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Introduction

In recent years, the unbundling of the electricity market together with the profound “energy
landscape” transformation have made the transmission network development planning a very
complex multi-objective problem. The climate and energy objectives defined at the European
level aim for a deepening integration of the European power markets and the electricity sector
IS recognized as one of the main contributors to the energy transition from a thermal-based
power system to a renewable-based one.

In the deregulated framework, network planners have to satisfy multiple different objectives,
including: facilitating competition between market participants, providing non-discriminatory
access to all generation resources for all customers, including green resources, mitigating
transmission congestions, efficiently allocating the network development actions, minimizing
risks associated with investments, enhancing power system security and reliability and
minimizing the transmission infrastructure environmental impact. Further complexities are
related to the significant uncertainty about future energy scenarios and policy rules. In
particular, the increasing distributed renewable energy source integration dictated by the
European energy targets, raises several issues in terms of future power flow patterns, power
system flexibility and inertia requirements, and cost-effective development strategies
identification.

The thesis aims to investigate various aspects concerning the transmission network planning,
with particular reference to the Italian power system and the experience gained working in the
“Grid Planning and Interconnections Department” of Terna, the Italian Transmission System
Operator.

One of the main topics of this work is the use of the series compensation to exploit operating
limits of underused portions of the HV — EHV transmission network in parallel to critically
loaded ones, in order to control and provide alternative paths for power flows. The purpose is
to extend the allowable transmission capacity across internal market sections. To this aim, a
specific application of series compensation (together with reconductoring) to exploit the
transfer capacity of a 250 km long, 230 kV-50 Hz transmission backbone spanning the critical
section Centre South — Centre North is illustrated in Chapter 1. The results are validated by
means of static assessment and similar applications could be hypothesized for grid portions in
the South of Italy where the primary network is mainly unloaded whereas the sub-transmission
network reaches high levels of loading because of the huge renewable generation capacity

situated there.



A further characteristic of modern power systems is the need to integrate high levels of
renewable energies while fulfilling reliability and security requirements. In Chapter 2, the
offshore wind farms perspectives in the Italian transmission system are evaluated, considering
policies, environmental and technical aspects. Furthermore, the adoption of the HVDC
technology in parallel to the AC traditional system topic is addressed: planning static and
dynamic studies involving a real HVDC Italian project are proposed. In particular, the impact
of the planned HVDC link on the loadability and the dynamic performance of the system is
investigated in medium and in long-term future planning scenarios.

The evaluation of the thermal performance of a specific grid portion in the South of Italy
affected by significant increase of power generation by variable energy sources is proposed
both in the current situation and in the future scenarios in order to highlight the benefits related
to the presence of the planned network reinforcements. Finally, some issues of the prospective
reduced inertia systems are illustrated and a possible methodology to evaluate the economic
impact of inertia constraints in long-term market studies is proposed.

In the light of the emerging concept of power system flexibility, traditional planning evolved
to assess the ability of the system to employ its resources when dealing with the changes in load
demand and variable generation. Flexibility analyses of the Italian power system, carried out in
terms of some market studies-based metrics and grid infrastructure-based indexes, are provided
in Chapter 3. The flexibility requirements assessment in planning scenarios are of interest to
evaluate the impact of network development actions and have been included in the yearly
National Development Plan.

The last research topic involves the cost-effective target capacity assessment methodology
developed by Terna in compliance with the Regulator directives and presented in Chapter 4,
together with the results yielded by its application to each significant market section of the
Italian power system. The methodology has been positively evaluated from academic
independent expert reviewers, and its outputs are relevant for the policy makers, regulatory
authority and market participant to assess and co-design the energy transition plan of a future

European interconnected power system.



1. Series compensation

Reactive compensation methods have been devised with the aim of realize voltage control and
increase power transfer capability, especially when generators are located far from the load
areas. The effectiveness of these methods is proved by the common practice in the power
industry, due to the active power flows sensitivity to reactive power changes. Furthermore, the
reactive power propriety to be generated at any location without external energy sources makes
the reactive compensation relatively inexpensive [1].

Series capacitors allow to control the longitudinal impedance of the network, while also
providing reactive power. By reducing the total reactance of the transmission line, the series
compensation improves power system stability and helps to control the voltage drop along the
line. Since the series capacitors are passive elements in the system, they perform these functions
function without external controls or operator action.

The main application of series capacitors is nowadays represented by the compensation of long
EHV transmission lines connecting power plants to distant consumption areas, with the aim of
increasing the power transfer under angle stability constraints. This occurs mainly in countries
characterized by an important geographic extension: in ENTSO-E space, the use of series
compensation is basically limited to center-north Sweden [2] and Turkey.

In comparatively smaller countries, such as Italy, the meshed electrical grids and the shorter
transmission lines make angle stability less constraining for power system operation. However,
an interesting application of series compensation in a densely meshed system is represented by
their use to regulate active power flows, in order to allow the loading of underused grid portion
in parallel with critically loaded ones, expecially in case of contingencies. In fact, power system
reliability is a primary concern for power system engineers both in planning and operation
phases, to meet security and adequacy standards. Moreover, the most straightforward solution
to extend the operational limits of strategic transmission paths (additional transmission lines
building) is hardly practicable nowadays due to the increasing public opposition.

All these aspects have led to the investigation of the possible application of the series
compensation to exploit the capability of selected backbones which span critical sections of the
Italian power system. Series compensation has been employed in transmission systems
worldwide since the 1950s. It represents an effective means of improving steady state voltage
regulation since series capacitors are inherently self-regulating [3], raising the voltage collapse
limit, increasing power transfer capability of transmission lines by raising the transient stability

margin, improving the reactive power balance. It could also be used for active load sharing
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between adjacent transmission corridors by changing impedances and damping of system
oscillations, by resorting to Thyristor Controlled Series Capacitors (TCSC), [4 — 6].

In planning studies, series capacitors represent a less capital intensive solution (which also
requires minimal permitting and siting requirements) to increase the capacity of existing
transmission lines, allowing the optimization of the overall asset utilization, as well as the
minimization of risk through the preservation of right of ways and corridors for future needs.
In the following, a real case study is presented showing different scenarios involving the present
configuration (with and without series compensation included) and the re-equipment of the

backbone under study (with and without series compensation included).



1.1 Introduction

The idea of using the series compensation to exploit the operating limits of underused grid
portions and providing alternative paths for large active power transfers, expecially during
important contingencies affecting the EHV transmission network, can be attractive if series
capacitors are located within the TSO’s sub-stations as this solutions is less capital intensive
than mid-line compensation and has minimal permitting and siting requirements.

Starting from the analysis of the critical sections of the Italian power system, a specific
application of series compensation (in conjunction with reconductoring with modern high-
temperature conductors) has been studied for a 250 km long, 230 kV-50 Hz transmission
backbone spanning the critical section Centre South — Centre North. The latter has been
considered a strategic one as it could allow significant power transfers in the South to North
direction, as confirmed by the planned development “Removal of 230 kV Centre South — Centre
North restrictions” (included in the National Development Plan since year 2014).

Actually the 250 km long, 230 kV-50 Hz transmission backbone under study is subject to severe
thermal rating limitations since it is equipped with old conductors. Besides the limited thermal
rating, the high longitudinal impedance of a long line equipped with single conductors
compounds the difficulty of loading a 230 kV with several important 400 kV transmission paths
in parallel.

The uprating studies carried out for the 230 kVV backbone are presented in sub-section 1.2.
Firstly, the operating envelopes of the line under study have been evaluated in the “as is” and
“after reconductoring” configurations, without series compensation.

Series compensation requirements are then assessed and the capability of both the present line
and the reconductored in the presence of series compensation have been obtained.

Extensive steady-state load-flow calculations have been performed both for the isolated
backbone and considering its effective loading within the meshed grid, in order to verify the
usefulness of the proposed approach.

Finally, sub-section 1.3 reports the results yielded by a parametric analysis of the impact of
series compensation on fault quantities in the Italian 230 kV — 50 Hz backbone under
consideration. The main results of the short circuit parametric analysis in terms of fault levels
(short-circuit currents, earth fault factor, voltage shift between neutral and ground, ratio
between the single-line-to ground fault current and the three-phase fault current and impedances
ratios) are illustrated both in the reconductored scenario without series capacitors and in the

reconductored and series compensated ones.



1.2 Uprating studies for a 230 kV — 50 Hz backbone in central Italy

One possible avenue of intervention on active power flows is represented by the structural grid
modification, by varying the longitudinal reactance of some network branches through the
series insertion of reactive components characterized by a fixed impedance.

This section deals with a possible application of the series compensation, presenting a case
study with series compensation used to increase power transfer in an underused grid.

The Italian power system zonal market configuration of the year 2018 [7] included six different
market zones (Fig. 1.1): North, Centre North, Centre South, South, Sardinia and Sicily.
Moreover, there is one “virtual zone” in the south of nation around the Rossano power plant,
where production is limited due to network constraints.

This structure naturally lends itself to the individuation of “critical sections”, which are more
likely to undergo grid congestions in some operational conditions. Once the proper zones of the
grid are identified, the maximum admissible transfer capacity between them must be assessed
by considering the grid topology, the power flows distribution in most probable operational
conditions, the thermal ratings of the lines and the associated security criteria [8].

The adoption of a zonal market provides several benefits such as the compatibility between the
power transfers between nodes and the grid constraints, as well as the definition of price signals
encouraging the Transmission System Operator to locate network developments in an efficient
way. It ultimately provides an assessment of the economic value of transfer capacity between
Zones.

This study assesses the feasibility of upgrading a 230 kV transmission line (Fig 1.1) capability
to increase the power transfer capacity between Centre North and Centre South market zones,
especially in case of severe contingencies affecting the Tyrrhenian EHV backbone.
Straightforward technical solutions (from the use of bundled phase conductors to a full
reconstruction of the line at 400 kV) are not viable, due to increasing authorization difficulties
and public opposition to new infrastructures. Therefore, the only practical approach is to retain
the present single-conductor 230 kV line structure, replacing the old Aluminum steel-reinforced
(ACSR) conductors with modern high-temperature ones; however in order to actually extend
the operational limits of the 230 kV transmission line, the use of series compensation is also
necessary.

The assessment of power transfer capability of the line under study is carried out before and

reconductoring. Then, the compensation requirements are evaluated both for the present



configuration and for the reconductored one, as well as the assessment of new power transfer

capacities. Finally, load-flow calculations verify the feasibility of results previously obtained.

Legend

s 230 kV — 50 Hz Transmission line under study

------------ Critical section Centre South — Centre North

Fig. 1.1. Market zones of the Italian power system (year 2018) with the f 230 kV transmission line under study.

1.2.1 Methodology and case study
The maximum transfer capacity of the line under study was analysed in two different scenarios:

the present scenario named “as i1s” and the “after reconductoring” scenario, with a greatly
enhanced thermal rating of conductors; in both cases, the line is analysed as an isolated system
with the reference single-line diagram shown in Fig 1.2. To obtain the operating envelopes,

thermal (i.e. maximum current) and voltage constraints are enforced at each node in turn.

ofof——p——d——e—— o0

1 2 3 4 5 6 7

Fig. 1.2. Single-line diagram of the existing line under study, in the present uncompensated configuration.



1.2.1.1 Present Line — Operating Envelopes
The line is composed by four stretches, all realized in single circuit with one conductor per

phase, with a total length of 250 km. Its main characteristics are listed in Table 1.1.

Table 1.1. Specifications and parameters of the 230 kV existing line under study.

Stretch | Length (km) | S(mm?) | Thermal rating (A) | ri(Q/km) | x(/km) | ¢ (nF/km)
2-3 49.7 509 618 0.069 0.40 9.01
3-4 69.1 509 618 0.069 0.40 9.01
4-5 67.5 509 618 0.069 0.40 9.01
5-6 65.5 428 559 0.082 0.40 9.01

The remarkable overall length and the use of a single conductor per phase (with a relatively
small cross-section) limit the maximum power transfer. Due to the presence of important 400
KV lines running in parallel along the Tyrrhenian backbone, the 230 kV line under study is
largely unloaded in normal operational conditions.

Considering a grid configuration with no intermediate loads, the 230 kV backbone under study
is equivalent to a single 252 km long non-homogeneous line whose maximum power transfer
can be determined by enforcing thermal and maximum/minimum voltage constraints at each
node in turn.

An example of the procedure used to obtain the operating envelopes is shown below in a (P,Q)
plane referred to receiving end of the line, namely those dictated by the maximum current at
node 2; similar developments dictated by voltage constraints are omitted because not
significant.

Starting from the two-port equations [9 — 11], the sending node (1, or “S”) and the receiving

node (7 or “R”) phase voltages can be expressed as:

Es = A, E, + By I (1.1)

ER = 527 ) Ez - Ez7 ) 1_2 1.2)
The receiving end current is given by:

I_R == _C_‘27 " Ez + 14_27 " 1_2 (13)

Simple manipulations yield the desired expressions of receiving-end voltage and current as a
function of current at node 2:
_ 527 ) Es - Btot ) 1_2

ER_I_Z max — /le (14)
= _527'ES+Att'I_2
IR_I_Z max = 14_12 . (15)



Lastly, the complex power at receiving end is now obtained:
NR_I_Z max = 3 ) ER_I_Z max ) I_R_I_z max (16)

By taking the magnitude of I, equal to the thermal rating (618 A) of the conductor of the line
first stretch (bottleneck) and varying the phase angle of I, between 0° and 360°, a (P,Q)
“capability” curve is obtained.

A similar operation is carried out to impose the maximum and the minimum admissible voltages
at each node, yielding two different voltage-limited capability curves (max/ min voltage
respectively). The resulting curves are, generally, ellipses in the complex plane (Pg, Qgr), as
shown in Fig. 1.3.

The combination of voltage and current constraints shows that operation is limited by maximum
current at line terminals and minimum bus voltage at node 7 resulting in a 206 MW maximum
active power at the receiving end, i.e. node 7. The attendant steady-state bus voltages and line
currents are summarized in Table 1.2. Note that both the voltage drop (AU=7.5 %) and the

phase shift (A9=32.1°) are quite large compared to values normally found at HV levels.
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Fig. 1.3. Receiving-end (P,Q) capability curves of the existing, non-compensated line as dictated by maximum

current in each segment.
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Fig. 1.4. Detail of the current-limited capability curves in Fig. 1.4.

Table 1.2. Voltage (amplitude and phase) and current values along the present line, at maximum power (Pr

=205.5 MW).
Node Current (A) | Voltage (kV) | A9, (n=1,...,7)
1 318.5 410 0°
2 554 233.5 -3.5°
3 555.8 228.3 -8.2°
4 556.8 222.7 -14.9°
5 556 219.1 -21.6°
6 553.5 216.6 -28.4°
7 318.2 381.3 -32.1°
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1.2.1.2 Reconductoring

In order to accommodate much higher currents, the existing ACSR phase conductors could be

replaced by “high temperature” ones such as the 27.5 mm Aluminium Conductor Steel

Supported (ACSS).

The conductor cross-section is shown in Fig. 1.5 while conductor data are reported in Table

1.3.
<\ ?\/\
N~ ~_/ .
L X LF D
S8 Eekr
/L oy : SN
- hy -
L ees
N, p! / N4 /
N \V'\ NS \'\ Vs
\,:( ijL__// /
. \ -
Fig. 1.5. Cross-section of the new 27.5 mm ACSS conductor.
Table 1.3. ACSS conductor technical specifications.
High Temperature ACSS Conductor
20 (10+15)
_ ALO _
Formation concli
MUHST 19x2.10
ALO 466.79
Theoretical sections (mm?) MUHST 65.81
Total 535.60
ALO 1.291
Theoretical mass (kg/m) MUHST 0.516
Total 1.807
Electrical resistance at 20 °C (Y/km) 0.06116
Internal breaking load of whole conductor (daN) 15620
Breaking load of nucleus (daN) 12931
Final elastic module under knee point (daN/mm?) 7050
_ _ i Whole conductor
Final elastic module over knee point (daN/mm?) 18000
Coeff. of thermal expansion under knee point (K1) 19.4x 10°®
_ i Whole conductor
Coeff. of thermal expansion over knee point  (K™) 11.5x 10°®
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The 20 °C resistance per unit of length of the ACSS conductor is r,,=0.06 Q/km: assuming a
1300 A maximum operating current the operating temperature given by the thermal equilibrium
equation is Tc=122 °C and the attendant resistance value is r;=0.089 Q/km.

After the change of conductors, all the line stretches have the same electrical constants and

thermal rating: the parameters after reconductoring are listed in Table 1.4.

Table 1.4. Specifications and parameters of the 230 kV existing line under study after reconductoring.

Length Sez. . T x c
Stretch (kr?]) (mm2) Thermal rating (A) © /lim) © /klm) (nF /Il<m)
2-3 49.7 532.6 1300 0.089 0.41 8.76
3-4 69.1 532.6 1300 0.089 0.41 8.76
4-5 67.5 532.6 1300 0.089 0.41 8.76
5-6 65.5 532.6 1300 0.089 041 8.76

Receiving-end capability curves in the (P,Q) plane for the line after reconductoring are shown

in Fig 1.6.
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Fig. 1.6. Receiving-end (P,Q) capability curves of the uncompensated, reconductored line as dictated by

maximum current in each segment.
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In this case, only part of the area enclosed by voltage-limited and current-limited capability
curves in the (P,Q) plane is viable: notably, “maximum current” operating points entail
unacceptably large values for both the phase shift between terminal voltages, and the reactive
power drawn by the line.

By adding a further constraint on angular separation, i.e. a (-45°++45°) limit, the actual
operating area shown in Fig. 1.7 is obtained. The resulting maximum allowed active power
transfer is 263.7 MW (+57.7 MW).

400

300 1 244

200

100

[kV]

PR { MW)
E

220

-100

-200
210

-300

205

-400

200

=500
=500 400 -300 -200 -100 0 100

QR { Mwvar)

Fig. 1.7. Detail of voltage- and current-limited capabilities for uncompensated, reconductored line (see Fig. 1.6)

with voltage magnitude color map and phase angle limits added.

Current and voltage (magnitude and phase) values in each node of the system for the maximum
power transfer regime are summarized in Table 1.5: it should be pointed out that the line
currents do not even attain the 60% of the 1300 A thermal rating. Despite the large phase shift,
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the increase in power transfer is just 50 MW over the base case because is not possible to load
the line after reconductoring at thermal limit while keeping terminal voltages within acceptable

magnitude and phase limits.

Table 1.5. Voltage (amplitude and phase) and current values along the reconductored, uncompensated line, at

maximum power (Pr =263.7 MW).

Node Current (A) | Voltage (kV) A31n (n=1,...,7)

1 441 410 0°

2 767 232.2 -3.9°
3 770 222.6 -10.5°
4 770 213.7 -20.4°
5 767.2 210.2 -30.6°
6 761.3 212.4 -40.5°
7 437.7 380 -44.5°

In order to overcome the severe constraint on line loading imposed by phase angle separation,
line compensation by means of series capacitors is the most straightforward solution.

1.2.2 Series compensation
A preliminary evaluation of the series compensation requirements could be obtained by

considering the ideal distributed compensation of a lossless line [12]. If a distributed capacitive
reactance x,. is added to the inductive per unit length line reactance x, the p.u.l. reactance of the
series compensated line becomes:

Xse =x = xc = (1= kge) (1.7)

The attendant series compensation degree is defined as:

kse = — (1.8)

The propagation constant and the characteristic impedance of the compensated line are:

Kie = Jw c x5 =Jo-c (1 —ks) =K"- (1 — k) (1.9)
X X
Lese = \/ e No o A ke) = Ze (1= kse) (1.10)

With the equal terminal voltages, the resulting expression for the active power flow is:
U?-sind

Ze J(L —kgo) - sin(K" /(1 = kge)) - L

By setting P=420 MW, U=230 kV, 9=20°, the value is k,,=0.58. This preliminary estimation

P, = (1.11)

is based on a very conservative 20° value for the phase angle separation between the terminal

voltages of the 230 kV line. However, for stability purposes the overall phase angle separation
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at 400 kV level, i.e. transformers included, is of interest, which requires a significant margin
towards the 30° — 35° target value.

1.2.2.1 Compensation requirements assessment

Uniformly distributed compensation is not feasible in practice, and compensation is
concentrated, either along the line at some convenient location or at the ends.

Three different locations are usually envisaged for the series capacitors banks:

- at mid-line [13], [14];

- at 1/3 and 2/3 of the length;

- at the line ends [15].

The last location is probably the most convenient and common and the two banks are usually
identical. This solution was also adopted in the present study. With capacitors banks installed,

the system shown in Fig. 1.2 becomes that in Fig. 1.8, with 15 nodes.

OOt ———trolert———rofe- ol o] -0-{©
1 2 5 8 11 14 15

Fig. 1.8. Single line diagram of line under study with series compensation included.

The compensation requirements for the real line could be assessed analytically, with some small
algebraic complication due to the number of banks involved and the different length of
individual line stretches. A very good estimate, however, can be obtained by following
simplified approach [1], [5], which takes line resistance into account while neglecting shunt
capacitances. This yields the following expression of the optimal series compensation

reactance:

2

U
Xeqopt = R 4-(71?) _1 (1.12)
S

where Us and Ur are respectively the sending-end and receiving-end voltages.
Assuming as a further approximation Us=Ug, (12) becomes:

Xeqope = V3R (1.13)

This yields the “optimal” series compensation degree:

X
kse,opt =1- e)q(,opt (1.14)
L

Based on the R and X, values for the present and the reconductored, still uncompensated line,

the above approach yields the series compensation degrees are summarized in Table 1.6.
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Table 1.6. Optimal series compensation degree for the present and the reconductored line.

Scenario Kse opt
Present configuration 0.67
Reconductored configuration 0.62

In the following, a slightly lower compensation degree of 60% was assumed for each of the 4
line stretches with two equal line-end series capacitors banks whose ohmic impedances are

summarized in Table 1.7.

Table 1.7. Ohmic impedances of series capacitor banks located along the line in the present (Scenario A) and the

reconductored (Scenario B) configuration.

Series Capacitor Banks Scenario A Scenario B
Ohmic Reactances [(] Ohmic Reactances [()]
Zoc1r Zsc o 6.0Q 6.1Q
Zec3y Zsca 8.3Q 8.5Q
Zees: Zsco 8.1Q 83Q
Zse7 Zse s 79Q 8.1Q

1.2.2.2 Operating envelopes

The evaluation of the operating envelope of the present line with compensation added is carried
out assuming a 410 kV voltage at the sending end (node 1 in Fig 1.2). Only the current-limited
capability curves are reported since voltage profiles at high line loading are not critical in this
case given the series capacitors effect. As shown by current-limited curves in Fig 1.9, the
limiting factor is current intensity at node 4, i.e. at the sending-end of the 230 kV line (see also
the detail in Fig 1.10): the attendant maximum value of receiving-end active power is
Prvax=213.6 MW, only +3.6% compared with the uncompensated line (+8 MW).

The installation of series capacitors provides a negligible power transfer capacity increase for
the present line, since it does not affect the thermal limits. The benefits provided in terms of
voltage drop mitigation and phase shifting between terminal nodes are however evident, as
shown in Table 1.8. The voltage drop along the line decreases to the 1.9%, while the phase shift
between terminal nodes is reduced to 17.4°.

Fig 1.11 and Fig 1.12 respectively show the voltage and reactive power profiles along the line,
highlighting the discontinuities due to the presence of capacitor banks along the line. The

voltage “jumps” across individual capacitor do not raise concerns.
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Table 1.8. Voltage (amplitude and phase) and current values along the existing compensated line, at maximum
power (Pr =213.6 MW).

Node Current (A) | Voltage (kV) A91, (n=1,...,15)
1 327.4 410 0°
2 569.4 238.1 -3.59°
3 569.4 237.0 -2.19°
4 565.8 237.3 -6.98°
5 565.8 236.2 -5.60°
6 565.8 234.8 -3.65°
7 560.9 235.3 -10.32°
8 560.9 233.6 -8.39°
9 560.9 232.3 -6.49°
10 556 232.8 -13.02°
11 556 231.2 -11.13°
12 556 229.9 -9.28°
13 551.3 230.0 -15.69°
14 551.3 228.1 -13.84°
15 316.9 402.4 -17.37°
300
250
200
150
’;‘ 100
:  w
g 0
8
g -50
(&)
< _100
| [===Imax node 2
- 150 Imax node 5
—200H= = : Imax node 8
= |max node 11
_250H Im L —
= |max node 14 R
| |

0
—-350 -300 -250 -200 —-150 -100 -50 0 50 100 150 200 250

Reactive power (Mvar)

Fig 1.9. Receiving-end (P,Q) capability curves of the existing, compensated line as dictated by maximum current

in each segment.
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Fig 1.10. Detail of the current-limited capability curves Fig. 1.9.
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Fig 1.11. Maximum power (Pr=213.6 MW) operation of existing the line (with 60% series compensation):

voltage magnitude profile along the 230 kV line.
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Fig 1.12. Maximum power (Pr=213.6 MW) operation of the line (with 60% series compensation): reactive
power profile along the 230 kV line.
The evaluation of the operating envelope of the reconductored, compensated line is carried out
assuming a 410 kV voltage at the sending end (node 1 in Fig 1.8). Only the current-limited
capability curves are reported since voltage profiles at high line loading are not critical given
the effect of series capacitors. As shown by current-limited curves in Fig. 1.13, the limiting
factor is current intensity at node 2, i.e. at the sending-end of the 230 kV line (see also the detail
in Fig. 1.14): the attendant maximum value of receiving-end active power is Prmax=419.1 MW.
To allow this power transfer, a large amount of reactive power must be provided at the
receiving-end, despite the series capacitors, (-302.3 Mvar), while the phase shift between
terminal nodes is A9sr=38.8°. The increase of power transfer capacity of the reconductored line
under study is substantial when series compensation is added (compare Prvax=419 MW with
the previously achieved 263 MW, i.e. +59%; the increase over the base case is indeed more
than 100%). Table 1.9 summarizes the “maximum power” operating point, reporting the current
and voltage (amplitude and phase) values in each node of the system. As shown in Table 1.9,
the overall voltage drop along the line is significantly reduced in comparison to the
uncompensated case [16], since at receiving end the voltage amplitude is 407.9 kV (it was just
380 kV without series compensation). All line current magnitudes are very close to the 1300 A
thermal rating of the ACSS conductor; this means that it is possible to take advantage of new
conductors’ performance only in presence of series compensation whereas in the in previous
scenario (line after reconductoring in absence of series capacitors), line current could only reach
770 A.
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Fig 1.13. Receiving-end (P,Q) capability curves of the existing, compensated, reconductored line as dictated by

maximum current in each segment.
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Fig 1.14. Detail of the current-limited capability curves in Fig 1.13.
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Fig. 1.15 and Fig. 1.16 respectively show the voltage and reactive power profiles along the line,
highlighting the discontinuities across the capacitor banks along the line.

Table 1.9. Voltage (amplitude and phase) and current values along the reconductored-compensated line, at

maximum power (Pr =419.1 MW).

Node Current (A) | Voltage (kV) A81, (n=1,...,15)
1 747.5 410 0°
2 1300 237.8 -6.8°
3 1300 236.4 -3.5°
4 1297 234.2 -14.9°
5 1297 231.1 -11.6°
6 1297 228 -6.9°
7 1291 230.6 -23.2°
8 1291 224.1 -18.7°
9 1291 219.2 -14.1°
10 1282.2 228.4 -30.1°
11 1282.2 220.3 -25.9°
12 1282.2 213.7 -21.5°
13 1272 229.5 -36.8°
14 1272 219.6 -33.0°
15 731.3 407.9 -38.8°
240
|-
235 N
230
S 225 K
< 1
S 220
5 I _/ /
> 215 7
210 ..--"/
205
200
0 25 50 75 100 125 150 175 200 225 250

Line lenght (km)
Fig 1.15. Maximum power (Pr=419.1 MW) operation of the line (with ACSS conductors and 60% series

compensation): voltage magnitude profile along the 230 kV line.
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Fig 1.16. Maximum power (Pr=419.1 MW) operation of the line (with ACSS conductors and 60% series

compensation): reactive power profile along the 230 kV line.

1.2.3 Load - flow results
In order to show the effectiveness of the proposed approach, many steady-state operating points
of line under study at different stages of the development have been simulated by means of a

commercial power flow simulation program. Results for the following cases are summarized

below:

1. Current-limited operating condition of the existing line without series compensation
(410 kV sending-end voltage, 205.5 MW receiving-end active power);

2. Current-limited operating condition of the existing line with series compensation
included (410 kV sending-end voltage, 213.6 MW receiving-end active power)

3. Voltage-limited operating point of the line after reconductoring, without series
compensation (410 kV sending-end voltage, 263.7 MW receiving-end active
power);

4. Current-limited operating point of the line after reconductoring with 60% series

compensation (410 kV sending-end voltage, 419.1 MW receiving-end power).
Load flow results for the above described cases are summarized in Fig. 1.17.
Results are very satisfactory, with all line currents and node voltages (amplitude and phase)
very close to those obtained by the application of two-port circuit equations in previous

paragraphs.

22



410 kv 233.5kV 228.3kV 222.7kV 219.0 kv 216.6 kV 381.3kV

0.00 Deg -3.52 Deg -8.16 Deg -14.88 Deg -21.67 Deg -28.41 Deg -32.18 Deg
2224MW ] ‘ 554 A 556 A | 556 A 557 A 557 A -56 [556 A -556 [556 A 553, G.A—l—(
41.5 Mvar 1 224 MVA 208 MVA
-205 MW
44 Mvar
410.0 kv 238.1kV 237.0kV 237.3kV 234.8 kv 2353 kV 232.3kV 232.8kV 229.9 kv 230.0 kV 228.1 kv 402.4 kv
0.00 Deg -3.59Deg  -2.19 Deg -6.98 Deg -3.65 Deg -10.32 Deg -649Deg  -13.02Deg -9.28 Deg -15.68 Deg -13.84 Deg  -17.37 Deg

569.4 5658

230.7 MW 1 ’ | |565.8 560.9| | 560.9 |
-28.5 Mvar 235 MVA

551.3

| 218MVA |. ( >

3 4 5 6 7 8 9 10 -214 MW
56 Mvar
410.0 kv 232.2kV 222.6 kv 213.6 KV 210.2 kv 212.4KV 380.0 kV
0.00 Deg -3.98 Deg -10.56 Deg -20.46 Deg -30.65 Deg -40.52 Deg -44.60 Deg
303.5 MW 767 A 770A | 770A T70A 770 A 768A | 768A 7617 A
78.1 Mvar 309 MVA 280 MVA
-264 MW
116 Mvar
4100 KV 2378 kV 2364 kV 234.2 KV 2280 kv 230.6 kV 219.2 kV 284KV 2137 kV 229.0 kv 219.6 kV 4080 kv
0.00 Deg -6.81 Deg -3.50 Deg -1494 Deg  -6.94 Deg -23.24 Deg -1411 Deg -30.17 Deg -21.54 Deg  -36.85 Deg -33.00 Deg  -38.85 Deg
5311 M | |1298 1201 | |1291 1283 | |12&3 1273 | | L
7.2 Mvar 536 MVA 484 MVA
3 4 -419.1 MW
302.8 Mvar

Fig 1.17. Load flow results for: (a) the present line (old conductors, no compensation) at maximum power
Pr=205 MW, operation limited by maximum current (556 A) at the 230 kV line stretches bordering node 5; (b)
the present line with series compensation included at maximum power Pr=213.6 MW, operation limited by
maximum current (556 A) at the 230 kV line stretches bordering nodes 8 and 9; (c) the reconductored line
(ACSS conductors, no compensation) at maximum power Pr=263.7 MW, operation limited by minimum voltage
(380 kV) at node 7 (receiving-end); (d) the reconductored line with 60 % series compensation at maximum

power Pr=419.1 MW, operation limited by maximum current (1300 A) at the line stretch bordering node 3.
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1.2.4 Test within the meshed grid

This Section provides the results in terms of power flows obtained by the load-flow simulations
performed by the means of PSS-E tool considering the whole meshed transmission network
during the normal operation and in case of an important contingency along the 400 kV
Tyrrhenian backbone in order to verify the effectiveness of the considered solutions to increase
the power transfer across the critical section Centre South — Centre North. The simulations have
been carried out in all four analysed scenarios, both in the normal operational conditions and
when the critical contingency (outage of a 400 kV double circuit) occurs. The results are shown
in Table 1.10: the 230 kV backbone under study active power transfer “P,4p” iS compared in
each analysed scenario with the maximum allowable capability “P,, 45" defined in the previous

sections in order to state the feasibility or not.

Table 1.10. Results obtained from the load-flow tests within the meshed transmission network.

Scenario [IIJ\;IW\?\;(] I[JI\L/IW Feasibility

Existing line in normal operational conditions 205.5 127.8 yes

Existing line during the critical contigency ' 211 no

Existing compensated line in normal operational conditions 2136 245.7 no

Existing compensated line during the critical contigency ' 388 no

Reconductored line in normal operational conditions 263.7 124.1 yes

Reconductored line during the critical contigency ' 205.2 yes
Reconductored-compensated line in normal operational

i conditions P 419.1 2309 yes

Reconductored-compensated during the critical contigency 381.1 yes

The results show how the reconductored-compensated line can ensure higher levels of security

and reliability.
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1.3 Impact on fault quantities

A specific application of series compensation together with reconductoring has been presented
in the previous sub-section: the power transfer capacity of an Italian 250 km long, 230 kV-50
Hz transmission line spanning the Centre North — Centre South section presently restricted by
its low thermal rating, was increased by re-equipping the line with high-temperature Aluminium
Conductor Steel-supported (ACSS) conductors with a much higher thermal rating than the old
Aluminium Steel-Reinforced (ACSR) ones; the simultaneous installation of fixed 60% series
compensation is also foreseen. This solution allows to fully exploit the capability of the new
conductors, resulting in a 104% increase of power transfer capacity over the original
configuration.

The addition of series compensation to a transmission line presents complexities with regards
to the behavior during transmission line faults and to the relay protection of the line itself, and
in many cases the relay protection of adjacent and parallel lines. Said complexities will
obviously depend on the system configuration, degree of series compensation, series capacitor
protection and control schemes.

In the system under study, the capacitors are supposed located at the line terminals, with the
advantages of use of available space within the substations, and much easier access to the
equipment for maintenance and operations. Possible disadvantages of this solution are
increased requirements on line protection (possible voltage and current inversion phenomena)
and a less favorable voltage profile in comparison with the location of series compensation at

mid-point of the line.
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1.3.1 Parametric analysis
For the purposes of this study, neither loads nor connections to the rest of the system are taken
into account at intermediate locations along the line, as the backbone is supposed to operate

exclusively in support of the 400 kV system, as illustrated in Fig. 1.18.

Northern Southern
400 kv 400 kv
system system

1 2 3 4 5 6 7
ZSCl ZSCZ ZSC3 2504 ZSCS ZSCG ZSC7 ZSCB
Northern Southern
400kv ~|—©—|-D—H } | I)—D-I—c i i :)-I-D—H } } I)—D-Ic f}— el Q-I—O\—} 400 kv
system 2 3 3 4 4 5 5 6 system
1 2 South North 3 South North 4  South North 5  South North 6 7

Fig. 1.18. Single line diagram of line under study: uncompensated configuration (top) and with series
compensation included (bottom).

The uprated series-compensated line should be connected to the 400 kV system via a dedicated
600 MVA, 400/230 kV autotransformer at each end. Such autotransformers are of course
instrumental in dictating short-circuit levels at the 230 kV supply busbars; the foreseen three-
limb core construction also has a strong influence on the zero-sequence impedance at said
busbar.
This substantial recourse to capacitive series compensation is obviously bound to change the
line behavior during fault, namely a marked increase of fault currents is expected for all types
of faults and at all locations along the line compared to the corresponding quantities calculated
for the original line configuration. In case of single-phase-to-ground faults a limited but
noticeable increase of the earth faults factor, i.e. of the healthy phase voltages to ground is also
in order, due to the lower equivalent series compensation degree of the line’s zero-sequence
reactance.
Increased fault currents are obviously relevant to the line circuit breakers installed along the
line which moreover have to cope with a substantial rise of transient recovery voltages. The
increase of zero-sequence currents, albeit less marked, might be significant for the older
substations grounding systems, as well as for the single shield wire of the line.
In order to evaluate the short circuit levels increase related to the presence of the series
capacitors, a parametric analysis of fault currents is carried out in two different scenarios, i.e.
considering the reconductored line without and with series compensation. The existing line in

the present configuration is not studied since its re-equipment with high temperature conductors
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is already planned in the National Network Development Plan and is an prerequisite in order to
extend the operational limits in a significative manner.
The symmetrical components analysis is an effective way to evaluate unbalanced faults in a
power system by using positive, negative, and zero sequence impedances (Zi, Z2 and Zo
respectively) seen from the fault point. As the system is supposed to be symmetrical and
balanced before the fault occurs, sequence impedances are not coupled; in the subtransient time
interval the positive and the negative sequence impedances match [17].
For each scenario, the four different fault types are considered:

. Symmetrical three-phase fault without ground (3L);

. Single-line to ground fault (SLG);

. Line to line fault without ground (LL);

. Line-to-line to ground fault (LLG).
After reconductoring the whole backbone with the new ACSS line stretches have the same
electrical constants: the positive and zero-sequence parameters of the 230 kV line under study
are listed in Table 1.11.

Table 1.11. Positive and zero sequence parameters of the 230 kV existing line under study after reconductoring.

Positive-sequence Zero-sequence

r; X Ci Ty X170 Cio
(©2/km) (©/km) (nF/km) (Q/km) (©Q/km) (nF/km)
0.06 0.41 8.76 0.23 1.1 54

The three-phase networks at the terminals of the system under study are supposed to have a
short circuit power of 15000 MVA with X, = X; the magnitude of the voltage source is set at
¢ - U, /\/3 where U,, is the nominal system phase-to-phase voltage (400 kV), and c is the voltage
factor, intended to give a worst-case condition for fault current intensity and assumed equal to
1.05 [18].

In order to assess the fault currents magnitudes profiles along the line, the equivalent line
impedance is firstly expressed as a function of the line length both for the positive and for the

Z€ero sequences.

Z, =m+ix)-d, (1.15)

where d;_ is the variable length of the line:
dy, = dpin + 1AL (1.16)
ne(0,..,L) (1.17)
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L dzmaxALdzmm (118)
and AL is the length discretization step.

An example of procedure used to obtain the short circuit currents expressions is shown below
for the line stretch 2 — 5 in the series compensated configuration of Fig. 1.18; similar
developments can be replicated for the remaining stretches.

Starting from the uncoupled sequence networks (Fig. 1.19) the Thévenin impedance Z,,,;  seen
at fault location for a fault along the stretch 2 — 5 of the 230 kV — 50 Hz backbone under study

in the scenario B (see Fig. 1.18) is defined as:

Zat, "Ly
A = — 1.19
eq,ln <Za,ln +Zb,ln ( )
Where:
Zajp, =Z1-2t Zse1 t+ ZLf (1.20)
And:
Zot, = (20— Z1,) + Zoco + Zs1s (121)

Therefore, once the equivalent impedances are defined for the positive and the zero sequences,
the short circuit currents for the different considered fault types can be calculated.

2 5
Z5-15

Fig. 1.19. Uncoupled sequence networks for a generic portion of the system in Fig. 1.18.

For the sake of clarity, the expressions of short-circuit currents are recalled below. The arc
resistance and the fault impedance in general are neglected in order to obtain the maximum
possible fault levels.
1. Three-phase symmetrical fault: both the negative and the zero sequence networks are
omitted due to the balanced three-phase fault assumption. The three-phase short circuit

I3, is given by:
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c-U,
ro-_V3 (1.22)
3L — &~

Zeq 1,ln

2. The single line to ground short circuit current I_SLGn is given by:

A
Lo V3 (1.23)
" Zeq 0,1, +2- Zeq 1,1,

3. The line-to-line fault current I_LLn without earth is given by:

[ (1.24)
LLy 2 . Z_eq 1l .
4. The line-to-line to ground fault current I, is given by:
- . Zeqotn = @ Zeq 11, )
I, = —i-cUy- = & (1.25)

_ _ _ 2
2- Zeq Ll, Zeq 0,1, + (Zeq 1,1, )

Furthermore, the Earth Fault Factor (EFF) in case of line-to-ground faults is calculated at each
node of the system in order to verify the neutral grounding status of the backbone. By definition,
in an effectively grounded system the voltage to ground of the healthy phases during a line-to-
ground fault does not exceed 80% of the line-to-line voltage and consequently the EFF does

not exceed 0.8-V3, i.e 1.4 p.u.. Therefore, the system can be considered as effectively grounded

if [19]:
. the ratio of zero-sequence reactance to positive-sequence reactance a = X,/X; is
positive and not greater than 3;
. the ratio of zero-sequence resistance to positive-sequence reactance R,/X; is

positive and smaller than 1.

By neglecting the resistive parameters, the EFF assumes the simplified expression:

_V3-(1+a+a?)

(1.26)
|2 + a

EFF

Another significant parameter for the circuit-breakers stresses is the ratio between the single-
line-to ground fault current and the three-phase fault current. With the same assumptions

adopted for the EFF, the i,,, parameter can be expressed as:

ISLG 3
_Isie _ 1.27
T T 2+ g (1.27)
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When the ratio a is positive and smaller than 1, the single-line-to-ground fault current
overcomes the three-phase fault current and becomes instrumental in selecting the rated
breaking current of the circuit breakers along the line.

Finally, the voltage shift between neutral and ground e, i.e. the zero-sequence voltage E, in
p.u. of the pre-fault voltage equal to the nominal voltage E,,, neglecting the resistances is given
by [20]:

Ey
eO:E_:
n

Xo
X1+ X, + X,

12X, + X,

a
= |2 T a| (1.28)
1.3.2 Results and discussion
The Table 1.12 summarizes the fault quantities assessed for the system after reconductoring,
without series compensation (Fig. 1.18 top). It can be observed that the 3L fault currents are
larger than the single line to ground ones in all locations along the line. The higher fault levels
occur at the line terminals, being around 10 kA at 230 kV voltage level. Conditions for an

effectively grounded neutral, i.e. a < 3 and Ry/X; < 1, are fulfilled in all nodes.

Table 1.12. Fault-quantities in the Scenario A (after reconductoring, no series compensation).

Impedance
Fault I3 Iy I ratio

Location | (KA) Isic i e (kA) (kA)

(kA) m (p.u.)

Node 2 9.862 9.833 | 0.997 | 0.335 8.541 9.832 | 0.009 | 1.009 | 1.002

Single line to ground fault

EFF
Ro/X1 | Xo/X1

Node 3 5.227 3.880 | 0.742 | 0.503 4.527 4872 | 0.347 | 2.024 | 1.149

Node 4 4.116 2.878 | 0.699 | 0.531 3.564 3.797 | 0.428 | 2.268 | 1.177

Node 5 4.748 3433 | 0.723 | 0.516 4112 4404 | 0382 | 2129 | 1.161

Node 6 9.862 9.833 | 0.997 | 0.335 8.541 9.832 | 0.009 | 1.009 | 1.002

Table 1.13 summarizes the fault quantities assessed for the system after reconductoring and the
installation of series capacitors (Fig. 1.18 bottom). A remarkable increase in terms of short
circuit levels can be observed: the most relevant fault levels occur at 6-North (Fig. 1.18 top)
where Ig;; approaches 20 kA. Moreover, it can be seen that the single-line-to-ground fault
current I is greater than the symmetrical three-phase fault current at nodes 2 South and 6
North where the ratio a is smaller than one. On the other hand, with series capacitors installed
the X,/X; ratio is greater than 3 between nodes 3-South and 5-North (the R,/X; ratio stays

below 1). EFF values along the line increase in comparison with the scenario A, up to 1.3;
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however, the limit EFF<1.4 is still complied with, due to the effect of non-negligible positive-
sequence impedance of the line.

Finally, Fig. 1.20, Fig. 1.21, Fig. 1.22, Fig. 1.23 show the faults currents profiles along the
reconductored, compensated line (as the case more interesting in this context) separately

representing for the four line stretches for the sake of the clarity.

Table 1.13. Fault-quantities in the Scenario B (after reconductoring and series capacitors installed).

Eault Iy, Single line to ground fault I, I Imggctji%nce crr
Location | (kA) (Ililbs ', (pe?&) (kA) (kA) Ro/Xy | Xo/X,

Node2 | 11.003 | 10.605 | 0.963 | 0.358 | 9.528 | 10.690 | 0.016 | 1.115 | 1.019
'\é%i‘:hz 16.161 | 16.202 | 1.002 | 0.332 | 13.996 | 16.285 | 0.008 | 0.993 | 0.999
NNoé’rih?’ 7681 | 4965 | 0.648 | 0568 | 6.652 | 6.940 |0.524 | 2629 | 1.215
Node3 | 8475 | 5380 | 0.638 | 0575 | 7.340 | 7.673 | 0.569 | 2.704 | 1.222
'\é%i'iﬁ 11110 | 6411 | 0580 | 0.613 | 9.621 | 9.954 | 0.743 | 3.174 | 1.264
NNOé’r?h“ 7716 | 4227 | 0549 | 0634 | 6682 | 6.826 | 0.821 | 3.468 | 1.286
Node4 | 7.468 | 4414 | 0562 | 0.625 | 6467 | 6.665 | 0.787 | 3.334 | 1.279
'\é‘c’ﬁh“ 7.041 | 4307 | 0543 | 0638 | 6.877 | 7.048 | 0.844 | 3.522 | 1.290
NNofr'ih‘r’ 9887 | 5502 | 0559 | 0628 | 8563 | 8817 |0.806 | 3.371 | 1.279
Node5 | 8070 | 4.860 | 0.605 | 0597 | 6.989 | 7.260 | 0.657 | 2.958 | 1.245
NodeS | 7440 | 4541 | 0612 | 0592 | 6.444 | 6671 | 0.616 | 2.006 | 1241
NNofghG 19516 | 19.885 | 1.019 | 0.321 | 16.901 | 19.806 | 0.006 | 0.945 | 0.991
Node 6 | 11.003 | 10.605 | 0.963 | 0358 | 9.528 | 10.939 | 0.016 | 1.115 | 1.019
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Fig. 1.20. Fault current profiles for the reconductored, series compensated line: (a) along the first line stretch; (b)

detail of maximum fault level reached at “Node 2-South” in the phase-to-phase to ground short-circuit.

31



12 I
= 3-phase fault
N = = 1 2-phase fault
< 10.2f =+ = 1-phase fault N
< ‘\ b e+ phase to phase to ground 1
Clc.) ~;.'o
] 8.4 ~ ."'.\
=1 > e, Y
2 Salteee.,
g i -;.;.-"-..-.:'.;""'"'"'---ooo.........--OO"'
'S 6.6.. - W = - o
g T
o ® m,
et el
(7)) .'-.-
438 e -..'-.-'-'
3
0 13.82 27.64 41.46 55.28 69.1

Line length (km)
Fig. 1.21. Fault current profiles for the reconductored, series compensated line along the second line stretch: the

three-phase short circuit current is always major than the others and the maximum fault level is reached at “Node
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Fig. 1.22. Fault current profiles for the reconductored, series compensated line along the third line stretch: the

three-phase short circuit current is always major than the others and the maximum fault level is reached at “Node
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Fig. 1.23. Fault current profiles for the reconductored, series compensated line: (a) along the fourth line stretch;

(b) detail of maximum fault level reached at “Node 6-North” in the single-to-phase to ground short-circuit.
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1.4 Conclusions

The operating envelopes of an existing 250 km long, 230 kV-50 Hz line spanning Centre South

— Centre North market zones of the Italian power system was evaluated by directly enforcing

the relevant voltage- and current-based constraints.

As the resulting 205 MW limit was not satisfactory, in order to enhance the power transmission

capacity, design improvements such as re-equipping the line with high-temperature conductors

and use of series capacitors were evaluated via the same approach.

Main results can be summarized as follows:

1. Despite a 133% increase in maximum current at thermal limit (from a 556 A to 1300
A), replacing existing conductors with ACSS high-temperature ones does not allow
a significant power transfer increase because minimum voltage constraints limit the
capability to 263 MW, i.e. only 28% more than the present value;
2. The installation of 60 % series capacitive compensation located at the ends of each

stretch of the line allows to fully take advantage of the new ACSS conductor, leading
to a significant capability increase: a 419 MW maximum power can be achieved (i.e.
+104% over the existing line).

In order to investigate the feasibility of the proposed series compensation solution, an

assessment of short circuit quantities has been performed by the means of symmetrical

components method.

The fault quantities have been evaluated in each node of the system under study, comparing

their values before and after the installation of series compensation. This predictably leads to a

remarkable increase of short circuit levels in comparison with the uncompensated

configuration, up to 20 kA (i.e. +102 %) at the line-side terminals of the southernmost series

capacitor bank. Despite Xo/X1 ratios greater than 3 along the central stretches of the

compensated line, the EFF does not exceeds 1.3 anywhere, confirming the viability of the

solution.
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2. New approaches in power system planning to evaluate system
performance and enable high levels of renewables

In 2014 the European countries agreed on the renewable energy target of supplying at least 27%
of their final energy consumption from renewable energy sources (RES) by 2030, as dictated
by the European Union’s energy and climate objectives for 2030. In 2016 the European
Commission proposed a revised Renewable Energy directive [21] and, in 2018 a renewable
energy target of 32% for European Union by 2030 has been set [22].

In this context, the whole interconnected European network is involved in the energy transition
towards power systems based on renewable generation, mostly interfaced to the system through
power electronic converters. Moreover, all relevant planning future energy scenarios, defined
at European and National level, confirm an increasing trend of renewable capacity installed and
progressive decommissioning of thermal power plants in the medium/long term horizon.

In this context, the major concerns for both network planning and operation are:

- the network reinforcements planning with the aim of ensuring a growing share of
variable RES integration into the system;

- the static and dynamic stability evaluation of the future power systems during critical
contingencies;

- the “loadability” assessment of backbones spanning critical sections of the transmission
system potentially overloaded in presence of important power transfers;

- the thermal performances of power system portions expected to collect significant
amounts of RES generation (in order to identify overstressed paths and plan additional
countermeasures);

- the inertia reduction and the frequency control due to the progressive decommissioning
of thermal units, partially counteracted by the installation of synchronous generators.

In this Section, a comprehensive transmission planning assessment including these topics is
provided considering different real case studies related to the Italian power system.

Sub-section 2.1 reports offshore wind perspectives considering policies and scenarios drivers.
The impact of the planned HVDC “Adriatic Link™, considered in both the alternative Voltage
Source Converter (VSC) and Line Commutated Converter (LCC) implementations, is analysed
in both static and dynamic conditions (in the presence of faults) in sub-section 2.2, together
with the Centre North — Centre South critical section loadability increase afforded by the new
HVDC connection. Sub-section 2.3 focuses on the thermal performance of a selected set of

overhead lines spanning the Centre South — South critical section both in the current and in the
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future energy scenario at 2040 year horizon in presence and in absence of planned network
reinforcements. Finally, a brief dissertation on the reduced inertia power system topic and

possible countermeasures in planning studies is illustrated in the sub-section 2.4
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2.1 Transmission system and offshore wind farms: challenges and chances
Offshore wind energy is gaining significant ground in electric transmission systems, due to the
large size of installations, higher and relatively stable energy yields, and to policy objectives.
The diffusion of offshore wind farms, in view of the increasing renewable share, poses specific
issues for their proper integration in the electric network, accounting for a wide range of
technical and economic aspects. The aim of this section is to provide a broad perspective of
transmission system operator on the influence of offshore wind farms, along with current

situation and prospects in the Italian framework.

2.1.1 Introduction

The development of offshore wind energy is growing all over the world, due to the increasing
interest in reducing the environmental footprint of power generation by exploiting renewables
as well as in ensuring the exploitation of local energy sources, limiting the dependency on
external suppliers. At the end of 2017, the total offshore wind installed capacity worldwide
amounted to 18.8 GW in 17 countries, as detailed in Fig. 2.1 [23]: a remarkable growth is

observed in the three leading countries.
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Fig. 2.1. Offshore wind installed power by country at the end of 2017.

Moreover, higher and more uniform wind speeds are generally observed offshore compared to

onshore, and the availability of space allows more regular building schemes, leading to higher
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energy yields. In offshore wind farms, wind turbines can have larger diameters and rated power,
resulting in turn in a better exploitation of strong wind conditions as well as less short-term
speed variations. Furthermore, the capacity of new offshore wind farms is usually in the range
of hundreds of MW i.e. it is appropriate for direct connection to EHV transmission systems. In
order to draw the optimal level of wind energy and to make it available to the transmission
system, particular care is paid to the exploitation of specific technologies [24], related to:
- wind turbines, usually with greater dimensions and adapted for marine environment;
- substructure and foundation, where currently monopile solutions are most employed
in shallow waters;
- internal wind farm network, including the connections between turbines, the
transformer substation and increasingly advanced control systems;
- power transmission to shore, usually realized at EHV level, where the discussion for
AC or DC solutions is still open.
All these topics involve remarkable technological challenges, from design to operation and
maintenance. The aim of this section is to provide a broad view of the transmission system
operator perspective on the influence of offshore wind farms. For this reason, different aspects
concerning the integration of offshore wind energy in electric transmission systems are
evaluated, involving policy, market and technical impacts. Eventually, the current situation and
a possible scenario for the development of offshore wind in the framework of Italian

transmission network are also presented.

2.1.2 Policies, scenarios and planning

Several scenarios are evaluated for the diffusion of offshore wind. In particular, [25]
individuates for 2022 an amount of 2.9 GW of offshore wind farm projects under construction
and awaiting grid connection across Europe, as well as 13.2 GW of projects approved with a
final decision, as reported in Fig. 2.2, and the 2030 diffusion scenarios (low, central and high)
between 50 GW and 100 GW (roughly) are expected, as illustrated in Table 2.1.

As regards network development plans ENTSO-E [26] develops the “best evolution” scenario
at 2025, individuating roughly 45 GW, as well as different evolutionary scenarios at 2030,
namely Sustainable Transition (ST), EUCO and Distributed Generation (DG), ranging between
41 and 66 GW; data are summarized in Table 2.2.
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Fig. 2.2. Expected new offshore wind capacity in Europe.

Table 2.1. Wind offshore scenarios at 2030.

Country | LOW | CENTRAL | HIGH

GBR 18.000 22.500 | 30.000
DEU 14.000 15.000 | 20.000
NLD 4.500 11.500 | 18.500
FRA 4.300 7.000 | 11.100
DNK 3.400 4.300 6.130
BEL 1.600 4.000 4.000
POL 2.200 3.200 6.000
IRL 1.200 1.800 2.000
EST - 600 1.200
SWE 300 300 800
POR - 150 175
ITA - - 650
Total 49.500 70.350 | 100.555

Table 2.2. Wind offshore scenarios by ENTSO-E.

Country | 2025 BEST | 2030 DG | 2030 EUCO | 2030 ST
GBR 17.130 22.182 13.326 | 22.182
DEU 11.300 14.964 9.883 | 15.000
NLD 6.500 11.500 2.561 | 11.500
FRA 3.500 7.000 6.035 7.000
DNK 2.717 2.905 2.833 2.905
BEL 2.310 2.310 3.240 2.310
POL 600 2.250 777 2.250
FIN 500 700 119 700
ITA 447 655 3 655
SWE 190 190 227 190
POR 60 60 27 60
LAT 56 150 49 150
IRL 0 700 131 700
GRE 0 150 0 300
NOR 0 0 1.840 0
ESP 0 0 63 0
Total 45.310 65.716 41.116 | 65.902
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The diffusion of offshore wind farms, both at the present stage of technological development
and in a subsequent timeframe associated to the exploitation of more challenging sites (e.g.
greater water depths) is influenced by policy decisions. In this framework, [27] compares policy
and laws adopted in UK with the first steps moved by U.S.A. and India to deal with offshore
wind, and [28] analyses incentives and barriers for massive wind power integration, including
offshore, in Denmark. Whereas [29] describes the current status in Spain pointing out the
consenting procedure for individuating candidate areas and selecting the initiatives, and [30]
illustrates policies in China, exploiting SWOT analysis to delineate possible evolutions.

Apart from technical issues related to grid integration, two main aspects are worth of attention
for a sound planning of the diffusion of offshore wind farms: market integration and siting

assessment.

2.1.2.1 Market integration

A first aspect to be inspected is related to the capacity of current market schemes to cope with
increasing shares of offshore wind. In [31], increasing levels of penetration of offshore wind
are evaluated in the framework of PJM market, involving day-ahead, intermediate and real-time
stages in different seasons and wind production levels, pointing out to an increase of possible
shortfalls along with a reduction of network average prices and of emissions. The additional
value of advanced wind turbines, exploiting higher towers and bigger rotors as in offshore wind
farms, can involve smoother generation profiles, as discussed in [32], in terms of wholesale
market, balancing costs, and grid investments.

Energy storage devices, even in hybrid configuration, can be adopted to improve the
performance of wind energy in market environment, in order to make proper offers to increase
benefits and to manage prediction uncertainties [33]. In particular, [34] presents an analysis of
the long-term cost impact of a compressed-air storage on an offshore wind farm.

Finally, the development cost of offshore wind farms has a key role in their diffusion, as
analysed in [35], where levelized cost of energy (named “LCoE”) evaluations for different wind
farms operating in Europe shows almost constant trend, even with the exploitation of farther
sea zones, thanks to learning processes. Differences between countries and the need of reducing

the realization time are remarked, however.

2.1.2.2 Siting assessment
In order to obtain suitable positions of offshore wind farms, yielding maximum possible effect

while minimizing the negative impacts on the system, several studies have been carried out in
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literature. For instance, in [36] a database individuating sites for wind installations in the U.S.A.
is introduced, involving a 2 km x 2 km mesh extended onshore and offshore, where unfeasible
locations are excluded, and providing simulated forecasted datasets based on weather
conditions. Moreover, in [37] a GIS-based tool is presented for the evaluation of offshore wind
installation areas in the UK, drawing considerations about the LCoE value according to shore
distance, sea depth and wind speed. Analogously, a GIS based approach is described in [38] for
the selection of candidate offshore areas, involving the determination of wake effect and the
comparison of wind offshore potential to the energy production and demand framework,
presenting a case study based on the Canary Islands. In [39], the determination of maximum
allowable capacity of offshore wind farms in specific regions of Taiwan is carried out for each
node of the transmission network, by means of N and N-1 contingency analysis in peak and
off-peak conditions. Finally, in [40], a multi-criteria assessment method for offshore wind sites
is introduced, based on Analytic Hierarchy Process (“AHP”), involving network operation
security indexes, investment cost, operation cost and capacity performance analysis. The
method is applied to the case study of the Baltic States in 2020 horizon.

In addition, several other studies focus on a single offshore wind farm, inspecting connection
topologies and related aspects of losses and reliability in [41], whereas in [42] the selection of
components for electricity transmission to shore is assessed, taking into account stochastic

processes and risk analysis as well.

2.1.3 Grid integration issues

2.1.3.1 Forecasts and curtailment

The correct exploitation of offshore wind energy resources should take particular care of the
electricity network connection. At a first stage, it can be inferred that steady-state operation
conditions can be affected by wind power diffusion, particularly due to the difficulty of
predictions. In [43], deterministic and probabilistic load flow methods in the presence of
offshore wind farms are compared.

Suitable wind forecast models should therefore be exploited in order to properly assess the
expected production levels. In [44], a method for evaluating day-ahead and intermediate-term
wind power forecast error for offshore wind farms is reported, exploiting a numerical weather
prediction model and a stochastic model based on historical wind levels, and applied to the PJIM
system. In [45] the analysis of historical time series for the determination of UK wind capacity
factor is carried out, obtaining lower variations for offshore installations, and studying the

influence of persistent low or high wind generation periods and of ramping events. Moreover
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in [46] it is shown that, in order to respect renewable diffusion targets in Germany, a remarkable
share of offshore wind, although involving slightly higher generation costs, yields lower costs
for flexibility thanks to more affordable forecasts.

The envisaged increased penetration of wind farms, as in general of non-synchronous
generation, can lead to wind power curtailment [47]. In [48], a deep analysis of wind power
curtailment events in Spain over four years of operation is illustrated, highlighting possible
correlation of curtailment severity with generation levels, load demand, seasonality. In [49], the
analysis of the future Irish power system is carried out in order to determine the amount of wind
curtailment according to different scenarios, finding that offshore wind can help in the reduction
of wind curtailment, thanks to the wider spatial spread of offshore wind turbines and their higher

overall capacity factors.
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2.1.3.2 Small signal and dynamic stability

In addition to the well-known power balance problems, electric networks can suffer from
stability issues due to the increasing amount of wind generation. In [47] a distinction is made
among transient stability, as the ability to withstand a fault, and small signal stability, related
to normal operating variations. These two analyses involve the definition of suitable dynamic
models for power system components, and in particular for wind farms. Both small signal and
transient stability are evaluated in [50] in a simplified Taiwan power system and in [51] on
future European power system under different scenarios, with particular attention to frequency
stability. In this field, a thorough review of grid code requirements for wind farm participation
in frequency control and of relevant methods involving deloading techniques and synthetic

inertia, is reported in [52], and a synthetic representation is depicted in Fig. 2.3 [53].
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Fig. 2.3. Frequency regulation fields in different countries.
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2.1.3.3 Voltage stability and reactive power regulation

Another aspect is related to voltage variations induced by wind farms. As reported in [47], wind
turbines are nowadays required not to hinder power system restoration after a fault, by ensuring
with low-voltage ride through conditions during transients, as exemplified in Fig. 2.4.
However, in the presence of a wind farm made by many turbines, some further actions could
be required. In order to provide fault ride through ability for an offshore wind farm, in [54] a
coordinated control scheme is proposed, based on the computation of instability proximity
index, either exploiting communicated measures or by an estimator.

The main way to provide voltage support is the reactive power control of wind farm. For this
aim, different implementations are thoroughly analysed in [55]. In particular, in [56] the
enhancements to a wind power plant voltage stability by means of a STATCOM are
investigated, whereas the influence of SVC installation in combination with wind farms on
power system stability and on reactive power response is investigated in [57], [58]. In [59], the
optimization of reactive power exploitation is carried out, taking into account steady state and
dynamic constraints and fault ride through requirements, as well as the possibility of exploiting
reactive production from wind farms and ad-hoc compensators. The methodology is applied to
a model of the Danish power system, with a remarkable degree of wind power penetration.
Moreover, the analysis of the impact of offshore wind farm on voltage profiles and stability

curves is inspected in [60].
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Fig. 2.4. Low voltage ride through conditions of wind turbines as specified by different transmission system

operators.
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2.1.3.4 The horizon of direct current connections

The exploitation of high voltage direct current (HVDC) systems for the connection of offshore
wind farms is increasing due to the higher installed power and larger distance to shore, ensuring
lower installation costs for the direct current option; several realizations are presently in
commercial operation. In [61], a review of HVDC components for offshore wind farm
connection to the mainland power system is carried out, along with suitable control rules. In
this field, specific network code requirements for HVDC are envisaged in [62]. In particular,
Voltage Source Converter (VSC) technology can be able to ensure several regulation abilities,
from active/reactive power control to dynamic performance improvements. Analyses of all the
integration challenges and chances in the presence of VSC-HVDC are of great interest indeed.
A specific VSC-HVDC control scheme for the provision of ancillary services from offshore
wind farms is proposed in [63]. In [64], a proper model of the VSC-HVDC is illustrated, and
the analysis of the influence on their implementation of AC network short-circuit ratio and
impedance angle is carried out. The integration of VSC-HVDC-interfaced offshore wind farms
in the security-constrained day-ahead scheduling of the power system is dealt with in [65] by
exploiting coupling models. A dynamic control of VSC-HVDC during faults in order to comply
with fault ride through requirements is assessed in [66], where multi-terminal DC networks are
introduced. Finally, the impact of VSC on small-signal and transient stability of an AC system
is analysed in [67] and stability assessment of multi-terminal VSC-based DC network is
developed in [68].

2.1.4 Situation and perspective in Italian transmission system

Although more than 9 GW of onshore wind power plants are currently connected to the Italian
transmission network, there are no offshore installations. However, the procedure for technical
authorization and for consenting of different entities involved (also considering the influence
of state propriety over seas) has been defined. So far, only one offshore wind farm in southern
Italy is authorized for construction in the next years.

Note that 83% of Italian onshore wind farms are installed in the south of the Country as shown
in Fig. 2.5. However, the Italian TSO has also received requests for offshore farms to be
connected to the system, amounting to approximately 2 GW: these are in the process of being
authorized. These plants are localized in the areas with high penetration of onshore wind farms
due to the favourable weather conditions prevailing in these sites.

As regards technical requests for the authorization, specific prescriptions for wind farms

concerning over- and low-voltage ride through, reactive power control and frequency response
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features have been recently revised in the Italian network code [59], imposing more challenging

target, as illustrated in the following Fig. 2.6, Fig. 2.7 and Fig. 2.8 respectively.
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Fig. 2.5. Current installed capacity of onshore wind farms in south of Italy and islands, divided by region.
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Fig. 2.6. Over- and low-voltage ride through requirements for wind farms in Italy.
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Fig. 2.8. Frequency-active power regulation characteristic for wind farms in Italy.

One additional aspect of interest for the TSO in offshore wind farms is their connection scheme
to the National Transmission System. In particular, due to higher amount of installed power in
a site, the wind farm should be connected to the EHV system (400 kV preferably). Even if a
single radial connection has a gross capacity of 1.500-2.000 MW, the connection scheme has
to be studied in a context of system security and maximum loss of active power. In fact, the
connection of any power generation initiative, although improving the power provision
security, shall be configured in such a way that, in the case of a loss of its active power injection,
the impact on the synchronous area shall be limited to a specified value, according to
considerations on steady-state conditions and dynamic evolution. Therefore, as the installed

power increases, a meshed connection to the system (e.g. in-and-out) is requested.
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Fig. 2.9 shows the secondary and tertiary reserve demand of in a low consumption day in the
current situation of the Italian Transmission System (no offshore wind farms installed till now).
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Fig. 2.9. Current Secondary and Tertiary reserve in a low consumption day.

The figure suggests that in a 0-400 MW capacity range, a radial connection of the offshore wind
farms to the system day could have no impact on the reserve demand even in a low demand,
while in the 400-800 MW range an in-and-out connection would be strongly recommended in
order to significantly reduce the reserve request. Over 800 MW of installed offshore wind farms
a fully meshed connection seems to be necessary.

2.1.5 Conclusions

In this section, perspectives for the integration of offshore wind farms in power transmission
systems have been reviewed and classified, focusing on scenario targets and innovative market
regulation for the diffusion of this technology and pointing out several technical aspects to be
investigated to improve the effectiveness of offshore wind power production. In particular, the
Italian system situation has been analysed, highlighting the increasing interest in offshore wind
farms, and the emerging technical challenges for their connection to the transmission network.
This study can pose the basis for future considerations as the offshore wind penetration is

expected to increase in the Italian system.
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2.2 Renewable sources integration using HVDC in parallel to AC
traditional system: the Adriatic project

The use of High-Voltage Direct Current (HVDC) transmission in modern power systems is
mainly driven by the need to increase the power transfer over long distances in a cost-efficient
and controllable way. HVDC controls can ensure fast and accurate power flow control,
improving the whole system performance as well as increasing flexibility in the management
of flows from remote renewable generation and towards load centers, especially in a zonal
market configuration. However, in the network planning phase the implications of a new HVDC
connection, on both the steady-state and dynamic operation of a power system, must be
carefully evaluated with particular reference to possible outage events, with a view to the
operating conditions and to the control schemes. In this study, a real HVDC project within the
Italian transmission network is considered, looking at both the Voltage Source Converter and
Line Commutated Converter technological options. The study implies a methodology to
analyse the impact on steady-state and dynamic performances in the presence of faults, with a
focus on grid security and on market efficiency. The behavior of the interconnected Italian
power system is simulated from a development planning viewpoint by means of the relevant
software tools used by the system operator.

Furthermore, the capability assessment of the critical section Centre South — Centre North
affected by the planned HVDC project is provided both in the present and in the future

conditions.

2.2.1 Introduction
Modern interconnected power systems are designed to operate efficiently in order to supply
load consumption areas with high levels of reliability [70]. In the energy transition context,
transmission interconnections in meshed electrical networks guarantee adequate reliability with
minimum cost of supply [71] and provide significant benefits in terms of load diversity,
availability of sources and flexibility in operation.
In fact, a reliable and flexible transmission grid allows to face new demand typologies and
dynamics, and to realize a major integration of renewable generation while keeping system
stability [72]. Currently, an effective transmission infrastructure should ensure that cheap
renewable energy is unconstrained by transmission capacity and that active power flows can be
rapidly directed from the surplus generation areas to the deficit ones, in order to maintain the
power system frequency (as the main balancing quality indicator) close to its nominal value
[73].
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Power systems performances can be improved by the presence of HVDC links, which are
characterized by inherent advantages related to fast and accurate controllability, enabling the
Transmission System Operator (TSO) to directly control the energy flows [74]. The combined
HVDC — AC system also has enhanced capabilities in terms of dynamic performances [75],
thanks to the HVDC control scheme not being affected by frequency deviations [76]. In order
to realize an efficient and stable operation and to maximize power control flexibility, a
hierarchical framework can be implemented for both normal and critical conditions, as
illustrated in [77].

In order to take advantage from HVDC diffusion, the attention of researchers and planning
engineers is devoted to modeling and control in different time frames [78]. In particular, the
classical LCC systems are characterized by usually larger sizes are quite well known, however
their impact on power and voltage control should be carefully evaluated by means of
performance indexes for stability interactions, as proposed in [79], [80]. In the presence of grid
faults, LCC-HVDC can suffer from commutation failures, due to the lack of inherent AC
voltage regulation ability [81]. Therefore, the use of reactive power control at both ends, either
by means of synchronous compensators or with power electronic-based solutions such as
FACTS, can be very useful [82], [83].

However, the VSC is more and more investigated due to its potential for improved dynamic
performances. Different schemes have been proposed in order to achieve proper control of both
active power and voltage [84], [85], and to obtain frequency response patterns [86], [87]
enhancing the inertial behaviour of the power system in the energy transition, which involves
more and more renewable-based systems, equipped with power electronic interface. The HVDC
integration can remarkably affect power system dynamic stability behaviour. In particular, the
analysis of Critical Clearing Time (CCT) is carried out on different controllers in [88], on
frequency control in [89] and according to distance and power transfer level in [90]. It can be
argued that the influence of different HVDC dynamic control schemes is usually assessed on
test networks or simplified real cases.

The control system notwithstanding, the presence of HVDC in actual market framework should
be carefully accounted, as proposed by [91], [92]. In this framework, different methods for
defining power allocation to HVDC embedded in AC transmission systems have been proposed
in [93] — [95]: in [96], HVDC placement in market framework using flow-based indexes and
N-1 analysis is described. Whereas, the influence of HVDC in flow-based market coupling has
been considered in [97] on a continent-size network and in [98] for the determination of zonal

exchange levels comparing net transfer capacity and critical contingencies. In addition, the
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potential of reducing unscheduled and loop flows in a meshed zonal market framework is
depicted in [71], [99], and the ability of HVDC technologies to provide ancillary services is
studied in [100]. It stems from this brief review that the implications of new HVDC link on
market framework are often examined in steady-state conditions.
The aim of the present study is to evaluate from a TSO development planning viewpoint the
contribution of a new HVDC link located in the mainland of the Italian transmission network.
System stability is analysed both under static and dynamic conditions, determining the
influence of different HVDC architectures and controls on zonal exchange limits and on CCT.
The analysis is carried out on specific operating conditions considering the possible critical
event that can lead to maximum loading limit and to system dynamic instability. Network
development plan is therefore implemented with different cases by further addition of
combinations of synchronous compensators and HVDC, either in the VSC and LCC
configuration. The concept is developed and applied in the framework of Italian transmission
system.
The main contributions of this study can be individuated in:
- Set-up of a method to evaluate the influence on static and dynamic performances of
a network development, in a zonal market framework;
- Individuation of real critical operation scenarios according to N-1 dynamics;
- Analysis of different HVDC architectures and controls for the development of a real
transmission system;
- Assessment of the maximum power transfer capacity of the 400 kV Adriatic
backbone at year 2030 horizon, without and with the planned Adriatic HVDC

project.

2.2.2 Static and dynamic evaluation of different architectures for the
HVDC project

2.2.2.1 Italian power system features

The Italian transmission system, managed by Terna as TSO, consists of 11,079 km of 400 kV
lines, 11,082 km of 230 kV lines, 47,324 km of 150-132 kV lines, and accounts for several AC
interconnections with other countries (France, Switzerland, Austria, Slovenia, Malta), as well
as for two HVDC connections with Sardinia and other HVDC links with Greece, Montenegro,
and one under construction with France.

The transmission network is densely meshed in the North, where main load areas are located

and several connections with European network are present, whereas in the South and in the
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islands the high renewable installed capacity, which requires power routing towards North, has
to rely on a weakly meshed grid. In particular, along the Adriatic coast, where the load is
comparatively low, a single 400 kV North-South corridor is present, and the secure power
transfer capacity can result severely constrained as a result.

In fact, due to the physical configuration of the Country (long and narrow with mountain
chains), the Italian power system is dealt with by considering six different market zones (Fig.
2.10), among which transport limitations are posed for sake of secure operation: North, Centre-
North, Centre-South, South, Sardinia and Sicily. This structure naturally lends itself to the
individuation of “critical sections”, which are subjected to grid congestions in some operational
conditions [101].

The adoption of a zonal market provides several benefits in terms of power transfers
compatibility between nodes and grid constraints compliance, as well as the definition of price
signals encouraging the TSO to efficiently locate network developments and to provide an
economic assessment of the transfer capacity between zones.

500 kV HVDC links

400 kV — 50 Hz Transmission Lines

400 kV HVDC link

320 kV HVDC link (under construction)

220 kV —50 Hz Transmission Lines

200 kV HVDC link
Planned HVDC link under study

SARDINIA 5~
Cfécuv <
\_.\H-;r

Fig. 2.10. Italian market zone division and interzonal connections.

The zonal representation of the high voltage National Transmission Grid describes the

transmission constraints by the means of a set of topological and electrical parameters [102]:
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* (;j, defined as the element of connection matrix between zones i and j (1 if connected,
0 otherwise);
. Sl’j defined as the contribution of zone k to the energy exchange F;; between zones i

and j, defined according to electrical characteristics of network branches and to zone
connection matrix.
Moreover, EN,is defined as the energy balance of the zone k, as the difference of total sales of
power production PP, and total purchases of power demand PD; within that zone:
ENj = Z PP, — Z PD, 2.1)
gek lek

Therefore, the energy exchange F;; between zones i and j can be determined as follows:

Fy = z S - EN, 2.2)

The market solution procedure maximizes the social welfare considering technical limits for

production/demand levels, with relevant bids b, and b;, and imposing boundaries for zonal

energy exchange F;; in both directions:

max [Z b,(PR)) — Z b,(PD;)
g l

Z PP, — Z PD, =0 (2.3)
t.4 9 l

S.t. .
PPgmln S PRq S PPgmax

X < F; < Fnox
In fact, a market zone can be defined as a grid portion characterized by physical limits to power
exchanges with neighbouring zones dictated by system security reasons. The identification of
these limits is based on the following criteria:
- the power transfer capacity between bordering zones must result limited in most
common operational conditions, in accordance to security criteria;
- power injections and withdrawals programs shall not cause significant congestions to
varying injections and withdrawals within each geographical zone;
- the dislocation of power injections and withdrawals within each zone shall not have
remarkable influence on power transfer capacity between zones.
The maximum admissible transfer capacity between zones must be assessed according to the
grid topology, the power flows distribution, the thermal rating of individual lines and the

associated security criteria. In the steady-state analysis, this requires the solution of multiple
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AC power flow problems, accounting for different possible contingencies in several operating
conditions. For each condition, the vector of net nodal injections of active power P is defined
as the difference of PP, and PD;, and by defining the vector of reactive power injection @ in
the same way, the power flow problem can be posed in the following standard form:
P—P®,V)=0 (2.4)
Q-0 V)=0 (2.5)
where the vectors P(9,V) and Q(9,V) derive from nodal admittance matrix, and the vectors
of nodal voltage amplitude V and phase 9 are obtained, along with branch flows.
The security criteria in load flow analysis are represented by maximum power flow limits on
branches, estimated at 120% of rating, or by maximum/minimum voltage ranges at nodes, fixed
at +10% of nominal voltage [10], [103].
Even under acceptable steady-state conditions, the lack of a strong redundancy can expose the
system to the risk of instability. This can occur in the case of severe contingencies and in the
presence of limited inertia on the network, e.g. in low load conditions or in the presence of
massive renewable production, even if more stringent requirements for voltage and frequency
regulators are currently being adopted [104]. Therefore, time-domain simulations for transient
stability analysis have to be carried out, with the aim of solving a system of non-linear
differential-algebraic equations:

{ x=fxvr)
Ix,v)-Y-v=0

(2.6)
where x is the vector of state variables for devices with dynamic behavior (e.g. generator rotor
angle, electromotive force components), v is the vector of nodal voltage components, r is the
vector of control inputs, Y is the nodal admittance matrix and I is the vector of nodal current
injections.

In order to manage the evolution of generation/demand and the overall energy transition, several
grid reinforcement projects are studied by Terna in the National Development Plan (NDP). In
this context, development actions are evaluated according to a cost-benefit analysis method
involving the economic evaluation of the impact of their implementation on electricity market
and on steady-state operation, whereas the dynamic impacts are considered as additional effects
[105].

The aim of this study is to estimate the effect of a capital-intensive initiative as a new HvVDC
link on static and dynamic technical aspects in the zonal market framework, to add evaluation

elements in cost-benefit analysis. In particular, as envisaged in the NDP, an HVDC link is to
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be placed between Centre-South and Centre-North market zones, with the aim of increasing
power transfer capacity and enhancing voltage and frequency stability in the whole national
power system [106], [107]. The location of the planned HVDC is shown in Fig. 2.10, between
VLL node (Centre-South) and FNO node (Centre-North). The HVDC is supposed to be built in
a bipolar configuration with a total size of 1000 MW, in order to have a higher power rating for
the chosen 400 kV DC voltage level, and in order to increase the reliability of the connection,
able to carry half of rated power acting as a monopolar HVDC in the case of single pole failure
or maintenance [108]. However, the exploitation of either consolidated LCC technology (in use
on connections with Sardinia, Greece and Montenegro) or VSC technology (to be installed on

Italy-France border) should be analysed.

2.2.2.2 Methodology

The study is intended to start from situations detected in the Italian power system via field
measurements, fully feasible from the steady-state analysis viewpoint, but potentially revealing
possible stability issues in case of severe grid faults, e.g. due to the reduced levels of inertia.
These potentially critical situations, named scenarios, are analysed in different cases
considering a set of network development solutions, involving the planned HVDC link as well.
For each scenario under different network development cases, an early transient stability
analysis in N-1 condition is considered, by assuming as critical contingency a three-phase fault
in the middle point of a double-circuit 400 kV transmission line on the Tyrrhenian coast
spanning across the investigated Centre-North — Centre-South market section “border” (Fig.
2.11). This line is chosen due to its usual high flows with respect to other single-circuit lines of
the section. The system stability behaviour is assessed by evaluating the CCT of line fault as
transient stability index and by testing performances as fault duration increases.

The second part of the analysis involves the determination of steady-state power exchange limit
across the investigated section. For this aim, the power generation levels of active generators
placed in the adjacent zones and boundaries, are modified according to development scenarios
given by national policies [109], [110], until maximum reliable power production is attained.
The load of the same zones and the export/import levels with other Countries are modified
accordingly, by exploiting power injection shifting in compliance with network sensitivities
[97]. Under these assumptions, different N-1 AC load flow analyses are carried out by
eliminating the grid elements across the investigated section one at a time, shown in Fig. 2.11,
for a total of 9 events (one double-circuit 400 kV line, four 400 kV single-circuit lines, four 230
kV lines). The loading condition is increased until line rating or nodal voltage limits described
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in Section 2.2.2.1 are reached on network elements of the zones in any of the analysed N-1
events. From this analysis, the critical N-1 event is pointed out, and the power flowing on
branches across the market zone border in that event is assumed as the steady-state contingency-
based maximum zonal exchange.

Finally, a transient stability analysis is carried out, under the steady-state limit loading condition
obtained in the previous stage, and considering — for the reasons explained before — that the
critical N-1 dynamic event is the opening of the same line indicated in Fig. 2.11 due to a mid-
length three-phase line fault with a fixed 100-ms duration, corresponding to maximum tripping
time of line protective relays. If the dynamic stability of the steady-state limit loading condition
is not satisfactory, the loading is decreased according to the rules described in the previous
stage, until the considered fault does not imply network instability. In this way, the dynamic

contingency-based maximum zonal exchange is determined.

— 400 kV Lines
230 kV Lines

Planned HVDC link
under study

= == |nvestigated section

Fault location for
transient stability

Fig. 2.11. Identification of Investigated Section and fault location (HVDC line path is merely indicative).

2.2.2.3 Tools

Simulations are performed using SPIRA and SICRE/CRESO tools [111], which define the
Terna software environment for the secure and economic operation planning of the Italian
transmission grid for both static and dynamic studies. In particular, static and dynamic modeling
of HVDC in these tools, based on benchmark models, has been described and discussed, with
comparison to other commercial software tools and literature-based models, in [112], [113].
Power flow analyses are carried out by exploiting a Newton-Raphson solution method, with

power mismatch thresholds set at 0.1 MW and 0.1 MVAr as convergence criteria. For dynamic
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stability analysis, aimed at system-level electromechanical transients rather than device-level
electromagnetic phenomena, the employed integration method is Runge-Kutta2, with a
timestep of 0.005 s in order to catch possible spikes in grid-side quantities due to switching of
power electronic interfaces.
Dynamic models of generators and of SCs involve a 4th order model of the electric machine,
including angle, rotating speed and electromotive force components in the d-q frame, and an
AVR-4 model for voltage regulation, involving further 5 state variables. Whereas, the
mechanical part of either thermoelectric or hydroelectric plants is tailored according to
manufacturer data, involving valving systems to control mechanical power. Moreover, the
system is equipped with power system stabilizer of type PSS IEEEL, with 5 state variables.
Loads are described through static exponential models, function of voltage and frequency, in
order to account for specific features and limit the stiffness of response. In order to evaluate the
CCT, protective relays at the faulted line terminals are blocked, whereas, all other devices
involved in network defence plan (e.g. frequency relays) are considered active with intervention
characteristics according to Italian Network code [114].
The LCC-HVDC model involves:
- Algebraic equations for converter power at each terminal, voltage/current references,
and DC lines;
- Ramping limits on references and dynamic evolutions;
- Firing angle and DC current control at rectifier side, extinction angle and DC voltage
control at inverter side;
- Additional inverter firing angle advance to reduce commutation failure;
- Primary Frequency Regulation (PFR) with synthetic droop and PSS effect on the
inverter side.
In addition, VSC-HVDC control has the following features:
- Acontrol linking active power to converter voltage phase, and reactive power to voltage
magnitude;
- Additional firing angle is absent;
- Droop-based PFR on both converters;

- Voltage/reactive power PI regulators on both converters, working independently
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2.2.2.4 Tests

The proposed procedure has been tested on a model of the Italian transmission system,
involving a full representation of the 400 kV and 230 kV network, and of directly connected
generation plants, and considering a reconstruction of power injections at high-voltage nodes
and a proper equivalent model of EHV network of external Countries. The model includes
roughly 2200 nodes and 3300 branches (lines and transformers). In this framework, two
different scenarios are investigated, representing actual network operating conditions of the
Italian transmission network registered during winter season.

The main data of Scenario A and Scenario B are reported in Fig. 2.12 and Fig. 2.13,
respectively. It can be observed that both scenarios are characterized by a power exchange close
to the 3300 MW maximum limit on the Centre South — Centre North boundary, with the lines
on the Tyrrhenian side loaded close to maximum rating. The identification of critical scenarios
is performed according to offline transient stability studies on the actual network operation
conditions, revealing possible stability issues in case of a line fault.
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Fig. 2.12. Input data of Scenario A: zonal balances and exchanges [MW].

In Scenario A, total load (Loa) amounts to 34.2 GW, representing an average situation, and it
is covered by 72.8% by thermal generators (Th), 3.2% by hydroelectric plants (Hy), 9.4% by
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renewables (RES), and 14.4% by imports. The South zone exports due to excess low-cost
generation. Along the peninsular network, all the exchanges are directed towards the North
zone. A total of 140 thermoelectric units and 42 hydroelectric units are active, most of them are

placed in the North zone, with a limited amount of pumped hydro in Sardinia.
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Fig. 2.13. Input data of Scenario B: zonal balances and exchanges [MW].

In Scenario B a low demand condition is considered, where the load is equal to 21.5 GW, close
to minimum registered values, and the renewables and distributed generation supply 32% of
load, with a remarkable increase in Centre-South, South and Sicily with respect to Scenario A.
Thermoelectric plants cover 60.9% of the load, and 10 pumping hydro units are exploited to
support the demand. The flows on the peninsular network towards North are larger. Power
production is provided by 104 thermoelectric units, (of which only a small part is located in
zones with high RES contribution), and 13 hydroelectric plants. This configuration can imply
more challenging conditions on dynamic behavior due to lower levels of inertia.

For each Scenario, six cases are considered, in order to inspect the effects of different decisions
about network developments, as summarized in Table 2.3. With current network configuration
as a reference, the NDP provisions at year 2025 (new lines and regulating transformers, new

outline of the Adriatic backbone) are considered to enhance RES integration. In addition,
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voltage control devices are included: although the use of SVCs and STATCOMs for several
applications is currently being investigated [58], in this study the presence of synchronous
compensators (SCs) at key transmission nodes is accounted, since they have a limited footprint,
improve inertial response and short circuit levels, do not raise particular issues in modeling and
control integration [115], [116]. Finally, the presence of the planned HVDC link also taken into
account, considering either LCC control, or LCC control with SC for voltage regulation, or
VSC control (VSC-HVDC together with SC would provide concurrent regulation and it is not
analysed).

As regards operation strategy, the target of SCs is to keep voltage values within the allowable
range 0.95-1.05 p.u., whereas the HVDC connection is supposed to carry its rated capacity (i.e.
1000 MW) from Centre-South to Centre-North to reduce the stress on the AC network elements.

Table 2.3. Explanation of investigated cases of network development.

Current NDP@2025
network network

Case 1 X
Case 2
Case 3
Case 4
Case 5
Case 6

Case SCs LCC VSC

XX | X[ X]| X
X

2.2.2.5 Results and discussion

The transient stability assessment of Scenario A leads to the results reported in Table 2.4. It can
be noted that the CCT is close to protection system intervention time in the Case 1, thus
denoting the impending stability issue. The network developments of Case 2 allow a slight
increase of the CCT, whereas the presence of SC in Case 3, ensuring prompt voltage support,
results in a remarkable time margin increase. The presence of LCC-HVDC in Case 4 does not
imply a significant advantage with respect to Case 3, but the combination of SC and LCC in
Case 5 makes the CCT much longer. Finally, Case 6 shows the highest value of CCT, proving
VSC-HVDC effectiveness.

As an example, in Fig. 2.14 and Fig. 2.15 trends of voltage and frequency values the planned
HVDC link terminals are shown for Cases 1, 3, 4 and 6 (Cases 2 and Case 3 are very similar,
and the same is observed between Case 5 and Case 6, therefore they are not shown for the sake
of readability). It can be noted that fault recovery in Case 1 is slow, with the first voltage
oscillation below 0.8 at FNO node and below 0.7 at VLL node. In fact, the southern part of the
system is characterized by a lower inertia and comparatively looser voltage control; plots show
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that at t=20 s oscillations are less damped than in the northern part. The presence of SCs in Case
3 allows reduced oscillations, and the presence of HVDC further contributes to a better

recovery.
Table 2.4. Scenario A: CCT determination.
Case | CCT [ms]
Case 1 100
Case 2 115
Case 3 200
Case 4 205
Case 5 290
Case 6 310
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Fig. 2.14. Scenario A. Nodal voltage at FNO node (top) and VLL node (bottom) in different cases.
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Fig. 2.15. Scenario A. Values of frequency at FNO node (top) and VLL node (bottom) in different cases.

However, in Case 4, significant frequency spikes are apparently observed at FNO node during
and after the fault. This is ascribable to the commutation failure affecting the converter station

of the HVDC link acting as inverter as shown in Fig. 2.16 [117], [118]. Commutation failure is

10 12 14 16 18 20

time [s]

avoided in Case 5 thanks to SCs, whereas VSC in Case 6 is not affected.

Reactive power injections at terminal buses in Cases 3 and 6 are reported in Fig. 2.17.

For the sake of comparison, the reactive power output of a SC placed in South region in Cases

3, 4 and 6 is reported in bottom part of Fig. 2.17, showing that the presence of HVDC implies

smaller oscillatio

ns and a new steady-state regime value closer to initial one.
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Fig. 2.16. Scenario A. Active power trends at HVDC terminals in Case 4.
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Fig. 2.17. Scenario A. Reactive power injections at FNO nodes (a), VLL node (b) and at an SC in South zone (c)
in different cases.
As regards steady-state and dynamic contingency-based maximum zonal exchanges, a synthetic
overview is provided in Table 2.5. A slight advantage in steady-state is obtained in Case 2,
whereas no remarkable improvement in transient is registered. In these two cases, the limiting
N-1 condition is observed for low-voltage bounds (Vmin in Table 2.5) on the Adriatic corridor.
Case 3 shows the first increase of margin in dynamic analysis, and the presence of SCs implies
the alleviation of voltage problems, in fact the limiting N-1 condition is detected for line rating
(Imax) of a 220-kV line. Cases 4, 5 and 6 involve a remarkable steady-state increase, but the
presence of LCC without SC in Case 4 does not give remarkable dynamic advantages with
respect to Case 3. Cases 5 and 6 show close performances in both steady-state and dynamic
tests. In any case, the critical N-1 event corresponds to the double-circuit line outage analysed
in the CCT study. Moreover, it can be seen that the presence of the 1000-MW HVDC link
implies an increase of static margin close than its nominal power, whereas dynamic margin is

always well below this value.

Table 2.5. Scenario A: Contingency-based maximum zonal exchange on Centre-North — Centre-South border.

Case Zonal exchange | Static max | Static margin | Static Iim_it_ing N-1| Dynamic max Dy_namic
[MW] [MW] [MW] condition [MW] margin [MW]

Case 1l 3273 3318 45 Vmin 3273 0

Case 2 3291 3516 225 Vmin 3291 0

Case 3 3293 3608 315 Imax 3516 223
Case 4 3304 4348 1044 Vmin 3666 362
Case 5 3304 4432 1128 Imax 4031 727
Case 6 3304 4432 1128 Imax 4126 822
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The results of CCT determination in Scenario B are illustrated in Table 2.6. It can be noted that,
in the presence of low loading conditions and high contributions from renewable and distributed
generators, the involvement of a lower number of conventional plants can jeopardize system
stability, with CCT slightly lower than 100 ms. Planned development projects in Case 2 already
imply a remarkable improvement of dynamic features, due to higher meshing and to the inertial
contribution of SCs, but without dynamic reactive support the LCC architecture for the new
HVDC link in Case 4 could even downgrade system performances, i.e. a lower CCT. On the
other hand, SCs in Case 3 result in strong enhancement of dynamic performances, and the
presence of HVDC with voltage regulation ability (LCC+SC in Case 5 and VSC in Case 6) do
not imply remarkable advantages under this regard.

Table 2.6. Scenario B: CCT determination.

Case | CCT [ms]
Case 1 95
Case 2 230
Case 3 350
Case 4 210
Case 5 340
Case 6 360

The determination of contingency-based maximum zonal exchange is summarized in Table 2.7.
It can be seen that the maximum base exchange level increase is found in Case 2; however, no
remarkable advantage is yielded by the presence of grid developments nor by additional SCs in
Case 3, both in steady-state and dynamic conditions. In all these cases, the critical N-1 event is
detected on the Adriatic corridor, and the binding condition is represented by a line rating on
the same side. This issue is overcome by the installation of HVDC, in fact for Cases 4, 5 and 6
the critical N-1 event corresponds to the double-circuit line outage analysed in CCT study, and
the binding condition is minimum voltage. A remarkable increase of maximum power exchange
is therefore observed, even higher than in Scenario 1 for static analysis. Whereas, the dynamic
margin in Case 6 is lower than in Case 5; this can be ascribable to the initial criticality registered
for the Adriatic side, requiring a further level of control that SCs can provide. This shows that
the dynamic margin depends on the effect of the adopted control scheme on the different
operating conditions, and it is always lower than HVYDC power rating.

In Fig. 2.18 and Fig. 2.19, trends of voltage and frequency values at HVDC link extreme nodes
are shown for Cases 4, 5 and 6, respectively (Case 1 is unstable therefore it is not plotted). It

can be seen that in this Scenario, with a different starting point and lower inertia, the oscillations
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are more severe and higher spikes are present, though staying below intervention threshold of

protection system.

Table 2.7. Scenario B: Contingency-based maximum zonal exchange on Centre-North — Centre-South border.

10
time [s]

12

14 16

Case exizgilge Static max n?;?gicn Static limiting | Dynamic max D%Z?;rllc
M N-1 condition M
mwg | MY pvwg (MW] [MW]
Case 1 3306 3306 0 Imax 3210 -96
Case 2 3529 3529 0 Imax 3529 0
Case 3| 3537 3537 0 Imax 3537 0
Case 4 3328 4188 860 Vmin 3706 378
Case 5 3343 4533 1190 Vmin 4246 903
Case 6 3349 4533 1184 Vmin 4070 721
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Fig. 2.18. Scenario B. Nodal voltage at FNO node (top) and VVLL node (bottom) in different cases.
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Fig. 2.19. Scenario B. Values of frequency at FNO node (top) and VLL node (bottom) in different cases.
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2.2.3 Impact of the HVDC project on the power system loadability in
future long-term planning scenarios

This section focuses on the transfer capacity increase across the critical section Centre South —
Centre North allowed by the planned Villanova-Fano HVDC connection.

A static assessment of the maximum power transfer capacity of the 400 kV Adriatic backbone
portion under study has been performed in both the current situation (named “as is” scenario)
and in presence of the planned HVDC link between the Fano and Villanova nodes (“after
HVDC implementation” scenario). In this last scenario, the Line Commuted Converter (LCC)
technology has been considered together with the installation of synchronous compensators at
the converter stations, to provide the needed reactive support. Let the bus named “S”
(“Sending”) be the Villanova node, and the bus “R” (Receiving”) be the Fano node: the

simplified single-line diagram of the new configuration is depicted in Fig. 2.20:
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Fig.2.20. Simplified single-line diagram of the new configuration including the LCC-HVDC link and the
synchronous compensators at the line terminals.

Rated power of the new HVDC link is assumed to be 1000 MW, while the overexcited output

of each synchronous compensator is taken at 250 Mvar.

2.2.3.1 Forecasted scenarios

The generation mix, production forecast and demand trend, both in the European context and
in the National one, are described in [119], [120].

Fig. 2.21 shows the increasing electrical demand trend in all scenarios under study: in
comparison with the final value for year 2017, the DG scenario is affected by the most
significant increase (+17%) because of the larger demand growth in heating and transportation
sectors, while ST and the Integrated National Energy and Climate Plan (named “NECP”)

scenarios are characterized by smaller increases (+12% and +3%, respectively).
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The installed generation capacity forecast (GW) for all scenarios considered is shown in Fig.
2.22. As a consequence of the increase in distributed generation sources and of CO2 emissions
reduction targets, the 2030 year horizon generation mix consists of a major renewable installed
capacity (Fig. 2.23).

Fig. 2.24 reports the simulated number of congestion hours across the critical Centre South —
Centre North section: due to the large renewable generation in Southern Italy, the power flow
direction will be mainly from South to North with an increasing number of congestion hours,
while the number of congestion hours in the opposite direction will decrease (down to zero
hours in ST 2030 and DG 2030 scenarios). It is clear that the reinforcement of the Centre South
— Centre North section on the Adriatic side is a key factor for a major renewable integration in
the South of the Country.

375
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Fig. 2.21. Demand trend for Italy (TWh) in the European and National scenarios at 2030 year horizon.
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Fig. 2.22. Generation capacity forecast for Italy (GW) in the European and National scenarios at 2030 year

horizon.
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Fig. 2.23. Generation mix for Italy (GW) in the European and National scenarios at 2030 year horizon.
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Fig. 2.24. Number of congestion hours expected in the European and National scenarios at 2030 year horizon in

comparison with the present situation.

2.2.3.2 Loadability

The line loadability represents the load-carrying capacity of a transmission line operating in
specific conditions. Transmission line loadability is historically represented by means of the St.
Clair curves [121]. These curves represent the theoretical maximum power transmission
capability of overhead lines as a function of the line length. They have been used for network
planning in the power industry, being based on practical consideration and experience. In fact,
in [122] the characteristics that affects the maximum transmitting current (power) on a line are
presented in an analytical way. In particular, these depend on conductor thermal behavior,
voltage drop across the line, power losses and steady state stability limit. In [77], the ‘universal

loadability curve’ is reported with the same methodological approach, for uncompensated lines
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and applicable to all voltage levels. Moreover, other factors that affect the loadability for long
lines are highlighted in [123], [124], in terms of voltage quality and Joule losses.

Loadability curves are characterized by different regions (i.e. shorter lines), or ranges of length.
Generally speaking in the first region the maximum power allowed is determined by the
conductor thermal limit. In the second region, the admissible power is limited by the voltage
drop limit (voltage quality constraint), AVmax. Typically, a 5% maximum voltage drop across
the line is considered to adequately represent the condition of a line carrying heavy, but
permissible, loads without encountering unusual operating problems.

For uncompensated lines, the first region ranges from L=0 km to roughly L=30+100 km,
depending on the conductor size, line parameters, load power factor, and voltage drop limit.
The second region is wider, and can extend up to more than L=400 km. For longer lines, further
regions can be determined, based on other constraints posed by line or system performance:
steady-state angle stability margin, voltage stability requirements and maximum Joule losses
allowed along the line.

The voltage-related capacity limits of transmission lines can be extended by means of devices
for reactive power control. In particular, [125] and [126] show as synchronous condenser
connected at the receiving node can increase the line loadability. Line compensation by series
capacitors is a well-known, effective means to enhance transmissible power under voltage and
angle constraints [1]; such an application in the Italian national transmission network, was
recently proposed in [101]. It should be pointed out that the reduced line losses and improved
voltage regulation and efficiency of the line also result from series compensation.

Finally, the installation of a new transmission line must be cited. This would obviously be the
best long-term reinforcement option whenever a transmission line capacity limits are reached ,
so as to alleviate overloading by providing additional paths for power flow. It would also be
beneficial by increasing the reliability of the transmission system. However, the construction
of new 400 kV OHLs finds formidable obstacles in terms of authorizations and local
oppositions. Local opposition to the installation of new lines could be circumvented by resorting
to underground cables along part or all of the line right-of-way. However, despite the substantial
increase in EHV AC cable performance [127] — [129] and an attendant decrease in unit costs,
the cable line is still several times costlier than the overhead one, for a given length. These
issues can be overcome through HVDC, as shown in [130]. The comparison between different
HVAC and HVDC transmission options in terms of accessibility, load-carrying capability,
efficiency, reliability, stability, is represented in [131].
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2.2.3.3 Capability of the present 400 kV backbone - “As Is”
Configuration

In order to obtain the operating envelopes in the (P,Q) plane, thermal rating and
maximum/minimum voltage constraints are imposed in turn in each node of the system by using
the same approach illustrated in the Chapter 1; with simple manipulations, it is possible to
obtain explicit the expressions of the complex power at receiving-end as a function of voltage
and current phasors as dictated by the different thermal and voltage constraints:

=3-E I; 2.7

Ri—constr Ri—constr Ri—constr

Where ERl._wnstr and I_Ri_amS ., are the receiving-end voltage and current phasors as dictated by

the i-th constraint. Besides the terminal buses VLL and FNO, the system under study consists
of three other intermediate nodes: five capability curves result by the assignation of the thermal
limits and ten operating envelopes are related to maximum/minimum voltage limits in all nodes.
In practice, elliptical loci in the (Pr, Qr) complex plane are obtained by enforcing the terminal
currents magnitudes equal to the thermal rating and maximum/minimum voltage magnitudes,
while the phases are free to vary in the 0°+360 ° range.

Fig. 2.25a shows the receiving-end capability curves of the “as is” configuration as dictated by
the maximum current constraints: the highest point of the capability curves i.e. the maximum
active power value, is associated to an exceedingly large reactive power demand at the
receiving-end, and operation of the line under these conditions is not feasible due to excessive
voltage drop. The operating envelopes obtained by enforcing only the maximum/minimum
voltage constraints are not reported for the sake of brevity, since the highest points of the
attendant capability curves are related to unfeasible operational conditions.

Only the area enclosed by both the voltage-limited and the current-limited capability curves in
the (P,Q) plane, shown in Fig. 2.26b, is viable: the maximum power transfer capacity allowed
in compliance with feasible operational conditions is around 1500 MW.

2.2.3.4 Capability of the HVDC system in parallel with the existing 400
kV backbone

When the proposed network reinforcements (HVDC link plus synchronous compensators) are
taken into account the operating envelopes in the complex plane show a visible increase in
terms of active power transfer and reactive power range enclosed (Fig. 2.25b and Fig. 2.26b).
The maximum power transfer allowed by combined current and voltage limits attains more than
2400 MW.
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Fig. 2.25. Receiving-end (P,Q) capability curves of the “as is” (a) configuration and of the “after HVDC

implementation” (b) configuration as a results of the maximum current constraints in each segment.
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2.2.4 Conclusions
In this section, a methodology to analyse the impact of network developments on steady-state
and dynamic performances in N-1 conditions has been provided, with a focus on grid security
assessment and on market efficiency. The method has been applied to the assessment of
different architectures for the new planned HVDC Adriatic project within the Italian
transmission network, exploiting the software tools used by the Italian TSO for the secure and
economic operation planning. In particular, two operating scenarios representative of critical
situations with high power exchanges across the zonal structure and limited stability margins
have been considered. Six cases have been analysed, accounting for different network
development levels and for the further presence of the new HVDC link realized either asa LCC
(with or without synchronous compensators for reactive support), or as a VSC.
Results have shown that the planned network developments reduce the risk of dynamic
instability, but have a limited influence on the power transfer capacity between the two zones,
and even typical LCC control allows an increase of static margins but yields limited
improvement in dynamic stability. Whereas, comparable performances have been observed for
the VSC technology and for the LCC integrated with synchronous compensators, although
power transfer limits do not take advantage from the full capacity of the HVDC link in dynamic
assessment, when dynamic stability limits are considered.
Furthermore, an assessment of the maximum power transfer capacity of the 400 kVV Adriatic
backbone between VLL and FNO at 2030 year horizon without and with the planned Adriatic
HVDC project has been provided. The operating envelopes of both configurations were
evaluated by enforcing voltage- and current-based constraints.
1. In the “as is” configuration, the considered portion of the 400 kV Adriatic backbone
allows a maximum power transfer capacity of 1500 MW,
2. The implementation of the new HVDC link yields +1000 MW increase of the active
power transfer along the section Centre — North / Centre — South, while the
synchronous compensators at the terminal nodes provide the needed reactive support

enhancing voltage profile in the vicinity of the link.
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2.3 Evaluation of thermal performance for power system development

The remarkable renewable generation capacity installed in the South of Italy can determine
high loading conditions of the 400 kV — 50 Hz backbones located in the area. The resultant
conductors’ temperature increase accelerates the deterioration of components with negative
effects in terms of system reliability and economic performance. In this study, the thermal
analysis of a selected set of EHV transmission lines spanning the critical section Centre South
— South is carried out both in the current and in the future energy scenario at 2040 year horizon,
with or without the planned developments. The conductors’ temperature is calculated via the
heat balance equation and corresponding resistance and losses increases are obtained. Results

highlight the benefits related to the presence of the planned reinforcements.

2.3.1 Introduction

The electricity sector deregulation has emphasized, especially for the Transmission System
Operator (TSO) the issue of efficient exploitation of network assets. In particular, although the
evolution of electricity demand is properly forecast in short-term and in long-term windows,
the presence of new and diffused power production initiatives, mostly exploiting non-
programmable energy sources, can imply systematic violations of network operating
constraints. In such a case, the TSO faces three possible options, i.e. reinforcing the network
with new transmission lines, installing network control devices, such as FACTS and PSTs in
the substations, or at least accept a more severe exploitation of the transmission assets [132]-
[135].

In particular, the power flow along overhead transmission lines, usually determined by steady-
state network analysis, is ultimately limited by current rating. This is determined according to
the thermal performances so that, when carrying the specified current level, the conductor
temperature stays below a specified threshold in standardized weather conditions, (usually
depending from the installation site), and the conductor sag ensures safety distance from the
ground and other conductors. However, this limit could be revised according to the actual
weather conditions affecting the line operated, depending on thermal energy balance of the
conductor [136]: different schemes of dynamic line rating have been realized to this purpose
[137]. Dynamic thermal rating is of increasing interest in systems with high renewable
penetration, especially because strong wind conditions imply higher power generation along
with higher thermal rating [138]. For instance, [139] considers dynamic rating in operating

condition studies for reliability analysis accounting for curtailment; whereas an overload
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management strategy complying with risk levels is presented in [140]. Spatial variation of
thermal rating along the line is accounted by [141] in an interpolating method.

Higher currents, and consequent higher temperature levels, can be reached in order to withstand
temporary conditions, e.g. in the case of network contingencies, but they imply increased
conductor temperature, involving increased power losses and higher mechanical stress of the
conductor, up to the onset creep [142]. A specific attention to high temperature models is
provided in [143], whereas an estimation of core temperature by means of neural networks is
presented by [144]. These conditions can imply a reduction of useful lifetime of the overhead
line, to be evaluated in order to plan replacement or reinforcement.

As regards system planning, [145] suggests quasi-dynamic thermal rating based on confidence
levels of seasonal observations, whereas in [146] yearly operation conditions and thermal
ratings are compared in terms of probability distribution functions. Moreover, [135] integrates
dynamic thermal rating in stochastic transmission expansion planning, and dynamic thermal
rating is involved in the framework of emission reduction in [147].

Thermal aging of overhead lines, due to overload events, is studied according to creep
phenomenon in [148], and analogous estimations are embedded in network-level cascading
overload estimation in [149] and in a redispatching method based on losses in [150]. Whereas,
in [151] the aging failure model depending on temperature is evaluated according to Arrhenius-
Weibull, and in [152] aging based on loss of tensile load is applied to spatial analysis of a line.
All evolution scenarios elaborated for the Italian power system estimate an increase of load
demand and renewable generation [153]. In particular, the “Decentralized” (DEC) energy
scenario at 2040 year horizon forecasts an increase of +22% in load demand and +215% in RES
generation capacity installed compared with the final values for year 2018. Therefore, a method
to account for aging effect of overloads in planning appears of great interest. Moreover, the
reduction in average conductor aging in the presence of future network operating conditions
could represent an evaluation element in cost-benefit analysis.

In this Section, a procedure to estimate the thermal performance of overhead lines is proposed
and applied to the Italian power system over actual yearly operating conditions. Moreover
thermally stressful conditions are evaluated in the current configuration and in an evolution

scenario of network and generation/load.
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2.3.2 Methodology and case study

The proposed analysis method can be divided into three parts. For the network configuration
under study, according to load and generation dispatch data from economic consideration and
technical forecasts, steady-state network operation is analysed by means of complete AC load
flow, yielding the loading level of lines. Therefore, a proper line thermal model is subsequently
implemented for each network component, in order to determine the effective conductor
temperature and the consequent losses. Since these two values modify in turn the load flow
solution, the two models are repeated iteratively until convergence is reached. Therefore,
according to the obtained results, network-level aging indicators are determined.

In order to inspect the effect of the provisional development plan on network aging, the method
is applied to different scenarios, and the difference of network aging is taken as an additional
measure of planning benefit.

Since the aim is to evaluate the thermal operating conditions of overhead lines in steady-state
analysis, and given that the transient behavior induced by a step variation of any input (e.g.
power flowing, weather variables) is usually terminated in less than one hour [138], [143], the
static thermal model provided in [136] is employed. The conductor thermal balance is given
by:

GQc+qr=qs +7-1? (2.8)
where I is the steady state current flowing into the line, r is the conductor resistance and
depending on temperature:

T =Ty Kt [1+ ago - (Te — 20)] (2.9)
being r,, the conductor resistance at 20 °C, kg is a coefficient taking into account the skin
effect and a, is the temperature coefficient.

The convective heat loss q., radiated heat loss g, and solar heat gain g, in (37) can be

formulated as follows [154]:

qc =T " Af (T, = Tg) " Ny (2.10)
qr =E-Sg-m-d-(T*—T}) (2.11)
qgs=pB-S;-d (2.12)

Defining:
e Ay the air thermal conductivity;
e T, the conductor temperature;

e T, the ambient temperature;
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e N, the Nusselt number, which can be differently expressed depending on whether is the
convective heat loss natural or forced,

e E the conductor coefficient of emissivity;

e S, the Stefan-Boltzmann constant;

e d isthe conductor diameter;

e 3 the conductor coefficient of absorbivity;

e S; the solar radiated heat intensity.
Under the most unfavorable conditions, a wind speed v of 5 m/s can be assumed, and the
expression (38) can be simplified as:

qc =855 (T, —T,) - (v-d)0*8 (2.13)

Therefore, according to the electric current and the weather conditions, conductor temperature

T, is determined by solving the following fourth degree equation:

AT + BT, +C =0 (2.14)

Where the coefficients A, B and C are defined as:
A=—(E-Sy-m-d) (2.15)
B =[ryy ke a 1> =855 (v-d)28] (2.16)

C=[ry kg I’A—a-T)+pL-S;*d+855T,- (v d)**8+E-S;-m-d-T}  (2.17)
Once conductor resistance R(T, ) is obtained from (37), it is used in the load flow equations,

expressed below the generic node i:

Pyi—Pqi = z Yir - Vi* Vi - cos(9; — Oy + @u1) (2.18)
kei

Qo = Qui = ) Y Vi-View sin(®; = 0y + ou) (2.19)
kei

where the elements of nodal admittance matrix Y, = Y;,2¢;; are influenced by the presence
of a line from node i to node k, represented with a m-circuit with temperature-dependent
longitudinal resistance R

Once the load flow problem is solved, the current flowing across each line is determined and
the procedure iterates determining the thermal balance. The procedure is arrested when the
difference of average current loadings is less than 0.1 A and that of temperature estimates is
less than 0.1 K between two consecutive iterations.

The current zonal market configuration of the Italian power system has been illustrated in
previous sections (see Fig. 1.1 and Fig. 2.10). By 2021, a new zonal market configuration will

involve the elimination of the Rossano virtual zone and the creation of a new Calabria market
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zone [155]. However, the zonal market structure is defined on the basis of the individuation of
power system sections more subject to grid congestions in some operational conditions. Once
the market zones are identified, the maximum allowable power exchange between neighbouring
zones is assessed [156].

This study is focused on a specific grid portion around the Centre South — South critical section
of the Italian power system, depicted in Fig. 2.27. The analysis involves the 400 kV — 50 Hz
overhead lines located in the area, in both the existing configuration and in the planned future

one including network reinforcements.

CENTRE SOUTH SOUTH

Legend
= EXxisting nodes
=== Future planned nodes
—— Existing 400 kV —50 Hz overhead lines
—— Future planned 400 kV — 50 Hz overhead lines

@ Existing thermal generators

@ Existing wind generators

......... Critical section

Fig. 2.27. Single line diagram of the system under study: investigated existing (in black) and future planned (in

blue) transmission lines.

Nowadays, the main direction of power transfers is from the South to the North of the Country
and the maximum allowable power transfer from South to Centre-South market zone is
currently limited to 4600 MW, expected to be increased up to 5500 MW in the future condition
including the development actions planned by the Italian TSO to avoid critical loading of the
infrastructure.

The 400 kV — 50 Hz overhead transmission lines under study are equipped with Aluminium
Steel-Reinforced Conductors, (ACSR),in a three conductors-bundle per phase. Conductor data

are reported in Table 2.8; the cross section of the individual conductor is illustrated in Fig. 2.28.
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Table 2.8. ACSR conductor technical specifications.

ACSR Conductor
Formation Aluminium 54 x 3.50
Steel 19x2.10
Aluminium 519.5
Theoretical sections (mm?) Steel 65.80
Total 585.30
Electrical resistance at 20 °C (Q/km) 0.05564
Breaking load (daN) 16852
Coeff. of thermal expansion | (Kh 19.4 x 10

_ 105mm

Fig. 2.28. ACSR conductor cross-section.

2.3.3 Tests results
In this sub-section the results of the study are described in the present and future planned
situation. Furthermore, the analysis of loading conditions for the existing system during a year

are presented.

2.3.3.1 Measured yearly loading conditions

The starting point of the analysis is represented by the yearly loading values measured for all
33 existing EHV overhead lines, referred to the system represented in Fig. 2.27. The duration
curves derived from their elaboration in per unit of the thermal rating, the yearly loading
(always in p.u.) and the yearly temperatures obtained by solving the heat balance equation are
shown in Fig. 2.29 for the most representative transmission lines. The most relevant loading
can be observed for the line L 2-3 (see Fig. 2.27) on the Tyrrhenian side, up to 120% of the
thermal rating, although for a very short duration. The remaining lines under study are instead
loaded well below their thermal rating. In general, higher loading conditions are observed for
the transmission lines on the Tyrrhenian side, due to the presence of a more meshed 400 kV
network (even besides the critical section under consideration), which collects a major amount

of the power transfers from South to North of Italy.
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2.3.3.2 Present and evolution network assessment

In order to assess the effect of network development plans on overhead line thermal
performances in the network section under study, depicted in Fig. 2.27, the analysis starts from
the determination of a system-level critical operating condition. This is individuated in a midday
with challenging ambient conditions (air temperature 30°C, low wind and 1000 W/m? solar
radiation) and remarkable renewable generation level, with an interzonal exchange at the Centre
South — South border is close to the security threshold imposed at the programming stage; this
is named Scenario A. It should be remarked that the analysis is run in full operating conditions
(N condition) since it is not aimed at fault security assessment.

Starting from this point further scenarios are built, with main features synthesized in Table 2.9,
as follows:

- Scenario B involves the same operating condition defined in Scenario A, in the presence
of network development interventions included in the National Development Plan
(NDP) over a ten-years horizon in the analysed section, as represented in blue in Fig.
2.27;

- Scenario C is aimed at analysing future network operating conditions, therefore it is
based on the DEC future energy scenario at 2040 exploited in the NDP, characterized
by a bottom-up approach with strong increases of distributed generation and of electric
energy demand, pushing on end-use efficiency; moreover it considers the presence of
all network development interventions planned in the NDP, involving all the national
network at sub-transmission level as well, with a consequent increase of interzonal
exchange limits;

- Scenario D imposes the future operating conditions in the absence of all network
development interventions planned in the NDP; to this aim, the effective power
exchange at zonal border is reduced by modulating zonal generation.

Load flow analysis has proved that lines are loaded at most at 60% of their rated current,
showing that the network can bear stressful conditions without particular problems. The
relevant distribution of line temperature levels obtained from the application of thermal model
is reported in Fig. 2.30 in the boxplot form. It can be noted that ambient conditions make
conductor temperature start from roughly 39 °C. In Scenario A the median value is 41.2 °C
with a 48.7 °C maximum, the 25-75 percentile interval is 3.2 °C, and average value is equal to
41.8 °C. In Scenario B a moderate reduction of median, average and maximum values is
observed, by 0.65, 0.20 and 0.75 °C respectively. In Scenario C, although loading is increased,

the network developments imply further temperature reductions, especially for average and
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maximum values (-0.8 °C and -4.1 °C with respect to Scenario A), and conductor temperature
variability is smaller as well (25-75 percentile interval is 2.4 °C). Whereas, in Scenario D an
increase of median and average temperatures in comparison with Scenario A is detected (by 0.6

and 0.3 °C respectively), although maximum temperature is just 47.1 °C.

Table 2.9. Present and evolution network study: features of analysed scenarios.

Features of analysed scenarios Scenarios
A B C D
Network elements 35 42 46 35
load demand [MW] 3323 | 3323 | 10684 | 10684

Centre-South conventional generation [MW] | 1145 1145 | 4445 | 4451
distributed generation [MW] 1332 1332 4648 4648

load demand [MW] 1383 1383 4647 4647
South conventional generation [MW] | 2893 2893 4847 5347
distributed generation [MW] 1828 1828 4591 4591
South-CentreSouth exchange [MW] 4600 4600 5234 4356
South-CentreSouth limit [MW)] 4600 4600 5500 4600
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Fig. 2.30. Boxplot of conductor temperatures in the analysed scenarios.
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A synthetic analysis of power losses in the four scenarios, determined at first with the standard
resistance values (as reported in Table 2.8) at 30 °C temperature and subsequently with the
application of the adopted thermal model, is reported in Table 2.10. It can be seen that total
losses in the analysed EHV network section range from 0.2% to 0.5% of total load demand in
the section, and the adoption of the thermal model allows a more precise estimation, with an
increase between 9% and 35%. Losses in Scenario C are substantially lower due to increased

network capacity, which reduces power flows and currents in individual lines.

Table 2.10. Active power losses estimation [MW] in analysed network section.

Active power losses Scenarios
estimation A B C D
Ambient temperature 24.74 21.93 11.09 24.86
Thermal model 26.98 23.85 14.98 27.00

Load-flow tests using the increased resistance values yielded by the heat balance equation are
performed in scenario C and D. In the first case (scenario C), the first iteration results in an
average current loading difference approximately of 0.1 A and a temperature difference less
than 0.1 K: these values decrease under the selected thresholds in the second iteration. In the
latter case (scenario D) an average current loading difference approximately of 5 A and a
temperature difference less than 0.1 K are obtained in output from the first load-flow iteration:

in the second iteration the thresholds are respected.

2.3.4 Conclusions

In this Section, a procedure to evaluate the thermal performance of overhead lines has been
proposed, by means of simple polynomial equations. The model has been applied to a section
of the Italian power system in order to assess of thermal stress over yearly operating conditions,
highlighting lines subject to critical situations and carrying out proper correlations. Moreover,
thermally stressful conditions have been evaluated in the current network configuration and in
the presence of network development plans under proper future energy scenario. Simulations
have proved the robustness of the EHV system and the validity of the network development
project in relieving thermal performances, as well as the importance of conductor temperature

update in the estimation of power flows and active power losses.
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24 Reduced inertia power systems in high RES penetration conditions:
challenges and possible solutions

In recent years, the increase of renewable generation interfaced by power electronics and the
gradual shut-down of conventional power plants, are posing a serious challenge to traditional
frequency control [157]. High levels of uncertainty affect the power generated by non-
conventional sources, whose control and prevision are often quite difficult. Furthermore, the
non-conventional generation is connected to the power system by the means of power
electronic-based devices, causing a reduction of the system mechanical inertia with negative
impacts on operational security. In fact, higher Rates Of Change Of Frequency (named
“ROCOF”) and more extreme frequency oscillations are observed in modern power systems,
with reductions in the lower values (named “nadir”) and increase in the higher value (named
“zenith”) after a system disturbance, particularly in isolated systems [158]. A major concern
related to Power Electronics Interfaced Generation (PEIG) is its limited capability to support
system frequency control, compared with conventional synchronous generation units [159].

In this framework, the TSOs started recognizing that with less system inertia, the power system
is less capable of withstanding frequency deviations from the nominal value immediately after
disturbances; the research interests have been addressed to investigating the behavior of a
“weak” interconnected power system and the possible countermeasures. In literature, market
designs incorporating primary frequency response in the ancillary service markets [160] have
been proposed, considering the provision of inertia and the effects of uncertainties from RES
[161]. Moreover, the determination of the minimum commitment cost of fast-acting storage
devices for the enhancement of primary frequency responses has been provided in [162].

In the European context, the system protection and dynamics sub-group of the European
Network Transmission System Operator (ENTSO-E) detected the impact of the continental
Europe synchronous power systems reduced inertia when the reference incident and the system
split occur. In particular, the “reference incident” is the basis for the frequency containment
reserve calculations and protection scheme settings, varying with the size of the system [163].
The main objective for network planners consists in identifying a minimum level of
synchronous generation penetration in the system [164], which could imply RES curtailment
or additional costs for turning on/running conventional power plants. Further studies focused
on the unit commitment and economic dispatch-based strategies, implementing constraints
associated with the initial ROCOF following an imbalance and the level of wind curtailment

[158]. Other works presented novel mixed integer linear dispatch models describing frequency
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stability requirements as a function of both system inertia and maximum contingency size, with
the aim of reducing operational costs and renewable curtailment [165], and optimizing the
energy production and the allocation of inertial and primary frequency response. Finally,
different studies proposed the implementation of the linearized inertia constraint [166] — [168]
despite the strictly non-linear real behavior.
However, application of the above approaches resulted to real planning analyses met with some
difficulties. Therefore, in a specific study carried out in collaboration with the Politecnico of
Turin (Italy), the research activity focused on the impact of different inertia constraints
implementation in the day ahead market simulator algorithm currently used for planning market
study in the National context (NDP) and in the European one (European Ten Year Network
Development Plan, “TYNDP”) in order to obtain an economic dispatch taking into account
inertia requirements in future energy scenarios.
The proposed methodology involves market analysis including significant “inertia thresholds”,
comparing the results in terms of overall system costs and frequency security performance,
using dynamic simulations. Finally, the Technique for Order Performance by Similarity to Ideal
Solution (“TOPSIS”) [169], [170] is used in the multiple criteria decision analysis (“MCDA”)
to identify the best technical-economic compromise.
The starting point (or “base case”) is represented by the market hourly results in each scenario
under study. The three inertia-related constraints taken into account are:

- Minimum Kinetic energy;

- Minimum available synchronous capacity;

- Maximum level of System Non-Synchronous Penetration (“SNSP”, better explained in

the Chapter 3 which focuses on power system flexibility).

Different values of these parameters are considered in sensitivity analyses and imposed within
the market simulator algorithm to obtain the new thermal unit commitment needed to satisfy
frequency security requirements.
The market simulations are then repeated in order to evaluate the performance indicators
associated with following criteria:

1. Social-Economic Welfare (named “SEW”);

2. COzemissions;

3. Fuel consumption.
Furthermore, the hourly market results are used in input to the aggregated dynamic model [171]
to evaluate the frequency performance in terms of:

4. ROCOF indicator;
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5. Nadir indicator.
Finally, the different strategies (corresponding to the base case and all investigated alternatives

built varying the constraints values) are compared in terms of their performance with respect to
the five aforementioned criteria using the TOPSIS method, detailed in the Chapter 4 together

with the Terna official market simulator algorithm.
The workflow of the entire process is depicted in Fig. 2.31.

Base case

A4

Imposition of constraints:
1. Minimum kinetic energy
Minimum available synchronous capacity
3. Maximum level of System Non-Synchronous
Penetration

N

Definition of the hourly thermal capacity (MW)
online needed

A 4

Mixed integer linear programming for the
optimization of the hourly generating units portfolio [<¢—
scheduling

|

Available generating units production profiles are
defined in each hour of the year

!

YES Does the online thermal
capacity allow the hourly
constraints satisfaction?

NO

A 4

Market simulations enforcing the new
production profiles

A 4 A 4

Frequency performance Economic metrics
indicators evaluation evaluation

A 4

TOPSIS method for MCDA:
Best solution definition

Fig. 2.31. Workflow of the proposed approach.
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3.  Power system flexibility assessment in transmission network expansion
planning

The European electricity system is facing a deep reshaping, involving the integration of large
amounts of variable decentralized generation, the digitalization process and the conventional
decommissioning of power plants, whilst at the same time continuing to ensure security of
supply, power system balance and competitiveness with neighboring countries [172].

As the Italian TSO, Terna is actively working to support this profound transformation of the
energy landscape, performing adequacy and flexibility analysis for the Italian power system.
These are two central aspects in the planning framework: system adequacy ensures that at any
time the available generation capacity can meet the demand, while flexibility refers to the
system ability to employ its resources to face expected and unexpected changes in generation
(expecially due to the renewable sources) and load consumption while fulfilling system
reliability requirements and satisfying the flexibility resources technical characteristics.

In the European framework, the Belgian TSO Elia [172] concentrated in a unique biennial
report adequacy and flexibility analysis, while studies carried out by Terna are presented
separately.

In particular, the “Italian Adequacy Report” [173] describes the methodology for the evaluation
of conventional generating units needed to ensure the adequacy of the system in all relevant
planning energy scenarios in the medium-long term horizon based on a probabilistic approach
and the results obtained from its application. Moreover, the first flexibility analysis for the
Italian power system based on long-term market simulations results [174] has been included in
the year 2019 NDP [119]. Further studies carried out in collaboration with Politecnico of Bari
University [175] focused on another important aspect of flexibility related to the exploitation
level of network branches.

In the framework of the European program “Horizon 20207, Terna recently took part to the
“Advanced methodology and tools taking advantage of storage and FLEXibility in transmission
and distribution grid PLANnNing” project, named “FlexPlan”. The project is funded by the
European Union and coordinated by the Italian Research on the Energy System (RSE). The
other partners include two European TSOs, one Distribution System Operator (DSO) and nine
Universities/Research Centres, as illustrated in the Fig. 3.1.

The main objective of the FlexPlan project is the realization of a new tool for analysing

transmission and distribution (T&D) grid expansion (conceived in a more and more integrated
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way) options considering the deployment of new storage facilities and grid technologies
(HVDC, FACTS) as well as the activation of flexibility resources located in key places.

The new tool will be developed during the next three years, and will consider all system
operation costs, including those related to RES and load curtailment. Then, it will be adopted

to perform integrated T&D network planning analyses in scenarios at 2030, 2040 and 2050.
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Fig. 3.1. Geographical spread of the FlexPlan Consortium.

This Section deals with the flexibility requirements assessment for the Italian power system in
different planning scenarios considering both the market (in the sub-section 3.2.1) and the
network (in the sub-section 3.2.2) aspects.
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3.1 Introduction
The recent development of renewable distributed generation, strongly affected by the need of
reaching objectives established by European Energy and Climate policies, is having an
important impact on planning and operation of the power system. In this context, the TSO has
to guarantee major penetration of RES generation while ensuring security of supply, efficiency
and level of service.
An important barrier to the integration of RES generation is represented by the need of
additional capacity for periods when renewable sources are unavailable. Besides the capacity
adequacy topic [176], [177], major concerns are the magnitude and uncertainty of the ramps
associated with variable generation (VG) [178] — [181]. Experiences with wind and solar
generation in Electric Reliability Council of Texas (ERCOT) [182], Europe [183], and
Midcontinent Independent System Operator (MISO) [184] point out to large regional VG
production variations, expecially if demand changes in the opposite way. The determination of
the ability of a system to integrate VG, mandatorily involves the assessment of the variability
of the system's net (or “residual”) load, defined as the system demand which is not met by VG
production, rather than independently considering the variability of each VG technology and
system demand [185]. Therefore, significant indicators of the power system flexibility are
represented by the magnitude of up or down ramps in VG production, the relationship between
VG production and load demand, the time occurrence of ramps and the ability of the system
operator in forecasting future VG production.
In literature, the ability of the electrical system to employ its resources dealing with the changes
in load demand and variable generation, is defined as the flexibility of the system [186], [187].
In [188] a power system is defined flexible if it is able to rapidly respond to large variations in
demand and supply, whether scheduled or unexpected, by ramping up and down the generation
output within technical and economic boundaries. The report indicates three main steps towards
a flexible power system:

1. Flexibility resource identification;

2. Flexibility requirements assessment;

3. Net Flexibility Resource (NFR) evaluation, to be considered available to balance further

changings related to additional VG production.

Flexibility resources (synchronous generators, demand response, interconnections [189] —

[191], energy storage [192]) are required to rapidly vary their output to adequately face net load
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changes. Further flexibility aspects involve the “robustness” of the transmission infrastructure
[193], policy rules and market design [194], [195].

The chronological classification of the flexibility resources as provided in [196] is reported in
Fig. 3.2

Long — Term

A transmission system
tariff to incentive wind
operator;

Upgrading and expanding
transmission system;
Rewiring transmission
lines;

FACTS;

Super conducting fault
currents limiters;

WAMS;

Line temperature
monitoring;
Weather-driven tariff
provisions & market rules

Mid — Term

Thermal units (Peak, Mid-
merit, Baseload plants);
Non-thermal units (VG
curtailment, Hydro power
plants);

Energy Storage System
(Fast response, Mid-
response, Electric
\khicles);

Demand side management
(Energy Efficiency
Demand Response);
Developing deep, liquid
day-ahead and hour ahead
markets.

Short — Term

Large rotating blades of
variable speed wind
turbine;

Geographical dispatch;
Regulation reserves;

Load following reserves;

Demand response (DR);
Consolidating balacing
areas into larger entities.

Super Short — Term

Low-voltage ride-though;
Reactive power control;
SCADA information;
\bltage control;

Output control,

Ramp rate control;
Power electronic control
(governor response and
initial response);
Dynamic modeling of
large wind plants (prime
mover dynamics)

Fig.3.2. Chronological classification of flexibility resources (from [196]).

In [197] a categorization of a power system elements as either a flexible resources, flexibility
sink, or as an intermediary has been provided:
1. Flexibility resources:
a. Conventional generation
b. Dispatchable VG
c. Interconnection
d. Electricity Storage
e. Demand — side measures

2. Intermediary:

a. Transmission network
b. Fuel storage

c. Forecasting

d. Market design

e. Regulation

f. Balancing area size

g. Unit commitment
3. Flexibility sink:

a. Load
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b. Wind

c. Solar

d. Ocean.
The flexibility requirements are quite influenced by the system characteristics such the location
of the variable sources and the load areas, the uncertainty about demand and VG profiles, the
availability of flexibility resources able to cover peak load in case of necessity.
Flexibility needs to be measured: an exhaustive assessment should consider all these elements
and their mutual influences.
Since in the restructured electricity business the network planners are no longer in control of
the generating capacity development, it is clear that the transmission system expansion is the
main driver to support the VG integration into the system. In this context, new metrics are
needed in order to evaluate the impact of the growing share of RES generation on market
efficiency and the ability of the transmission infrastructure to maintain the desired reliability
and security standards during the current profound generation landscape transition. The
transmission system flexibility is considered very important because it can reduce the overall
system costs thanks to a more efficient power system operation [198].
In this Section, a methodology to assess the power system flexibility using market-based and
infrastructure-based metrics is presented and the results obtained by their calculation for the

real case of the Italian power system in different significant planning scenarios are illustrated.
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3.2 Flexibility requirements indexes

Extensive literature reviews on power system flexibility have been recently presented in [196],
[199], [200]. Some work is more focused on qualitative evaluations or theoretical developments
[196]. However, the quantification of the flexibility needs and sources is an essential point for
real applications together with the need of finding a compromise between computational
complexity and meaningfulness of the indicators [200].

In [201] a systematic methodological approach based on a set of indicators for future power
system flexibility analysis is proposed and applied to a European case study for 2020 and 2025
scenarios. Other studies referred to specific countries as Germany [202], France [203], Greece
[204], the island of Ireland and the power system in Hokkaido Prefecture Japan [185] are
available. Less common are the flexibility analysis on the whole European system [201], [205].
In [205] a methodology to evaluate the transmission system flexibility with respect to the
generation system is proposed for highly developed power systems operating in electricity
market. References [207] — [209] provided local and global indexes assessing the transmission
system power margins when facing generation scenario variations. Furthermore, the proposed
indexes allow the evaluation of the generation asset variation range.

In this sub-section, a set of indexes for the flexibility assessment of power systems are
illustrated, and case studies involving the Italian power system are presented, evaluating its
performances from the market efficiency, network security and reliability points of view. The
insights gained from the application of flexibility requirements assessment methodology can be

relevant in driving the new flexibility resources planning.

3.2.1 Market-based flexibility indexes
According to [201], the set of significant annual indexes measuring the RES penetration and,
consequently, system flexibility requirements are provided by the reference [210]:
- RES Load penetration Index (RLPI), defined as the maximum hourly coverage of
load by non-dispatchable renewables energy generation (wind and solar):
W(t) + S(t)
L(®)

- Renewable Energy Penetration Index (REPI), defined as the average value of

RLPI(t) = max< ) t=1,2,3,..,8760 (3.1)

demand covered by wind and solar generation:

Wannual + Sannual) — Z?Z?O W(t) + S(t)
YEZ80L(D)

- Renewable energy generation Curtailment Risk (RCR):
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Where:

_ number of hours in the year with RL(t) <0
B 8760
Non-Synchronous Penetration ratio (SNSP), proposed in [205] with the aim of

RCR (3.3)

monitoring the system inertia and defined as:
W(t) + HVDC(t)import

SNSP(t) =
O =T T HVDC Ourpore

(3.4)

This expression of the SNSP index derive from an original work [211] was addressed
to the Irish power system, whose unique interconnector is in HVDC technology and the
main renewable energy source is represented by the wind generation. The (3.4) can be
easily generalized by replacing the terms HVDC (t)¢xpore With the general P(t)cxpore
and by adding the solar photovoltaic generation to the wind one. Therefore, the SNSP

can be expressed as in (3.5):

Z P(t)inim,erter _ W(t) + PV(t) + HVDC(t)import

SNSP(t) = S P(t) gur - L(t) + P(t)export

(3.5)

W (t) is the wind energy generation at time t;

S(t) is the solar energy generation (solar photovoltaic + solar thermal) at time t;
L(t) is the load at time t;

RL(t) is the residual load at time t;

HVDC(t)impore represents the imported power through high voltage direct current
interconnections at time step t;

HVDC(t)expore represents the exported power through high voltage direct current
interconnections at time step t.

P(t)in_inverter represents the inverter-based imported power at time t;

P(t),u: represents the sum of load demand and inverter-based exported power at
time t;

PV (t) is the photovoltaic energy generation at time t.

The analysis performed in [201] on the European power system at 2020 and 2025 year horizon

considering 25 different renewable energy generation profiles allowed the estimation of the

four described indicators, as reported in the Fig. 3.3 — Fig. 3.6. In Fig. 3.3 and Fig. 3.4 the circle

center represents the average value and circle size represents the standard deviation of the

indexes under the examined 25 different meteorological years.

93



Renewables Load Penetration Index (RLPI)
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Fig. 3.3. Renewables Load Penetration Index (RLPI), (from [201]).
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Fig. 3.4. Renewable Energy Penetration Index (REPI), (from [201]).
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Fig. 3.6. System Non-Synchronous Penetration ratio (SNPS), (from [201]).

In the following sub-section, results obtained from the analysis for the Italian power system in
most relevant planning scenarios at 2030 year horizon are reported.
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3.2.1.1 Cases study and results

The analyses proposed in [174] have been performed for the Italian power system in the
Sustainable Transition (ST) and Distributed Generation (DG) planning scenarios [26], [119],
[212] (described in the previous Chapter 2, paragraph 2.2.3.1) and referred to 2030 year, due to
ten-year horizon of the NDP.

For the sake of the clarity, a brief description of the scenarios under study is reported also in
this sub-section.

e The ST scenario is defined by the means of the “bottom-up” methodology: data input
on demand, technology penetration, installed capacity are collected from the TSOs and
processed to build the scenario storyline. The hypothetical macro-economic trend is
characterized by a moderate economic growth. Europe is in line with the achievement
of 2030 targets and slightly delayed for 2040 targets and 2050 decarbonization.
Electrical demand is slightly growing as well as gas demand.

e The DG scenario is defined through top-down approach: the scenario characteristics are
derived from the European targets feeding market-based algorithms used to turn these
targets into a generation mix for each zone. As a macro-economic trend, this scenario
foresees a strong economic growth, and the replacement of coal power plants by gas
power plants in electric generation. An increase in yearly electric demand is observed
in the heating and transport sectors, where electric and gas vehicles achieve the emission
target reduction, whereas the higher energy efficiency in buildings leads to a decreasing
electric demand in domestic activities. Furthermore, the DG scenario highlights a
general progress in terms of distributed generation and domestic/commercial storage
thanks to a significant costs reduction of the relevant technologies.

Four different cases have been analysed: 2030 ST and 2030 DG “with” and “without” network
developments, indicated by the following notation:

- Al: 2030 ST scenario with network developments included,;

- A2: 2030 ST scenario without network developments included:;

- B1: 2030 DG scenario with network developments included;

- B2: 2030 DG scenario without network developments included.

The Table 3.1 summarizes the results obtained from the indexes calculation for each condition
in each considered scenario. Since the REPI index represents the RES penetration average
value, while the RLPI index relates to the RES penetration maximum instantaneous value, this
latter indicator is 3+4 times larger than the first one. The RLPI index is greater than 1 when

there is a surplus of variable RES generated energy.
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Table 3.1. Results of Indexes calculation for the Italian power system in each condition in each scenario under

study.
Scenarios i deves
Planned network development actions at 2030 | RLPI(t) | REPI | SNSP(t)
2030 ST o (A0 ves | o1 | o1
20200 e Gai | o0s | o

It can be observed that the absence of the planned network developments leads to a reduction
of indexes, particularly evident in the 2030 DG scenario due to the high RES generation
capacity foreseen, while the 2030 ST scenario shows smaller reductions of indexes values in
absence of development actions.
The RCR index is omitted because not relevant: only in the Al case 3 hours of negative residual
load are observed.
Solar and wind generation are undoubtedly the most developed RES. Since their production
profiles are strongly affected by weather conditions, they are considered in the category of
Variable Generation [186], [197], [213] and the residual load at time t is defined as:

RL(t) = L(t) —W(t) —S(t) (3.6)
Starting from hourly year 2030 load values and by subtracting wind and solar energy generation
at each time interval ¢, it is possible to evaluate the instantaneous residual load for ST and DG
scenarios, both in cases with and without all planned grid developments.
Fig. 3.7 and Fig. 3.8 show the evolutions of load, residual load and RES penetration during a
reference summer and winter week for the different Al, A2, B1 and B2 scenarios. Values
represent the hourly expected load, wind and PV production in 2030 ST and DG and scenarios,
resulting from market simulations carried out with the Terna official Day-Ahead Market
Simulator (DAM) “Promed Grid” [214]. The red line is depicts the hourly residual load in a
typical winter or summer week, while the yellow highlighted areas represents the wind and
solar generation. A substantial difference can be observed in absence of planned network
developments (A2 and B2 scenarios): the RES penetration reduction is particularly evident for
the 2030 DG scenarios, as evidence of the planned grid reinforcements need in a “High RES”
scenario.
The residual load evolution in a summer reference week for the year 2016 and the planning
2030 ST and DG scenarios is provided in Fig. 3.9, showing higher residual load ramps in

presence of the expected high RES capacity penetration levels.
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Fig. 3.7. Scenarios Al and A2: evolutions of RL(t) and RES penetration in typical winter and summer weeks.
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Fig. 3.8. Scenarios B1 and B2: evolutions of RL(t) and RES penetration in typical winter and summer weeks.
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Fig. 3.9. Residual load evolution: comparison between 2030 planning scenarios (without planned network

reinforcements included) and 2016 historical values.

For each new development project, the Italian NDP issued by Terna contains a detailed

description of the major expected benefits [215]. Constraints to renewable energy production

are locally identified (local overgeneration) during the hours when RES generation must be

reduced in order to avoid overloads due to grid congestions. The Cost Benefit Analysis (CBA)

methodology applied by Terna for all projects with associated realization costs greater than 15

ME, allows the estimate of the “B5” benefit category, corresponding to the greater increased

integration of RES production thanks to a new grid development intervention.

The B5 benefit is evaluated by the means of network simulations performed using both the

probabilistic and the deterministic (static load-flow) approaches [105], [216] in the presence

and in absence of the new grid development intervention under study.

Table 3.2 summarizes the main projects included in 2018 NDP [217] presenting benefits in

terms of RES integration and its associated B5 values, expressed in MWh.

Table 3.2. B5 benefit for some relevant planned network developments.

Develooment Intervention B5 (MWh of RES generation integrated)
P Area 2030 ST | 2030 DG
400 kV — 50Hz overhead line “Foggia-Villanova” Centre 206,504 2,842,008
400 kV - 50Hz overhe'ad'hne” Chiaramonte Gulfi - Sicily 11,940 29130
Ciminna
400 kV - 50Hz overhead line “Assoro-Sorgente 2- Sicily 11,940 29.130
Villafranca”
HVDC Interconnector Italy-France North-West 222,730 675,200
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A further application of the illustrated methodology, presented in [175], has been performed
for the Centre South and Centre North Italian market zones flexibility assessment, both “with”
and “without” the planned Adriatic submarine HVDC link spanning the critical section.

The flexibility requirements assessment for the critical sections of the Italian power system has
been carried out in the two planning scenarios representing the last years evolution of National
energy policy at 2030 time horizon: the National Energy Strategy (named “NES”) [109], and
the Integrated National Energy and Climate Plan (named “NECP”) [110]: both the generation
capacity flexibility and the grid infrastructure one (reported in sub-section 3.2.3) are
investigated by performing market and network simulations, drawing a set of flexibility
indicators, in order to evaluate the impact of the new planned HVDC submarine link between
Villanova and Fano nodes.

The two national policy scenarios under study at 2030 year horizon are substantially aligned in
demand trend and generation production, (slightly higher in NECP scenario as shown in Fig.
3.10), while the import target is supposed to be the same.

400
304 310
00 290
S 200 110 184 187
|_
N - -
0

2016 2030 NES 2030 NECP
m Fossil Fuel RES

Fig. 3.10. Forecasted generation production (TWh) for national policy scenarios at 2030 year horizon.

In comparison with the NES, adopted in 2017, the new national policy NECP scenario confirms
commodities values except for CO> prices at 2030 time horizon, which are supposed to increase
[109]. Despite a minor RES installed capacity, the forecasted renewable generation is higher in
the NECP scenario due to the hypothesis about the greater productivity of the variable sources.
One of the main differences between the two scenarios is represented by the targets on
renewable energy sources, more challenging in the NECP scenario for electricity consumption
and other energy sector aspects, as illustrated in Fig. 3.11.
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Fig. 3.11. RES targets in different consumption sectors for national policy scenarios NES and NECP at 2030
year horizon.

From the methodological point of view, the same set of flexibility indicators adopted for the
flexibility requirements assessment of the whole Italian power system in the ST 2030 and DG
2030 scenarios have been evaluated, with the only difference that the analysis concerned a
specific portion of the national power system in two different conditions: the Centre South and
the Centre North market zones “with” and “without” the new planned submarine HVDC
Adriatic link.

The inputs of NES and NECP scenarios at 2030 year horizon are used to obtain hourly
consumption data and renewable generation availability. Therefore, by means of day-ahead
electricity market solution with zonal structure, providing the maximization of social welfare
under perfect competition assumptions, power production levels of conventional generators are
determined in order to evaluate the indexes presented in section 3.2.1. for the Centre South and
Centre North Italian market zones.

The results across the critical section are summarized in Table 3.3. It can be seen that the

indexes increase in the presence of the planned HVDC link, pointing out to an increased ability
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to integrate renewable sources. Moreover, the 2030 NES scenario is shown to be the most

promising in order to improve the analysed aspects.

Table 3.3. Results of Indexes calculation for the Centre South and Centre North market zones of the Italian

power system in each condition and in each scenario under study.

Scenario indexes
Planned HVDC | _RLPI(Y) REPI SNSP(t)
Yes 1.42 0.52 0.55
2030 NES NoO 1.34 0.50 0.49
Yes 1.22 0.50 0.52

Furthermore, the value of negative residual load RL(t), representing conditions with
renewables exceeding the demand, is evaluated during the 8760 hours in a year in all analysed
conditions. This indicator assumes the highest value in the 2030 NES scenario in presence of
the new planned HVDC Adriatic link and the lowest in the 2030 NECP scenario in absence of
the same development action. In particular, the negative residual load is around of 11% in the

first mentioned case and 1.8% in the latter one.

3.2.2 Grid infrastructure-based flexibility indexes

Another important aspect of flexibility is related to the exploitation level of network branches.
This can be seen in a twofold manner: a moderate power flow on lines implies a safety margin
to be exploited in the case of faults, moreover the flow is determined by the distribution of
power injections at nodes, deriving from market equilibrium in current deregulated systems.
The presence of HVDC links implies further degree of freedom, thus modifying the grid
infrastructure flexibility level. It should be remarked that flow-based market solutions are
gaining significant interest in literature as well as in real applications, e.g. the EUPHEMIA
algorithm [218].

Taking the cue from [207] — [209], a revised version of system flexibility index is here
proposed. At first, based on a complete AC power flow calculation according to market results,
the active power margin of each line k at time t, M (t) is obtained as the difference between
active power flow F(t) and maximum line rating Ry, accounting for flow direction, i.e.:

(Re—Fe(® Fe®) =0
M. (t) = {RZ LR F(D) <0

In order to investigate the exploitability of those margins, DC power flow equations are

(3.7)

employed. Considering a network composed of N; nodes and N, branches, a linear relation can
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be written between the N,—vector of active power flow on branches F, and the (N; — 1)-vector
of net nodal power injections P,, as follows:

F,=B, B! P, +Fg, (3.8)
where B, is a N, x(N;- 1) line-node admittance matrix, Byl represents the
(N; - 1) x (N; - 1) reduced nodal admittance matrix, and the (N; - 1)-vector Fj, accounts for
the effect of phase shift transformers. By performing matrix product, the following form is
derived:

F,=H-P,+Fg, (3.9)
where H represents the N, x (N; - 1) line-node matrix of Power Transfer Distribution Factors
(PTDFs), supposing that the injection at each node is received at slack bus [219], [220].
Usually, each PTDF h ;, representing the variation of flow on the line k for unit variation of
power injection at bus j, ranges between -1 and 1.

The means to vary the power flow in each line within rating is given by dispatchable generation
variation and non-dispatchable renewable curtailment. Let us define 2., as the set of nodes
with dispatchable generators and £2,.,4 as the set of nodes with non-dispatchable renewable
generators. Therefore, in the presence of positive power flow on line k, the most bounding
margin is the positive one, and dispatchable generation with positive PTDF can be limited.

Redispatching Margin Index (RMI) for the line k is defined as follows, where h,t,j stands for

positive PTDF values:

jEQgen
Whereas, renewable curtailment tends to rating bound of the line in the presence of negative
PTDF h; ;. Non-dispatchable Margin Index (NMI) for the line k is defined as follows:

NMI,(t) = Z hej ifF(6)=0 (3.11)

J€Qrna
In the case of negative power flow on line k, h,tj and hy ; replace each other in (3.10) and
(3.11).
System level indexes at time t of redispatching margin SRMI(t) and non-dispatchable
renewable margin SNMI(t) are defined as follows:
R [IRML (D] - My (£)]

SRMI(t) =
Zil M (t)

(3.12)
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NOINMI (D) - M (0)]
1]1121 Mk (t)

Flexibility is positively evaluated by comparison of different network configurations, or of

SNMI(t) =

(3.13)

different operating condition, for smaller values of indexes, since they would imply higher
margins and lower PTDFs on the analysed lines.

The presence of HVDC links is modelled through coupled power injection-withdrawal at
extreme nodes, as depicted in Fig. 3.12, and exchange power values from market results are
determined according to their position across zones, in order not to exceed technical limits
[219]. Therefore, they are directly accounted into the set of nodes with dispatchable generator

02 4.y to determine (55) and (56), and their presence allows to modify margins in (52).

FHVDC

<

e

- FHVDC FHVDC

Fig. 3.12. Schematization of HVDC line model.

3.2.2.1 Case study and results

In this sub-section, the resulting values of SRM1(t) and SNMI(t) indexes evaluated for the real
case study of the critical section Centre South — Centre North of the Italian power system in
presence and in absence of the planned HVDC Adriatic link in the most recent national policy
scenario NCEP at 2030 year horizon, are reported.

The generation and consumption levels associated with the scenario under study are applied to
a network model including the development projects at 2030, solved by means of SPIRA, the
official tool adopted by Terna for static planning studies, yielding power flows on branches and
relevant margins. From the network model, the PTDF matrix is evaluated and indexes presented
in sub-section 3.2.2 are eventually determined for the Centre South and Centre North Italian
market zones, exploiting the MatPower environment [221]. The analysed network section

involves 190 generation nodes and 170 lines.
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When present, the planned HVYDC Adriatic link is supposed to carry its maximum rated power
(i.e. 1000 MW) from Centre South (Villanova) to Centre North (Fano) when renewable
production exceeds a specified threshold, with a proportional reduction otherwise.

In Table 3.4 the flexibility indexes of the grid infrastructure calculated with respect to all EHV-
HV transmission lines (nominal voltage above 100 kV) across the critical section Centre South
— Centre North, for 2030 NECP scenario in both conditions “with” and “without” the planned
Adriatic submarine HVDC link across the critical section are reported. The indexes are
calculated in the presence of high renewable production and consequent maximum power
transfer along the planned HVDC link when present. It can be observed that in the presence of
the planned HVDC link both indexes reduce, pointing out higher availability of the network in

the case flexible operation is required.

Table 3.4. Results of Indexes calculation for the Centre South and Centre North market zones of the Italian

power system in each condition and in each scenario under study.

Scenario Indexes
Planned HVYDC SRMI(t) SNMI(t)
Yes 6.53 10.23
2030 NECP No 7.05 10.95
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3.3  Conclusions

In order to assess the usefulness of the flexibility requirements assessment methodology in
planning studies proposed in [201], [206], the values a set of significant indicators involving
both market and network simulations have been calculated in two different real planning cases
study: (1) the whole Italian power system in the European 2030 ST and DG scenarios with and
without the planned network developments included and (2) the critical section Centre South —
Centre North in the two national policy 2030 NES and NCEP scenarios with and without the
planned HVDC Adriatic link included.

The main results can be summarized as follows:

1. The selected market-based indexes are evaluated for the Italian power system. In the
2030 ST scenario, without planned network development actions, a value of RLPI of
0.69 is obtained, while introducing development actions, the same index reaches the
value of 0.78, with a percentage increasing of more 11.7%. In the 2030 DG scenario,
the RLPI value grows from 0.41, without planned network development actions, to 1.01
in presence of planned network development actions, with a percentage increase close
to 147.5%.

The REPI index shows the most significant value in the 2030 DG scenario in presence
of all network reinforcements, when the percentage of load covered by wind and solar
energy reaches up to 25%. The same percentage drastically drops to the 8% when the
development actions are not included.

By the analysis of the SNSP index small variation is observed in the 2030 ST scenario
(from 0.27 in the case “with” to 0.21 in the case “without” planned interventions), while
a more significant changing is registered in the 2030 DG scenario where the index drops
from 0.35 to 0.11 with and without network developments respectively;

2. The same market-based indexes are evaluated for the specific portion of the Italian
power system Centre South — Centre North. The impact of the planned HVYDC Adriatic
link is quantified results in an increase of all indexes values in the two national policy
scenarios.

Moreover, grid infrastructure assessment based on power flow margin and flexibility
analysis through DC power flow model and PTDFs have been performed in the 2030
NCEP scenario. Results have proved that the HVDC connection allows an improvement

in flexibility indicators, and the validity of the method for real-sized power systems.
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4. Cost-effective Target Capacity assessment in the energy transition:
the Italian methodology

The transmission capacity increase within and between Member States is likely to play an
essential role in maintaining the European power system operation secure and economic
ensuring the growing RES generation integration.
Long-term transmission expansion planning in a restructured electricity market environment
needs adequate methods able to balance different technical and economic objectives, such as:
the TSOs congestion revenues, the producers bidding strategies (related to the ongoing
synchronous power units phase-out), the social welfare resulting from end users electricity
prices and the long-term fixed and operational costs associated with investments in transmission
network expansion.
In this context, the TSOs are required, both from the Regulators and the other market
participants, to address the investments in a cost-effective way, considering all mentioned
different objectives, and with the aim to:

- maximize the Socio-Economic Welfare (SEW);

- minimize the investments risk;

- enhance power system security and reliability;

- reduce new transmission infrastructure environmental impact.
Furthermore, the analysis of the long-term transmission expansion planning is strongly affected
by the market architecture: in the Italian context, the transmission sector is a monopoly, while
power generation and distribution sectors are market competitive areas. Terna is responsible
for the Italian power system planning, operation and maintenance and has to ensure a non-
discriminatory access to the market.
In recent years, an output-based incentive-regulation mechanism has been set up in order to
attract and prioritise the TSO investments where the benefits in terms of system efficiency are
higher. In 2017 the Italian Energy Regulatory Authority (ARERA) requested Terna to assess
the “Target Capacity”, defined as the efficient level of transmission capacity to be realized, for
each boundary of the Italian power system in each significant planning scenario.
This Section deals with a novel methodology developed to the Italian TSO in order to assess an
optimal level of transfer capacity based on the simultaneous investigation of capacity increases
at all relevant market sections. The congestion hours and the average values of hourly price

spreads resulting from market simulations are the indicators used to select the additional
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capacities to implement in the reference grid. The new capacity is then verified by means of
network and market analysis in order to confirm that related benefits outweigh the costs.

The proposed methodology has been developed during the year 2018 and launched for public
consultation in order to collect all relevant stakeholders’ (independent academic, experts
consulting and utilities companies) feedbacks. It has been applied to the Italian case for two
relevant 2030 contrasting energy scenarios: different development strategies are defined and
the most cost-effective have been chosen by the means of the “least regret” criterion as the
objectives for the Italian TSO.

The second edition of the target capacity report is foreseen to be issued at the end of year 2020:
the updated methodology has been launched for public consultation at the end of July and the
main innovations with respect to the previous version are illustrated in sub-section 4.6 of this

thesis.
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4.1 Introduction

In recent years, the unbundling of the electricity sector together with the profound energy
landscape transformation have raised new challenges to network planners and regulators. The
climate and energy objectives defined at the European level aim at deepening the integration of
the European power markets [201] and the electricity sector is recognized as one of the main
contributors to the energy transition. Consequently, network expansion planning became a very
complex multi-objective problem [222],[223] including: the efficient location of transmission
expansion developments, the mitigation of transmission congestion, the security and reliability
requirements fulfilling, the nondiscriminatory access to generation resources and the market
participants competition facilitation [224].

New methods are required to identify cost-effective development strategies in presence of
increased uncertainties about load and generation trends, fuel availability and cost, market rules
and government policies, transmission infrastructure realization costs, [225 — 228].

In the national context, in 2017 the ARERA requested the Italian TSO to define the “Target
Capacity”, i.e. defined as the efficient transmission capacity to be realized, for each relevant
internal section and external border of the Italian power system, in each significant planning
scenario.

In this Section the novel developed iterative methodology and the results obtained by its first
application [229] are presented. To assess the additional transmission capacity both market
simulations based on zonal models and network simulations based on detailed network
topology have been performed, so as to include in the analysis economic considerations (e.g.
market design, regulation schemes, generation costs and generation units bidding strategy) and
technical network aspects (e.g. flow distribution on lines, losses, and operational constraints on
network topology and reliability). Furthermore, the analysis has been performed in the two
contrasting scenarios at the 2030 study horizon, i.e. the ST and the DG scenarios [26], [119],
[212], with the aim to consider the uncertainty affecting the provisional load, generation
capacity trend, commodities and resources prices in a long-term view.

In literature, several mathematical optimization, heuristic and meta-heuristic methods have
been proposed to resolve the transmission expansion problem and identify robust development
strategies in uncertain environment. A complete literature review on transmission expansion
planning models is presented in [230].

The first category (mathematical optimization) includes all approaches expressing the

transmission planning as an optimization problem: once the objective function is defined, it is
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subjected to all relevant technical and economic constraints manageable by the algorithm. The
solution is obtained by means of different techniques, such as linear programming [231], [232],
non-linear programming, mixed integer linear programming [222], [233], and mixed integer
non-linear programming [224]. The practical limitation to the use of the optimization methods
Is the substantial computational efforts (often non compatible with TSOs tasks timing) and the
need for simplifications reducing the quantity of transmission expansion problem aspects under
consideration.

In [230] the heuristic methods are defined as “techniques that, instead of using a classical
optimization approach, go step-by-step generating, evaluating, and selecting expansion
options, with or without the user’s help”. Some works based on the heuristic approach are [234],
describing a transmission expansion tool based on “least effort” criterion, and [235] presenting
a transmission expansion model based on the decomposition in different investment and
operation subproblems and [236] proposing a branch and bound technique to solve the
investment sub-problem.

With the aim of developing a methodology able to find feasible solutions to the target capacity
assessment request, obtaining reasonable computational times while taking into account all
relevant information about the main characteristics of the whole interconnected European
power market and the detailed national grid topology for transmission (400 — 230 kV) and sub-
transmission (150 — 132 kV) voltage levels, an heuristic approach is adopted. This kind of
approach allows to fix robust sub-optimal development strategies in a multi-scenario analysis,
exploring a large research solution space under the constraints deriving from empirical
evidences. Three different custom-written tools enclosing the specific characteristics and
inherent complexity of the Italian power system in the restructured competitive environment
are adopted: demand hourly profiles, reliability and security costs, multiple contingencies,
ohmic losses, hydrological scenarios and bidding strategies are all aspects considered in the
Day Ahead zonal Market, Ancillary Services zonal Market and Grid Reliability and Adequacy
nodal network simulators in our analyses.

The developed approach represents a relevant novelty in planning methods, overcoming the
techniques adopted by the other European TSOs for similar scopes in methodological rigor and
completeness, as confirmed by an independent academic reviewer in [237]. In fact, the yearly
“Network Option Assessment Report” (“NOA”) carried out by the Great Britain System
Operator “National Grid” [238] aims at recommending in which development projects proposed
by the Transmission Owners (“TOs”) there should be investment during the coming year,

performing a market analysis consistent with the significant energy scenarios [239] and the
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system requirements identified in the “Electricity Ten Years Statement” [240] and providing a
prioritization of the candidate options. The “Power System Needs 2030 and 2040 Report” [241]
of ENTSO-E is a partial exercise detecting the one cross-border cost-efficient capacity specific
dimension. Moreover, this latter analysis is performed in one energy scenario, and the only
Socio-Economic Welfare benefit is evaluated (“SEW-based” needs). However, both mentioned
practices adopted only market simulations performed through a single tool.

The iterative methodology developed detects the cost-efficient target capacity for each internal
section and external border of the Italian power system in a multi-scenario analysis including
network topology details, evaluating several benefits and exploring new solutions able to
increase the interconnection levels also besides the transmission capacity provided by the
already planned projects, avoiding the risk of profitable investments underestimation.
Custom-written software tools enclosing the specific characteristics of the Italian power system
in the restructured competitive environment are adopted.

The main contributions of the proposed approach are:

1) the formulation of a new heuristic methodology for assessing the cost-effective
additional transmission capacity;

2) the identification of different development strategies (one for each considered
scenario) on the basis of an iterative process which determines and tests the increases
of transmission capacity;

3) the construction of marginal cost and benefit curves of new transmission capacity

for each section/border in each considered planning scenario.
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4.2 Regulatory Framework

In the March 2002 European Council of Barcelona, an electricity interconnection target
equivalent to at least 10% of the installed generation capacity for Member States by 2005 was
established. In October 2014, the Council concluded that “the European Commission supported
by the Member States will take urgent measures in order to ensure the achievement of a
minimum target of 10% of existing electricity interconnections, as a matter of urgency, and no
later than 2020”. Furthermore, the European Commission proposed to extend the
interconnection target to the 15% by 2030.

These one-size-fits-all interconnection targets received heavy criticisms, among others by the
Agency for the Cooperation of Energy Regulators (ACER) [242], by the Council of European
Energy Regulators [243] and by the Italian Energy Regulatory Authority [244], [245],
concerning the risks of building inefficient transmission capacity (because benefits could be
smaller than costs), to a potential risk of under-investment (when additional capacity above the
interconnection target would be efficient) and to double counting effects when used in a cost-
benefit analyses or in a multi-criteria analysis.

Also for this reason, after a public consultation in 2015 [246], ARERA proposed the concept
of target capacity, meaning the transmission capacity which is economically efficient to build,
because its benefits outweigh its costs.

The concept of target capacity was initially proposed in 2012 by ACER in its Opinion 06/2012
on the draft TYNDP 2012 [247]: “since the main purpose of the TYNDP is to identify the
investment gaps, notably with respect to cross border capacities, the Agency expects ENTSO-
E to develop a specific assessment of cross-border capacities. The aim should be to identify a
target value (MW) for the additional transfer capacities at cross-border boundaries”. In the
same Opinion, ACER acknowledge the complexity related to the quantification of the target
and the possibility to identify capacity ranges according to each scenario assumptions and each
sensitivity case. We note that ACER initially proposed the concept of target capacity as the
efficient additional capacity (beyond the existing capacity).

In order to help identify an optimal level of interconnection capacity between bidding zones,
ENTSO-E introduced the definition and calculation of target capacities at each border in the
TYNDP 2014 and refined them in the ENTSO-E Regional Investment Plans 2015 and in the
TYNDP 2016. In particular, the target capacity for every boundary between bidding zones
corresponds to the value above which further transmission capacity realization would not be

beneficial, because the economic benefit corresponding with the additional capacity cannot
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outweigh the deriving costs. We note that under such a definition (retained by ARERA), the
target capacity is the total efficient capacity at a specific boundary.

However, still in the TYNDP 2018, ENTSO-E refrained to quantify the target capacity at
individual boundaries and only provided some general indications referring to a few main
boundaries of the European power system.

After carrying out a second consultation in 2017, ARERA adopted its Decision 884/2017 [248],
which requested the Italian transmission system operator Terna to prepare during the year 2018
a report about the identification of the target capacities for the relevant network boundaries of
the Italian power system.

In year 2018, as already envisaged during the public consultations, ARERA adopted an output-
based regulatory scheme [249], [250], which rewards the commissioning of new transmission
capacity at a number of boundaries of the Italian power system (till the target capacity level).
No rewards are foreseen for capacity increases which exceed the target capacity.

For each boundary, the maximum reward (which is granted to Terna when the target capacity
is reached) is defined as a combination of a percentage of congestion revenues during the years
2016 and 2017 and of a percentage of the benefit related to the increase of socio-economic
welfare at that boundary. The choice of these parameters aims at providing more rewards for
capacity increases at the boundaries where congestion revenues and expected benefits are
higher.

If the increase of transmission capacity does not reach the target capacity, the reward is granted
as a part of the maximum reward proportionally to the ratio between the capacity increase and
the difference between the target capacity and the previously available capacity.

ARERA also decided to request two reviews of the target capacity report by two different
academic independent experts. One of them was appointed by ARERA and the other one by
Terna. The reviews were carried out in 2019-2020, and results are publicly available [237],
[251].
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4.3 Methodology

The purpose of the target capacities’ assessment methodology is to identify the additional cost-
effective transfer capacity between internal bidding zones and at external borders of the Italian
power system in order to support the definition of the output-based regulatory scheme
rewarding the increases of transmission capacities and facilitate the development of an efficient
and economical electricity transmission system, fulfilling the system needs defined in the Ten
Year National Network Development Plan (“NDP”).

It is worth highlighting that the proposed methodology does not replace the cost-benefit analysis
associated to planned projects included in the yearly NDP, neither it is aimed at verifying the
individual planned projects usefulness. It instead provides the cost-effective level of
interconnection within the national transmission system and to other external borders. It aims
at addressing the complexity of multiple capacity increases at several boundaries and at
exploring an optimal development of the entire transmission system under study. Such a
dimension is hardly addressed by the traditional cost benefit analyses of individual projects,
which cannot provide a holistic view.

As the target capacity across a market section/border is defined as the “cost-effective transfer
capacity” the present methodology is based on the definition of a marginal cost curve at each
boundary and on an iterative process defining the marginal benefit of the new capacity addition
for each section/border in each relevant planning scenario.

The target capacity assessment method has been developed consistently with Regulator
directives and the draft methodology launched for public consultation in the first half of 2018:
relevant stakeholders’ feedbacks supported improving the approach before its application.

The present methodology provides the efficient target capacity in 2030 year horizon for each
scenario under study, with a single study year approach; the least regret analysis technique
[238], [252], [253] is then applied to decide the unique recommended development strategy.
The initial network (or “base case”) is made up of the existing grid plus the projects that have
a strong chance of being implemented by the date of the considered scenarios.

In order to build the initial point of the interested sections/borders marginal benefit curve, the
“Take Out One at the Time” (TOOT) method [254] is applied, in compliance with the cost-
benefit analysis performed in the European context: as the base case reflects a future grid
situation in which the aforementioned additional network developments are presumed to be
realized, the projects under assessment are removed from the forecasted network structure (one

at a time, hence the name of the method) to evaluate the changes to the benefit indicators.
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Starting from the base case, an iterative approach is used. All sections/borders of the power
system under study are simultaneously investigated in order to determine the following
parameters:

e Condition A (Cg,), is the ratio between the k-th section/border average of absolute
market energy hourly price spreads in the i-th iteration and in the s-th scenario, Ap;
and the marginal investment cost of the i-th transmission capacity unitary increase on
the k-th section/border, MC;

1 8760 rescE
_g760 22t 18pik| _ [Bpg| @.1)
aa MCyy MC;

e Condition B (Cy43), is the number of congestion hours across the k-th section/border Hy,
Cap = Hy 4.2)

A section/border is considered suitable for additional transfer capacity installation if any of the
two parameters triggers the respective reference threshold, named L, and L .

Once a threshold is triggered on one (or more) section/border, additional transmission capacity
is implemented on it (or them) using the “Put IN one at the Time” (PINT) method [254]: the
reference case reflects an initial state of the grid without the capacity increases under
assessment, which are then added one at a time to this reference case in order to evaluate the
variations in load flows and other indicators.

The new transfer capacity AC;  is put on the k-th section/border of the reference grid and the
associated marginal costs and benefits are evaluated. If the ratio between the marginal benefit
and the marginal cost of the i-th transmission capacity increase on the k-th section/border
respects the condition:

MB;
MC;

> 1 (4.3)

then, the additional transfer capacity usefulness is confirmed and a point on the individual
section/border marginal cost-benefit curve is depicted.

The methods adopted for the marginal cost and the marginal benefit evaluation are detailed in
sub-sections 4.3.1 and 4.3.2 respectively.

The iterative process stops when no section/border presents favorable conditions to new
additional capacity, which means that C,;4 and C,5 thresholds are not triggered or, if they are,

the condition (4.3) is not satisfied.
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Finally, at each section/border the marginal cost and benefit curve is enriched with values
related to the last iteration. Explicative examples of the k-th section/border marginal cost and
benefit curves resulting from the iterative process for two different scenarios are illustrated in
Fig. 4.1.

2.3
1 MB/MC=1

7
14 L3
. 11 1.1 11
/A A
0.7 0.7 .
0.4 e 0.4 09
0.2 ' 0.2

TOOT Base Case PINT PINT PINT TOOT Base Case PINT PINT PINT
(step 1) (step 2) (step 3) (step 1) (step 2) (step 3)
=—=@=== Marginal Benefit of additional transmission capacity on the =@ Marginal Benefit of additional transmission capacity on the
k-th section/border in scenario A [ME/MW] k-th section/border in scenario B [ME/MW]

R Marginal Cost of additional transmission capacity on
the k-th section/border [M€/MW]

Fig. 4.1. Examples of the k-th section/border marginal cost and benefit curves resulting from the iterative process
for two different scenarios.

The cost-effective transmission capacity increase for the k-th section/border in the s-th scenario,

Xk, is defined around the intersection of the marginal cost and benefit curves as expressed in

(4.4):

N+
MBS
X5 = E ACS + ACSy - ——2& (4.9
i1 MClk
i= ’

Where:
e N represents the number of iterations for which the condition (4.3) is satisfied for the
i-th transmission capacity increase on the k-th section/border in the s-th scenario AC};
e AC, is the “last” transmission capacity increase on the k-th section/border,

corresponding to the last iteration in the s-th scenario;

M‘zﬁ" represents the ratio between the marginal benefit and the marginal cost related to
Lk

the last transmission capacity increase AC;), on the k-th section/border in the s-th

scenario (i.e. the capacity increase with benefits below costs).

The target capacity is then defined as:

TCS = EC + X§ (4.5)

Where ECy, is the existing transmission capacity in the k-th section/border.
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The workflow of the entire iterative process is depicted in Fig. 4.2. The entire iterative process

leads to the definition of development strategies for all power system boundaries for each

scenario.

Market Simulations

l

Does any section/border
present the PINT activation
condition
Cya> Ly or Cyg> L ?

Y

v

No t issi
O Transmission PINT method for selected
capacity increase is .
added sections/borders
Y Y

End Market and Network simulations to

evaluate the benefits related to the

new 4C;;

l

Does any added AC;; respect the

.. MB,
condition —% > 17
MCyy

v v

Fnd * AC,;confirmed for selected sections/borders which respect
.. MBy L .
the condition sz > 1: a new point in the marginal cost and
K
benefit curves is added;
» AC;; not confirmed for selected sections/borders which do
.. MBj
not respect the condition — %
MCix
marginal cost and benefit curves is added, except for the last
iteration.

> 1: no new point in the

Y
A new reference grid including the
confirmed capacity increases is
defined

Fig. 4.2. Workflow of the iterative process.

The least regret approach applied for each border/section at contrasting scenarios allows the
identification of the unique value to aim for.

4.1.1 Marginal cost evaluation
First of all, the evaluation of the marginal cost at each section/border considers the unitary

investment costs of already planned projects (included in the NDP). The order in which they

are considered depends on the project progress.
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If the target capacity needed on the k-th section/border exceeds those provided by the planned
projects, further reference marginal costs must be assumed. It is clear that, in this case, the cost
estimation is subject to a significant uncertainty without supporting information on the details
of the projects realization. The report [255] provides useful reference values for relevant
electricity infrastructure (overhead transmission lines, underground and subsea cables, onshore
AC substations, and HVDC converters): the information is based on historical data collected
under the TSOs and other developers experiences in electricity infrastructures realizations.
In the Italian context, Terna developed a new methodology for the assessment of standard
investment costs [105], approved by the Regulator in 2017.
With particular reference to the unit investment costs of development projects affecting external
borders, we assumed that Italy covers half of the total cost, in the absence of other information.
Since the capacity increases are fixed while the transmission capacity increases provided by the
projects are specific, they can contribute in a different manner to the final target capacity in the
subsequent iterations. Given Q; the set of all projects (planned or not) to be considered on the
k-th section/border in the i-th iteration, the following different cases could occur:
e if the Total Transfer Capacity (TTC) provided by the w-th project is equal to the additional
capacity needed, i.e. TTC,,, = AC;y, its unit investment cost C,, , (ME/MW) matches the
marginal cost MC; ;, of the additional transfer capacity AC; :

Ctot,w

MCi = Cyi = TTC, .
w,

(4.6)

o ifthe additional capacity step is provided by two (or more) projects, the marginal investment
cost of that capacity increase is the weighted average of the unit investment costs of the
considered projects.

The weighting factor of the w-th project compared to the needed i-th additional transmission

capacity increase on the k-th section/border can be expressed as:

ACik = Twyex(TTCy i = D41 TTCry k)
xw,i,k = AC X
L

4.7)

Where Y represents the subset of Q including the projects already considered in the same
iteration or in the previous ones. Once a specific project transmission capacity increase is
considered in the i-th iteration, it can no longer be used in the following iterations.

The marginal cost expression can be generalized as follows:
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Cix = z Xoik " Cok

VweE;

4.1.2 Marginal benefit evaluation

(4.8)

The benefit categories included in target capacity assessment methodology and evaluated

through market and network simulations are listed in Table 4.1.

Table 4.1. Benefit categories included in the target capacity assessment methodology.

1 Benefit categories included
Code —r .
Description Simulator
Bl Social Economic Welfare (SEW) Day Ahead zonal market
B3 Energy Not Supplied (ENS) reduction Grid Reliability and Adequacy nodal
network
B5 RES integration Grid Reliability and Adequacy nodal
network
B7z Zonal dispatching costs variation Ancillary service zonal market
B7n Nodal dispatching costs variation Grid Reliability and Adequacy nodal
network
B18 CO; variation Day Ahead zonal market
B19 Non—CO; emissions variation Day Ahead zonal market

1Code used in the Cost-Benefit Analysis carried out in the NDP.

The marginal benefits values need to be discounted to the present year, in order to allow the

comparison with the expected unitary investment costs.

The marginal benefit of the i-th transmission capacity unitary increase on the k-th section/border
MB; ;. is defined as:

Where:

A- Btot ik

MBl',k - ACk
L

(4.9)

® Biorir 1s the yearly benefit calculated at the i-th iteration, including all the benefit

categories listed above;

e s the discount factor defined setting the discount rate r at 4% (real), as provided for in
[215], [254], [256], and as expressed in (4.10)

25
A= Z :
L+
=1
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4.1.3 Least regret approach

The developed iterative methodology results in the identification of n development strategies
(or “options™), one for each scenario under study: the least regret approach is employed to
define the unique set of cost-effective target capacities to aim for. In fact, it allows to determine
the worst option as the one that leads to the highest regret for the decision maker.

In this context, since the main objective is maximizing the benefit to the system, the net benefit
(difference between total benefit and investment costs) is considered as the most significant
indicator.

The regret related to the nth development strategy in the s-th scenario, regret;, can be

expressed as:
regret; = NB},; — NB; (4.12)

Where:
* NB;, represents the net benefit of the n-th option in the s-th scenario;
* NB;,, represents the net benefit of the reference option, i.e. the development strategy
that presents the highest net benefit in the s-th scenario.
Selecting the development strategy with the lowest maximum regret expose the entire system
to the least amount of risk. Therefore, the set of final values of target capacity respects the min-

max criterion:

min [max (regret;) ] (4.12)
S n
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4.4 Simulation Tools

4.4.1 Day — Ahead and Ancillary Service Zonal Market Simulators
The electricity market simulations allow the assessment of a first set of benefits (B1, B18, B19,
a share of B7), leaving to the network analysis the evaluation of the remaining benefits (B3,
B5, a share of B7). To this aim both Day-Ahead spot Market (DAM) and Ancillary Services
Market (ASM) studies were sequentially performed, consistent with the sequential order of the
real Italian power market sessions.
For DAM simulation studies the full model of the European electric grid adopted by ENTSO-
E for the TYNDP 2018, depicted in Fig. 4.3, was used. This model represents the European
bidding zones using a single branch to characterize the equivalent transmission capacity
between interconnected market zones. The model considers a single node for each country, with
the exception of Denmark, France, Greece, Italy, Luxembourg, Norway, Sweden and United
Kingdom.
The DAM studies have been performed through the market simulator “Promed Grid” [214]. It
carries out an optimal coordinated hydro-thermal planning of the generation portfolio with an
hourly time discretization over one year, implementing the day-ahead hourly energy market,
characterized by a system marginal price and by a congestion management determined through
a zonal market-splitting procedure.
Promed Grid is based on a deterministic model that considers both the economic and technical
aspects of the power systems: the simplified market model, the hourly load, thermal generation
fleet technical data, costs and constraints associated with different fuel types, thermal unit
production constraints and technical data of the hydro generation set.
The simulator determines each generating unit hourly output and the flows in the equivalent
links between the different bidding zones. It also calculates further indicators pertaining to the
environment impact associated with each market solution, such as the corresponding emissions
(CO2, NOy, SOx) and dust emissions.
The DAM simulation is carried out in two different computational phases:

1. Unit Commitment: according to a merit order and considering the system constraints,

the on/off state of each thermal power unit is determined,;
2. Dispatching: the coordinated hydro-thermal hourly production scheduling is defined in

compliance with system constraints.
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Fig. 4.3. ENTSO-E simplified market model (TYNDP 2018).

The final market solution results from an iterative converging process where a bidding strategy
aimed at recovering at least each generation unit’s variable costs, is revised after each iteration
loop. In each loop the optimal operation generation schedule of the generating system is
obtained solving a very large quadratic programming optimization problem. The objective
function consists in the total variable generation costs minimization while respecting all the
technical constraints.

The simulation process of the described market tool is depicted in Fig. 4.3, while some relevant
applications are illustrated in [257] — [259].

The Ancillary Services Market (ASM) studies have been carried out by the means of the
simulation tool “Modis” [260], [261] a multi-area market simulator specifically tailored to the
Italian ASM, performing the yearly simulation of the ASM based on a pay-as-bid mechanism.
It simulates ASM procurement actions for different services, such as secondary and tertiary
reserve margins and real time balancing, for a whole year with hourly discretization.

Starting from the preliminary schedules of generating units resulting from the DAM simulation,
Modis emulates the ASM behaviour modifying the generating schedules in order to ensure the
appropriate reserve margins in each bidding zone and offsetting the gaps between demand and
supply, consequent to simulated unbalances. For this reason, the deterministic model
implemented in Modis belongs to the class of “security constrained differential unit

commitment problems”, where upward and downward regulation of the controllable variables
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are made starting from an initial status inherited from the DAM solution. The objective function
Is the minimum rescheduling costs based on the bidding model included in the simulation tool.

INPUT

* Equivalent network model

¢ Hydro-Thermal generation portfolio
* Renewable generation portfolio

* Hourly load

¢ Thermal units technical constraints
« Dispatching priority constraints

* Fuel and environmental costs

+ Inter-area exchange limits

\4

Unit Commitment (No Bid up)

Dispatching (No Bid up)

A 4

Bidding Strategy

A 4

Unit Commitment

Dispatching

Convergence of Dispatching

OUTPUT (hourly detailed over the target year)

New Bidding Strategy —

+ Hydro-Thermal units dispatch

+ Variable generation costs

= Fuel consumption

» Marginal prices/costs

« Power flows on the equivalent transmission lines

» Carbon, greenhouse gas and dust emissions

+ Social Economic Welfare (consumers surplus, producers surplus,
congestion rent)

Fig. 4.3. Promed Grid simulation process.

4.4.2 Grid Reliability and Adequacy Simulator

The remaining set of benefits (B3, B5, a share of B7) are assessed through network studies
based on a grid reliability and adequacy simulation model, using the Grid Reliability and
Adequacy Risk Evaluator (named “GRARE”) [262].

A network model derived from the Italian transmission grid comprehensive of all the voltage
levels (380, 220, 150 and 132 kV) has been used. In particular, the nodal network model consists
of about 11,000 nodes, 10,000 lines and 4,000 transformers. In addition, the busbar model of
the European countries has been included, considering the national loads and the generation
fleet of each zone in accordance with the TYNDP 2018 scenarios, neglecting the internal

transmission grid and the related network losses.

124



The adopted network simulator is able to evaluate large power systems reliability level through
a probabilistic approach: security, operational and economic constraints are all processed in a
non-sequential Monte Carlo simulation, managing multiple different stochastic variables.
At the end of each simulation, the two main power systems reliability indicators are evaluated:
» the Expected Energy Not Supplied, or “EENS” (in MWh) is defined as the average
value of the annual not supplied demand among the several years simulated,;
» the Loss of Load Expectation, or “LOLE” (in h/y) is defined as the expected amount of
hours per time period when the available generation capacity is not sufficient to cover
the demand.

In each Monte Carlo extraction, the total residual load RL is computed as follows:

RL=L+R—-RES—1IG (4.13)

Where:

- L is the total demand of the system;

- R represents the system reserve requirements;

- RES indicates the renewable sources output (Solar, Wind and Hydro);

- IG represents the imposed production (e.g. bioenergy and geothermal).
Maintenance, faults and other power units constraints (i.e. must-run) are also considered to
define the available thermal set.
The system condition is simulated by using a weekly sampling and the initial thermal Unit
Commitment is obtained by the means of a mixed integer method, taking into account the
requirements in terms of operational reserve to be satisfied in each bidding-zone.
The optimal power units dispatching is then evaluated by solving a linear problem according to
the obtained cross-zonal exchanges and possible load-shedding events resulting from available
generation and import capacity inadequate to meet the demand are identified.
In output from the simulation, power production of each power unit and energy source, EENS
and LOLE indicators, and power flows are provided. This procedure is replicated and

parallelized for the all weeks and the results weighted on the total tests number.
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4.5 Case study and results
The proposed methodology has been built for real-world applications. The Italian power system
case study is illustrated in this section.

4.5.1 Data and scenarios
Since the transmission capacity development concerns the medium-long term horizon and given
the ten year view of the NDP, the target capacity assessment has been performed at 2030 year
horizon in the same relevant planning scenarios adopted in the 2018 NDP cost-benefit analysis,
the ST and the DG scenarios, already described in the previous Chapter 2 and Chapter 3.
The market structure adopted in the target capacity assessment is the one in force until the year
2018, depicted in Fig. 4.5. The Italian power system is divided into six different market zones
(North, Centre North, Centre South, South, Sardinia and Sicily). Moreover, there are some
“virtual zones” in the South and in Sicily where production is limited due to network
constraints.
This structure naturally leads to the individuation of the internal sections under study:

1. IT North — IT Centre North;

2. IT Centre North — IT Centre South;
3. IT Centre South — IT South;

4. IT Sicily — IT;

5. IT Sardinia—IT.

As regards the external boundaries, although the analysis has been carried out considering the
individual borders, these have been merged in assessing the global potential in terms of
transmission capacity increase, according to following criteria:

. the “Northern border” comprises the borders with France, Switzerland, Austria and
Slovenia. Since they are geographically and electrically connected, the transfer
capacity is currently evaluated considering the mutual influence in N-1 operational
conditions. Furthermore, in the first iteration, the congestion hours values and the
average of absolute market energy hourly price spreads are basically aligned;

. the “Balkan border” comprises the borders with Croatia, Montenegro and Greece,
for the same reasons listed above;

. the “North African border” includes the border with the Tunisia, whose detailed
model is available since the interconnection project Sicily — Tunisia has been studied
in the 2018 NDP [217].
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Fig. 4.6 illustrates the internal sections and the merged external borders.

Centre North

Centre South

Sardinia

South

Fig. 4.5. Market zones of the Italian power system (year 2018).

20

Centre North

Legend

External border

_____ Internal section ©\

Fig. 4.6. Internal sections and external borders of Italian power system under study.

Depending on whether the transmission capacity increase involves an internal section or an

external border, different sizes for the AC; ; are defined as follows:
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AC; = +400 MW if k is an internal section

(4.14)

AC; ;= +500 MW if k is an external border

These values reflect the common sizes of the most of the planned or already in service projects.
The threshold values L;, and L,g are heuristically chosen in order to have reasonable total
computing time: they are differently defined for the internal market sections and for the external
borders, depending on historical values of price spreads and congestions hours. Furthermore,

the threshold L, is gradually decreased during the iterative process considering the progressive

reduction of price spreads related to the new capacity.

Finally, the reference grid, or “base case”, consists of the existing grid and of the four projects

already authorized which are expected to be in service by 2025, as reported in Table 4.2 and

Fig. 4.7.

Table 4.2. Planned development projects included in the base case: transmission capacity increase provided

(MW) and section/border involved.

Project TTC (MW) Section/border involved
1 | 320 kV Piossasco — Grand lle HVDC link +1200 IT North — France
2 132 kV Brennero — Steinach link +100 IT North — Austria
3 500 kV Villanova — Lastva HVDC link +600 IT CSouth — Montenegro
4 380 kV Deliceto — Bisaccia link +400 IT CSouth — IT South

Fig. 4.7. Planned projects included in the base case (listed in Table 4.2).
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For the sake of the clarity, an example of marginal cost calculation for the internal section
Centre South — South (named “CS — S”) is illustrated in the following.

Table 4.3 summarizes the projects which contribute to build the marginal cost curve for the
section Centre South — South: besides the Deliceto — Bisaccia link (useful for the description of
the marginal cost curve initial point), Projects 2, 3 are already planned and included in the NDP.
In the first iteration, the TTC provided by the Project 2 can saturate alone the additional capacity
needed, or rather TTCp, , cs—s > ACy cs—s. Its unit investment cost matches the marginal cost
Cpro = MCycs_s While the surplus (TTCp, 5 cs—s — ACycs_s) is used in the subsequent

iteration, depending on its weighting factor x; p, » cs—s.

Table 4.3. List of o-projects contributing to build the marginal cost curve for the section Centre South — South:

transmission capacity increase provided, TTC,, [MW], total investment cost C, ., [M€] and marginal cost MC,,

[ME/MW].
Projects contributing to marginal cost curve building
Project TTC, Ciotw MC,
1 | 400 kV Deliceto — Bisaccia link +400 86 0.22
2 | 400 kV Foggia — Gissi link +500 176 0.35
3 | 400 kV Montecorvino — Benevento link +200 224 1.12
4 | HVDC standard project +1000 1100 1.10

Since the transmission capacity increase required in the second iteration exceeds the TTC
provided from planned Project 2 (surplus not used in the previous iteration) and Project 3, an
HVDC standard project (named “Project 4”) with a rated TTCpyject 4,cs—s = 1000 MW and

investment costs referenced to real values of similar projects is considered to saturate the
residual additional capacity needed. Therefore, the projects that contribute to define the

MC, cs_s are Project 2, Project 3 and Project 4, considering the related weighting factors:

(TTCors = TTCpro1) o, TTCors AL B [(TTCorz = TTCoro1) = TTCors] .

4.15
ACZ Pr2+ ACZ ACZ Pr 4 ( )

M Cz,cs—s =

The calculation process in subsequent iterations is illustrated in Fig. 4.8, while the marginal

cost curve obtained is depicted in the Fig. 4.9.
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Fig. 4.8. Example of marginal cost calculation process in subsequent iterations for the internal section Centre
South — South.

IT Centre South - South

1.50
—eo— Marginal Cost
1.10
=
1.00
=
W
=
0.50
0.00
-400 base case +400 +800 +1200
(TOOT) (PINT) (PINT) (PINT)
MW

Fig. 4.9. Example of marginal cost curve description for the internal section Centre South — South.
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4.5.2 Results

The cost-effective transmission capacity increases for each section/border of the Italian power
system resulting from the application of the presented methodology are provided in Table 4.3
and in Fig. 4.10 for each scenario under study.

A significant variation of the transmission capacity increases assessed can be observed in the
two contrasting long-term planning scenarios for the Northern border, the Balkan border and
the internal IT Sicily — IT section, where the analysis in DG scenario results in transmission
capacity increases of +62%, +620% and +100% respectively major than those obtained in the
ST scenario, basically due to the higher distributed renewable generation to be integrated and
the higher load to be supplied.

Fig. 4.11 shows the marginal cost/benefit curves for the most relevant external borders and
internal sections: the dashed area highlights the intersection region between the increasing
marginal cost and the decreasing marginal benefit curves. The blue and the green colors
correspond to the ST scenario and to the DG scenario respectively.

Table 4.4. Cost-effective transmission capacity increases [MW] for each section/border of the Italian power

system in each considered scenario.

Section/Border xr xP¢
Northern border — IT North 4500 7300
Balkan border — IT ! 500 3600

North African border — IT Sicily 1200 1100
IT North — IT Centre North 500 700

IT Centre North — IT Centre South 1100 1100
IT South — IT Centre South 900 900

IT Sicily - IT? 900 1800

IT Sardinia— 1T ?* 900 900

1 A single boundary market zone of the Italian power system cannot be defined.
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Fig. 4.10. Cost-effective transmission capacity increases [MW] for each section/border of the Italian power

system in each considered scenario.
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Fig. 4.11. Marginal cost/benefit curves in each considered scenario for: a) IT North — France, b) IT North —
Slovenia, ¢) IT Sicily — Tunisia external borders; d) Centre South — Centre North, e) Centre South — South, f)
Sardinia — IT; g) Sicily — IT internal sections.

Let “Option 1”” and “Option 2” be the set of transmission capacity increases resulting from the
application of the proposed methodology in the ST scenario and in the DG scenario
respectively: the two options can be treated as different investment strategies. The only total
investment cost is not exhaustive parameter for the decision maker, since the saving in network
and market constraints costs associated with the new transmission capacity must be considered.
The net benefit metric is then used for the economic regrets related to the different investment
strategies under the two considered scenarios, allowing the decision maker (TSO) to determine
the maximum risk associated with each option across different scenarios and to select the one
yielding the lowest maximum regret. The net benefit related to each potential option is defined
in both the two scenarios under study as reported in Table 4.5. Moreover, the worst regret is

evaluated in Table 4.6.

Table 4.5. Net benefit [M€] associated to each development strategy in each scenario under study.

Scenario NBy, 1 NBg,,
2030 ST 449 164
2030 DG 379 319

Table 4.6. Regret [M€] associated to each development strategy in each scenario under study.

Scenario regretg, regretg,

2030 ST 0 285

2030 DG 0 60
Worst regret - 285
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The least regret criterion leads to the choice of the Option 1, since it consists in the investment
strategy exposing the consumers to the minimum risk in both considered scenarios. Table 4.7
summarizes the final values of target capacity [MW] to aim for, considering the existing “winter
peak” transmission capacity, ECy yp, in the main direction of power transfers, consistent with

the TSO objective to make available the interconnection capacity in an efficient way.

Table 4.7. Results of the target capacity assessment methodology [MW].

Main dlrgcétclzr; r(])/fB%?‘V(;I:: flows on ECrwp XiT T Clzcogo
Northern border = 1T North 8435 4500 12935
Balkan border - IT 500 500 1000
North African border € IT Sicily 0 1200 1200
IT North = IT Centre North 1300 500 1800
IT Centre North = IT Centre South 2700 1100 3800
IT South = IT Centre South 4600 900 5500
IT Sicily < IT 1100 900 2000
IT Sardinia < IT 1028 900 1628

Let the index I be the “Interconnection target”, defined as the ratio between the interconnection
capacity with neighbouring Countries over the installed production capacity; the Table 4.8
summarizes the interconnection targets associated with the existing capacity, named “Iz.” and
the assessed target capacity increase, named “Ir¢” in the current (2018) and planned (ST 2030

and DG 2030) installed capacity scenarios.

Table 4.8. Interconnection targets related to the existing and assessed interconnection capacity with neighboring

Countries in the current and planned scenarios under study.

Interconnection Target 2018 2030 ST 2030 DG
Igc 7.6% 7.6% 6.6%
Irc 13.0% 12.9% 11.2%

We can deduce that the existing interconnection level stays below the 10% target. Instead, the
target capacity in output from the methodology provides index values larger than the established
target in all scenarios under study.

In Fig. 4.12, the expected power flows resulting from the identified TC;S” 2°3° implementation
on the base case (Fig. 4.12a) are compared with the power flows resulting from scenario ST
2030 market simulations considering all the planned development actions included in the NDP

2018 (Fig. 4.12b).
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Sardinia

Fig. 4.12. Expected power flows (TWh) resulting from the implementation of: (a) the TC;T 2°2° on the base case;

(b) all planned development projects included in the NDP 2018.
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It can be observed that the power flows in the two conditions are very similar, highlighting the
coherence between the target capacity assessment results and the expected power transfers
considering all the already planned network reinforcements in service at 2030 aimed at
increasing the power exchanges between market zones.

Finally, Fig. 4.13 and Fig. 4.14 reports the synthesis of all performed subsequent iterations in
the 2030 ST and 2030 DG scenario respectively. All details concerning marginal costs and

benefits in each iteration can be found in the published official report [229].
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1) The section/border presents at least one of the PINT activation condition

1) The section/border presents at least one of the PINT activation condition

The section/border does not

2) The condition MB/MC > 1 is respected: the additional capacity increase is confirmed 2) The condition MB/MC > 1 is not respected: the additional capacity increase is not confirmed present the PINT activation
3) A new point is added in the marginal cost and benefit curves 3) No point is added in the marginal cost and benefit curves conditions
Scenario: 2030 ST | ITERATION 0 - TOOT | ITERATION 1-PINT ITERATION 2 - PINT | ITERATION 3 - PINT | ITERATION 4 - PINT | ITERATION 5 - PINT
Can>laa @ Can>Llaa e Can>Llaa @ Con>Laa @ Can>Llaa @
AT -ITN -100 and/or ! and/or 2 and/or 3 and/or 4 and/or §
+500 MW +500 MW +500 MW +500 MW +500 MW
Cog>Las Cag>Las Cop>Las Cog>Las Cog>Las
Caa>Laa Caa>Laa Can>Laa Can>Laa Caa>Laa
CH-ITN and/or G and/or a2 and/or ACs and/or Xy and/or ACs
+500 MW +500 MW +500 MW +500 MW +500 MW
Northern Cog>Las Cag>Las Cop>Las Cos>Las Cap>Lag
border Caa>La Caa>Laa Can>Llan Cap>Laa Can>Llan
FR-ITN -1200 and/or s and/or AC, and/or e and/or ACs and/or ACs
+500 MW +500 MW +500 MW +500 MW +500 MW
Cas>Lag Cas>Lag Cag>Lag Cos>Las Cap>Lag
Caa>Lga AC Caa>Lga AC Can>Laa AC Caa>Laa AC Caa<lLga
SI-1TN and/or ! and/or 2 and/or 3 and/or g and
+500 MW +500 MW +500 MW +500 MW
Cis>Las Cag>Las Cas>Las Cas>Las Cae<Lae
Cga>Ln Caa>Laa Cua>Lga Caa>Lga
ITCN-HR and/or AC, and/or X and/or Ry and/or S
+500 MW +500 MW +500 MW +500 MW
Cas>Las Cae>Las Cap>Las Cae>Las
Caa>Llga Can>Llgn Cya>Llga Caa>Llga
Balkan border ME - ITCS -600 and/or e and/or e and/or ey and/or (X
+500 MW +500 MW +500 MW +500 MW
Cas>Las Cap>Las Cap>Las Cas>Las
Can>Loa G Can>Laa @ Con>Laa @ Can>Laa @
ITS-GR and/or 2 and/or & and/or 4 and/or &
+500 MW +500 MW +500 MW +500 MW
= Ceg>Las Cop>La Cog>Las Ceg>Lae
<
. 9] Caa>Laa Caa>Laa Can>Llaa Con>Laa
e AT ITSic - TUN & and/or s and/or a2 and/or ey and/or AC,,
border < +500 MW +500 MW +500 MW +500 MW
«a Cog>Las Cag>Las Cop>Las Cog>Las
Can>Lloa Can<loa Can>Llaa Caa>Laa Cana<laa
and/or 0 and and/or ACs and/or ey and
+400 MW +500 MW +400 MW
Coe>Las Coe<Los Cae>Las Cog>Las Cog<lLae
Caa>Lga Caa>Lga Can>Llga Can>Lga
and/or s and/or AC, and/or ACs and/or ACs
+400 MW +400 MW +400 MW +400 MW
Cas>Lag Cas>Lag Cas>Las Cap>Lag
Caa>Lga Caa>Lga Can>Lga Can>Llga Can>Lga
-400 and/or e and/or AC, and/or ey and/or ey and/or ACs
+400 MW +400 MW +400 MW +400 MW +400 MW
Cas>Las Cas>Las Coe>Las Cae>Las Cae>Las
Can>Lan
Internal ACy
A and/or
Sections +400 MW
Cas>Las
Caa>Lga
and/or ac?
+400 MW
Cap>Las
Con>Lon ) Can>Lon G Cga<Lga Caa>Laa @ Can>Lan @
and/or e l\;IW and/or s l\;IW and and/or s I\:IW and/or o I\S/I o
Ceg>Las Cus>Las Cop<Las Cos>Las Cee>Las
Can>Laa Can>Laa Con>Laa Caa<laa
and/or +40AOC'\;W and/or +40A0C'$|W and/or +4£)chjlw and
Cag>Las Cop>Las Cog>Las Cog<Lae

Fig. 4.13. Synthesis of all performed iterations in the scenario 2030 ST.
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1) The section/border presents at least one of the PINT activation condition 1) The section/border presents at least one of the PINT activation condition The section/border does not
2) The condition MB/MC > 1 is respected: the additional capacity increase is confirmed 2) The condition MB/MC > 1 is not respected: the additional capacity increase is not confirmed present the PINT activation
3) A new point is added in the marginal cost and benefit curves 3) No point is added in the marginal cost and benefit curves conditions
Scenario: 2030 DG | ITERATION 0 - TOOT | ITERATION 1 - PINT | ITERATION 2 - PINT | ITERATION 3 - PINT | ITERATION 4 - PINT | ITERATION 5 - PINT | ITERATION 6 - PINT
Can>laa Con>Laa Can>Llaa Con>Llaa Can>Llaa Con>Llaa
AT -ITN -100 and/or s and/or 2 and/or ACs and/or AC and/or ACs and/or ACs
+500 MW +500 MW +500 MW +500 MW +500 MW +500 MW
Cog>Las Cop>Las Cog>Las Cop>Las Cog>Las Cop>Las
Caa>Laa Can>loa Caa>Laa Can>Lon Caa>Laa Can>loa
CH-ITN and/or s and/or a2 and/or ACs and/or Xy and/or ACs and/or R
+500 MW +500 MW +500 MW +500 MW +500 MW +500 MW
Northern Cog>Las Cog>Las Cog>Las Cog>Las Cag>Lag Cas>Las
border Caa>Llaa Cap>Laa Caa>Llan Cap>Laa Can>Llaa
FR-ITN -1200 and/or s and/or AC, and/or ACs and/or AC and/or ACs
+500 MW +500 MW +500 MW +500 MW +500 MW
Cas>Lag Cag>Las Cag>Lag Cas>Las Cap>Lag
Can>Lga Can>Llga Can>Lga Can>Llga Can>Lga
SI-1TN and/or e and/or AC, and/or e and/or e and/or e
+500 MW +500 MW +500 MW +500 MW +500 MW
Cas>Las Cae>Las Cae>Las Cae>Las Cae>Las
Can>Llaa Can>Lga Can>Llga Can>Lga
ITCN - HR and/or ac? and/or ACs and/or ey and/or e
+500 MW +500 MW +500 MW +500 MW
Cap>Las Cas>Las Cap>Las Cae>Las
Balk Caa>Lga Caa>Lga Caa>Lga Caa>Lga Caa>Lga
alkan ME - ITCS -600 and/or o and/or % and/or o and/or AC, and/or ACs
border +500 MW +500 MW +500 MW +500 MW +500 MW
Cap>Lag Cog>Las Cap>Leg Cog>Las Cap>Leg
Con>Llaa Can>Llaa Con>Llaa Can>Llaa
ITS-GR and/or £ and/or (e and/or AC, and/or (X
+500 MW +500 MW +500 MW +500 MW
o Cog>Las Ceg>Las Cog>Las Ceg>Las
2]
North Can>L Can>L, Can>L, Can>L
! _ 5 LING TN AC, da”lda AC, LIS AC, da>lda AC,
African ITSic - TUN = and/or and/or and/or and/or
7} +500 MW +500 MW +500 MW +500 MW
border g Cgs>Las Cus>Lgs Cgs>Las Cus>Lgs
Caa>Laa Can<la Caa>Laa Car>Loa Caa>Laa
and/or G, and and/or ACs and/or ey and/or ACs
+400 MW +400 MW +400 MW +400 MW
Cas>Lag Ca<Las Cag>Lag Cag>Las Cag>Lag
Caa>Lga Can>Llaa Caa>Lga Can>Llga Can>Lga
and/or s and/or ey and/or ACs and/or ACs and/or ACs
+400 MW +400 MW +400 MW +400 MW +400 MW
Cap>Lag Cas>Las Cap>Lag Cas>Las Cap>Lag
Caa>Laa AC Caa<lga Caa>Laa AC Can>Laa AC, Caa>Lga AC
-400 and/or ! and and/or 3 and/or 4 and/or °
+400 MW +400 MW +400 MW +400 MW
Cas>Las Cae<Lae Cag>Las Cas>Las Cae>Las
Caa>Lloa
Internal ACy
A and/or
Sections +400 MW
Cas>Las
Con>Llaa e
and/or 8
+400 MW
Cog>Las
Can>Llaa Con>Llaa Can>Llaa Con>Llaa
and/or ! and/or £ and/or (e and/or (A4
+400 MW +400 MW +400 MW +400 MW
Cag>Las Cog>Las Cog>Las Cog>Las
Con>Llaa Can>Llaa Con>Llaa Can>Llaa
and/or e and/or ACs and/or o and/or sy
+400 MW +400 MW +400 MW +400 MW
Cop>Las Cog>Las Cop>Las Cog>Las

Fig. 4.14. Synthesis of all performed iterations in the scenario 2030 DG.
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4.6 New developments

The first application of the proposed methodology generated great interest among academic
experts, utilities and other relevant stakeholders and the Italian Regulatory Authority requested
Terna to publish the second edition of the “Target Capacity” report by the end of year 2020,
performing the analysis in the new significant planning scenarios adopted in the NDP 2020
[153], [263]: the “Business As Usual” (named “BAU”) and the “Integrated National Energy
and Climate Plan (named “NECP”) scenarios.

Furthermore, some useful advices to improve the target capacity assessment methodology have
been contributed by the two independent academic reviewers in their specific reports [237] and
[251]. In particular, from the methodological point of view, the received suggestions cover the
different aspects:

1. the use of a more rigorous approach to select the sections/borders suitable for the
transmission capacity increases at the beginning of each iteration;

2. the inclusion of the operating costs, besides the already considered capital costs, in the
evaluation of the reference costs for each section/border in each iteration;

3. the transmission increases AC; j size reduction to the advantage of a more “granular”
final solution.

With the aim of improve the developed methodology, some maodifications in the
methodological document have been introduced before its publication for consultation [264].
With reference to the suggestions received, the most remarkable innovations are:

1. The adoption of the “Technique for Order Preference by Similarity to an Ideal Solution”
(named “TOPSIS”) method to solve a Multi-Criteria Decision Making problem
(MCDM) and identify the sections/borders on which the transmission capacity increases
must be tested at the beginning of each iteration.

This technique [265] finds application in a multitude of different real-world issues, and
is based on the statement that the best compromise solution among several allowable
options presents the shortest geometric distance from the “positive” ideal solution (4*)
and the longest geometric distance from the “negative” ideal solution (47).

First of all, the decision matrix D of order (n X m) must be defined on the basis of the
set of the n alternatives and the m selected criteria, as in Fig. 4.15. The generic element

ap; of the matrix represents the performance of the A, (h = 1,2, ..., n) alternative with

respect to the generic C; criterion with assigned weight w; (j = 1,2, ..., m).
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Ci(wi)) Cowz) ... Cm(wm)

A1 ai1 a2 ... aim
Ao az1 . . aom
An an1 an2 ... anm

Fig. 4.15. Generic decision matrix.

The decision matrix D is then normalized in the X matrix (4.16), deriving each element
Xpj as in (4.17):

(4.16)

X11 xlm]

Xn1i - Xnm

__

Xy = —
hj — (4.17)
p=1%pj

The weighted normalized decision matrix Y is obtained by multiplying each column of

the X matrix for the weight associated to the correspondent criterion, as in (4.18):

Y =

Wlxll en melm
] (4.18)

Y11 - ylm]

W1Xn1 o WniXaym Yn1 - Ynm

The positive ideal A* and negative ideal A~ solutions are determined by the means of
(4.19) and (4.20) after dividing the set of criteria in two sub-set J,, (set of benefit criteria)

and J,. (set of cost criteria):

At = {(m;;:lXth|j € ]b),(mhinyhj|j € ]C),h =1,2, n} = {y1+, Y2+, 0, Y+ } (4.19)

A= {(mrjnJ’hj|j € ]b),(m}flxyhj|j € ]C),h =1,2, n} = {y1-,¥2-, -, Yn- } (4.20)

The geometric distance of each alternative from A* and A~ ideal solution can be

calculated:

m

Spr = Z(yhj —y;+)" forh=12,..,n (4.21)
j=1
m

2

S, = Z(yhj —y-)* forh=12,..,n (4.22)

j=1

And the relative closeness of each alternative to the ideal solution is evaluated:
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Sh-

P+ =
o Sh++Sh—

(4.23)

The P, + parameter represents the alternative performance with respect to the selected
criteria and its relative importance (or weights) and lies between 0 and 1.

Finally, the ranking of alternatives based on the order of preference can be defined.
Some applications of the TOPSIS method in power systems problems are presented in
[169], [266] — [268]. In the target capacity assessment context, the significant criteria
selected are the four listed in Table 4.9:

Table 4.9. Selected criteria in the MCDM analysis for the PINT selection at the beginning of each

iteration in the target capacity assessment methodology.

Code Description
Cy Congestion hours [h]
C, Price spread [€/MWh]
C3 Investment cost for transmission capacity increase [M€/MW]
Cy Project progress

In particular, the C, criterion is defined on a scale between 1 and 4 depending on the
progress of the project considered as reference for the marginal cost on the k-th
section/border in the i-th iteration:
» 1= the transmission capacity increase marginal cost refers to a standard project;
« 2= the transmission capacity increase marginal cost refers to a planned project;
+ 3=the transmission capacity increase marginal cost refers to a projected scheme;
* 4= the transmission capacity increase marginal cost refers to a project in
authorisation.
Table 4.10 shows the positive and the negative ideal solutions respectively to the four

selected criteria:

Table 4.10. Positive and negative ideal solutions for each selected criterion.

Ci(wi) | Ca(wz) | Ca(ws) | Ca(wa)

A* | maxyp; | maxyy; | minyy; | maxyy;

A™ | minyy; | minyp; | maxyp; | Minyy;

In line with the previous version of the methodology, the analysis will be carried out
separately for the internal sections and for the external borders, in order to consider the

historical differences in market signals.
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The two different decision matrices are represented in Fig. 4.16 and Fig. 4.17.
Ci(wi) Co(wz) Cs(ws) Ca(wa)

1 AT -1Tn AexT1t | QexT12 | @ExT,13 | QEXT,14
2 CH-1Tn AExT2L | exT22 | @ExT23 | QEXT24
3 FR-I1Tn AexT31 | AexT32 | AExT33 | QEXT,34
4 SI—-ITn AExT41 | AExT42 | AEXTA43 | QEXT.44
5 | ITecn—HR | @extst | @exts2 | QexTss | QexTs4
6 | ME—-ITcs | @exter | @exTe2 | QexTe3 | AEXT64
7 ITs-GR AexT,71 | AExT,72 | AEXT,73 | QEXT74
8 | ITsic—TN | aexter | @ext82 | 8exTes | AexTe4
Fig. 4.16. External borders decision matrix.

C1(W1) Cz(Wz) C3(W3) C4(W4)
1 ITen-1Tn ami1 a2 am13 aIT 14
2 ITes-1Tcen a1 a2 aiT,23 T 24
3 ITs-1Tcs T3t aIT32 a3 T34
4 | ITsar-1Ten | ara T 42 a4 aIT 44
S5 | ITsar-1ITcs | amrs: aT 52 aT 53 a4
6 | ITsar - ITsic | are ame2 ames amea
7 | ITsic-1Tcs | amrn air am7s T 74
8 | ITsic-ITcal | ars s ames aiT gs
9 ITcal - 1Ts | ara ar e a3 arr o4

Fig. 4.17. Internal sections decision matrix.

Once the “performances indexes” P;+ are identified, the median values among the
internal sections and the external borders are calculated and properly rounded to obtain
the AC; activation reference thresholds L;r and Lgyr. The transmission capacity
increases will be tested if the condition (4.24) is verified:
P+ = L;r for internal sections
(4.24)
P+ = Lpxr for external borders
The inclusion of operating costs (“opex”) in the marginal cost curves on the basis of (i)
official data used in the cost-benefit analysis for planned projects studied in the NDP,
(ii) operating costs values referred in literature for standard projects, (iii) 1.3% of capital
costs in absence of specific information about the project;
The reduction of AC; sizes in the final steps of the iterative process to enhance the
quality of the final solution. In particular, transmission capacity increases of +250 MW

for external borders and +200 MW for internal sections will be tested.
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Other significant changes are related to the new zonal market structure, the updated reference
grid and the planning scenarios under consideration.

The target capacity assessment analysis will be performed on the new zonal market structure
[155], in force by the 2021 and represented in Fig 4.18.

Centre North

Centre South

Sardinia

Calabria

Fig. 4.18. New zonal market structure.

The reference grid (or “base case”) will consist of the existing grid and the additional projects
which have a strong possibility to be authorized during the year 2020 and completed by the
year 2025, listed in Table 4.11 and illustrated in Fig. 4.19.

Table 4.11. Target capacity assessment, 2020 edition. Planned development projects included in the base case:

transmission capacity increase provided (MW) and section/border involved.

Project TTC (MW) Section/border involved
1 | 320 kV Piossasco — Grand’ Ile HVDC link +1200 IT North — France
2 220 kV Nauders — Glorenza link +300 IT North — Austria
3 132 kV Brennero — Steinach link +100 IT North — Austria
4 380 kV Calenzano — Colunga link +400 IT North — IT CNorth
5 380 kV Deliceto — Bisaccia link +400 IT CSouth — IT South
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Fig. 4.19. Planned projects included in the base case (listed in Table 4.11).

The analysis will be performed at 2030 year horizon in the two energy BAU and NCEP
scenarios adopted in the 2020 NDP:

the Business-As-Usual is a technology driven scenario, projecting in future the current
trends in an inertial way. Neither the 2030 energy targets established in the “Clean
Energy for all Europeans Package” [269] and declined in the National context in the
Italian proposal [110], nor the long-term energy targets can be reached. The demand
growth is moderate and the decommissioning of coal power plants is realized only after
the 2030 year horizon. Finally, the scenario forecasts minimum investments in storage
systems;

the National Climate and Energy Plan is a policy-driven scenario, designed to reflect
the most recent EU requirements with regards to climate and energy targets. The
electricity demand increase is mitigated by the remarkable energy efficiency measures
foreseen. A total phase-out of coal power plants is achieved by 2025 and an intensive
growth of renewable variable generation together with energy storage systems (both

hydro pumping and electrochemical storages) can be observed.

The electrical demand trend and the generation mix forecast in both considered scenarios

compared to the final values for year 2018 are illustrated in Fig. 4.20 and Fig. 4.21.
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Fig. 4.20. Demand trend in planning scenarios considered for the target capacity assessment 2020.
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Fig. 4.21. Generation mix in planning scenarios considered for the target capacity assessment 2020.
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4.7 Conclusions

New methodologies capable of designing robust development strategies in an efficient manner
are needed for transmission expansion planning in the framework of competitive electricity
markets.

This Section presented a novel heuristic methodology developed in the framework of the
research activity in collaboration with the "Grid Planning and Interconnections Department” of
Terna for the cost-effective target capacity assessment, consistently with Regulator directives
and main stakeholders’ feedbacks collected during its consultation. Each internal section and
external boundary of the Italian power system is simultaneously studied on the basis of an
iterative process in the two relevant long-term planning scenarios of year 2019 NDP, in order
to obtain the possible different development strategies. In addition, the least regret approach
allows the identification of the reference values for the TSO.

The outputs of this work have turned out to be relevant for policy makers, regulatory authority
and market participant to assess and co-design the energy transition plan of a future European
interconnected power system.

The first application of the proposed methodology dates back to year 2018: the Italian Regulator
approved the identified target capacity and positive opinions have been expressed by the two
academic independent reviewers of the target capacity report. The updated version of the
methodology including the improvements suggested by the two academic experts and the
changes in main assumptions concerning market structure, reference grid and scenarios of
analysis has been recently published for consultation. The final report will be available within
the end of year 2020.
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Conclusions and future work

The research activity has included multiple aspects of power system planning.

Starting from the purpose of extending the capability of an underused portion of the Italian HV
— EHV national transmission network, a specific application of series compensation has been
assessed with the aim of exploiting the transfer capacity of a 250 km long, 230 kV — 50 Hz
transmission backbone in Central Italy. The static assessment has been validated by means of
extensive load-flow calculations performed both for the “isolated” backbone and considering
its operation within the meshed grid.

As regards the ongoing renewable generation capacity increase, which obviously has to be
integrated into the system while continuing to ensure reliability and security requirements, the
offshore wind power in the Italian context have been evaluated. Furthermore, a real HVDC
project increasing the transmission capacity across a critical market section of the Italian power
system has been studied in static and dynamic regime, considering both LCC (plus SCs) and
VSC configurations. Other aspects concerning the thermal loading performances of a specific
grid portion affected by significant variable energy sources generation, and possible methods
to evaluate the economic impact of the inertia reduction have also been investigated.
Methodologies for power system flexibility assessment have been proposed, based on both the
market and grid-infrastructure points of view. The results obtained in relevant energy scenarios
confirm the usefulness of such evaluations in planning studies.

Finally, a novel methodology developed in the framework of the research activity in
collaboration with the "Grid Planning and Interconnections Department™ of Terna for the target
capacity assessment has been presented together with the results obtained from its first
application.

Future works will deal with further applications of series compensation to active power control
in comparison with some common alternative solutions (i.e. PSTs), and its impact on protective
systems. Finally, in order to accomplish the goals of the FlexPlan project, the power system

flexibility analysis in the new evolving scenarios will be carried out.
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