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Abstract—Electricity market models, implemented as dy-
namic programming problems, have been applied widely to
identify possible pathways towards a cost-optimal and low
carbon electricity system. However, the joint optimization of
generation and transmission remains challenging, mainly due
to the fact that different characteristics and rules apply to
commercial and physical exchanges of electricity in meshed
networks. This paper presents a methodology that allows to
optimize power generation and transmission infrastructures
jointly through an iterative approach based on power transfer
distribution factors (PTDFs). As PTDFs are linear repre-
sentations of the physical load flow equations, they can be
implemented in a linear programming environment suitable for
large scale problems such as the European power system. The
algorithm iteratively updates PTDFs when grid infrastructures
are modified due to cost-optimal extension and thus yields an
optimal solution with a consistent representation of physical
load flows. The method is demonstrated on a simplified three-
node model where it is found to be stable and convergent.
It is then scaled to the European level in order to find the
optimal power system infrastructure development under the
prescription of strongly decreasing CO> emissions in Europe
until 2050 with a specific focus on photovoltaic (PV) power.

I. INTRODUCTION

Motivated by ambitious emission reduction and renewable
energy integration targets, the European power system is
expected to undergo substantial changes. Electricity market
models, implemented as a dynamic programming problem,
have been applied widely to identify possible pathways.
However, these models mostly lack an appropriate represen-
tation of the physical grid which represents the backbone
of today’s power system. Specifically, a joint optimization
of generation and transmission is difficult, mainly due to
the fact that different characteristics and rules apply to
commercial and physical exchanges of electricity in meshed
networks.

This is specifically true when dealing with an intermeshed
alternating current (AC) transmission network as the Euro-
pean power system. According to Kirchhoff’s circuit law,
multiple paths are taken by the physical flows when settling
trades from one point to another via the intermeshed grid (so

called loop flows), such that a large number of lines may be
impacted.

Many studies have dealt with the problem of transmis-
sion system expansion. Comprehensive literature surveys
for the general problem of transmission system expansion
and corresponding modelling issues are provided in [1I],
[2. As stated in [1]], the problem comprises economic and
engineering considerations, which can easily be confirmed
when analysing the corresponding fields of research.

From an engineering perspective, early approaches to
transmission system expansion can be found in [3]] or [4]]
that both formulate linear load flow equations in order to
find overloaded lines, however only considering snapshots of
the future power system. Besides linear programming, later
works also deploy various other optimization methods, such
as non-linear programming, mixed-integer programming or
artificial intelligence methods [J5].

The second stream of analysing transmission system ex-
tensions is mostly based on economic considerations: In
[6] the analytical model uses PTDF in order to integrate
loop flows that were previously found to have a significant
impact on the efficiency of the market outcome in meshed
networks [7]. They assume an invariant PTDF matrix and
furthermore do not address social welfare effects. A very
similar modelling framework is applied in [8]] to analyse
an incentive mechanism for transmission expansion with
a profit-maximizing transmission system company and a
competitive wholesale market based on nodal pricing, and
in [9] to specifically analyse the impact of different cost
functions.

This paper presents a methodology that couples an elec-
tricity market model with a power flow model to jointly
optimize both power generation and transmission grid in-
frastructures under flow-based market coupling using an it-
erative approach based on power transfer distribution factors
(PTDFs). The objective of the proposed method is to find
the overall cost-optimal solution for serving electricity to
the consumers, and thus to optimize social welfare. PTDFs
are linear representations of the load flow equations which
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can be used to calculate physical active power flows in
the power network given market transactions. As such, they
can be implemented in a linear programming environment
determining the cost-optimal development of power system
infrastructures under certain restrictions. However, a set of
given PTDFs is only valid as long as certain criteria are met,
such as no reactive power flows and no losses. Furthermore
the PTDFs change with each change of grid configuration,
so we suggest a method whereby the PTDFs are updated
and fed back every time the grid is modified. The method
is demonstrated on a simplified three-node model where the
iterative optimization algorithm is found to be stable and
convergent.

The paper then provides an outlook on a large-scale
application that is currently being implemented in order to
find the optimal power system infrastructure development
under the prescription of strongly decreasing CO5 emissions
in Europe until 2050 with a specific focus on photovoltaic
(PV) power. The following two main questions shall be
answered within this framework:

« What does a cost-optimized European power system
(both generation and grid) look like in 2030 (medium
term) and 2050 (long term)?

o How does an optimized grid extension help to cost-
optimally deploy power from photovoltaic (PV) instal-
lations in Europe?

The results of this large-scale application will be published
in a separate paper.

The remainder of the paper is structured as follows:
Section [lI| presents the methodology developed to jointly
optimize power generation and transmission grid infrastruc-
tures in an iterative manner based on PTDFs. The algorithm
is applied to a simple three node network in Section
Section [[V] presents an outlook on the modelling framework
of the large-scale application to the European power system
with large shares of photovoltaics. Section [V| concludes.

II. METHODOLOGY

This section is subdivided into two parts. First, starting
from the most general formulation of the load flow equations
in an intermeshed AC grid, a linear PTDF representation is
derived suitable for being integrated in a large scale linear
optimization problem. Then, a model is presented focusing
on the problem of integrating load flow calculations in an
economic optimization framework with the objective to find
the cost-optimal grid infrastructure in a multi-node network
with different load and generation characteristics.

A. Load flow equations and PTDF representation

As noted in most electrical engineering books (e.g. refer
to [[10]), the most general form of the network equations in

an AC power system can be written as follows:

Pi= Ui Y Uj(gij cos(8; — 6;) + bij sin(6; — 6;))

jel
Qi = UZ Z Uj (g” sin(&- - 5]) - bij COS((SZ' — (Sj))

Jjel
-Pij = Uiggij — Uingij COS((SZ' — (SJ) — Uinbij sin(éi — (Sj)
Qij = — Uf(b” + bf]h) + Uinbij COS(&i — 5])

— Uingij sin(éi — (Sj)
()

In the above equations, P; and (); represent the active
and reactive power infeed at node ¢, whereas P;; and Q;;
stand for the active and reactive power flow on line ¢j
connecting node ¢ and j, respectively. [ is the set of nodes
the network consists of. As can be seen, voltage levels U and
phase angles § of the nodes as well as series conductances
g and series susceptances b of the transmission lines are
determining active and reactive power flows.

There are two well-known algorithms to solve this set
of equations, namely the Gauss-Seidel and the Newton-
Raphson methods [10]. These algorithms are capable of
dealing with the non-linearities in the above equations. No-
ticeably, both methods are iterative and need an initial guess
for all unknown variables. For the purpose of implementing
load flow calculations in a linear optimization environment,
as presented in this paper, a linear representation of the
above equations has to be found. To this end, the following
assumptions can be made:

« All voltages are set to 1 p.u., meaning that there is no

voltage drop.

« Reactive power is neglected, i.e. ; and Q;; is set to

Zero.
o Losses are neglected, and line reactance is by far larger
than the resistance: X >> R ~ 0.

 Voltage angle differences are small, such that sin(é; —

5j) ~ 5L — (Sj.

By making these assumptions, the AC load flow equations
can be simplified to a linear relationship:

T 1
Pi':bi'éi_(s' :é(si—é' %75,‘—(5‘ 2
= 0i=0) = e (=) = -(6,-5) @)
According to Kirchoff’s power law, the active power injec-
tion at bus ¢ is then given by

1 1 o
P = Z —(6; — 65) = (Z — )b + Z(*%) (3)
J}” . xlj : J?”
i JEQ, JEQ;
with ); being the set of buses adjacent to i. For a system
with multiple (V) branches, (@) can be written in matrix
form as
Prodai = B - (C) (4)

where P,,04q1 is the vector containing the net active power
injections P;, © the vector of phase angles and B is the
nodal admittance matrix with the following entries:

1

B =—— (5)
l‘ij
1

Bi=Y» — (6)
jeq; Y
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Due to the fact that B is singular, the row and column
belonging to the reference bus is deleted (thus assuming a
zero reference angle at this bus). The resulting vectors and
matrix are named B’, ®’ and P/, . We can now solve (@)
for @”:

®I = B,_l : Prlzodal (7)

Next, we consider the dependency between the load flow on
line 75 and the phase angle over the same line according to
[2] and find the matrix representation to be:

Pbranch =H- 6/ (8)

with Pprancn the vector of the net active power flows P
and Hy; = 1/x;5, Hy; = —1/2;5 and Hyp, = 0 form # 4, j
(note that k runs over the branches ¢j). ®’ can then be
inserted in (§) to give:

Pyranch = H-©' = H-B'™' P,

noda

1 =PTDF-P;, 4,

©)
The elements of PT D F are the power transfer distribution
factors, constituting the linear relationship between the load
flows on the lines and nodal power balances.

In the next step, a market model will be introduced
that simulates the dispatch of different power plants in
different market regions and thus nodal power balances
in a cost-minimizing manner. Power flows can then be
calculated using the PTDF approach that was introduced in
this section, and an additional restriction ensures that line
flows stay below thermal limits. Furthermore, the model will
be implemented such that thermal limits (i.e. transmission
capacity) can be increased when contributing to the cost-
optimal solution.

B. Model for the cost optimal expansion of grid infrastruc-
tures

The goal of the study presented in this paper is to
determine the cost-optimal extension of AC and DC grid
infrastructures. To this end, the above deduced linear power
flow representation can be embedded in an electricity mar-
ket model. Herein, an exogenously given demand shall be
supplied at least cost by the various technological options of
generation and transmission. Market models are commonly
modeled as linear optimization problem which is well suited
for most applications, especially when large systems with
high technological, spatial and temporal resolution shall be
analysed. With the methodology deduced in the previous
section, load flow calculations and grid extensions can
explicitly be included in such a linear program.

Moreover, the methodology presented in this section is
also able to account for possible DC grid extensions. Com-
pared to the AC system, flows on the DC lines are easier
to deal with due to the fact that all lines are assumed to be
point-to-point connections that are equipped with converter
stations. This technical equipment makes it possible to
perfectly control the flows on the corresponding line, such
that trades can directly be settled via those lines (in other
words, trades directly translate into physical flows).

Suppose that the level of demand in market ¢ at time
t, D! is an exogenous parameter entering the optimization
problem. The power that can be generated in market ¢ at

time ¢ by technology a at costs of ¢} , is denoted by G ,.
Furthermore, transmission capacities between ¢ and j are
denoted in vector-form by P,,,, and can be built up at
costs of A. All quantities are possibly different with respect
to space and time.

Within this framework, the following linear program
formalizes the optimization problem for the cost-efficient
supply of electricity including generation as well as AC and
DC transmission expansion.

min Ctot - Z Z Z Gi,a,tci,tl,t+}\AC'Pﬁzgx_k)‘DC'Pzgx

i€l a€AteT
(10)
S.t.

> Giar+ > Tjir=Diy (11

a€cA jeJ
T,; = T{C + TRC (12)
PAC — PTDF - TAC (13)
pPC —P° (14)
—Pa, < PAC < PLe, (15)
—PpC, < PPC < PRC (16)

, being the objective function, states that total costs
for electricity supply shall be minimized. Costs arise from
producing electricity on the one hand and costs related to
transmission grid extensions on the other (note that for the
sake of simplicity the expansion of generation capacity is not
included at this stage. This condition can easily be relaxed, as
done in the large-scale application presented in Section [[V).
The equilibrium condition ensures that supply equals
demand in each market region % at every instant in time t.
Electricity can be supplied either by generation in the local
market or by imports from other markets. Trades can be
settled via AC or DC grid infrastructures, as stated in (12).
Once trade flows are set, the resulting physical flows can be
calculated: For the AC grid, we use the methodology based
on PTDFs as introduced in section [[I-A| and recaptured in
(T3). For the DC grid, trades directly translate into physical
flows (T4). The last two Equations (T3] and restrict the
resulting flows to the line capacities P, that are currently
installed. Line capacities in turn are subject to optimization.

As shown in section the PTDF matrix depends on
the physical characteristics of the AC grid, especially on
line reactances. When AC grid capacities change, the PTDF
matrix will also change. Thus, whenever the optimal solution
includes increasing line capacities, the underlying PTDF ma-
trix that was used to deduce the optimum is no longer a valid
one for the resulting system. Consequently, a new PTDF
matrix is calculated based on the new grid infrastructure,
and updated within the above optimization problem. The
problem therefore has to be solved iteratively while updating
the PTDF matrix every time the market model has found an
optimal solution. A schematic representation of the resulting
process is shown in Figure

Note that an alternative approach to the process described
in Figure |l| would be the calculation of the PTDF matrix
directly in the market model according to (9). However,
as the elements of PT DF depend on the line capacities
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Fig. 1. Schematic representation of the iterative process
P2Y | this would make (T3) non-linear and the optimiza-

tion problem difficult to solve, especially in large-scale
applications. In fact, there are very effective methods for
solving linear programming problems, such as the Simplex
algorithm (see e.g. [[L1l], [12]]), whereas algorithms for non-
linear optimization problems are either inefficient or only
find a local instead of the global optimum (see e.g. [13])).

III. THREE NODE NETWORK

In this section the methodology developed in Section
shall be applied to a simple example. A three node network
was chosen as this is the easiest setting for which loop flows
play a role.

With a given demand as well as fixed available generation
capacities and costs, the cost-optimal solution for a full
electricity supply shall be found that potentially involves
transmission grid extensions.

A. Setting of the three node network example

The setting of the three node network considered in this
part of the analysis is shown in Figure

Node 1

Pmax 13 Pmax,12

Node 3

| Node 2

Prmax,23

Fig. 2. Three-node network considered in this section

With (9), the transaction-based PTDF matrix for this
network can be calculated as in the following equation.
Each entry of the matrix is labeled with the corresponding
transaction T; ; and impact on line L; ; in order to facilitate
reading.

T3 Ta3 Ti2
1 Liz | T12+%23 z23 z12

PI'DF = —— L, r13 —T23 r13+x23
Tiz+T13+T23 1, Z13 T13+T12 —T12

17

As in [6], we assume additional line capacity is added
in parallel, such that the reactances’ dependency on line
capacity takes the following form:

Zij,0
Pmax,ij/]Dij,O .
Note that the algorithm needs a starting point for the
iteration. Starting from an initial guess for line capacities
and corresponding line reactances the algorithm iteratively
searches for optimal grid capacities while updating line
reactances according to (T8).

We assume different generation and load levels at each
node that are exogenous and constant. We then consider a 10
year planning horizon for which the grid shall be optimized.
Generation costs at node 1 and 2 are 20 Eur/MWh or 1.752
Mio. Eur per MW supplied for 10 years, and 15 Eur/MWh or
1.314 Mio. Eur/(MW*10a) at node 3. Costs for grid upgrades
amount to 1000 Eur per MW and km, with distances of
300 km between all nodes. Furthermore we assume that for
security reasons a minimum of 50 MW shall be built on each
line which adds an additional restriction to the optimization
problem formulated in Equations [T0] to

Table E] summarizes load level Pj,,q4, available generation
capacity Pyey, and generation costs Cg., at each of the three
nodes, as well as the costs for grid upgrades.

(18)

Tij =

TABLE I

ASSUMPTIONS FOR THE THREE NODE NETWORK EXAMPLE
Parameter Unit Node 1 Node 2 Node 3
Pload MW 800 300 200
Pyen MW 300 300 800
Cgen  Mio.Eur/(MW*10a) 1.752 1.752 1.314
Line 1-2 Line 1-3  Line 2-3
cae Mio.Eur/MW 0.3 0.3 0.3
cb? Mio Eur/MW 1.5 1.5 1.5

B. Results of the three node network example

Based on the assumptions listed in the previous Section
we run the model as it was presented in Section [[I} in order
to determine necessary grid extensions when all three nodes
shall be connected through an AC and/or DC transmission
grid. The results are presented in Figures [3] to [5] that capture
all endogenous system properties that are subject to change
when running the iterative simulation. Noticeably, in this
example DC grid extensions are not part of the optimal
solution due to higher investment costs compared to AC
transmission grids.

For the initial guess all line capacities and reactances were
set to 100 MW and 1 Ohm, respectively. Consequently, a
power transfer of x from Node A to B results in power flows
of 2/3*x on line A-B and 1/3*x on lines A-C and C-B. Node
1 is lacking 500 MW of power generation that needs to be
imported from outside. Due to lower generation costs and
availability, the missing 500 MW are supplied by Node 3.
Transmission lines are extended such that these 500 MW can
be transported from Node 3 to Node 1, hence 2/3*500 MW
flow on line 1-3 and 1/3*500MW via node 2 (i.e. on line 1-2
and line 2-3). Furthermore, the optimal solution includes the
usage of the full capacity available at lower costs in Node 3.
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Fig. 3. Development of transmission line reactances during the iteration
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Fig. 4. Development of transmission line capacities during the iteration

The inherent advantage is that the flows on line 1-2 resulting
from the trade between nodes 3 and 2 counteract the flow
from 3 to 1 via 2, thus leading to a situation where less grid
extensions are needed on this particular line. Necessary grid
extensions in iteration step 1 then amount to 133 1/3 MW
on line 1-2, 366 2/3 MW on line 1-3 and 233 1/3 on line
2-3. Total costs sum up to 2.1472 Mio. Euros.

In the next iteration step, line reactances are updated
according to (I8) and previously optimized line capacities,
thus changing the PTDFs, power flows and optimized line
capacities. As can be seen in Figure f] necessary upgrades
on line 1-3 further increase. This is caused by the follow-
ing sequence of events: capacity extension on this line is
highest, and therefore, line reactance decreases the furthest.
As more power flows on lines with low reactance, larger
transmission capacities are needed on line 1-3 in order
to handle the increasing power flows. Following the same
logic, necessary transmission capacities on lines 1-2 and
2-3 decrease. Noticeably, as only one line is affected by
increasing transmission capacities whereas the capacities of
two lines are reduced, total system costs are lowered during
the iteration as can be observed in Figure[5} The reactance of
line 1-2 increases sharply in the third iteration step since only
moderate capacity upgrades were found to be cost-optimal.
During the next iterations, capacity of line 1-2 further

2.145¢

2141

2.135¢

2.13}F

Total Costs [Mio. Eur]

2.125¢

5 10 15
Iteration Step

Fig. 5. Development of total system costs during the iteration

decreases and rapidly approaches the minimum extension
capacity of 50 MW with corresponding line reactance of 2
Ohm.

During the iterative process, all endogenous system prop-
erties reach stable levels after only a few iteration steps.
Optimized line capacities, for instance, change by less than
0.1% after iteration step 10.

IV. LARGE-SCALE APPLICATION

This section presents an outlook on further work that
applies the previously developed method to a large-scale
problem. Specifically, an electricity market model and a
power flow model both covering the European power system
are coupled via PTDFs in order to find the optimal power
system infrastructure development under the prescription of
strongly decreasing CO4 emissions in Europe until 2050 with
a specific focus on photovoltaic (PV) power. The following
two main questions shall be answered within this framework:

o What does a cost-optimized European power system
(both generation and grid) look like in 2030 (medium
term) and 2050 (long term)?

o How does an optimized grid extension help to cost-
optimally deploy power from PV installations in Eu-
rope?

The two models are introduced in Sections and
whereas the iteration between them is described in Section
Please note that the results of the large-scale appli-
cation are still being finalized and will be published in a
separate paper.

A. Power flow model

To analyse the power flows in the European transmis-
sion network, a detailed model of the high voltage grid
is used. This model was developed with DIgSILENT’s
power system calculation tool PowerFactory and covers all
ENTSO-E members. It consists of a total of over 200 nodes,
representing generation and load centers within Europe, 450
high voltage AC (HVAC) lines and all the high voltage DC
(HVDC) lines within the ENTSO-E area. The grid model
is built for AC load flow calculations and thus can be used
not just for active power flows, but also to calculate losses
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within the network, reactive power flows and the necessary
compensation to maintain network stability.

As a starting point for the iterations two versions of the
grid model were prepared: one representing the European
grid as it was in 2011 and another for the predicted state
of the network in 2020. For the future projection, it was
assumed that all projects in mid-term planning from ENTSO-
E’s Ten Year Network Development Plan will be built. In
total 82GVA of extra capacity was added for new HVAC
lines and 13GVA for new HVDC lines between 2011 and
2020.

Whereas in the market model all the load and generation
is aggregated for each market region (i.e. assuming a copper
plate with no internal power transfers), the grid model con-
sists of multiple nodes per market regionﬂ The distribution
of demand and generation assets across the nodes within
each market region are set using allocation keys, which are
based on factors such as population density, siting of heavy
industry, location of thermal power plants and the availability
of renewable energy resources.

The network and distribution keys were validated by
comparing cross-border flows in the model against publicly
available data from ENTSO-E, after which the impedances
and allocation keys were optimized to ensure good agree-
ment across several snapshots of the network.

In 2011 and 2020 the majority of DC lines lie between the
different synchronous zones of the ENTSO-E area, such as
the undersea connection between France and Great Britain.
To allow the economic model the choice of extending the
HVDC network, an Overlay Network of DC lines was con-
structed for 2030 and 2050 with DC connections permitted
between all neighboring market regions, including those
within the same AC network. To take account of the effect
of DC transfers on the AC grid, a PTDF for DC transactions
was calculated, in addition to the AC PTDF for transactions
inside the AC network. This DC PTDF linearizes the effect
of DC transfers on the AC network, capturing for example
the power flows to and from the DC connection points.

An additional challenge was presented by the fact that
each market region spans several nodes within the grid
model. To accurately capture the flows between the nodes
inside each region, which change depending on the dispatch
of generation technologies at any given time, the node
allocation keys (K) were directly incorporated into the
PTDEF. In this way the nodal power balances within the
model can be determined for any dispatch situation, with the
power flows then following directly from the usual PTDF.
Thus (T3) is reformulated as follows:

PA° = PTDF . (K”.D-K%.G-KP"°.T"°) (19)

B. Electricity market model

The market model used in this analysis is an extended
version of the long term investment and dispatch model
for conventional, renewable, storage and transmission tech-
nologies as presented in [14]. It covers 29 countries (EU27

Note that this could be overcome by simulating a nodal pricing regime
where each node of the transmission grid is its own market region. However,
this would call for a market model that is even more complex than the one
that is currently used and could thus not be solved in a reasonable time.

plus Norway and Switzerland) at an aggregated level (i.e. 18
market regions). E]

The model determines possible paths of how the installed
capacities will develop and how they are operated until 2050
under different assumptions, assuming that the European
markets will achieve the cost-minimizing mix of different
technologies - a market result that is set in full competition.
The objective of the model is thus to minimize accumulated
discounted total system costs while being subject to several
techno-economic restrictions, such as the hourly matching of
supply and demand, fuel availabilities or potential space for
renewable energies, and politically implied restrictions, such
as an EU-wide CO2 emission reduction target or limited
nuclear power deployment. The dispatch is calculated for
eight typical days per year on an hourly basis (scaled to 8760
hours), representing variations in electricity demand as well
as in solar and wind resources along with their multivariate
interdependencies. Extreme events that particularly stress the
power system, e.g. periods of low wind and high demand,
are also covered. To account for local weather conditions,
the model considers several wind and solar power regions
(subregions) within market regions based on hourly meteo-
rological wind speed and solar radiation data [[15]]. For the
study presented in this paper, the grid optimization has been
implemented in the electricity market model as in equations
(TI0) to (16) and (19).

An important assumption concerns the congestion man-
agement, i.e. the restriction of electricity transactions be-
tween market regions: As opposed to NTC-based market
coupling which is still the predominant method for con-
gestion management in the European power system, our
calculations are all based on a flow-based market coupling
regime. The reason for this is two-fold:

o Flow-based market coupling is implemented in the
market model in order to optimize thermal limits of
the transmission grid directly and without having to
calculate Net Transfer Capacities (NTC) every time the
grid infrastructure is changed. This results in a clearly
defined interface between the market model and the
power flow model, namely the PTDF matrix.

o Previous studies have shown that flow-based market
coupling increases market efficiency, and should thus
be chosen in order to determine the cost-efficient elec-
tricity supply while optimizing social welfare.E]

C. Iteration between the models

Years of reference included in the analysis are 2011, 2020,
2030, 2050. As described in Section [lI} the interface for the
power system optimization is the PTDF matrix. It is initially
calculated from the flow model for the years 2011 and 2020
for which the grid infrastructure is not optimized; we argue
that for the year 2020 optimized grid extensions would not
be realistic within this timeframe, due to long planning and

2The aggregation was done due to very long computational times

3For a general discussion of flow-based transmission rights and conges-
tion management see [16]. Analyses of different congestion management
regimes in the European power system and possible increases in market
efficiency were published in [17], [18]], [L9], [20], [21]. Practical feasibility
of the concept is currently proven in the Central Western European (CWE)
Region, as discussed in [22].
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permission procedures of such projects. For the year 2011,
the model represents current line capacities while for 2020 a
number of mid-term grid extensions are included as reported
in the Ten Year Network Development Plan (TYNDP) [23].

For later years, however, optimal grid extensions are
allowed leading to variations in line capacities. These ex-
tensions alter the impedances within the network model,
which in turn change the PTDF. Since the way the PTDF
changes is non-linear, it cannot be incorporated directly
into the linear optimization problem, so instead the PTDF
is updated iteratively until it converges on the optimal
consistent solution. As a starting point for the 2030 and 2050
networks, the 2020 PTDF is used. Note that in the electricity
market model, generation capacities are optimized starting
from 2011.

Power Flow Model Market Model  optimal generation system
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Fig. 6. Iteration between the market and the power flow model of the
European power system

V. CONCLUSIONS

Joint optimization of generation and transmission is an
extremely important yet difficult task, mainly due to the fact
that different characteristics and rules apply to commercial
and physical exchanges of electricity in meshed networks.
In this paper a method is developed based on an iterative
PTDF calculation that is suitable for determining the cost-
optimal extension of large-scale power systems - such as the
European interconnected network - including generation as
well as grid facilities. An interface is implemented based
on PTDF matrices that couples market and grid models
and combines the inherent advantages of both model types.
Specifically, the algorithm is formulated as a linear optimiza-
tion problem that can be solved efficiently. It is tested for
a simple three node network where it is found to be stable
and convergent.

The method is currently implemented for a large-scale
case study to find an optimal power system infrastructure
development under the prescription of large shares of pho-
tovoltaics in Europe until 2050 by using a linear European
Electricity Market Model and a European Transmission
Network Model. Within this framework, it is analysed how
the cost-optimal European power system develops until 2030
(medium term) and 2050 (long term), and how enhanced
grid extensions help to cost-optimally deploy power from
photovoltaic (PV) installations in Europe. First results indi-
cate that - as expected - without grid extensions electricity
needs to be supplied more locally. However, the costs savings

enabled by optimal grid extensions is not as pronounced due
to strongly decreasing costs of renewable energy technolo-
gies that diminish the importance of local resource quality
(namely wind and solar radiation). Furthermore, it can be
observed that large-scale PV deployment calls for storage
devices in order to balance out the diurnal variations.

The approach presented in this paper could be further
developed in various directions, specifically with respect to
the market model that could be formulated as a different
class of optimization problem. The most interesting ones
would be:

o A mixed integer problem in order to formulate that only
multiples of available line configurations can be added.

o A non-linear optimization problem in order to avoid the
iteration.

o Further spatial disaggregation towards a nodal-pricing
regime in order to overcome the difficulty of having an
unequal number of nodes in the power flow and market
model.

Furthermore, it could be analysed numerically how gains in
social welfare can be created when switching from NTC to
flow-based market coupling all over Europe.

ACKNOWLEDGMENT

This research was funded through the Smart Modelling of
Optimal Integration of High Penetration of PV (SmoothPV)
project with grant number 0325272 by the German Federal
Ministry for the Environment, Nature Conservation and
Nuclear Safety and by the federal state of North-Rhine West-
phalia. Responsibility for the contents of this publication lies
with authors.

REFERENCES

[1] F. Wu, F. Zheng, and F. Wen, “Transmission investment and expansion
planning in a restructured electricity market,” Energy, vol. 31, pp.
954-966, 2006.

[2] M. Groschke, A. EBer, D. Most, and W. Fichtner, “Neue Anforderun-
gen an optimierende Energiesystemmodelle fiir die Kraftwerkseinsatz-
und Zubauplanung bei begrenzten Netzkapazititen,” ZfE Zeitschrift fiir
Energiewirtschaft, vol. 33, pp. 14-22, 20009.

[3] L. L. Garver, “Transmission network estimation using linear program-
ming,” IEEE Transactions on Power Apparatus and Systems, vol. 89,
pp. 1688-1697, 1970.

[4] R. Villasana, L. Garver, and S. Salon, “Transmission network planning
using linear programming,” I[EEE Transactions on Power Apparatus
and Systems, vol. 104, pp. 349-356, 1985.

[5] G. Latorre, “Classifcation of publications and models on transmission
expansion planning,” IEEE Transactions on Power Systems, vol. 18,
pp. 938-946, 2003.

[6] W. Hogan, J. Roselléon, and 1. Vogelsang, “Toward a combined
merchant-regulatory mechanism for electricity transmission expan-
sion,” Journal of Regulatory Economics, vol. 38, pp. 113-143, 2010.

[7]1 J. B. Bushnell and S. E. Stoft, “Improving private incentives for
electric grid investment,” Resource and Energy Economics, vol. 19,
pp. 85-108, 1997.

[8] J. Rosellén and H. Weigt, “A dynamic incentive mechanism for
transmission expansion in electricity networks - theory, modeling and
application,” The Energy Journal, vol. 32, pp. 119-148, 2011.

[9] J. Rosellén, I. Vogelsang, and H. Weigt, “Long-run cost functions for
electricity transmission,” The Energy Journal, vol. 33, pp. 131-160,
2012.

[10] G. Andersson, Power System Analysis.
Hochschule Ziirich (ETH), 2011.

[11] K. G. Murty, Linear Programming. John Wiley & Sons, 1983.

[12] M. J. Todd, “The many facets of linear programming,” Mathematical
Programming, vol. 91, pp. 417-436, 2002.

Eidgenossische Technische



2" INTERNATIONAL WORKSHOP ON INTEGRATION OF SOLAR POWER INTO POWER SYSTEMS, 12-13 NOVEMBER 2012, LISBON

[13] S. P. Boyd, Convex Optimization. Cambridge University Press, New,
2004.

[14] J. Richter. (2011) Electricity market model description (Working
Paper) Institute of Energy Economics at the University of Cologne.

[15] EuroWind, “Database for hourly wind speeds and solar radiation from
2006-2010 (not public).” EuroWind GmbH, Tech. Rep., 2011.

[16] H.-P. Chao, S. Peck, S. Oren, and R. Wilson, “Flow-based trans-
mission rights and congestion management,” The Electricity Journal,
vol. 13, pp. 38-58, 2000.

[17] A. Ehrenmann and Y. Smeers, “Ineffciencies in european congestion
management proposals,” Utilities Policy, vol. 13, pp. 135-152, 2005.

[18] C. Jullien, V. Pignon, S. Robin, and C. Staropoli, “Coordinating cross-
border congestion management through auctions: An experimental
approach to european solutions,” Energy Economics, vol. 34, pp. 1-13,
2012.

[19] K. Neuhoff, R. Boyd, T. Grau, J. Barquin, F. Echabarren, J. Bialek,
C. Dent, C. von Hirschhausen, B. F. Hobbs, F. Kunz, H. Weigt,
C. Nabe, G. Papaefthymioua, and C. Weber. (2011) Renewable electric
energy integration - quantifying the value of design of markets for
international transmission capacity. Deutsches Institut fiir Wirtschafts-
forschung (DIW).

[20] K. Neuhoff, B. F. Hobbs, and D. Newbery. (2011) Congestion man-
agement in european power networks - criteria to assess the available
options. Deutsches Institut fiir Wirtschaftsforschung (DIW).

[21] Consentec, Frontier Economics, Institute of Power Systems and Power
Economics (RWTH Aachen), “Analysis of cross-border congestion
management methods for the european internal electricity market,”
Consentec, Frontier Economics, Institute of Power Systems and Power
Economics (RWTH Aachen), Tech. Rep., 2004.

[22] M. Aguado, R. Bourgeois, J. Bourmaud, J. V. Casteren, M. Ceratto,
M. Jikel, B. Malfliet, C. Mestda, P. Noury, M. Pool, W. van den Reek,
M. Rohleder, P. Schavemaker, S. Scolari, O. Weis, and J. Wolpert.
(2012) Flow-based market coupling in the central western european
region - on the eve of implementation. Cigre.

[23] ENTSO-E, “Ten Year Network Development Plan 2012,” European
Network of Transmission System Operators for Electricity (ENTSO-
E), Tech. Rep., 2012.



	Introduction
	Methodology
	Load flow equations and PTDF representation
	Model for the cost optimal expansion of grid infrastructures

	Three node network
	Setting of the three node network example
	Results of the three node network example

	Large-scale application
	Power flow model
	Electricity market model
	Iteration between the models

	Conclusions
	References

