and Germany have pledged to increase the
installed capacity of North Sea offshore wind farms to 65 GW
by 2030 and to 150 GW by 2050 [3]. This is a substantial step
towards the EU wide goal of 240 to 450 GW of offshore wind
by 2050, which is needed to meet the climate targets agreed
upon under The Paris Agreement [4], [5].

In addition to expanding offshore wind, investments in
transmission infrastructure are required. To this end, the Eu-
ropean Network of Transmission System Operators for Elec-
tricity (ENTSO-E) releases a Ten Year Network Development
Plan (TYNDP) every two years to identify essential infras-
tructure investments [6]. To date, 43 offshore transmission
projects, including interconnectors, Hybrid Offshore Assets
(HOAs) and Offshore Wind Power Plant (OWPP) connections,
totalling 65.6 GW of capacity, are set to be commissioned by
2035. The number of projects is set to increase further as ac-
cording to EU regulation 2022/869, article 14, by 2024 the

TYNDP must include a high level infrastructure investment
plan for each of the sea-basins under development [7].

To ensure such investments in infrastructure result in ef-
ficient use of resources and effective incentives for develop-
ers, a carefully designed offshore electricity market that can
meet both short-term operational requirements and the needs
of long-term investments is required.

B. Background

Long-term planning: Much research into regulatory, techno-
logical and economic aspects of a North Sea grid has been per-
formed [8]-[10]. There is a consensus that such a grid would
be a meshed High Voltage Direct Current (HVDC) grid. The
economic and technical advantages of choosing HVDC are
summarized in [11] while some of the technical challenges
can be found in [12].

The Generation and Transmission Expansion (GATE) plan-
ning problem aims at determining the least cost power system
design and in its complete form is a Mixed Integer NonLin-
ear Program (MINLP) [13]. Due to the difficulty of solving
such a problem, the reactive power component of the nonlin-
ear power flow equations is often ignored and a linear “DC”
power flow [14] or convex relaxation such as in [15]-[17] is
assumed.

In its most common form the problem takes a central plan-
ner’s perspective as in [18], [19]. Another common way to
formulate it is as an equilibrium model such as [20], [21]. The
problem can be formulated as a static (single time step) [20],
[22] or dynamic (multi-step) problem [23]. Uncertainty is of-
ten handled using stochastic programming as in [24]-[26] or
robust optimization as in [27]-[29]. When analyzing energy
markets, multi-level programming such as in [30], [31] has
been used.

With market-aware expansion planning formulations,
tractability is a serious concern as they are multi-level pro-
grams, making a compromise as to what is included in the
model a necessity. One of the most common simplifications is
to consider either only generation expansion as in [19]-[23],
[26] or only transmission expansion as in [28], [29], [31]. It is
also possible to consider both in unison and ignore the mar-
ket as in [24]. Considering all aspects together is quite diffi-
cult and requires a multi-level methodology. This is often only
demonstrated on toy problems such as in [30], which presents
a maximum test size of 6 buses with 2 candidate transmis-
sion lines and 3 candidate generators. In [18], a realistic test
case is managed but it is still small, limiting the number of
candidate lines to 5 and candidate generators to 3. The com-
putation time for this problem is reported as 12.25 hours. As
the problem considered in this work is mush larger, with sev-
eral thousand candidate transmission lines and half a dozen
candidate generators, a different approach had to be sought.

Furthermore, although the state of the art approaches pro-
vide good insight into expansion planning under uncertainty
within a pre-determined market structure, they do not assist in
deciding on the market structure when it is unknown a priori.
Unfortunately, it is within this literature gap that we find our-
selves today, moving towards a meshed offshore HVDC grid
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without a clearly defined energy market structure for develop-
ers to reliably predict future revenues [32].

This high level of uncertainty for developers translates di-
rectly to higher costs of development. In this work we aim
at filling this gap by providing a method of quantifying the
impact different energy market structures have on the GATE
planning problem, providing much needed insight towards es-
tablishing regulatory clarity.

Energy Markets: In liberalized energy markets both nodal
and zonal market structures can be found. Examples of the
former can be found in North America while in Europe a
zonal based system is the norm. For further details on market
design, we refer the readers to [32], [33].

A topic currently under debate is the structure of the en-
ergy market for an offshore grid and in particular HOAs [32].
HOAs yield benefits for both OWPPs and grid expansion in
unison, combining transmission, generation and storage into
a single asset. For individual stakeholders, however, there is
high uncertainty in expected profitability based on market de-
sign and regulation. Currently, there are three market designs
under serious consideration, the Home Market Design (HMD),
the zonal Offshore Bidding Zone (zOBZ) and the nodal Oft-
shore Bidding Zone (nOBZ) [34]. In an HMD, HOAs are con-
sidered part of the energy market of the Exclusive Economic
Zone (EEZ) within which they are situated. In a zOBZ, mul-
tiple or all HOAs are grouped into a common offshore market
zone with a single market price. In an nOBZ all HOAs are in
independent market zones, permitting fully localized energy
pricing based on inter-nodal congestion.

Contributions and paper structure: In this work a multi-
period, stochastic, Mixed Integer Linear Program (MILP) is
developed. The main contributions of this work are:

o A modelling formulation for different market structures

within the GATE planning problem.

o A measurement of the upper bound on social welfare

when considering a zonal market design.

o A cost-benefit analysis of a North Sea test case comparing

an HMD, an nOBZ and a zOBZ.

In the next section a brief discussion on nodal and zonal mar-
kets is presented. Following this, the modelling methodology is
described. This begins with the nodal market model in §11I-A
and is followed in §III-B by the zonal market model. In §IV
the North Sea test grid is described along with the modelling
assumptions. In §V the results are presented. Finally, in §VI,
conclusions and recommendations based on the modelling re-
sults round out the paper.

II. NODAL VERSUS ZONAL MARKETS

In the interest of transparency, the authors of this study de-
clare a pre-existing bias towards nodal pricing due to the price
signals in regards to network inefficiencies such as congestion
and under supply. These signals can be suppressed in a zonal
system and are of very high value, especially at a time of such
anticipated network expansion. It is opinioned that localized
pricing should be the default and any deviation should be done
with caution and only when supported by strong evidence.

Despite the known benefits of nodal pricing, it is possible to
find examples where zonal pricing results in an arguably better

outcome for consumers. In studying such examples we hope to
meaningfully contribute to the ongoing debate regarding North
Sea market structure. To illustrate this point we present a sim-
plified market clearing example involving a pivotal supplier.
The assumed market structure is a day-ahead pay-as-cleared
(uniform pricing method) market [35] with imbalances settled
via an idealized Regulatory re-Dispatch with Cost Compen-
sation (RDCC) [36]. Market participants are assumed to bid
truthfully at their marginal price of production.

In the pivotal supplier scenario, we have a topology simi-
lar to that of Fig. 1. At node m, SMW of wind generation is
present. At node n, SMW of PV, SMW of thermal genera-
tion and 10 MW of demand are present. A transmission line
with a maximum capacity of 4 MW connects nodes m and
n. Assumed marginal generation costs for RESs and thermal
generation are 10 €/MWh and 100 €/MWh respectively.

P\%IND PPgV PGgAS COSt
MW]  [MW] [MW] [€]
Nodal
1D 4.0 5.0 1.0 640
Zonal
1D 5.0 5.0 0.0 100
RD -1.0 0.0 1.0 100
10MW Zonal total: 200

ID: initial dispatch RD: re-dispatch

Figure 1: Single line diagram of simple market clearing topol-
ogy (left). Dispatch and re-dispatch amounts and costs in nodal
and zonal market clearing mechanisms (right).

In the nodal market clearing model the 4 MW capacity limit
between node m and n is considered from the start, resulting
in an optimal dispatch of 4 MW of wind at node m, 5 MW of
PV at node n and 1 MW of thermal at node n. The resulting
clearing prices are 10€/MWh at node m and 100€/MWh at
node n. The total cost of supplying the load is 640€.

Contrasting this with the zonal clearing model, the line con-
gestion between m and n is initially ignored resulting in an
optimal dispatch of 5SMW of wind at node m and SMW of
PV at node n with a zonal clearing price of 10 €/ MWh. The
cost prior to re-dispatch is therefore 100 €. As the capacity
constraint from node m to n is violated, however, the balanc-
ing authority directs the down regulation of wind to 4 MW
at node m and up regulation of the thermal plant at node n
to 1 MW. The balancing responsible pays a total re-dispatch
cost of 100 € to the thermal plant and the total cost to sup-
ply the load is 200 € (assuming no avoided variable costs for
the OWPP).

This is arguably a more desirable result for consumers. Of
course, in the case of the pivotal supplier it can be correctly
argued that the efficiency of the market is creating a high
clearing price to signal that either additional transmission from
m to n or additional generation at node n is needed. How-
ever, in a grid with a high penetration of highly fluctuating
sources, it may be an unusually low wind or solar irradiation
day that transforms a certain generator into a pivotal supplier.
The question as to whether an investment to increase trans-
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mission or generation is warranted is more complicated, as
it depends on the frequency with which the pivotal supplier
negatively impacts energy prices. In this case, a cost-benefit
analysis should be performed, ensuring sufficient infrastruc-
ture investment is made to effectively and economically meet
demand while guaranteeing long term stability.

IIT. PLANNING MODEL

The developed model is based on one first presented in [37]
with the principle additions being the consideration of benefits,
rather than costs alone, the ability to expand generation and
the inclusion of multiple market structures. The Gurobi solver
version 0.9.14 [38] is used when solving the MILP.

Special notation:

e z :n (x located at node n).
e x:mn (x located on directed edge mn).
e x: (mny (x located on undirected edge mn).

A. Nodal Market Model

1) Objective Function: An existing network operator (A.)
and a set of developers of OWPPs (A,,), offshore transmission
(A,) and storage (.A;) have costs and benefits associated with
their operation and development as defined in (1) — (4). The
costs and benefits are divided into two distinct parts: hourly
operational costs and benefits and yearly strategic investments.
The Net Present Value (NPV) equivalents of hourly and yearly
revenue and expenditure streams are determined by scalars f;
and f, respectively. A discount rate of 4% is assumed.

An OWPP developer (Ay,) can make a strategic yearly in-
vestment to expand the capacity of an OWPP (APg‘ax) as in
(1a). Hourly benefits can then be accrued by selling the en-
ergy generated on the spot market at a price \,,. The marginal
cost of production is assumed to be zero.

uy, = —f3[aa) (1)
Yoo o, - APET (1a)
nEN"C~esgn

An offshore transmission developer (A4,) can make a strategic
yearly investment to build new transmission lines (a~) as in

(2a) and/or expand HVDC converter capacity (APC m‘”‘) as in
(2b). Hourly benefits are then accrued through spatial arbitrage
of price differentials (\,, — \,) located in different energy
markets. This is also known as congestion rent.

U, =—fr [(221) + (2b)} 2)

> 2

{mn}Q\V S,.
e LE€ESe: {mny

D ey

neg&Acre

ot It
l:{mn},y l:{mn},y

(2a)

AP(,maX

ne,y (Zb)
A storage developer (A;) can make a strategic yearly invest-
ment to expand storage capacity (AEJ’maX) as in (3a). Hourly
benefits are then accrued through temporal arbitrage of price

differentials (A, — An+a¢). The marginal cost of charging
and discharging is assumed to be zero.

= —fy| G ©)

D 2 iy

neN jESin

AE],max

Sy (3a)
The existing network operator has hourly costs and benefits
associated with existing generation (4a) and consumption (4b).
Existing generators accrue hourly benefits through the sale of
energy (ng) on the spot market at a price (\,) higher than
their marginal production cost (C’g). Consumers benefit when
the price of energy J,, is lower than the consumer’s bid price
(C}) resulting in a surplus.

U= > [+ @v)] 0
teES:
Z Z Cointys) Pomity.s (4a)
neN* ge&,.,,
S D Chmes Pl (4b)

nENAC uESy:n

Combining (1)—(4) gives the global objective executed by an
all knowing centralized authority to maximize the social wel-
fare of the system ({/), as in (5). Social welfare is therefore
defined as the sum over all scenarios Sg of Gross Consumer
Surplus (GCS) and net developer benefits. The final distribu-
tion of developer benefits and the GCS is calculated based
on the resultant market clearing prices \,,. The uncertainty of
long term planning is captured by the probability 74 of occur-
rence of a given scenario. Multi-period planning is performed
over the lifetime considering the years defined in set S,.

. w o j e
AW,EE?&(MAG;U - Z Ts Z uy,s Jruy,s +Z/{%s +Z/ly75 o)
SESy yESy
where

Ay = (P5, APS™) A, — (9, af, APSm),
Aj — (‘l:)lj,inj7 ij,abs’ AELmaX), Ae — (13g7 Pu)

2) Constraints: Generation consisting of both RESs and
conventional generation must remain within capacity limits.
This is ensured by constraint (6). For RESs, parameter \Ifg is
the per-unit RES generation time series and for conventional
generators it is equal to one.

0< P8 < e

gn,ty,s —

. g,max
g:n,t,y,s g:n,y (6)

neN geSun, teS, yes, s

In the particular case that the generator is a candidate OWPP
under consideration for expansion, Pg”max is constrained from

above by Pg’maX and may only increase or remain constant
year over year as in:
Pg,rnax < Pg,nlax, })g,nrlaxA < Pg,max
ginyy gin,y—Ay giny 7)
AC
GE€Sym, neN yes,
where Ay is the number of years between modelling years.

Ay in the first year is assumed to be zero. Demand is
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set via time series U}, as in (8). A high cost for load shedding
ensures it is only a last resort.

0 S lej:n,t,y,s S \Ijzzn,t,y,s (8)
neN uweSun, teS, yesy, s

A storage device has a state of charge E; at each time step
At defined by the following constraint:

E;’:n,uy,s = (1 - ryljj:n)AtE;':n,t—At,y,s

j,abs pj,abs ‘J: ) K
+AL (2P — it

iin Ljnty,s

JESin, neN teS8, yes,, seSs,

where S;" denotes the set of all time steps except the first one.

Here, 7} is the self discharge rate and 77" and nifinj are the

J
charge and discharge efficiencies respectively.
The current state of charge is constrained between zero and

the rating of the device Eg.’max. The device rating can be ex-

—

panded up to a maximum of E}™"* but may only increase or
remain constant year over year as in:

J J,max AC 4 ;s
0= Ejntys < Ejny ? G‘é\/ ’]E Sjin 10
Ej,max < Ej,max < Efr;ax oy & Y ( )
jny—Ay = “iny = Himn s e S,

In the first year, Ej.,, ,—A, is assumed to be zero. A storage
device has a maximum rate at which it can charge and dis-
charge, this is ensured by (11). £} and fj’d are the normalized
charge and discharge rates.

0< piabs o ghe | pimax ne N, jeSin
= T Jmty,s = Sjim Tiny
. 4 ; te S,y eS (11
0 < piin j,d | ppi,max v
= T jmyty,s = Sin Jjiny s €S

Constraint (12) sets the initial and final states of charge in
each year to half capacity. The final constraint on storage, to
not simultaneously charge and discharge is not explicitly en-
forced, rather, it is implicitly guaranteed via charge and dis-
charge efficiencies less than one.

. j,max . . Jj,inj n e NAC
B = Zimw J,abSPJyabS _ Bl .
Jjm,lLy,s T 2 Mjin Ljin,1,y,s i J € Sj:n
. Jimn
. j,ma
Ei _ BNy yeSy
Jin,T,y,s 2 s €S
(12)

The AC and DC network constraints described below are
implemented using the PowerModels(ACDC).jl packages [39],
[40]. A bus injection model is used for AC network branches
while considering the linear DC power flow approximations
as in (13). Transformers are lumped into the branch model via
the transformation ratio 7, which is unity when no transformer
is required.

[:mn,t,y,s T

0 _ bi:{'rnn} [0 . an,t,y,s]
Y _ bi;{mn} ['01 B 'é

Tmn,ty,s T l:mn,t,y,s linm,t,y,s

m,t,y,s

13)

|P! | < Pf,max
I:mn,t,y,s l:{mn}
|Pg | < Pé,max . O/

ljmn,t,y,s Z{mn} T:{mn},y

(14)

mn € EX, 1€ S,y

tes, yesy, s

7 £ QAC
le L:{mn}

Power flow through any branch must respect the branch
limits as in (14). Nodal voltage angle limits and the maximum
divergence between connected nodes are constrained by (15).

gmin § gn,t,y,s § pmax

max mn € EX
|9n,t,y,s - 9m,t,y,s| < Af 76 N?C
min 0. max {mn}
0 < el:mn,t,y,s < 0 te St
~ —_ 6~ ma.
|9l:mn,t,y,s el:nm,t,y,s| < Agmex ye gy
O~ _ AL ) s €
|9l:mn,t,y,s 9m,t,y&| S (1 a?:{mn},y) M S
15)

The final constraint in (15) is only necessary when candi-
date branches are considered. This constraint leaves candidate
line angles unconstrained when the branch is not included, i.e.
a! = 0, while enforcing equality with the existing voltage an-
gle when the branch is active, i.e. o = 1. The AC network
is linked to the DC network via an HVDC converter with a
maximum AC side capacity of pémax - pi.max jg constrained
from above by P¢™ax and can only increase or remain con-
stant year over year as in:

ne € £AC-DC
¢,AC R
|Pne,t,y,s| S Pgel,l:l]/ax te St (16)
P(,max < p¢max < PC,max Yy € Sy
ne,y—Ay — " ne,y — - ne ’
s€ S

The AC side power is linked to the DC side power through
the non negative converter losses: L¢. This, and the upper limit
on DC side power is set by:

¢,bC —_ 1.5\ PSs
Pen,t,y,s S (1 L )Pner,rgl;ax ne € gAC—DC
,DC
(LC - 1)P7§érzax < Pecn,t,y,s te St (17)
Bl _ ,AC S.

P = PGS, 20 (V€S
PC7AC PC,DC N PC,loss s s

ne,t,y,s + en,t,y,s — ~ net,y,s

In the DC network, linearized power flow reduces to a net-
work flow model (18). DC side power flow through transmis-
sion lines must remain within limits as in (19).

14 _ 14
Lefity,s  ~ Lfetuy,s
i ity _ ff Y (18)
lefty,s l:fet,y,s
£, max
P! <P>
| l:ef,t,y,s|e— l:{ef} (19)
P | < ptmax o
left,y,s lifef} lifefr,y
pC 7 ~ &pC 7 ~ QpC
ef €&, 1€ Spp, €Sy,

tes, yesy, s
Finally, Kirchhoff’s current law must be satisfied for both
AC and DC grids. On the AC side the nodal power balance is
given by (20). The AC nodal balance equation is a complicat-
ing constraint that links the optimization variables. The dual
variable of the constraint is J\,,, the marginal price of energy.

¢,AC 14
z : Pm@7t73/75 B ]Dlimn7t»y75 m € NAC
e€NPe neENXC 1eS)C
m m 0:{mn} te St
g u
+ § : Pym,ty,s — § : Primty.s y €Sy
9E€Sgin u€Su:n s €S
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Here, N)¢ := {n € N*¢ : mn € £*°} and N° := {e €
NPC © me € EA“PC} respectively denote the AC and DC
neighbors of m € AN. On the DC network side the nodal
power balance equation is non complicating:

2

meNA©

PQDC
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B. Zonal Market Model

To model a zonal market we start by partitioning the net-
work nodes into a set Z of disjoint market zones, so that
N =,z 2 The edges are also partitioned into inter-zonal
edges £ C {mn: m € z,n ¢ z, z € Z} and intra-zonal
edges EP* C {mn: m € z,n € z, z € Z}. For ease of no-
tation, the optimization variables for transmission lines along
these edges are denoted as (A'¢, a*®) and (6°*, o®P"), re-
spectively. The superscripts refer to two new agents we will
introduce, the Transmission Expansion agent (A') and the
Balancing Responsible agent (AP"). We re-group the optimiza-
tion variables into agents A* and AP" as follows:

A" = (A, Aj, Ae, A) and AP = (Ay, Aj, Ao, A,

where A differs from A, in that the transmission lines con-
sidered are restricted to inter-zonal connections. AP is the
complement considering only intra-zonal connections. Further-
more, we define zonal power balance equations for both the
AC and DC networks as in (22) and (23).

S
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In a zonal market, (22) provides the market clearing condi-
tion. The dual variable of the constraint is the marginal price
of energy at all nodes within zone z. As all nodes in a single
market zone have a common energy price, the price signals
of congestion are suppressed. This further complicates the al-
ready difficult problem of GATE. To overcome this difficulty
a multi-level approach is adopted, whereby expansion plan-
ning is achieved via a four-step solution method. This solution
method is presented in Fig. 2.

Step one is to calculate the inter-zonal network expansion
by determining the location and capacity of transmission lines
between market zones under the assumption of zero intra-zonal

congestion. Specifically, the state of binary investment deci-
sion variables a**® are determined. Mathematically, this is ac-
complished by solving (24) ((5) with (24a) substituted for (2a))
subject to constraints (6) through (19) and the zonal power bal-
ance constraints (22) and (23). The resulting a*® variables
are passed to step two as parameters where intra-zonal trans-
mission and generation expansion is performed.

maxl :=

(24)
Ate

S > A>T [+ v

s€Ss  y€S,  teS
—fy 02+ @b) + Ga) + 40|

DR DR ) (24a)

{mn}QN‘[e

o e Se:{mn}

Step two determines intra-zonal expansion while respect-
ing the inter-zonal capacity limitations determined in step one
(a’*¢) as well as nodal power balance. To achieve nodal bal-
ance at the lowest cost, intra-zonal congestion can be elim-
inated via the construction of new lines (a/*P*), the expan-
sion or reduction of newly added OWPPs and/or storage
(ng’max7 E™) or the curtailment and/or re-dispatch of net-
work generators (Sg). Mathematically, this is accomplished
by solving objective (25) ((5) with (25a) substituted for (2a))
subject to nodal power balance (20) and (21) as well as the
remaining network constraints (6) — (19).

maxif :=

(25)
Abr

S > A>T [+ v

SES, YyESy teS
—fy [(la) +(2b) + (3a) + (25a)}
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Figure 2: Flowchart of solution method for zonal market clear-
ing formulation. “Solve” refers to the specified equations con-
sidering any fixed decision variables determined in an earlier
step.

(smve ) st (6)—(21))
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Step three is performed post network expansion, i.e., all in-
vestment decision variables are fixed. A power auction is held
considering only inter-zonal capacity constraints. This step
simulates the day-ahead spot market and provides the fore-
cast of inter-zonal power flows and the zonal market clearing
prices based on an optimal dispatch. In the case of conges-
tion free power flows this is the final step. When congestion is
present, the additional step of re-dispatch is needed to relieve
congestion and balance the network.

Step four: re-dispatch. The final cost of a zonally cleared
energy market depends on the re-dispatching mechanism cho-
sen. In the EU both market and regulatory based re-dispatch
exist [36]. In this work we have chosen an idealized RDCC
and argue that this represents an upper bound on possible zonal
market benefits. Our argument is as follows.

In RDCC, an all knowing balancing authority calls on the
lowest cost available generation and/or load to up or down reg-
ulate during re-balancing actions. Generators required to up
regulate are compensated at their marginal price, while those
required to down regulate are permitted to keep profits made
from the spot market but must return any avoided variable
costs (e.g. unused fuel costs). Since participants in RDCC are
contractually obliged to participate at their marginal rates and
we are assuming perfect transparency from generators regard-
ing their marginal cost and available capacity, a market based
re-dispatch could only, at best, achieve an identical re-dispatch
cost.

Of course, in practice, the assumption of perfect trans-
parency by market participants is unrealistic as this requires
the sharing of private information. As such, we are not arguing
RDCC is better than a market based re-dispatch mechanism.
Rather, that in its idealized form it describes the upper bound
on efficient re-dispatch.

Together, steps one through four describe the approach used
for GATE planning in zonal markets. Alone, steps three and
four describe an energy auction which can be run on any topol-
ogy previously determined. For example, a topology deter-
mined using the nodal market approach described in section
III-A can be operated within a zonal market structure.

IV. TEST CASE

A. Domain

A test grid (G) in the North Sea is modelled. The onshore
and offshore nodes considered are displayed in Fig. 3 and
their coordinates listed in table V of the appendix. The grid
is inspired by the proposed TYNDP projects summarized in
table VI of the appendix [6]. It is not the intention of this study
to investigate the feasibility of these projects in detail, but
rather to anchor the test grid within a practically and politically
feasible space.

Figure 3: North Sea domain. Lines: NTCs (solid blue), HVDC
(dashed black), HVAC (dashed red).

Table I: Infrastructure costs (excluding cables) [41], [42].
Component | OWPPs Onshore ' Offshore‘ Qn shore foshore
converters converters storage storage

Cost \ 2100 192.5 577.5 183 275

*Costs are in €/kW and €/kWh (storage)

B. Candidate Expansion

Candidate generation, transmission and storage assets can
be expanded at a cost specified in _table I. The maximum
allowable capacity for OWPPs (P&™2x), HVDC converters
(P¢max) and storage (E3:™m2x) are listed in table V of the ap-
pendix. At onshore nodes a dimensioning incident of +/-3 GW
is assumed, hence onshore converters are limited to 3 GW
while offshore converters can reach sizes of 4 GW. Storage is
assumed to be a four-hour duration, lithium ion system. Can-
didate connections for HVAC and HVDC are shown in Fig.
3. The details of the candidate cable types and their costs are
summarized in table VII of the appendix.

C. Existing Generation

The existing energy mix (P8) in each country is sourced
from the ENTSO-E TYNDP, which provides a baseline as well
as futures scenarios for the energy mix of European countries.
The projected scenarios are for years 2030 and 2040 [43], [6].
Further details are provided below. Assumptions for marginal
costs of generating sources are listed in table VIII of the ap-
pendix.

D. Onshore grid

The onshore grid is modelled as existing transmission lines
with maximum capacities equal to the Net Transfer Capacities
(NTCs) specified in table IX of the appendix. These lines are
displayed in blue in Fig. 3. The onshore NTCs remain static
through the simulation years.

E. Demand

Hourly demand data (P") is taken from the TYNDP. Meet-
ing demand at all times is ideal. When this is not possible,
however, load defined as Demand Side Response (DSR) can
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be shed at a cost 119 €/ MWh. In the event that further load
must be shed, the Value Of Lost Load (VOLL) is 5 k€/MWh.
DSR does affect market price formation while load shedding
does not. During times of extreme energy scarcity such as load
shedding events an energy price cap of 180 €/MWh is en-
forced based on EU regulation 2022/1854 [44]. GCS is calcu-
lated based on a constant consumer bid price of 150 €/MWh.

E Scenarios

In the TYNDP, projections are made for future generation
and demand via scenarios that consider different paths towards
a net zero 2050. In this study the National Trends (NT), Dis-
tributed Generation (DG) and Global Ambition (GA) scenar-
ios are included. In brief, NT is based on the National Energy
Climate Policies, DG assumes mass societal adoption of dis-
tributed RES and GA considers a global movement towards
the targets of the Paris Agreement. Pairing historical RES gen-
eration time series (V®) from years 2014 and 2015 results in
six scenarios in Ss. Each are considered to have an equally
likely probability of occurrence .

Due to computational requirements each simulation year is
clustered into four 24-hour days. The simulation years are
2020, 2030 and 2040. The representative days are found via
the k-medoids clustering method [45]. The temporal correla-
tion between the various time series is maintained. Ten cal-
endar years per simulation year are considered: 2020-2029
is modelled with 2020 data, 2030-2039 with 2030 data and
2040-2049 with 2040 data. For full details on the methodol-
ogy behind the scenario generation including aspects such as
how resource adequacy is ensured we refer the reader to the
TYNDP [6].

V. RESULTS

The presented methodology is applied to G to compare the
effects of an nOBZ, zOBZ and an HMD considering multiple
OWPPs. The market structure case studies are as follows:

o Each OWPP is part of its home market zone (HMD).
o All OWPPs form a common offshore market (zOBZ).
o Each node is its own market zone (nOBZ).

The resulting topologies are displayed in Fig. 4 through 6.
The figures present the selected transmission lines and their
capacities as well as the build schedule. The same information
is provided for the OWPPs, HVDC converters and storage in
table II. In all topologies, HOAs are dominant features. Only
in the HMD and only for the closest wind developement region
to shore (Belgium) is a radial connection selected.

A breakdown of transmission, OWPP and storage developer
costs and benefits are provided in table III. The net benefits,
GCS and re-dispatch costs of each topology are ranked by
social welfare in table IV.

There is little difference between the social welfare obtained
under all variations of the nodal market structure (nOBZ,
HMD* and zOBZ¥*). Three different topologies, all with simi-
lar levels of social welfare and a global lower bound (nOBZ),
effectively demonstrate the flatness of the solution space and
hence the limited value attached to the certificate of optimal-
ity. Planners should therefore not be overly concerned about

Table II: Expansion planning schedule of grid G.

nOBZ HMD zOBZ
Year ’20 30 40 °20 30 40 20 ’30 40
PSS [GW]
UK1 29 3 3 3 3 3 24 3 3
FR 24 24 3 24 24 24 24 3 3
BE 0 0 1.8 0 0 24 0 0.6 1.5
NL 24 24 3 24 3 3 24 24 24
DE 24 24 3 3 3 3 24 24 3
DK 16 24 24 1.7 19 19 0 24 24
NO 3 3 3 3 3 3 3 3 3
UK2 19 24 3 1.7 24 24 0 3 3

BE(WF) 05 06 06 0 0 O O O O
DE(WF) 37 37 3.7 37 37 37 3.6 3.7 3.7
NL(WF) 38 3.8 3.8 38 3.8 3.8 3.8 3.8 38
DK(WF) 37 3.7 3.8 3.7 37 38 37 37 38
UK(WF) 32 34 36 32 34 36 24 34 36
OWPPs: All 4GW in 2020 (nOBZ, HMD).
All 4GW in 2020 except UK(WF) is 3.9 GW in 2020,
then expanded to 4 GW in 2030 (zOBZ).
Storage: 1 GWh of storage is scheduled in Holland in
2040 (nOBZ, HMD, zOBZ).

Table III: Summary of lifetime costs and benefits for G in B€.

Transmission OWPP Storage

Cost Benefits  Cost Benefits  Cost Benefits
nOBZ 21.754  64.147 42.000 134.135 0.059 0.058
HMD#* 22.380 64.722 42.000 133.700 0.059 0.058
zOBZ* 22.984  70.453 41.885 125.568 0.059 0.057
zOBZ 22984  57.703 41.885 135241 0.059 0.056
nOBZ**  21.754  53.452 42.000 139.866 0.059 0.057
nOBZ* 21.754  49.015 42.000 143.459 0.059 0.047
HMD 22.380  48.526 42.000 144.152  0.059 0.046

HMD#*: The HMD topology operating in an nOBZ market.
zOBZ*: The zOBZ topology operating in an nOBZ market.
nOBZ*: The nOBZ topology operating in an HMD market.
nOBZ**: The nOBZ topology operating in a zZOBZ market.

Table IV: Summary of lifetime Social Welfare for G in B€.

Net GCS Re- Social Difference

Benefit dispatch ~ Welfare (%]
nOBZ 134.527  1920.331 0.000  2054.858 -
HMD#* 134.040  1920.299 0.000  2054.340 -0.03
zOBZ* 131.151  1922.617 0.000  2053.767 -0.05
zOBZ 128.073  1926.606  128.596  1926.083 -6.27
nOBZ**  129.561  1921.987  127.006  1924.543 -6.34
nOBZ* 128.707 1924729  145.615 1907.821 -7.16
HMD 128.284  1916.556  155.168  1889.672 -8.04

*-entries in the first column are as in table III.
The last column is the change in social welfare compared to the nOBZ.

developing a uniquely optimal configuration as the problem’s
uncertainty dwarfs the difference between a good solution and
the best solution.

The benefit of using a nodal based pricing mechanism is
clearly demonstrated. All zonal pricing models result in a de-
crease in social welfare of 6-8% compared to nodal pricing.
The worst performing market structure is the HMD. It seems,
knowing the market structure a priori is not essential from a
planning perspective as each design operates relatively well
under a changing market design.

Despite the poor performance of the zonal market models
in the zonal markets for which they were intended, the high
quality of their nodal market variations suggests merit from
a decomposition perspective. The computation times obtained
on an intel core-7 1.9 GHz processor with 16 GB of RAM are:
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Figure 7: Yearly percent return on investment for G.

zOBZ/HMD: =2.5 hours, the nOBZ: halted after twelve hours
with a small optimality gap of 0.04% remaining. Zonal models
scale better than nodal due to the natural decomposition along
intra and inter zonal lines.

The three nodal market models may have little variation in
social welfare but do have variation in how agent benefits are
distributed. For example, nOBZ results in 6.8% higher bene-
fits for an OWPP developer than in zOBZ*. There is no free
lunch of course as this is at the expense of the transmission
developer which sees a decrease in benefits of 9%. The abil-
ity to adjust the distribution of benefits among stakeholders
without sacrificing overall social welfare may prove useful.

All market mechanisms result in a positive return on in-
vestment for all agents (Fig. 7). The highest return for trans-
mission and storage developers occurs under an nOBZ while
OWPP developers do best in an HMD. By examining the av-
erage energy prices per node in Figs. 8 and 9 we see why.
The HMD has the highest average energy prices both offshore
and onshore. While this translates to higher profits for OWPP
developers, it is bad for consumers and lowers the overall so-
cial welfare. In our model, the average European wide energy
price for the HMD is 93.23 €/MWh, for the zOBZ it is 91.21
€/MWh and for the nOBZ it is 90.86 €/ MWh.

’IanBZDDHMDDDZOBZ ‘

Figure 8: Average onshore energy prices for G [€/MWh].
= & g meE %
ee] [ee]
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Figure 9: Average offshore energy prices for G [€/MWh].
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There is very little difference in wind curtailment between
market designs, which amounts to essentially zero. This is
shown in Fig. 10. Although the zOBZ results in about three
times the curtailment compared to the nOBZ and the HMD,
it is still only about 0.5% of the total energy production.

The cost to re-dispatch varies substantially between zonal
market models. The highest re-dispatch costs are associated
with HMDs and the lowest with zOBZs. A breakdown of the
re-dispatch costs by generation type is presented in Fig. 11. It
is interesting that in the home market designs load shedding
makes up about 5% of the overall re-dispatch cost. It is not that
more load is shed in this market structure, as load shedding is
fairly constant at about 3.5 TWh across all market models (Fig.
10), but rather that the onshore-offshore congestion constraint
is binding but not enforced. This is a variation on the pivotal
supplier problem discussed in section II with the exception
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Figure 10: OWPP curtailment and lost load in TWh. Poten-
tial OWPP production: 2287 TWh (nOBZ/HMD), 2284 TWh
(zOBZ). Total load: 50366 TWh.
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Figure 11: Percent breakdown of re-dispatch costs.

that VOLL does not affect the spot price formulation so the
zOBZ and nOBZ** see the energy price cap of 180 €/ MWh
rather than the Sk€/MWh for VOLL avoiding windfall profits
for generators.

It is worth discussing the low level of storage selected in all
topologies of our simulation. We have identified two potential
reasons for this observation. Firstly and simply the cost of
storage, as is specified in [41], may be too high. Alternatively,
we suspect that the exclusion of certain factors, such as a two-
level market, reserve market or unit commitment constraints
(e.g. ramping rate, generation block size, start-up costs, or
seasonality), may prevent adequately capturing the profitability
for storage developers. This investigation is saved for future
work.

VI. CONCLUSION

This work presents a model for expansion planning in nodal
and zonal market designs, aiming to maximize social welfare.
A test case in the North Sea (G) is used to study the impact
of market design on network topology optimization. From our
simulation results some regulatory and modelling based ob-
servations can be made.

From the regulatory perspective, in our analysis, the nOBZ
market structure results in maximum social welfare and the
lowest European wide average energy prices. Additionally, in
zonal market structures, the pivotal supplier effect should be
considered to avoid artificially inflating the perceived social
welfare. Market conditions were found to have a greater im-
pact on social welfare than network topology, with all three
topologies yielding comparable levels of social welfare in an

10

nOBZ. The expansion plan based on an nOBZ has a continu-
ous upper bound on social welfare, suggesting a relatively flat
solution space and providing flexibility in the distribution of
benefits among stakeholders without sacrificing overall social
welfare.

From the modelling perspective, a zonal planning approach
has computational advantages over a nodal one and a topol-
ogy developed assuming one market structure can operate well
under a different market structure. This implies a zonal ap-
proach may prove a promising starting point for intractable
problems under an nOBZ. Based on these observations we
propose some recommendations moving forward. A clear reg-
ulatory structure for the offshore energy market is needed to
allow developers to predict future revenues. Our results indi-
cate this should be in the form of an nOBZ. Prior even to the
developmernt of clear market regulations, designers are wise
to perform generation and transmission planning under the as-
sumption that an nOBZ will be implemented as the obtained
topologies will likely also perform well if a change of market
design is required. When computational power is a constraint,
a decomposition strategy based on a zonal market design ap-
pears to be beneficial.

Finally, the authors acknowledge limitations in this study
and suggest future work to improve and extend the methodol-
ogy. The scenario modelling of ENTSO-E does not consider
projected NTC expansion between market zones, possibly re-
sulting in an overestimation of congestion. Higher resolution
data or NTCs modelled as optimization variables could ad-
dress this. Modelling a two-stage market and better system
flexibility through unit commitment constraints could improve
the reliability of optimal storage expansion calculations, but
may result in intractability or high computation times. A zonal
decomposition approach is promising, but more efficient op-
timization strategies, such as fast consensus ADMM [46] or
Bender’s decomposition [47], should also be explored. Con-
sidering these limitations, the authors caution that the intent
of this work is not to claim an optimal expansion plan has
been developed. This paper is not investment advice. Rather
the test case is presented with the intention of providing a
practicle discussion point regarding the overall conversation
on market design in the North Sea.

APPENDIX

Supplementary data describing the boundary conditions of
the North Sea test case is provided in this section. This
includes modelling coordinates (table V), relevant TYNDP
projects (table VI), candidate cable data (table VII), marginal
prices of generators (table VIII) and modelled onshore NTCs
(table IX).
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