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Abstract—The utilization of high-voltage direct current
(HVDQC) lines for the segmentation of the European power grid
has been demonstrated to be a highly effective strategy for the
mitigation of the risk of cascading blackouts. In this study, an
accurate and efficient method for determining the optimal pow-
er flow through HVDC lines is presented, with the objective of
minimizing load shedding. The proposed method is applied to
two distinct scenarios: first, the segmentation of the power grid
along the Pyrenees, with the objective of segmenting the Iberian
Peninsula from the rest of Europe; and second, the segmenta-
tion of the power grid into Eastern and Western Europe, ap-
proximately in half. In both scenarios, the method effectively re-
duces the size of blackouts impacting both sides of the HVDC
lines, resulting in a 46% and 67% reduction in total blackout
risk, respectively. Furthermore, we have estimated the cost sav-
ings from risk reduction and the expenses associated with con-
verting conventional lines to HVDC lines. Our findings indicate
that segmenting the European power grid with HVDC lines is
economically viable, particularly for segmenting the Iberian
Peninsula, due to its favorable cost-risk reduction ratio.

Index Terms—European power grid, blackout risk, optimal
power flow, grid resilience, high-voltage direct current (HVDC),
power transmission grid, uncertainty.

1. INTRODUCTION

ODERN power systems are confronted with the chal-
lenge of transitioning to renewable energy sources, ne-
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cessitating the replacement of conventional power plants
with renewable energy systems. This transition introduces
significant difficulties in maintaining frequency control and
ensuring energy balance, given the primary reliance on vari-
able generation sources such as solar and wind power. Con-
ventional wisdom suggests that large power systems with ex-
tensive synchronous zones offer enhanced reliability. Howev-
er, recent studies have demonstrated that this is not invari-
ably the case, and that the segmentation of power systems
can be advantageous [1]-[3]. In this context, the high-voltage
direct current (HVDC) technology provides an efficient
means to control power flow in direct current (DC) lines
while enabling the interconnection of two alternating current
(AC) nodes (or more in multiterminal HVDC schemes) [4].
The utilization of HVDC is particularly advantageous in
long-distance transmission systems employing underground
or submarine cables (over 100 km) or overhead lines (over
600 km) as referenced in [5]. A notable application of
HVDC is in the connection of disparate synchronous zones
while preserving their non-synchronous state. This scenario
arises in systems operating at distinct frequencies or at the
same frequency but with non-synchronous behavior. The lat-
ter case is the focus of this paper, wherein HVDC is pro-
posed as a method of segmenting the European power grid
into discrete zones. Prior studies have evaluated the effective-
ness of DC segmentation in interconnected power systems as
a strategy to mitigate large blackouts, showing that HVDC
segmentation can significantly reduce the risk of cascading
failures [6].

Recent advancements in dynamic modeling approaches for
power converter-dominated grids have further emphasized
the importance of HVDC systems in modern power net-
works. For example, studies have examined the role of pow-
er converter control in grids comprising multiple AC and
DC subgrids [7] and the development of hybrid parallel-in-
time-and-space transient stability simulations for large-scale
AC/DC grids [8]. These approaches underscore the signifi-
cance of integrating HVDC technology to improve grid con-
trollability and stability.

The present study focuses on the controllability of HVDC
lines through their power converters, emphasizing how tun-
ing power flow can effectively reduce blackout sizes during
cascading failures [6], [9]. The ability to control power in
HVDC lines can act as a firewall, preventing the spread of
certain blackouts. A range of methodologies exists to ana-
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lyze cascading failure dynamics [10], [11] (see [12] for a
comprehensive overview of emerging methods for risk as-
sessment, modeling, and simulation). A graph theory ap-
proach can also determine which lines to add or remove to
adjust connectivity and contain damage [13]-[17].

In this paper, we propose a method to efficiently deter-
mine the optimal power flow through HVDC lines during a
cascading failure to minimize load shedding. The proposed
method is applied to the European power grid to assess the
benefits of segmenting it into two parts, with the focus on
the reduction of blackout risk. The blackout dynamics of the
European power grid are modeled using the ORNL-Pserc-
Alaska (OPA) model [12], [18]-[22]. To accurately repro-
duce actual blackout dynamics, the model is calibrated with
data reported by ENTSO-E [23]. Once the model has been
validated, it is employed to explore changes in blackout risk
when HVDC lines are introduced to segment the grid at vari-
ous points.

Our main findings are as follows. (D The proposed meth-
od is highly accurate and efficient in determining the opti-
mal power flow through HVDC lines to reduce load shed-
ding. @ The OPA model reliably reproduces blackout statis-
tics for the European power grid, indicating a near-critical
state. (3 Segmenting the power grid with HVDC lines signif-
icantly decreases blackout risk by reducing the size of black-
outs affecting both sides of the HVDC lines. 4) The savings
from risk reduction could amortize the investment in convert-
ing conventional AC lines to HVDC lines within a few years.

The structure of this paper is as follows. In Section II, we
describe the OPA model used to study the blackout dynam-
ics of the European power grid and the method employed to
control the power flow through HVDC lines during cascad-
ing failures. In Section III, we analyze the reference case,
which includes only AC lines. Section IV presents the re-
sults obtained with the proposed method when segmenting
the European power grid at two different locations: first, by
segmenting the Iberian Peninsula from the rest of Europe
with HVDC lines; and second, by segmenting the power
grid into approximately two halves connected by HVDC
lines. In Section V, a cost analysis is performed, comparing
the economic savings from reducing the probability of large
blackouts with the costs of converting the necessary AC
lines to HVDC lines. Section VI provides a discussion of the
results, and finally, in Section VII, some concluding remarks
are presented.

II. OPA MODEL AND PROPOSED METHOD

The OPA model has been developed for the purpose of es-
timating the blackout risk in power grids [18], [19]. It inte-
grates two distinct timescales: fast timescale dynamics, in
which blackouts are simulated through cascading transmis-
sion line outages, and slow timescale dynamics, which cap-
ture the evolution of the power grid over years. The latter in-
corporates random daily demand variations and long-term de-
mand growth. During the fast timescale dynamics, power dis-
patches are repeatedly performed as long as line outages oc-
cur, until a stable solution with no further line failures is
reached, potentially resulting in some load shedding. The
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power grid, encompassing transmission lines, loads, and gen-
erators, is modeled using a DC load flow approximation,
which assumes linearized and lossless real power flows and
uniform voltage magnitudes. The power dispatch is deter-
mined by minimizing the cost function:

Cost="> C(i)P,(i)+ E C,i(i) -LS(i)

ieN, ieN,

(M

where N, is the set of generators; N, is the set of loads;
C,(i) is the cost per MWh of the power P,(i) generated at
node i; and C,(i) is the cost per MWh of load shedding
LS(i) =0 at node i. To penalize the loss of power, much
larger values of C (i) are typically used than C,(i). Follow-
ing [24], we take C,4(i) =100 and C,(i) =1. The optimiza-
tion is performed using the simplex algorithm, including the
necessary constraints on power balance, line flow, and gener-
ation limits [24]. The simplex solution determines the power
generated at each plant, the power flowing through each
line, and the amount of load shedding. While load shedding
is typically zero, the simplex algorithm sometimes converges
to a solution with some load shedding due to line failures.

The slow timescale dynamics involve the progressive up-
grade of the parts of the power grid impacted by blackouts.
Line upgrades occur in response to outages, and generation
upgrades address the constant increase in demand. This com-
bined dynamic continually pushes the power grid to its oper-
ational limits, where a random failure can easily trigger a
cascading blackout. With properly chosen parameters, the
simulation results replicate the statistical properties of black-
outs, including their frequency and size. These results can
then be used to estimate the overall blackout risk of the pow-
er grid [1], which is computed as:

Risk=AP [1(5)5ds 2)

where S=LS/P is the load shedding LS relative to the total
demand P; A(S) is the probability of having a blackout of
relative size S; and A4 is an undetermined constant, so it is
convenient to normalize the risk to a reference case. Risk
provides information similar to the standard system average
interruption index (SAII) [9].

The OPA model has been validated with blackout data
from the Western Interconnection in the USA [25]-[27]. En-
hanced versions of the OPA model have been proposed and
validated in the literature [20], [22]. In [28], a modified ver-
sion of the OPA model is also used to develop real-time risk
assessment methodologies for cascading failures in power
systems with high proportion of renewable energy. In this
work, however, the original model is used for the sake of
simplicity, as it already captures the features of blackout sta-
tistics necessary for the purpose of this study.

The original OPA model incorporates only conventional
lines, characterized by their impedance and power flow lim-
it. However, recent modifications to the model have been
made to incorporate power lines capable of modifying their
instantaneous power flow during cascading failures, like
HVDC lines [9]. In this modified model, power flow is indi-
rectly controlled by adjusting the impedance of each HVDC
line. It is important to note that HVDC lines are considered
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part of the grid infrastructure and, akin to conventional lines,
are susceptible to failures during cascading events. In [9],
the optimal impedance value that minimized load shedding
during cascading failures was determined using a Monte Car-
lo method. This method involves repeatedly dispatching pow-
er with random impedance values to explore a significant
portion of the parameter space, ultimately finding an approxi-
mate optimal value. However, this method is computational-
ly expensive and inefficient, especially with a large number
of HVDC lines.

In this work, we propose an alternative method that is fast-
er and more accurate for determining the optimal power
flow through HVDC lines to minimize load shedding during
blackouts. This method incorporates the power flow of
HVDC lines as additional optimization variables in the sim-
plex algorithm, which is used to solve the dispatch problem.
Unlike the Monte Carlo method, where the impedances of
all lines are predefined and the power flow of each line is
derived from these values, our method directly optimizes the
power flow of HVDC lines.

In the original OPA model, the simplex variables include
the generation power P,(i) and load shedding LS (i) at each

node. Constraints enforce the power balance at each node
and limit the power flow £ (/) through each line to a maxi-
mum value F, (/). The power flow F (/) through each line
[ is derived from P (i) and LS(i) values using the imped-
ance matrix of the power grid. In the proposed modification,
the power flow through each HVDC line is not derived any-
more: it becomes a new optimization variable. This requires
updates to the simplex constraints to ensure local power bal-
ance at nodes adjacent to HVDC lines and to enforce limits
on the maximum allowable power flow through HVDC lines
F (/). Since HVDC impedances are not included in the im-
pedance matrix, their values remain flexible and are deter-
mined after solving the optimization problem.

This method introduces only a small set of additional vari-
ables, equal to the number of HVDC lines, and has a mini-
mal impact on the computational cost of the simplex solver.
Furthermore, the cost function remains unchanged, and the
modifications do not affect the non-linear iterative loop of
the OPA model. Simulations show that the number of itera-
tions required for convergence is barely affected by these
changes, demonstrating the computational efficiency of the
proposed method. By optimizing the power flow through
HVDC lines in this way, the proposed method significantly
reduces the blackout risk in power grids. The following sec-
tions analyze the effectiveness of this method when applied
to the European power grid.

In this work, the OPA model is implemented on the Euro-
pean power grid. The data used to construct a network con-
sisting of 1497 nodes and 2199 lines, which reproduces the
European power grid, are provided in [29]. Figure 1 shows a
geographically realistic representation of the European pow-
er grid, using the coordinates of the nodes. Panels (a) and
(b) in Fig. 1 highlight the specific lines (marked in red) used
to segment the power grid in the two scenarios studied. In
panel (a), the Iberian Peninsula is segmented from the rest
of Europe using 4 HVDC lines across the Pyrenees. In panel
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(b), Eastern Europe (EE) and Western Europe (WE) are sepa-
rated using 18 HVDC lines spanning central Europe. The
power grid is divided into zones corresponding to the differ-
ent member states of the European Union. From this perspec-
tive, the power grid is highly inhomogeneous, as countries
vary significantly in size. Figure 2 illustrates the different
zones of the European power grid.
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Fig. 1. Geographically realistic representation of European power grid.

ol;m2;03;04;05,v6;,07,m8;99;410;v11;012;513;m14;015;016
017;018;219;v20;021;222;x23;@24;m25

Fig. 2. Different zones of European power grid, with each zone represent-
ed by a distinct color or symbol to indicate its geographical grouping.

To accurately reproduce the dynamics of the European
power grid, some of the basic parameters of the OPA model,
namely, the random failure probability rate p, of transmis-
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sion lines and the instantaneous failure probability rate p, of
an overloaded transmission line during successive iterations
of a cascading blackout, must be determined from data. A
transmission line is considered overloaded when its power
flow exceeds 90% of its limit.

Information on blackouts in the real system, needed to es-
timate the parameters of the OPA model and validate the
model, is obtained from European Network of Transmission
System Operators for Electricity (ENTSOE) [23]. The datas-
et covers blackouts from 2010 to 2015. From this informa-
tion, the frequency of blackouts and their size distribution
can be calculated. These metrics allow for a preliminary esti-
mation of the parameters p, and p,.

The calibration process begins with constructing the Rank
function of blackout sizes from the ENTSOE data, as shown
in Fig. 3. The Rank function, also known as the Survival
function, represents the cumulative probability of experienc-
ing a blackout larger than a given size [9]. This provides an
intuitive way to compare the observed and simulated size
distributions of blackouts. A series of OPA model simula-
tions is then performed with varying values of p, and p, to
match the observed Rank function, the frequency of black-
outs, and long-range correlations. Specifically, the parame-
ters are adjusted iteratively until the simulated results closely
align with the empirical data. This approach ensures that the
model reproduces both the frequency and size distribution of
blackouts observed in the European power grid.

10°9

101 F

Rank

102}

—o-OPA model simulation
—=—ENTSOE data

1073 L
109

103 102 107!

LS/P

104

Fig. 3. Comparison of Rank function (or Survival function) of blackout
sizes from ENTSOE data and OPA model simulations.

We find that the set of parameters p,=0.000205 and p, =
0.02 reproduces well the frequency of blackouts of 0.11
blackouts per day in the ENTSOE data, as well as their size
distribution. The Rank function obtained from the OPA mod-
el simulations is also shown in Fig. 3, demonstrating a rea-
sonably good agreement with the observed ENTSOE data,
particularly for medium and large blackouts. This alignment
confirms that the chosen parameters provide a reliable repre-
sentation of the system dynamics, ensuring that the risk for
different scenarios can be calculated with sufficient accura-
cy. Some discrepancies are observed for smaller blackouts,
which may be attributed to underreporting of small events in
the ENTSOE data or the inherent limitations of the OPA
model in fully resolving minor cascading failures. However,
these differences do not significantly impact the reliability of
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the model in assessing the risk of large blackouts, which is
the primary focus of this study.

The value of p, obtained by fitting the data corresponds,
in the OPA model, to a value very close to the critical point
[18]. For values of p, below the critical point, failures rarely
propagate, while for values above the critical point, a ran-
dom failure can trigger very large blackouts within just a
few iterations. Near criticality, however, blackouts of all siz-
es are expected, with their sizes following a power-law distri-
bution [18]. Achieving very low values of p, is challenging
from an engineering perspective, as overloaded lines are in-
herently prone to failure. Conversely, power grids with low-
er-quality components or insufficient maintenance are likely
to exhibit larger values of p,.

According to the OPA model, power grids such as the
Western USA interconnection or the European power grid
studied in this work appear to operate near a critical point,
which explains the small but non-zero risk of large-scale cas-
cading failures. The proximity to a critical point can be quan-
tified by the generalized autonomous generational average
Agg @ measure of cascading propagation that peaks at the
critical point [30], where cascading failures are most likely
to propagate extensively. In Fig. 4, the value of 1,,,, comput-
ed for different values of p, is shown for the European pow-
er grid. Error bars represent the standard deviation of the nu-
merical results. The value of p, that best fits the data,
marked by the vertical black line, is very close to the maxi-
mum, further indicating the proximity of power grid to a crit-
ical point, where blackouts of all sizes are statistically possi-
ble.

+igaga
[ Error
1.0}
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Fig. 4. Value of 1, computed for different values of p,

gaga

III. REFERENCE CASE

The present European power grid (not including HVDC
lines) is used as the reference case. In order to achieve accu-
rate risk assessments, extensive statistical data are required
due to the influence of very large and rare events. In this
study, the OPA model simulations were conducted over an
operational period of 400000 days. This extensive simulation
provides a robust dataset for failure statistics, resulting in a
normalized root-mean-square deviation in the calculated risk
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of 4%. During this period, 44500 blackouts were recorded,
which is consistent with the known frequency of blackouts
in the European power grid. The majority of these blackouts
are confined to a single zone, with only a small number
propagating across multiple zones.

Blackouts that are confined to a single zone are more fre-
quent and typically involve relatively minor load shedding,
contributing less to the overall risk. However, in certain in-
stances, cascading failures can occasionally result in exten-
sive blackouts that propagate across the power grid, affect-
ing substantial portions of the power grid. These large black-
outs have the potential to impact one or two major zones or
even multiple zones simultaneously, thereby significantly in-
creasing the overall risk. Table I provides details of one of
the largest blackouts observed in the OPA model simulations
as an example. This blackout impacted 3% of the total Euro-
pean electric power, leading to the overloading of 1391
lines, with 29 of these lines ultimately failing. The blackout
affected a total of 11 zones (see Fig. 5) and persisted
through 16 successive iterations, with at least one line fail-
ing in each iteration. The final state of the European power
grid is depicted in Fig. 5, where the 29 line outages caused
by the blackout are marked in red. A video illustrating the
progression of the blackout can be found in Supplementary
Material A. It is evident that such large blackouts exhibit
highly complex and non-local dynamics, where failures in
very distant lines can occur simultaneously or in successive
iterations.

TABLE I
DETAILS OF ONE OF THE LARGEST BLACKOUTS OBSERVED IN OPA MODEL
SIMULATIONS

Iteration Zone affected Number of line outages LS/P (107)
0 Czech Republic 1 0.77
1 France 3 2.50
2 France 3 2.60
3 France 1 1.50
4 France 1 0.66
5 Germany 1 6.80
6 M iembour. Bularia 4 440
7 France 1 0.66
8 France 1 0.81
9 France 1 0.50

10 Spain, France, Italy 3 1.10
11 France, Romania 2 1.80
12 Spain, Germany 2 0.15
13 France 1 1.00
14 Austria 1 1.90
15 Portugal, France 3 4.80

The number of blackouts affecting each zone of the power
grid is not uniform, which is expected given the significant
differences in zone sizes. This variability is illustrated in
Fig. 6, where the probability that a blackout affects each
zone is plotted. The zone numbers correspond to the legend
in Fig. 2. It is important to note that a single blackout can
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impact multiple zones (as shown in Fig. 5), although most
blackouts are confined to a single zone. The zones most af-
fected by blackouts in OPA model simulations (red line in
Fig. 6) are, in decreasing order, zones 3, 2, 9, 13, and 22,
corresponding to France, Spain, Germany, Poland, and Ro-
mania, respectively. The simulation results generally align
well with the empirical data, capturing the relative blackout
probabilities across zones. Discrepancies observed in some
zones may stem from differences in regional reporting prac-
tices. Despite these differences, the overall trends validate
the ability of the OPA model to reproduce spatial variations
in blackout probability.

Fig. 5. Final state of European power grid following a large blackout with
details in Table 1.

0.35¢
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0301 —=—Empirical data
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0.20r
0.15¢
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Fig. 6. Probability of blackouts by zone: comparison of OPA model simu-
lations with empirical data.

Despite having only 230 empirical data points (compared
to the 44500 blackouts simulated with the OPA model) and
lacking data for several zones, the agreement between the
probability distribution of blackouts by zone obtained from
the OPA model simulations and the empirical data (blue line
in Fig. 6) is quite good. The major discrepancy between the
empirical data and the OPA model simulations is observed in
zones 12 and 13, corresponding to Czech Republic and Po-
land, respectively. While the data show a peak in zone 12,
the OPA model predicts a higher number of blackouts in
zone 13. Additionally, differences around zone 22 may stem
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from incomplete or inaccurate data for certain zones. Anoth-
er possible source of discrepancy is that the Europe power
grid is connected to other power grids such as those of the
United Kingdom and Scandinavia via HVDC links, which
are not accounted for in our model.

IV. RESULTS OBTAINED WITH PROPOSED METHOD

Segmenting a large power grid into two smaller grids con-
nected by HVDC lines offers advantages in controlling fre-
quency instabilities and reducing blackout risks [4], [9],
[31]. However, there is no general optimization procedure
for selecting the specific AC lines to convert into HVDC
lines for segmentation. Different physical and economic crite-
ria can justify one segmentation over another. In Sections I'V-
A and IV-B, we analyze two different segmentations of the
European power grid based on geographical and size criteria,
respectively.

A. Segmenting Iberian Peninsula from the Rest of Europe

In this subsection, the four lines connecting Spain and Por-
tugal to France and the rest of Europe are converted from
AC to HVDC, and the proposed method is applied to mini-
mize the blackout risk. These lines, marked in red in panel
(a) of Fig. 1, have been selected based on geographical crite-
ria. Due to its weak connection with the rest of Europe, the
Iberian Peninsula power grid is known to function as an “en-
ergy island” in terms of generation-consumption balance and
frequency regulation.

As explained in Section II, applying the proposed method
to these lines involves determining their optimal power flow
to minimize load shedding during each dispatch performed
in the course of a cascading blackout. In this subsection, re-
sults are obtained for the same simulation period as in Sec-
tion III, i.e., 400000 days, and are compared with those
from the reference case.

The proposed method proves particularly effective in re-
ducing the size of blackouts that simultaneously affect both
sides of the HVDC lines - specifically, the Iberian Peninsu-
la and France or the rest of Europe. This effect is evident in
the significant reduction in the probability of medium-to-
large blackouts of this type, as shown in Fig. 7.
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Fig. 7. Rank function of blackouts affecting both sides of Pyrenees simul-
taneously: comparison of cases with and without HVDC lines when Iberian
Peninsula is segmented from the rest of Europe.
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The proposed method is highly effective in reducing the
size of these blackouts, as demonstrated by the shift in the
Rank function. Overall, the results indicate a significant re-
duction in blackout severity, emphasizing the potential of the
proposed method for mitigating large-scale cascading fail-
ures. Furthermore, the number of large blackouts in zones 2
and 3, which correspond to Spain and France, located on ei-
ther side of the HVDC lines, is substantially reduced, as
shown in Fig. 8. Large blackouts are defined as those involv-
ing load shedding exceeding 1% of the local demand. This
demonstrates the effectiveness of segmentation with HVDC
lines in mitigating large-scale cascading failures, especially
in zones directly connected by the HVDC lines.

12000

—e— Without HVDC lines
—=— With HVDC lines

10000

8000

6000

4000

2000

Number of large blackouts

0 5 10 15 20 25
Zone

Fig. 8. Number of large blackouts by zone: comparison of cases with and
without HVDC lines when Iberian Peninsula is segmented from the rest of
Europe.

Globally, with HVDC lines there is an important reduction
in the probability of medium-to-large blackouts, correspond-
ing to the reduction of the blackouts affecting both sides of
the HVDC lines simultaneously. But these blackouts repre-
sent only a portion of the total blackouts affecting the Euro-
pean power grid. Therefore, when accounting for all black-
outs, the global reduction in the probability of medium-to-
large blackouts is smaller (blue line in Fig. 9).

10°
107!
-
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[
102
1073 L L L |
107 10 1023 102 107!
LS/P

——Without HVDC lines; —=—Spain-france (with HVDC lines)
——WE-EE (with HVDC lines)

Fig. 9. Comparison of Rank function of blackout sizes accounting for all
blackouts in European power grid for cases with and without HVDC lines.

Also, a better result is observed for the WE-EE case with
respect to the Spain-France case. This is because a signifi-
cant number of medium-to-large blackouts, affecting only
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one part of the power grid, are not as efficiently mitigated
by the proposed method. Additionally, there is no substantial
reduction in the frequency of blackouts. Overall, this results
in a 46% reduction in the global blackout risk in this case,
as shown in Table II.

TABLE I
RISK REDUCTION WITH RESPECT TO REFERENCE CASE

Case Risk reduction (% )
Spain-France (with HVDC lines) 46
WE-EE (with HVDC lines) 67

This result becomes even more significant considering
that Portugal and Spain account for only about 14% of elec-
tricity production of Europe. Previous studies on other net-
works have shown that segmenting a zone that represents a
small fraction of electricity production and consumption
with HVDC lines typically does not result in a significant
global impact [9].

B. Segmenting European Power Grid by Half

In this subsection, we attempt to further reduce the overall
risk of blackouts by segmenting the European power grid in-
to two parts of similar sizes, linked by HVDC lines. This ap-
proach has yielded better results in synthetic networks [9].
One part consists of Portugal, Spain, France, Belgium, Swit-
zerland, Luxembourg, the Netherlands, and Italy, which will
henceforth be referred to as WE. The other part contains the
rest of Europe, referred to as EE (see panel (b) in Fig. 1). A
total of 18 HVDC lines are required to segment the power
grid into these two regions.

This segmentation offers a better balance, as the WE re-
gion accounts for 54% of the total electricity production. In
this case, a larger reduction in blackouts is achieved com-
pared with the previous subsection (see Fig. 9), resulting in
a 67% decrease in global blackout risk compared with the
reference case (see Table II). As before, the primary cause of
this reduction is the control of medium-to-large blackouts af-
fecting both sides of the HVDC lines, whose probability is
significantly reduced. Figure 10 shows the size distribution
of these blackouts. The introduction of HVDC lines signifi-
cantly reduces the size of these simultaneous blackouts, as
indicated by the shift in the Rank function. This demon-
strates the effectiveness of HVDC lines in mitigating the
propagation of large-scale failures between the two regions.

The number of large blackouts in each of the zones has
been reduced compared with the reference case (see Fig.
11), with the most significant reduction observed in France.
The frequency of blackouts remains relatively unchanged
due to the occurrence of smaller blackouts. France is one of
the zones where the reduction is most significant. The effec-
tiveness of the proposed method in reducing the blackout
risk relies more on decreasing the size of the very large
blackouts affecting both sides of the HVDC lines than on re-
ducing the total number of blackouts.

The critical role of France in the large blackouts of the
European power grid (see Fig. 5) likely contributes to the
significant risk reduction observed in the previous subsection
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(see Table II). The control through the Pyrenees, despite the
Iberian Peninsula accounting for only a small fraction of the
total consumption and production, directly impacts France
and enhances the overall risk mitigation.
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Fig. 10. Rank function of blackouts affecting both WE and EE simultane-
ously: comparison of reference case (without HVDC lines) and WE-EE case

(with HVDC lines).
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Fig. 11.  Number of large blackouts by zone: comparison of cases with and
without HVDC lines when European power grid is segmented into two simi-
lar halves.

V. COST ANALYSIS

One of the most challenging aspects of studying blackouts
is assessing their costs. Each blackout is a unique event,
with numerous types of inconveniences, some direct and oth-
ers more difficult to quantify but still significant. There is
limited information available regarding the monetary costs
of blackouts. Electric power companies rarely provide de-
tailed data on blackouts, and most available information
comes from surveys of citizens or expert analyses.

In this section, we first estimate the cost of blackouts and
then evaluate the cost of converting AC lines to HVDC
lines. To assess the economic viability of our proposal, we
also compare the cost of conversion with the savings
achieved from reducing blackout risk.

A. Cost of Blackouts

Following [32], the cost of blackouts can be considered
proportional to the lost power during the blackout. The cost
of blackout £ can then be computed as:

Cost (k) =A-LS (k) - Duration (k) 3)
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where A is a constant, which represents the cost per MWh
lost; and LS (k) and Duration(k) are the load shedding of
blackout k£ and its duration, respectively. Systematic data on
these variables are only available from North American Elec-
tric Reliability Council (NERC) [33], which provides infor-
mation from 1984 to 2005 on blackouts in the USA.

The OPA model does not provide information on the dura-
tion of blackouts, which depends on their size and the ac-
tions of the transmission system operator (TSO) or distribu-
tion system operators (DSOs) to restore service [34]. To ap-
proximate the duration of blackouts, we analyze the duration
as a function of the load shedding in the data. In Fig. 12,
the duration of blackouts is plotted as a function of their
size (dots). Given the large variability in the data, we per-
form binning and plot the mean value (red dots) and stan-
dard deviation (black bars) for each bin. A linear fit to the
data (solid red line), corresponding to the relation Duration=
0.61V/LS, is shown for comparison. The variability is sub-
stantial, so this result should be considered a rough approxi-
mation.

102,
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Fig. 12. Duration of blackouts as a function of their size, measured as lost
power (LS), from NERC data (1984-2005) [33].

According to the relation between the duration and the LS
in log-log scale (see Fig. 12), which can be fitted by a
straight line with slope of approximately 1/2, the following
estimation for the duration of a blackout is obtained:

1
Duration(k) =B- (LS(k))? “4)
where B is the intersection point of the linear fit with the y-
1

axis in Fig. 12, and B=0.61 h/MW?2. The cost of blackouts

can then be estimated as:
3

Cost(k)=4-0.61-(LS(k))* (5)

The US Department of Energy has estimated that the loss-
es due to blackouts per year amount to $1.5x 10", Using (5)
and blackout data from the 23-year period mentioned above,
we can calculate the average cost per year and determine the
cost per MWh lost as 4 =3947 $/MWh.

The value of A4 is also estimated for the 1977 blackout in
New York City (USA) using information on both direct and
indirect costs, as shown in Table III [35]. As the total un-
served power during the blackout is 101.4 GWh, the cost
per MWh lost is estimated to be 4=3405$/MWh, which is
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surprisingly close to the previous estimation. In what fol-
lows, we will use (5) with 4=3947 €/ MWh (assuming an
approximate USA Dollar-Euro parity) to evaluate the cost of
blackouts in the OPA model simulations.

TABLE III
DIRECT AND INDIRECT COSTS OF 1997 BLACKOUT IN NEW YORK CITY
(USA) [35]
Object Direct cost (M$) Indirect cost (M$)
Business 34.0 160.4
Government 0 12.5
Power company 12.0 65.0
Insurance 0 33.5
Public health service 0 1.5
Transportation 9.1 17.3
Total 55.1 290.2

In the OPA model simulations, since the total demand
steadily increases, only the blackout size relative to the total
demand at the time of the blackout is meaningful. Therefore,
we use the actual average power peak demand P, to set the
proper scale of blackouts in (5): LS(k)=LS,,,(k) P,
where LS,,,(k) is the relative size of blackouts obtained
from the OPA model simulations. In the European power
grid, the average power peak demand is approximately P,=
6.150 x 10> MW. The yearly cost of the blackouts for the ref-
erence case without HVDC lines, as well as for the two cas-
es with HVDC lines, are shown in Table IV, calculated us-

ing (5).

TABLE IV
ESTIMATED YEARLY COST AND SAVING OF THE BLACKOUTS IN EUROPEAN
POWER GRID
Case Yearly cost (M€)  Yearly saving (M€)
Reference case 5980 0
Spain-France (with HVDC lines) 4096 1884
WE-EE (with HVDC lines) 3063 2917

B. Extra Cost of HVDC Lines

We assume that the cost of AC and DC power lines is
similar, with the main additional cost for HVDC lines aris-
ing from the necessary converter stations. Following [36],
the cost C,,, of an HVDC converter station with rated pow-
er P, can be estimated by:

Cconv=a0+alp (6)
where a,=7.85 M€ and a,=0.305 M€/MW, using 2024 up-
dated costs for voltage source converter (VSC) stations from
the Midcontinent Independent System Operator (MISO)
Transmission Cost Estimation Guide [37]. It is important to
note that, with the use of VSC stations, the risk of HVDC
blocking caused by commutation failure is avoided. This is a
significant advantage of VSC technology, with respect to old-
er line commutated converter technology.

For the segmentation discussed in Section IV-A, which in-
volves four HVDC lines between Spain and France, the cost
of constructing eight converter stations, one at each end of

conv
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the power lines, must be considered. Based on the power ca-
pacity of these lines (note that the current exchange capacity
between Spain and France is 2800 MW, which is expected
to be increased to 5000 MW with the construction of a new
HVDC interconnection), we assume P, =1000 MW. This
power transfer capacity is adequate for standard 400 kV AC/
+525 kV DC converter stations. The total extra cost is pre-
sented in Table V. For the case of segmenting the power gird
between EE and WE, the cost of 36 converter stations (18

HVDC lines) with the same rated power is considered.

TABLE V
EXTRA CoST OF HVDC LINES

Yearly operational

Case HVDC cost (M€) Cost (ME)
Spain-France (with HVDC lines) 2501 88
WE-EE (with HVDC lines) 11254 394

Additionally, we have considered the costs over time of
implementing HVDC lines to provide a more comprehensive
analysis. According to [37], the expense factor of an HVDC
converter station in USA, which accounts for property taxes,
cost of debt, and operations and maintenance, ranges be-
tween 2.76% and 3.74%, depending on the state. For this
study, we have assumed a representative expense factor of
3.5% and computed the corresponding yearly operational
cost for each case considered, as shown in Table V.

VI. DISCUSSION

The control of the power flowing through the lines con-
necting two distinct zones within a large power grid consti-
tutes an efficient method of reducing the blackout risk. Such
control can be achieved using, for instance HVDC lines, al-
though it is possible to obtain similar results using other
technologies. Using the proposed method, HVDC lines are
effective in avoiding the propagation of cascading failures
from one side to the other, reducing at the same time the
load shedding caused by the contingency. The finding of this
study demonstrates that HVDC lines can help in mitigating
some of the largest blackouts, thereby substantially reducing
the risk of such events.

In this study, we consider multiple ways of dividing the
European power grid and select three configurations that re-
quired the fewest HVDC lines for segmentation. Two of
these configurations are presented in this study, while the
third, separating Portugal, Spain, and France from the rest of
Europe, is omitted as it yields results similar to the WE-EE
segmentation. Additionally, we use a sinusoidal-like demand
profile to account for seasonality, ensuring that our results re-
flect the variability in demand patterns across different sea-
sons.

Alternative grid topologies using synthetic networks were
also analyzed in a previous study [9], which demonstrated
that segmented power grids consistently exhibit a substantial-
ly lower blackout risk compared with their original configu-
rations.
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While the current parameters p, and p, are well-calibrated
based on historical data, we acknowledge the need for updat-
ed data to reflect the evolving nature of modern power grids.
The increasing penetration of renewable energy sources intro-
duces new dynamics that can significantly influence black-
out risk. Notably, the increased risk associated with renew-
able energy sources is primarily due to their intermittent na-
ture [38], which can lead to generation shortfalls during peri-
ods of high demand, rather than changes in the lines that
can affect parameter p, or p,. However, the comprehensive
updates to the model, including parameter recalibration and
structural adjustments, are necessary to fully capture these ef-
fects.

Sensitivity analyses of p, and p, have been performed in
previous studies for other power grids (e.g., [39], [40]), and
these studies indicate that the qualitative findings of the OPA
model are robust to variations in parameter values. Based on
these insights, we expect that our qualitative conclusions,
such as the effectiveness of segmentation with HVDC lines
in reducing blackout risks, would remain valid even with up-
dated parameters. However, updated data would enable more
precise quantitative estimates of blackout risk and economic
savings, further enhancing the accuracy and applicability of
this study.

The proposed method has the potential to be economically
viable. In the case of converting the four lines connecting
Spain and France through the Pyrenees from AC lines to
HVDC lines and applying the proposed method, considering
the costs and total savings presented in Tables IV and V, the
payback time could be as short as 1.4 years. However, it
should be noted that indirect costs are the majority in the es-
timation of total blackout costs (see Table III). When the
payback time is calculated based solely on direct costs, a re-
sult of 7.2 years is obtained. This appears to be a more real-
istic estimation. The proposal of dividing the European pow-
er grid into two similar halves, despite reducing even more
the global blackout risk, results in a longer payback time (ap-
proximately 4.5 years; 23.3 years if only direct costs are ac-
counted), due to the necessity to convert a larger number of
power lines (18 in this case).

The cost analysis presented in this study, while providing
useful insights, faces several challenges. For instance, indi-
rect costs such as those associated with societal and econom-
ic disruptions dominate the estimates but are difficult to
quantify accurately and vary significantly across regions. Ad-
ditionally, the lifetime and maintenance costs of power elec-
tronic converters [36], [37], [41], although partially taken in-
to account in our analysis through the expense factor, are
critical issues that influence the long-term economic feasibili-
ty of such investments. A more comprehensive analysis, in-
corporating regional differences and updated economic pa-
rameters, would provide a clearer picture of the financial im-
plications. Exploring these aspects represents an essential di-
rection for future research, as a more detailed cost-benefit
analysis is necessary to support investment decisions in
HVDC technology.

These estimations consider solely the advantages of HVDC
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lines in terms of the control of blackout propagation. Howev-
er, it should be noted that HVDC lines also possess other ad-
vantages, including their capacity to contribute to frequency
control. The rapid response of HVDC systems, facilitated by
power electronics, enables precise adjustments of power
flow on sub-second timescales, which is particularly advanta-
geous in mitigating frequency deviations. For example,
HVDC connections have been shown to stabilize frequency
fluctuations in smaller grids connected to a larger system act-
ing as an energy pool. A notable example of this is the pow-
er grid of Balearic Islands, which operates asynchronously
with mainland Spain and is connected via an HVDC cable.
This HVDC link is programmed to control frequency devia-
tions beyond £0.15 Hz, demonstrating the potential of
HVDC to enhance grid stability through effective frequency
regulation [42].

The frequency of different segmented systems has not
been considered in this study, and this is a topic to be ex-
plored in future research. However, the complete segmenta-
tion of a zone from the rest of the power grid, or even the
division of the power grid into two, may also help avoid fre-
quency instabilities of the kind that occurred on 8 January
2021, which resulted in the separation of the European pow-
er grid into two desynchronized areas (see [43]). The inclu-
sion of HVDC lines, with their capacity to address synchro-
nization issues, has the potential to further reduce the invest-
ment payback time.

The proposed method, as with other smart control sys-
tems, relies on real-time information, which introduces a po-
tential vulnerability to telecommunication network failures.
However, the ongoing trend towards a smart power grid is
evident. The monitorization and digitization of the power
grid are providing system operators with real-time and sys-
tem-wide information. This renders the proposed method
highly compatible with this evolving scenario. The proposed
method does not require extensive amounts of data. Under
typical grid conditions, it is assumed that the real-time data
regarding node consumption and power plant generation is
readily available. In the event of a line outage, a new dis-
patch excluding the faulty line is solved to determine the op-
timal power flow in the HVDC lines to minimize load shed-
ding. The new power set point is then communicated to the
HVDC converter stations, a process that generally requires a
few seconds or less, assuming uninterrupted communications.

In the unlikely event of simultaneous power line and tele-
communication system failures, no action could be taken,
and the power flow of the HVDC lines would remain con-
stant. However, this would not worsen the situation com-
pared with the reference case. Conventional security relays
would still operate as usual, and the load shedding would be
comparable to that in the reference case but not worse.

Phasor measurement units (PMUs) and wide-area measure-
ment systems (WAMSs) could significantly enhance the pro-
posed method by delivering high-resolution and synchro-
nized measurements of system dynamics. These technologies
improve situational awareness, enabling the control system
to respond more accurately and promptly to evolving condi-
tions during cascading failures. By integrating PMU and
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WAMS data, the method could handle fast-changing scenari-
os more effectively and provide better protection against
large blackouts.

VII. CONCLUSION

The findings of this study demonstrate that the implemen-
tation of HVDC lines for grid segmentation, in conjunction
with the proposed method, results in a substantial reduction
in the incidence of large blackouts within the European pow-
er grid. This, in turn, leads to a corresponding decrease in
the overall risk of blackouts. Specifically, the analysis indi-
cates that segmentation through the Pyrenees could reduce
the blackout risk by up to 46%, while segmentation into WE
and EE zones could reduce it by up to 67%. These reduc-
tions translate into estimated payback time of approximately
1.4 years and 4.5 years, respectively, based on total blackout
costs. However, when direct costs are considered alone, the
payback time is projected to extend to 7.2 years and 23.3
years, respectively, thereby underscoring the impact of indi-
rect costs on the economic viability of such investments.

The method for determining optimal power flow through
HVDC lines during contingencies to minimize blackout size
is both fast and effective, making it suitable for real-time
practical applications. It adds minimal computational over-
head to existing dispatch methods, demonstrating the feasibil-
ity of integrating the proposed method into operational grid
management.

The identification of the optimal locations for HVDC seg-
mentation within the European power grid presents a com-
plex challenge. A comprehensive examination is conducted
encompassing geographical and size criteria, with the analy-
sis extending to segmentation through the Pyrenees and the
central European region. Both cases yield positive results
with varying payback time. Of these two options, the seg-
mentation through the Pyrenees appears to be more advanta-
geous. Similar results can be achieved by segmenting other
regions, such as segmenting Italy or the Balkans, and intro-
ducing multiple barriers could further enhance blackout risk
reduction.

The findings of this study are reasonable despite the limit-
ed available blackout data for the European power grid. The
data provided are suboptimal in that it is aggregated by
months and regions, and it is not possible to distinguish be-
tween isolated blackouts as well as larger and interconnected
blackouts. Furthermore, the European states included in the
dataset do not correspond to the set of states incorporated in
the power grid. Improved data would facilitate more precise
calibration of the model and enhance the accuracy of quanti-
tative estimates, including the cost-benefit analysis.

Finally, in addition to, or alternatively to, the complete
segmentation of parts of the power grid through the replace-
ment of existing AC lines with DC lines, other strategies for
the mitigation of blackout propagation could be investigated.
These include the addition of isolated embedded HVDC
lines, the implementation of flexible alternating current trans-
mission system (FACTS) devices on specific AC lines, the
integration of phase shifters, and the deployment of energy
storage units in selected grid locations.
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