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Abstract

When considering the operation of transmission networks in the medium and
long term, it is necessary to determine the amount of additional power that each
node of the network can allocate. This aspect is intrinsically related to the
transport capacity of the transmission lines in the network, which consequently
requires more precise estimates of this transport capacity for medium and long
term operational and planning studies. This work proposes the use of more
accurate estimates, without reaching real-time estimates, of the transmission
capacity. The objective is to determine the amount of additional power that a
transmission network node can accommodate without requiring additional
investment in transmission infrastructure. This capacity is determined using a
representative sample of system operating conditions, followed by a steady-state
contingency analysis to quantify the expected amount of network congestion
caused by the addition of a new generation facility. The main result of the design
and implementation of the methodology is the value of additional power that each
node in the grid can accommodate, comparing the impact of using three different
transmission capacity estimates, Static Line Rating (SLR), Seasonal Adjustment
Rating (SAR), and Ambient Adjustment Rating (AAR).
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1 Introduction

1.1 Background

In the context of the growing demand for electric power and the increasing
incorporation of renewable energy sources, the evaluation of hosting capacity in
power systems has become a crucial challenge. The transport capacity of
transmission lines plays a fundamental role in system efficiency and reliability but
is subject to various environmental conditions and operational settings. The
present research arises from the need to understand how seasonal and hourly
adjustments can affect the transport capacity of transmission lines, and how these
variations can influence the hosting capacity for different generation technologies.
Through this study, we seek to contribute to the optimization and planning of
electrical systems, allowing better integration of renewable sources and
guaranteeing a sustainable and secure electrical supply in medium and long-term

horizons.

This work focuses on using power flows to determine whether a transmission
network suffers from overloads as a consequence of incorporating generation at a
system node. This is done without considering additional expansions in the
transmission network. A sample that represents the typical annual operation of
an electrical system is used, so that the possible changes to the operation due to
natural variations in demand and the effect of variable renewable generation,
which has a greater impact on electrical systems, can be captured. Within this
analysis, the N-1 criterion was considered, so that it is possible to identify the
sufficiency of the network in the event of adverse conditions such as the
unavailability or failure of one of its elements, without compromising the integrity

of the operation and the system infrastructure.
1.2 Objectives

The main idea of this work was to identify a mechanism that would allow
knowing, at least in a preliminary form, the capacity of a transmission node to
accommodate additional power, without the transmission network being a
constraint to the operation. This would include the effect of environmental

adjustments on the transport capacity of transmission lines.

By simulating the operational conditions of a system, additions to the
generation park were made in incremental steps to subsequently evaluate the

power flow in the network under normal and single contingency conditions. The

Introduction Page 9 of 82



simulation was performed using the aforementioned adjustments to the capacity

of the transmission lines.

The simulation of power flows was performed on a representative sample of the
annual operation of an electrical system so that the operational limits of the
transmission lines are respected. For a node to be able to allocate the power, it is
expected that it will not cause overloads in an acceptable percentage of hours
during the year. Overloads in the transmission network generally require remedial
actions, which in this context consist of reductions in plant’s output. The
curtailment of the power plants can cause excess costs to the system since the
system must pay compensation to the generating agents, as their participation in

the electricity market is limited for reasons beyond their control.

Consequently, the first objective of the study is to provide a scalable and
adaptable tool to identify indicatively the hosting capacity of a transmission node.
This is intended to serve as input for the planning of additions to the generation
park in medium and long-term horizons, as well as to serve as input for the opinion
of interconnection permits for producing agents under the premises of free access

to the transmission network.

The second objective of the study is to quantify the effect of using adaptive
capacities of transmission lines on the capacity of nodes to accommodate
additional power. This would allow for the mitigation of dispatch restrictions in
the transmission network without making investments in infrastructure since this
requires minor investments in improving models and updating information on the

average ambient conditions of the environment.

1.3 Thesis structure
The report follows a simple and straightforward structure, without reducing
the rigor required for an analysis of this type. The structure of the report is as

follows:

1.3.1 Chapter 1: Introduction
A brief description is provided as a general overview of the project, its scope
and objectives. As well a mention of the technical motivations and possible needs

that the results of this work can cover.

1.3.2 Chapter 2: Literature review
A theoretical summary of the concepts necessary for the analysis presented is
provided. The calculation of transmission line transport capacity and the effect of

environmental conditions on this value are detailed. Also described are the
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seasonal adjustments and adjustments based on environmental conditions to the

transmission capacity, based on the guidelines of international regulatory bodies.

A summary of criteria used for the planning of generation additions is
presented. This is from the perspective of the inclusion of new plants without
requiring major changes in the network topology. Finally, aspects of operational
safety and sufficiency in transmission are mentioned, which are necessary to

identify compliance with quality and safety criteria in the electric power system.

1.3.3 Chapter 3: Methodology

This section provides a detailed description of the design of the methodology
and the criteria and reasoning used for it. The information used as a basis for
constructing the operating scenarios that represent the annual operation is
described. The transmission network model used for the tests and the method
used to incorporate the base generation and demand information into the reduced

transmission network model is detailed.

The adjustments made to the transmission capacity are also described.
Initially, the seasonal adjustment is detailed with a single factor for each month
of the year, and then the resolution is increased using an hourly factor for each

month according to the environmental conditions considered for each case.

Then, the construction of the scenarios in the PSS®E model is detailed, as
well as the modelling options selected for voltage control, dispatching of the
existing units and the numerical solution algorithm used. Finally, the operational

safety criteria and other general considerations for the simulation are detailed.

1.3.4 Chapter 4: Results

This chapter shows in detail the main results of the study, which is to identify
the amount of power that each node in the test network can incorporate without
causing overloads to the system elements. The impact of the variable capacities
of the transmission lines is detailed in terms of the existence of overloading in the

contemplated scenarios, not only in the power that a node can accommodate.

The effect of tolerance regarding the number of hours in which it is allowed to
identify overloading when additional power is injected into a node of the

transmission network is summarized in this chapter.

The possibility of using this tool to identify elements of the transmission
network that are prone to becoming bottlenecks due to generation additions in a
particular node is mentioned. Furthermore, the impact of variable capacities on

the timing of overloads in the system is also detailed.
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1.3.5 Chapter 5: Conclusions
This section summarizes the main findings of the study and its final scope
based on the premises and considerations described. It also describes the

secondary results obtained from the implementation of the designed methodology.

This complementary section includes possible practical uses for a tool of this
type in a medium and long-term planning context, both for the generation matrix
and for possible transmission projects to be incorporated into the system, as a

result of optimal criteria for investments.
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2 Literature review

The transport capacity of the transmission lines in a power system plays a
crucial role in maintaining energy stability and efficiency. As energy demands
continue to rise and renewable sources become more integrated, research into
evaluating and optimizing transmission capacity has become increasingly
important. The literature review explores the transmission capacity of
transmission lines from various perspectives while analyzing the effects of
environmental conditions. This analysis aids in determining static, seasonal, and
even hourly limits for transmission capacity evaluation. Moreover, the study
investigates essential criteria for power transmission systems planning. These
criteria enable optimal resource utilization and appropriate response to future

demands.

This analysis considers the adequacy of transmission capacity and operational
security of transmission systems to determine the impact of transmission
constraints on potential sites for new power plants, in order to minimize the need
for extra network investments to integrate this generation in the medium- and

long-term planning.

2.1 Carrying capacity for transmission lines

To determine the current that an overhead conductor can safely carry, it is
necessary to analyze the heat transfer of the conductor to the environment. As a
consequence of the Joule effect, conductors increase their temperature when
carrying electric current in them. It is necessary that the temperature of these
conductors is kept within the limits established for each type of alloy and
combination of materials used in their construction, in [1] and [2] the most
common and accepted standards for the calculation of ampacity in overhead

conductors are compared.

2.1.1 Heat transfer in overhead conductors

Both [3] and [4] describe methodologies for calculating the ampacity of
overhead conductors in a steady state based on the thermal equilibrium between
the heat absorbed by the conductor and the heat transfer mechanisms with the
environment that performs cooling functions. Equations 1 and 2 show the
relationships used by IEEE and CIGRE respectively.

P]+PS=PC+PT 1

Literature review Page 13 of 82



The terms on the left-hand side represent the heat absorbed by the conductor,
while on the right-hand side of both equations is the heat dissipated by the

conductors, specifically:
e P, Joule effect heating
e Py Magnetic heating
e P; Heating by solar radiation
e P; Heating by corona effect
e P, Convection cooling
e P. Thermal radiation cooling
e P, Evaporative cooling

Under steady-state operation, it is required to calculate as best as possible the
amount of heat from each source mentioned above. Each term will depend on
different environmental and operational variables such as ambient temperature,
solar radiation at the site, current in the conductor, and material resistance,

among others.

2.1.2 Joule effect heating

The most relevant term for ampacity calculations is the Joule effect term since
it depends on the two most relevant parameters for the operation of an electrical
power system. P; = P, (I , Tavg) . The heat absorbed under the Joule effect is

calculated as follows [3].

P, = kjI*Rygc[1 + oTapg — 20)] 3
Where:

e k; Is the adjustment factor for the resistance in AC due to skin effect and

magnetization in AC operation. It is equivalent to 1.0123
e [ Is the RMS current on the conductor
e Ry. Is the DC resistance per unit-length in Q/km

e « Is the temperature coefficient to account for changes in resistivity of the

conductor, in K~1

® Tuyg Is the average temperature of the conductor.
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2.1.3 Magnetization heating

AC magnetization impacts the heat produced in the conductors due to the
effect of Eddy currents, and the ferromagnetic behavior of the materials in the
core of the conductors used in transmission and distribution. From experimental
results, an empirical relationship for the heat absorbed by magnetization at 50 Hz
has been determined. [2] [5].

Py = 4.90 X 10°d*/2ABL®? exp(—2.5 X 1073T,,,) 4

The terms are:

e d is the diameter of the conductor

e A is the cross-sectional area of the conductor

e B, is the magnetic induction on the ferromagnetic material

o T.ore is the average temperature on the core of the conductor.

2.1.4 Solar radiation heating

This factor depends greatly on the atmospheric conditions and the site's
geography where the conductors are located. Furthermore, a conductor heat-
absorbing capacity hinges upon its diameter, relative inclination to the horizontal
axis, and material absorption capacity. The heat absorbed from solar radiation
per unit length can be calculated as a simplified version of the method introduced
by the CIGRE standard. The calculation considers the global radiation on the

conductor [3].

Ps = a,SD 5

The terms are:

® g is the absorption capacity of the material, it ranges from 0.23 to 0.95,

for practical and general applications it is possible to use 0.5
e S is the solar global radiation
e D is the diameter of the conductor

More intricate techniques based on separating direct and diffuse radiation and
making site-specific solar radiation estimates exist. Nonetheless, with the
possibility of measuring solar radiation at the surface level and the readily
available information, the simplified method carries advantages in implementing
it.
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2.1.5 Convection cooling

The first mechanism by which the conductor dissipates heat to reach a state
of thermal equilibrium is convection. This type of cooling relies, among other
factors, on the velocity and angle at which the wind hits the conductor. This

dependence will be indicated in the corresponding term of the equations described
in [2] and [3].

Pc = mAs(Ts — T,)Nu 6

From equation 6:

e As is the thermal conductivity of the air

o T is the Surface temperature on the conductor
e T, is the ambient temperature on site

e Nu represents the Nusselt number, a constant that considers the wind

effect on the convection cooling.

The Nusselt number is determined by the Reynolds number, an adaptable
coefficient dependent on the wind speed, medium viscosity, and air density.
Empirical relationships can be applied to estimate the Nusselt number for
different wind conditions, but a detailed fluid mechanics discussion is beyond the

scope of this work.

The IEEE-738 standard provides a simpler method for determining heat
dissipation caused by thermal convection. Equations 7 and 8 differentiate between
low and high wind speeds, describing the amount of heat released by convection

in each case [4].

P = Kangle

Dp v 0.52
1.01 4+ 0.371 ( uf W) ] ke(Te — Tg) 7
f

0.60
DoV,
0.1695< b W)
Hr

e D represents the diameter of the conductor

Pc = Kangle kf(Tc —Ta) 8

In which

® py is the density of air
e 1], is the wind velocity
® |y represents the air velocity
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e kf is the thermal conductivity of the air
e T, is the ambient temperature on site
e T, is the conductor temperature

®  Kangie 1s a correction factor that accounts for the angle at which the wind
strikes the conductor. It is calculated from the angle ¢ between the
conductor and the incident wind speed. For general application an angle
of ¢ = 45° is used.

Kangie = 1.194 — cos ¢ + 0.194 cos 2¢ + 0.368 sin 2¢ 9

2.1.6 Thermal radiation cooling
Both IEEE and CIGRE standards provide simplified, and equivalent,
relationships for heat emission by thermal radiation. In [3] the heat loss by this

mechanism is described by the following equation.

P. = mDeog[(Ts + 273)* — (T, + 273)4] 10
In which

e D represents the diameter of the conductor

e € is the emissivity factor of the surface of the conductor, it typically ranges

from 0.23 to 0.95. It is common, for general estimations, to use 0.5
e 0p is the Stefan-Boltzmann constant
e T, is the temperature at the surface of the conductor
e T, is the ambient temperature

2.1.7 Additional terms

Both TEEE and CIGRE standards omit terms related to corona heating and
evaporative cooling from the calculations. The former is omitted because it is
negligible unless there are high voltage gradients, which exist under special
conditions and are not predominant during average operation. The evaporative
cooling term is omitted because it depends on whether the conductor is wet, as in
the case of rain in the area, but does not vary significantly with changes in relative
humidity [3]. These terms can be included in dynamic estimates during real-time
operation, but for design purposes they do not represent typical environmental

conditions during operation.
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2.2 Transport capacity estimations for overhead bare conductors
From equation 1 or 2 it is possible to establish an equation to calculate the
amount of current that a conductor can safely carry in steady state. Combining

either of the above equations with equation 3 gives the following relationship:

P+ P. — Py — Ps

Lrms = 11

kiRgc[1 + aTypg — 20)]

The IEEE standard omits the Py term for heating due to magnetization of the
conductor core. For calculation purposes using Equation 11, the term T4 would
be the maximum temperature the conductor can reach in steady state without

compromising its mechanical integrity while maintaining the required clearance

to ground [4]. In equation 11, k; is the adjustment factor for the resistance in AC

due to skin effect and magnetization in AC operation. o represents the

temperature coefficient for the resistivity of the conductor [3].

2.2.1 Effect of the ambient temperature

Equations 6-8 and 10 demonstrate the effect of ambient temperature on
conductor heat dissipation and the expected variation in ampacity based on
prevailing environmental conditions. Reference [6] shows the impact of ambient
temperature on the conductor's temperature while carrying a fixed amount of
current. Reference [7] takes a similar approach and presents the effect of different
parameters on conductor ampacity under IEEE and CIGRE standards criteria.
In [8], the text illustrates the impact of each cooling type in thermal equilibrium

on the conductor ampacity.

The approximate effect of ambient temperature on heat dissipation is
demonstrated by utilizing equations 6 and 10 to establish a ratio of heat
dissipation per unit relative to the base case of 40°C. The impact of heat
dissipation on the ampacity of the conductor is not direct, but it is still significant.
At temperatures below 20°C, this effect is particularly noticeable. This would
impact in a more significant manner at locations in which the average temperature

ranges widely.
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Figure 1: Effect of ambient temperature on heat dissipation
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As climate conditions shift, it will be imperative to factor in fluctuations in
ampacity resulting from lower winter temperatures or higher summer
temperatures. Reference [9] provides an assessment of the long-term influence on
transmission line ampacity, with a projected decrease of 2% to 8% in transmission

capacity by 2080 based on various greenhouse gas concentration scenarios.

The figures display how the ambient temperature affects the conductor's
ampacity or the temperature it reaches at a constant current. This highlights the
significance of precise ambient conditions when estimating the carrying capacity

of overhead transmission lines.
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Figure 2: Ambient temperature effect on ampacity [7]
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Figure 3: Ambient temperature effect on conductor temperature [6]
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2.2.2 Effect of the wind speed

Equations 7 and 8 incorporate the effect of wind speed on conductors into the
calculation of convective heat loss. These equations describe the effect of speed as
a magnitude and the direction in which the wind is incident on the conductor. It
is expected that the cooling effect of air currents will be greater with perpendicular
incidence than with parallel incidence. It is also expected that a higher wind speed

will have a more noticeable effect on the conductor temperature.

In [10], the effect of wind speed and direction on the cooling and temperature
of a conductor is described, which, as described in Section 2.1.5, affects the
amount of current that the conductor can safely carry in steady state. It is clear
that heat dissipation gains are not linearly related to the ampacity of the

conductors, but there are improvements to be made by using more detailed wind

Literature review Page 20 of 82



speed information in the operating zone of the lines. The effect of wind speed has

been analyzed in detail in [11].
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Figure 4: Wind speed effect on convection cooling
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Figure 5: Wind angle effect on convection cooling
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Wind speed is typically utilized in dynamic estimates of carrying capacity, but

it's also feasible to incorporate statistics of this variable to account for the

Literature review
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anticipated effect on the ampacity of an aerial conductor. This enables better
accuracy in carrying capacity estimates for situations that do not require real-
time estimates, like those that are required in this analysis. In studies like those
featured in [12], wind speed patterns are illustrated with hourly and seasonal
resolution statistics. This serves to enhance the precision of calculating conductor

ampacity.

2.3 Criteria for transport capacity estimations used in system

operation

2.3.1 Static Line Rating - SLR

The typical approach is to employ a static calculation under unfavorable
environmental conditions, often utilizing low wind speeds alongside high solar
radiation and elevated ambient temperatures. Temperatures above 35°C and solar

radiation nearing 1000 W/m? are commonly taken into account [13]

Using this method, a conservative estimation is obtained, generally resulting in
an underestimated amount of current the conductor can carry during normal
operation. Using environmental conditions closer to reality is expected to enhance
the conductor's heat dissipation capability. The static approach is frequently
employed as it simplifies the computation of conductors' carrying capacity and
provides a substantial safety margin for system operators. Typically, there is a
long-term static limit for normal operational conditions, and a higher emergency

limit used in the event of contingencies or power system disruptions [14].

2.3.2 Seasonally adjusted rating - SAR

One way to enhance the static capacity model is by incorporating seasonal
adjustments to the transmission line carrying capacity. This is particularly
applicable in areas where distinct seasons exist, with significant fluctuations in
ambient temperature and solar radiation throughout the day. Such conditions are
common in high latitudes of both the northern and southern hemispheres.
Although [13] briefly discusses the significance of seasonal adjustments based on

the available climate model, more extensive research is necessary.

In [15], it is recommended that regions with ambient temperature differences
of approximately 10°C between seasons establish seasonal transport capacities for
normal and emergency operations to optimize transmission infrastructure in

colder months.

As for seasonal adjustments, [16] advises their use for long-term planning

purposes. It is noted that operators define seasons, which should consist of at least
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four seasons per year. The seasons should reflect realistic ambient temperature
conditions to provide operators with flexibility in defining the seasons based on

each zone of influence.

2.3.3 Ambient adjusted rating — AAR

The next phase in enhancing the model is to implement temperature-specific
adjustments in greater detail. Broadly speaking, there are two methods: one
utilizes seasonal adjustments, while the other takes a more in-depth, continuous
approach. The next phase in enhancing the model is to implement temperature-
specific adjustments in greater detail. It should be noted that dynamic
adjustments based on real-time measurements will not be explored at this time.
This topic has been thoroughly researched by numerous professionals and

scholars, and detailed results can be found in [17].

In the review of [15], it is noted that the initial description for these detailed
adjustments has been mentioned along with suitable precautions during their
implementation. These precautions are particularly sensitive to the wind speed
being considered. The report also states that when using the AAR in nighttime
conditions, the variable that is usually altered is solar radiation, while common
considerations include only variations in ambient temperature, with other

variables held constant.

FERC Order 881 [16] states the implementation of AAR is necessary before
DLR can be initiated. The directive specifies that AAR should only be considered
for up to an hour and estimates should be based on the average temperature in

the transmission line's area of influence.

Consequently, implementing AAR or SAR is expected to enhance the
transmission network's carrying capacity. This is crucial for transmission lines
with network congestion. In [18], AAR's effects on dispatch and operation
efficiency in the electricity market are further explained by reducing or eliminating

transmission network congestion to meet demand.

2.4 Considerations used in transmission expansion planning
Long-term planning requires an evaluation and anticipation of the future
requirements of the transmission grid to ensure readiness for demand growth, new

technology integration, and infrastructure changes.

Identifying the node's capacity to safely handle additional power can establish
suitable locations for new generation plants seeking participation in the electric

system. Due to limitations in the construction of new transmission lines, it is
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necessary to identify the optimal location that requires minimal investment to the

transmission infrastructure [19] [20].

Access to the transmission network and possible transport restrictions due to
this type of infrastructure are essential criteria in selecting suitable locations for
new power plant installations. One of the primary goals of expanding generation
and transmission is to minimize investment costs in generation facilities as well

as transmission infrastructure [21].

Site optimization for a new power plant affects different infrastructures
required for its operation in varying ways. One example is the presence of roads,
the accessibility of water and telecommunications services, and most importantly,
access to the transmission network. This is because the absence of these elements
escalates the investment costs of the power plant, thereby reducing its feasibility
for long-term development. In [21]|, a methodology is established to weigh the
factors associated with the location of the power plant. However, in this work, a
similar methodology will not be considered. Instead, the goal is to identify those
nodes within the transmission network that allow for the highest power injections

without the need for additional investments in the grid.

One of the algorithms utilized for planning transmission expansion is the
investment optimization problem. This problem involves using discrete decision
variables [22]. It is typical for centralized planning to weigh significant generation
projects that can meet energy demands over the lifetime of the projects. Although
smaller-scale distributed generation is gaining momentum, large-scale generation
plants remain relevant and complement distributed generation in safe and reliable

power system operation [23].

Large-scale generation plants offer significant benefits, including improved
efficiency and financial advantages associated with their greater capacity. A
compilation of trends in thermal efficiency by capacity, as presented in [24], shows
that simple cycle natural gas units and internal combustion engines experience
the most significant impacts. Other factors, such as the installation and operation
costs of a power plant and its levelized cost of energy, have been extensively

investigated from an economic standpoint [25] [26].

This is a secondary context for the objectives of this work, however, it is
important to show the relevance of the size of the generation plants that will
participate in an electricity market, since this will have a long-term impact on
the total costs of the operation of a system. Various operators in different regions

refer to the identification of the transmission capacity of the transmission network

Literature review Page 24 of 82



for short- and long-term planning studies. The NE-ISO documentation was
utilized as a reference for this task since their area of influence is in the northeast
United States [27] 28] [29] [30].

2.5 Operational security and sufficiency in power systems

2.5.1 Power systems reliability

Reliability is vital in ensuring a system operates continuously, providing
uninterrupted service to meet demand. It is a relevant consideration in the
planning, operation, and maintenance of electrical power systems, as it aims to
guarantee that end-users have constant access to electricity, with minimal or no

significant power outages [31].

Users in an electrical system, whether consumers or producers, expect the
system to be able to withstand unforeseen and random events. Therefore, it
becomes essential during the planning phase to consider the required long-term
and medium-term investments to meet reliability and capacity restrictions. This

must be done without compromising the economic aspect of the system operation
[32].

An electrical system must withstand diverse conditions since the operating
state is constantly changing. The factors that affect the variability of an electrical
system are unpredictable. These factors could involve alterations in user demand,
primary resource availability, and environmental conditions, among others. It is
also important to consider the transition from a system with complete availability

to one that is prone to forced unavailability or failures [33].

2.5.2 Probability in the context of electrical power systems
An initial and deterministic method for estimating the reliability of an element
or system is by utilizing a probabilistic approach that counts the frequency of
recorded undesired conditions within the system. If historical data is available, it
can be used to estimate the reliability indicator by applying the applicable
relationship.
Noccurrance

Poccurrance = N 12
total

Where P,.currance represents the likelihood of the event happening, N, currance
is the number of recorded scenarios where the event has occurred, and Ngyeq; 1S
the total number of scenarios analyzed [31]. Evaluating historical information is

an important first step in determining the possibility of an event occurring in the
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electrical system. For instance, assessing the probability of failure in an element

during its operation time.

In some cases, historical data may not suffice to anticipate the likelihood of an
event, particularly when it is dependent on the occurrence of a prior random
occurrence. For instance, determining the likelihood of a transmission line
overloading because of a contingency of another transmission line under certain
operating conditions. In situations like the one described, it is common to apply

the Bayesian statistical theory to conditional probability [31] [34].

One feasible option for a probabilistic approach is to analyze different
operational scenarios of the electrical system, whether real or simulated, and
consider variable factors such as power demand, generation availability,
transmission capacity, and other pertinent parameters. For each scenario, a series
of outcomes is generated, which may provide data on the frequency of undesired
conditions like failures or overloads. Utilizing this data, equation 12 can be applied
to estimate the likelihood of the event of interest, in this instance, an overload

resulting from a single contingency.

After sufficient scenarios have been considered, it is decided if the probability
of occurrence falls within the tolerances set by the relevant regulation or accepted
practices in the context. For instance, [35] states that for elements operating at
138 and 69 kV, each element is allowed a maximum of 3 forced unavailability
events per year, with a total duration of 300 minutes or 5 hours. This equates to

less than 1% forced unavailability per year.

NERC also defines similar indicators, focusing on the duration of unexpected
disconnections, cumulative time of momentary, and sustained disconnections [36].
Previous studies have examined the availability of transmission network elements,
including transmission lines and power transformers, in US systems. From 2018
to 2022, transmission lines had an average unavailability of 0.254%, while power
transformers had an unavailability of 0.22% [37]. This marks a difference from
previous reports and suggests a noticeable enhancement in network element
availability indicators. However, in the 2012 report version, the indicator takes
into account planned disconnections [38]. Therefore, to make an accurate

comparison, appropriate categorization is required.

Section 3.1 summarizes a procedure based on these concepts to calculate the
likelihood of overloads in the transmission system, then factoring in added
generation in a network node, and a single N-1 contingency. This is to determine

if there are more scenarios in which it is possible to allocate more generation in a
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node, given than the tolerance established in the methodology allows for this new
power. It is a method of extrapolating the availability concept to identify the
probability of network overload under adverse system conditions, in accordance

with the sufficiency criteria of power systems.

2.5.3 Sufficiency of electrical power systems

Sufficiency refers to the ability of an electrical transmission network to meet
electrical demand while maintaining the safety limits of the equipment and
infrastructure in the region, considering changes in user behaviour or energy
production patterns. In simpler terms, it is the transmission system's ability to
transport the required amount of energy to the consumers without any congestion
or instability risks [39].

In general, ensuring the sufficiency and safety of an electrical system requires
careful consideration of various aspects. Factors to consider include current and
future demand, unit availability for generation, transmission network topology
and infrastructure status, and the involvement of various types of power plants

in the generation matrix.

NERC Standard 51 defines, in the context of operational security, the events
that lead to a single N-1 contingency. These events include single-phase or three-
phase ground fault that disconnects a generator, transmission line, or power
transformer. Emergency thermal limits apply to the elements and conductors
under such conditions. Additionally, the system must remain stable without

presenting load losses or cascade disconnections [40].

In the prior section, it was mentioned that the likelihood of overloading an
element was dependent on the incidence of an N-1 contingency within the
network. However, the sufficiency criteria indicate that the system must
withstand the most adverse operating conditions. While it's not feasible to prepare
for every possible event, it's required to prepare the system to endure extreme

conditions that have a high impact on it.

The focus of this work is on the transmission network, to prevent it from being
a bottleneck that affects the economically efficient operation of the entire system.
Identifying the maximum power capacity of the network is crucial to ensure
sufficient and reliable supply, thereby preventing non-compliance with the
security criteria specified in relevant regulations. Ensuring the sufficiency of the
power system is crucial in identifying both expansions in the transmission network

and additions to the generation system. Considering potential transportation
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limitations becomes crucial in specifying the primary investments in the system

that yield greater positive outcomes.

2.5.4 Criterion for operational security

Operational safety criteria are rules and limits established to ensure the
stability, reliability and safety of the electrical transmission system during
operation. These criteria are essential to avoid overloads, instability and failures
that could affect the power supply and the integrity of the equipment. Among
other aspects, the thermal capacity of the transmission lines, power bars and
transformers, permitted voltage ranges, reactive power control, sufficient
regulation reserves for the generation matrix and correct operation are considered

for the operational safety of the system. of protective equipment [20] [39].

In this work, particular emphasis is placed on the thermal capacity of
conductors, and how environmental conditions affect their ability to transport

energy, described in sections 2.2.1 and 2.2.2.

A common description of the thermal capacity of a conductor is the maximum
limit of current that can flow continuously through a transmission line without
exceeding its heat dissipation capacity. Keeping currents within the thermal
capacity ensures that the lines do not overheat and deteriorate rapidly. The
conductors can temporarily withstand an amount of current greater than their
thermal capacity. In [41] it is indicated as an example that a conductor can
withstand 115% of its continuous thermal capacity for a period of 15 minutes.
The specific value is determined by each operator or regulator. In this work, the

limits are specified in section 3.6, using the regulation in Honduras as a reference
[42].
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3 Methodology

Previously it was mentioned that the purpose of the work is to build a
mechanism that allows the estimation of the power injection limit, or hosting
capacity, of the nodes in a transmission grid. A way to achieve it is to set a
tolerance of hours during which it is acceptable to order the plants to reduce their
output due to technical restrictions in the grid. It is expected that the restrictions
represent less than 1% or 2% of the hours in a year, although this criterion can

differ based on local regulations and practices.

The restrictions are given to prevent overloading on the grid, both in normal
operating conditions and operation after a contingency. It becomes necessary to
identify the number of hours in which overloading conditions are expected within
a typical operational day. On these premises it is possible to simulate the power
flows on the grid on N-0 and N-1 operational conditions for all of the hours in the
year, considering the expected demand and expected dispatch of the power plants
in the system. The expected conditions can be extrapolated from historical data,

or extracted from optimization tools used for short and long-term planning.

The difficulty that arises from this approach is the computational effort and
simulation time required to consider all required combinations. For any particular
year there are 8760 hours, a k number of nodes, j contingencies to consider, and
monitor the power flow for i transmission lines. All of that is added to a discrete
set of power injections, P; — Py ,that are considered additions to each node. An
alternative approach is to sample the year and build a set of hours, or operational
scenarios, that capture enough details of the typical conditions for the system
through the year. Typically, a deterministic approach is used, in which only the
most extreme cases for a season are considered. It is common to use the scenarios
with the highest and lowest load of the season, however, this approach fails in
capturing the details of the operation within the hours between these high-demand

moments.

The sampling considered within the scope of this work considers 288
operational scenarios, a 24-hour set, or a typical day, for each month of the year.
The typical day is built considering the average load and generation profiles for
each month. This approach allows to capture the information regarding the peak
and minimum load, and the hourly variations between them. Also, the approach
includes information on the monthly variations that reflect the load patterns and
the differences within the available generation resources during the year. The

specific procedure to assemble the 288 scenarios will be discussed in subsequent
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sections, this method and procedure can be modified to fulfill the different needs

of a specific system or restrictions.

Sampling makes it possible to reduce execution times and find the number of
hours h, in which overloading occur in the transmission grid due to the injections
by a new power plant with capacity B, into a node n. The power will be
admissible for the grid if the number of hours meets the condition h < h;,;, where
h:o; represents the maximum number of hours in which power curtailments are
allowed to mitigate possible overloads. If the condition is met, it is possible to
increase the power P, within the established range P; — Py, and in this way verify
if the node can accommodate a higher power without additional reinforcements

to the transmission network.

In addition to this, the effect of using transmission line capacity adjustments
based on seasonal and even hourly environmental conditions is included. The
criteria used are the seasonal adjustment rating (SAR), and the hourly ambient
adjustment rating (AAR). Dynamic line rating (DLR) is not included, as it serves
a different function than the purpose of this analysis. DLR fulfills an operational
function in real-time, as it monitors the meteorological variables during the
operation and allows faster adjustments to the available capacity in hourly or

intra-hourly dispatch.

Combining these factors and considerations, the admissible power P, will be
identified, which is acceptable under the established tolerances and operational
safety criteria. The impact of the adjustments on the capacity rating will also be
compared to verify if there is a significant benefit in the amount of power that a
node can accommodate. This is a decision criterion for the incorporation of plants
into the generation park, so that the safety and reliability of the system are not
compromised, and that the operation does not incur cost overruns due to
compensation for generation curtailments, or dispatch of units with higher

variable costs due to apparent transmission restrictions.

The detailed sequence of steps to obtain these results, and additional results,
will be described in later sections of this chapter. Arguments about the scalability
and adaptability of this methodology or logical sequence to satisfy different

operational, statistical or regulatory criteria will also be presented.

3.1 Summary
As a starting point, real information is available on the operation of the
Portuguese electrical system for the year 2021. Based on this information,

operating scenarios were built, these scenarios capture the relevant operating
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conditions, as well as possible variations in demand and generation technologies

used to meet said demand.

After the initial processing of the information, the resulting data was adapted
so that it can be incorporated into the available transmission network model. This
is to be able to execute power flows that allows validating the operation without
power additions, both in N-O and N-1 conditions. For this analysis, the N-2
criterion was not considered due to the exponential number of possible
contingency combinations, which would increase the computational effort and
necessary simulation time. However, it is possible to incorporate this criterion into

the analysis if required by the corresponding technical premises.

The next step is to perform power injections from P; to Py for all the nodes of
the transmission network individually. Initially, power flow simulations are
carried out on N-0 conditions, and the loading of the transmission lines is
monitored with all the elements in service. This is to identify if the additions
cause overloads that force curtailments, or that directly make it impossible to
operate in that particular node. From this step, hy_o are obtained in which
overloads are recorded as a consequence of the addition of power in a node n of
the system. Ideally, the value hy_, is zero, however, it is expected that for large

power additions, some scenarios could register overloading.

The procedure continues by simulating N-1 contingencies considering the
additional injections into the nodes. Once again, the loading of the transmission
lines in service is monitored, to quantify the number of scenarios in which
overloads occur as a result of the power additions P,. The number of hours, or
operating scenarios, under which overloads are recorded in this step is called hy_;.
This value is expected to be greater than zero, and greater than hy_,, identified

in the previous step.

These steps are repeated for all power values P, within the range P; — Py, and
all selected nodes. From this, for each node n and each power P,, a value h,p is
obtained, which is the sum of the counted scenarios under N-0 and N-1 conditions.
The total value is represented in the form hyp = hypp,_, + hyp,_,. To identify the
maximum value of power B, h,p is compared with the tolerance h;,;, and the

maximum power that a node n can allocate is reported.

This procedure can be performed for different ratings in the transmission lines.
Three ratings were used for this study, a static line rating (SLR), seasonal
adjustments in the rating (SAR), and hourly adjustments for ambient conditions
(AAR).
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The final result of this process is a power value P, that can be accommodated
in a transmission node for each type of rating adjustment. In summary P,
P, and P

NSAR’ MAAR
made to the carrying capacity of the elements of the grid and allows for the

SLR’
are obtained. This serves to contrast the effect of the adjustments

optimal operation of the system.

3.2 Load and generation profiles

To build the representative scenarios, the annual information on the operation
of the Portuguese electricity system for 2021 was used. With this information, a
representative day was built for each month, where the hourly demand was the
average of the hourly demands of said period. Regarding the generation, this is
available by technology, for each one a procedure similar to that of the demand
was carried out, where the hourly dispatch power is equal to the average hourly

generation for each month.

By constructing a representative day for each month, a total of 288 hourly
operating cases are obtained, which represent the typical operation of the system
during the year. The advantage of using the average values is to smooth out the
extreme variations that result from anomalous conditions where the system
demand shows significant peaks that are not common during the year. In this
analysis an average value was selected, however, it is possible to carry out this
procedure by using a percentile value, or directly selecting random days as
representative samples of the typical operation. This criterion is adaptable to

particular needs and requirements.

Another key aspect to mention is that the methodology is not limited to 288
hours a year, the sampling can contemplate a greater number of hours or even
8760 hours in a year, with the penalty in computational effort that increases
significantly along with the number of simulations to perform. This disadvantage
can be mitigated by reducing the number of buses for which it is desired to identify
the hosting capacity or the number of contingencies relevant to a specific area of

the transmission network.

3.2.1 Load behaviour

In general, the demand has marked variations throughout the seasons. In the
winter months, there is an increase in the peak demand at night around 8:00 pm.
As spring progresses, the previously observed peak decreases and the maximum
demand at daytime and nighttime are similar, with reductions in the off-peak
hours. In summer this behavior persists, with the nighttime peak being slightly

lower in July compared to the daytime peak demand. Another aspect to mention
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is that the nighttime peak demand tends to shift as nightfall occurs later in the
day. Finally, in the last three months of the year, the peak demand at night

increases relative to daytime hours.

The behavior observed in the following figures shows the importance of seasonal
variations in consumption patterns, which have a significant impact on system

operation and therefore power flows in the grid.

Figure 6: Average load profile — winter
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Figure 7: Average load profile — spring
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Figure 8: Average load profile — summer
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3.2.2 Generation

To simplify the behavior of the generation matrix, the information was
condensed into four categories: solar, wind, hydroelectric and thermoelectric. The
hydroelectric category included both dispatchable and non-dispatchable plants.
Thermoelectric plants included natural gas, coal and bunker plants. Throughout
the year the participation of these four categories changes based on the
availability of solar radiation, wind, hydrological affluents and fuel costs. The
representation of regional transactions with Spain was not included in detail, as
this added a further layer of complexity, which is not necessary for testing the
methodology. It is possible to adapt the information of the regional exchanges of

a system to the model used, to consider this variable in more detailed analysis.
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To show the impact of each technology, participation factors were calculated
for each of the typical days considered. These will serve to scale generation in
later stages so that its behavior corresponds to the demand values used in the
transmission network model. At this stage, the average values in MW are not
detailed, since these will be scaled, therefore, the unitary participation factors are
more adequate to show the behavior of the technologies involved. These variations

are more clearly illustrated from Figure 10 to Figure 21.

Once again, seasonal variations are noticeable. Regarding the participation of
solar generation, it is reduced in the months of January, February and December,
where the participation is close to 5% of the demand during the hours of maximum
solar production. In the following months, it is observed that the solar curve
increases in duration and height, reaching approximately 10% of the generation
in the following months. The maximum solar production is reached in the months
of July and August, where it is close to 20% of the demand during the hours of

maximum solar production.

For wind energy production, is observed that it is predominant before dawn in
the months of January, November and December, where it exceeds 40% of the
hourly demand at that time, reaching more than 60% during the month of
December. This is due to the high availability of wind and the lower demand at

this time.

Thermoelectric power plants are mostly combined cycle units fueled by natural
gas. In general, this technology shows stable behavior during the day and supplies
around 30% of the hourly demand, except for the month of February, when its
share fell to less than 20% of the total demand. This is associated with the high

availability of hydroelectric power in this month.

The month with the greatest availability of hydroelectric generation is
February, during which the share of this technology exceeded 50% of the system's
demand. In the remaining months, a general pattern is observed, where
hydroelectric production is significantly reduced during daylight hours. This is
due to the available solar production and the common optimization criteria, where
it is more appropriate to store water to produce electricity at times when demand
increases and less, or no, variable renewable production is available. This pattern
is observed in the figures, an increase in hydroelectric production at the beginning
of the morning, followed by a drop in its production as solar production increases,
and a subsequent increase at the beginning of the night to replace solar generation

and cover the increase in demand, that is common at this hour.
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Figure 10: Average generation profile — January
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Figure 11: Average generation profile — February
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Figure 12: Average generation profile — March
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Figure 13: Average generation profile — April
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Figure 14: Average generation profile — May
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Figure 15: Average generation profile — June
.00

0.90

? X

2

g 0.50 W
=3

(o]

[« W

01 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Hour

s Solar s Wind  ss===Hydroelectric —emm=Thermal

Methodology Page 37 of 82



Figure 16: Average generation profile — July
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Figure 17: Average generation profile — August
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Figure 18: Average generation profile — September
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Figure 19: Average generation profile — October

01 2 3 4 53 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

Hour

s Solar s Wind  ss===Hydroelectric —emm=Thermal
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Figure 21: Average generation profile - December
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3.3 Transmission grid

A reduced transmission network model of 39 buses was used, specifically the
IEEE-39, on the PSS®E tool. The model has 10 generators and 19 load nodes
[43]. Modifications were made to the base model so that the representative cases
could be incorporated into it. In its base form, this system has a demand of 5857
MW, which is less than the maximum demand for 2021, according to the data
shown in section 3.2.1. Adjustments were made to the demand for it to scale
properly to the available transmission network. The complete model of the
network, and its parameters, will be shown in section 3.3.1. Section 3.3.2 will
describe the procedure to adjust the operating scenarios obtained in section 3.2

so that they can be simulated with the available transmission grid.

3.3.1 Grid model

The model used differs from the base model in that transmission lines were
added and their base capacity was modified to allow the information to be
incorporated without provoking overloads that would interfere with the results.
The one-line diagram in Figure 22 shows the network used. The parameters of
the transmission lines and transformers in the grid are summarized in Table 1
and Table 2 respectively. This transmission network is generally meshed and
presents few restrictions on power flows. It is also worth noting that the
generation units are located in the outer buses of the network, while the central
nodes are mainly destined to supply demand, and they do not have nearby
generation sources. This characteristic is mentioned since the results will be highly
dependent on the topology of the grid to be analyzed. Despite this, the results
obtained are useful in their purpose of identifying the hosting capacity for the
buses of a system and identifying the effect of using different rating adjustments

for the elements in the network.

Ten generation units are available in the test system, the parameters of these
units are shown in Table 3. The parameters of the units were modified to properly
adapt to the operating cases built in previous steps. Specifically, the capacity of
the machines was adjusted to maintain the consistency of the magnitude of the
power to be delivered by them.

Table 1: Network parameters for transmission lines in the grid.

Busi |Busj |Circuit ID r [pu] x [pu] |[b[pu] |Reference rating [MVA]
1 2 Al 0.0035| 0.0411| 0.6987 418.7
1 2 B| 0.0035| 0.0411| 0.6987 418.7
1 39 A 0.0010| 0.0250| 0.7500 207.1
1 39 B| 0.0010 0.0250| 0.7500 207.1
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Busi |Busj |[Circuit ID |r[pu] |x[pu] |b[pu] |Reference rating [MVA]
1 39 C| 0.0010| 0.0250| 0.7500 207.1
2 3 A 0.0013] 0.0151| 0.2572 1072.5
2 3 B| 0.0013| 0.0151| 0.2572 1072.5
2 25 A 0.0070| 0.0086| 0.1460 397.3
2 25 B| 0.0070| 0.0086| 0.1460 397.3
2 25 C| 0.0070| 0.0086| 0.1460 397.3
3 4 Al 0.0013] 0.0213| 0.2214 226.0
3 4 B| 0.0013| 0.0213| 0.2214 226.0
3 4 C| 0.0013| 0.0213| 0.2214 226.0
3 18 Al 0.0011] 0.0133| 0.2138 427.7
3 18 B| 0.0011| 0.0133| 0.2138 427.7
3 18 C| 0.0011| 0.0133| 0.2138 267.1
4 5) A 0.0008| 0.0128| 0.1342 782.4
4 14 A 0.0008| 0.0129| 0.1382 509.9
) 6 Al 0.0002| 0.0026| 0.0434 853.6
) 8 A 0.0008| 0.0112| 0.1476 584.2
6 7 A 0.0006| 0.0092| 0.1130 885.5
6 11 A 0.0007| 0.0082| 0.1389 770.0
6 11 B| 0.0007| 0.0082| 0.1389 770.0
7 8 A 0.0004| 0.0046| 0.0780 5938.5
8 9 Al 0.0023| 0.0363| 0.3804 512.0
8 9 B| 0.0023| 0.0363| 0.3804 512.0
9 39 A 0.0010| 0.0250| 1.2000 440.0
9 39 B| 0.0010 0.0250| 1.2000 440.0

10 11 A 0.0004| 0.0043| 0.0729 762.0
10 11 B| 0.0004| 0.0043| 0.0729 762.0
10 13 A 0.0004| 0.0043| 0.0729 712.9
13 14 Al 0.0009| 0.0101| 0.1723 793.2
14 15 A 0.0018] 0.0217| 0.3660 366.4
14 15 B| 0.0018| 0.0217| 0.3660 366.4
15 16 A 0.0009| 0.0094| 0.1710 754.0
15 16 B| 0.0009| 0.0094| 0.1710 754.0
16 17 A 0.0007| 0.0089| 0.1342 595.0
16 17 B| 0.0007| 0.0089| 0.1342 995.0
16 17 C| 0.0007| 0.0089| 0.1342 595.0
16 19 A| 0.0016| 0.0195| 0.3040 1165.0
16 19 B| 0.0016| 0.0195| 0.3040 1165.0
16 21 A| 0.0008| 0.0135| 0.2548 707.0
16 21 B| 0.0008| 0.0135| 0.2548 707.0
16 24 A| 0.0003| 0.0059| 0.0680 908.4
17 18 A 0.0007| 0.0082| 0.1319 670.0
17 18 B| 0.0007| 0.0082| 0.1319 670.0
17 27 A| 0.0013| 0.0173| 0.3216 363.3
17 27 B| 0.0013| 0.0173| 0.3216 363.3
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Busi |Busj |[Circuit ID |r[pu] |x[pu] |b[pu] |Reference rating [MVA]
17 27 C| 0.0013| 0.0173| 0.3216 363.3
21 22 A 0.0008| 0.0140| 0.2565 1073.0
21 22 B| 0.0008| 0.0140| 0.2565 1073.0
22 23 A| 0.0006| 0.0110| 0.1846 429.9
22 23 B| 0.0006| 0.0110| 0.1846 429.9
22 23 C| 0.0006| 0.0110| 0.1846 429.9
23 24 A 0.0022| 0.0350| 0.3610 770.0
25 26 Al 0.0032] 0.0323| 0.5130 319.7
25 26 B| 0.0032| 0.0323| 0.5130 319.7
25 26 C| 0.0032| 0.0323| 0.5130 319.7
26 27 Al 0.0014| 0.0147| 0.2396 418.0
26 27 B| 0.0014| 0.0147| 0.2396 418.0
26 27 C| 0.0014| 0.0147| 0.2396 418.0
26 28 A 0.0043| 0.0474| 0.7802 400.0
26 28 B| 0.0043| 0.0474| 0.7802 400.0
26 29 A 0.0057| 0.0625| 1.0290 366.4
26 29 B| 0.0057| 0.0625| 1.0290 366.4
28 29 A 0.0014| 0.0151| 0.2490 660.0
28 29 B| 0.0014| 0.0151| 0.2490 660.0

Table 2: Network parameters for transformers in the grid.

Busi |Busj |Circuit ID r [py] x [pu] |b [pu] |Reference rating [MVA]
11 12 A| 0.0016| 0.0435 0 436.4
12 13 Al 0.0016| 0.0435 0 323.4
12 13 B| 0.0016| 0.0435 0 323.4
19 20 A 0.0007| 0.0138 0 483.0
19 20 B| 0.0007| 0.0138 0 483.0

Table 3: Machine parameters from test network

Bu Pmax Qmax Qmin Sbase Rsource Xsource Initial

s | [MW] | [MVAr] | [MVAr] | [MVA] | [py] [pu] | participation |%]
30| 360.00| 153.18| -58.08( 275.00| 0.0014| 0.0079 4.2%
31| 950.00| 429.80| -122.67| 836.00| 0.0270| 0.2978 9.7%
32| 850.00| 277.31| -277.31| 843.70| 0.0039| 0.0257 11.0%
33| 1068.00| 386.14| -386.14| 1174.80| 0.0022| 0.0080 10.7%
34| 982.00| 611.50| -188.03| 1080.20| 0.0014| 0.0057 8.6%
35| 987.00| 356.85| -356.85| 1085.70| 0.0615| 0.4654 11.0%
36| 1100.00| 568.37| -249.13| 1025.20| 0.0027| 0.0214 9.5%
3711100.00| 318.89| -318.89( 970.20| 0.0069| 0.0608 9.1%
38| 1531.00| 834.78| -356.89| 1684.10| 0.0030| 0.0117 14.0%
3911090.00| 574.85| -173.26| 1199.00| 0.0010| 0.0026 12.2%
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Figure 22: Test network one-line diagram

@ , W r “

25 26 28 29

%0 VY L ] [ T
A J

2 — 38

27
18 17 L - 24 @

1
A\ J

16 1 35
v
15 i 21| [
Sl Ul v
v
6 12 T . 4
: X0 T "
8 v 1 13 - l \/ — 365
MV il MWYoa Los @
. v @ l 32 @ G4

3.3.2 Incorporation of the operational scenarios to the grid model

3.3.2.1 Load

Considering that the demand in the test model is significantly lower than the
maximum demand observed in the Portuguese system, it is necessary to make
adjustments to be able to incorporate the operating scenarios built in section 3.2.
The demand was scaled so that the maximum demand obtained from the current
section corresponds to the demand in the initial test model. This same adjustment
factor was used for all the demands of the year. The initial demand in the IEEE-
39 test system was 5857 MW, while the maximum demand obtained from the
operating scenarios was 8472.7 MW, the resulting scaling factor is 0.6846 pu. This
factor was applied to the 288 hourly demands used. In this way, issues like
numerical convergence and undesired overloads are avoided, situations that can
alter the results obtained from the analysis. It is worth mentioning that this

scaling factor does not alter seasonal or hourly variations of the demand, since it
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is a uniform modification to all the values used, therefore, the behavior, patterns,

and shape are consistent with those shown in the figures in section 3.2.1.

3.3.2.2 Generation

To represent the behavior of the generation, the patterns shown in section 3.2.2
was transferred to the generation units available in the model. As previously
mentioned, generation was classified into four categories, thermal, hydroelectric,
wind and solar. In terms of installed capacity by 2021, thermal units add up to
4,553 MW, 25% of the group, wind power plants 5,368 MW, equivalent to 29%
of capacity, solar power plants add up to 1,387 MW, 7% of the mix, and
hydroelectric power plants 7,222 MW representing 39% of the capacity.

As shown in Table 3, there are ten generation units available in the test
network, for which it is necessary to match the available units and assign them a
specific technology, so that the percentages of installed capacity are similar
between the available model and the actual information. The assignment was
made through a combination of units that add an equivalent power, as a
percentage, to the installed power in the system of each technology. The allocation
used is summarized in Table 4. Following the sequence for the model, the thermal
units add up to 2981 MW, which is equivalent to 30% of the total, the unit
assigned as solar has a capacity of 950 MW, which represents 9% of the total.
Hydroelectric units total 3,887 MW, which is 39% of the total. Finally, the wind
units total 2,200 MW or 22% of the total. While the percentages do differ, they
provide a reasonable quota for the analysis. This step would not be necessary for
a real system, since it would be possible to use the real capacity for each plant in
the system. Table 5 shows a comparison of the participation of the installed
capacity in both situations, the real information of the Portuguese system and

the information scaled to the test system.

Methodology

Table 4: Unit assignment by technology
Bus | Name Technology | Pyax [IMW]
30 | Thermal 3 | Thermal 360
31| Solar Solar 950
32| Hydro 1 | Hydroelectric 850
33 |Hydro 2 | Hydroelectric 1068
34 |Hydro 3 | Hydroelectric 982
35 |Hydro 4 |Hydroelectric 987
36 | Wind 1 Wind 1100
37 | Wind 2 Wind 1100
38 | Thermal 1 | Thermal 1531
39 | Thermal 2 | Thermal 1090

Page 44 of 82



Table 5: Participation of installed capacity

Real data [MW]| Test network [MW]

Technology - —— : -
Capacity [MW] | Participation |%)] | Capacity [MW] | Participation |%]
Thermal 4553 25% 2981 30%
Solar 1387 ™% 950 9%
Hydroelectric 7222 39% 3887 39%
Wind 5368 29% 2200 22%

The previous step only allows the units to be assigned to each of the
technologies in such a way that the proportion of them is maintained in terms of
installed capacity. The next step is to identify how much of the total production
by technology will be assigned to each corresponding unit. For this, the initial

participation factor shown in Table 3 is taken into account.

As an example, to identify the participation of one of the thermal units, its
initial participation is divided by the total participation of the units marked with
the same technology in the assignment of the previous step. In this case, Table 3
shows that the unit at bus 30 has an initial participation of 4.2%, while units 38
and 39 have an initial participation of 14.0 and 12.2% respectively. For the unit
in bus 30, its individual participation is calculated as follows:

4.2%

Dag = = 13.99
P30 = 4200 + 14.0% + 12.2% o

This indicates that the unit at node 30 will contribute 13.9% of the total
thermal generation for a particular hour. This procedure is repeated for the other
units and technologies, the results of individual participation are summarized in
Table 6.

Table 6: Technology participation by individual unit
Bus | Unit Initial participation [%] | Technology participation [%]
34 | Hydro 3 8.6% 20.8%
35 | Hydro 4 11.0% 26.6%
32 | Hydrol 11.0% 26.6%
33 [ Hydro2 10.7% 25.9%
31| Solar 9.7% 100.0%
38 | Thermal 1 14.0% 46.1%
39 | Thermal 2 12.2% 40.0%
30 | Thermal 3 4.2% 13.9%
36 | Wind 1 9.5% 50.9%
37| Wind 2 9.1% 49.1%
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It is possible, with the participation by technology shown in section 3.2.2, to
calculate how much generation each unit will contribute for all the operating
scenarios used. This makes it possible to reflect the individual conditions of each
technology and their variations throughout the year, as well as the expected
hourly variations due to their technical characteristics. Again, the use of these
scaling factors does not affect the general behavior of production since the
homogeneous adjustment, therefore, the patterns of each technology are preserved

and remain useful for the analysis.

3.4 Rating adjustment factors

As mentioned in previous sections, three types of adjustment to the
transmission line rating were used. A static setting where the capacity of the
transmission lines is constant throughout the year. It is common to consider severe
or adverse environmental conditions to calculate the rating, this is to proceed
with caution and avoid undesired overestimations of transmission line capacity.
This setting is called Static Line Rating (SLR).

The second factor considered was a seasonal adjustment, in this case, a
transmission capacity scaling factor was calculated, considering average
environmental conditions for each month of the year. For this adjustment factor,
the variation occurs in the ambient temperature taken as a reference. It is
expected that during the winter months, when the ambient temperature is
significantly lower, the conductors can carry a higher current without
compromising their integrity. This mechanism is called Seasonal Adjustment
Rating (SAR). The seasonal adjustment factors used are shown in Table 7 and
Figure 23
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Hourly factors are used to increase the resolution of the rating adjustment. The
day is divided into three zones, or time slots, which correspond to dawn, daytime
and nighttime. The first band corresponds to the daytime, in which a reference
temperature and a solar radiation of 1000 W /m? are considered. The second time
slot corresponds to nighttime, after sunset. The variation consists in not include
the effect of solar radiation, and the reference temperature is kept the same. For
dawn, called band 3, a reference temperature 5°C lower than the temperature of
the other bands is considered, and zero solar radiation. It is necessary to mention
that the duration of the time slots is not uniform since they must reflect the
behavior of sunrise and sunset for each month of the year. The mapping of the

time slots is shown in Table 8.

Table 8: Hour zone mapping for AAR
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After classifying it into time slots, a relationship is established between the

daytime and nighttime capacity of each month. Capacity estimates are made
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considering the monthly reference temperature and the premises of each time slot.
Table 9 shows the factors used for each time band relative to time band 1, this is
taken as the baseband because it considers the highest reference temperature and
highest solar radiation, which are usual conditions for calculating the static rating.

in transmission lines.

Table 9: Rating ratios for monthly hour zones

Month | Ty [°C] | Zone 1| Zone 2/Zone 1| Zone 3/ Zone 1
Jan 15 1.00 1.08 1.12
Feb 15 1.00 1.08 1.12
Mar 15 1.00 1.08 1.12
Apr 20 1.00 1.09 1.13
May 25 1.00 1.09 1.15
Jun 30 1.00 1.11 1.16
Jul 30 1.00 1.11 1.16
Aug 30 1.00 1.11 1.16
Sep 30 1.00 1.11 1.16
Oct 25 1.00 1.09 1.15
Nov 20 1.00 1.09 1.13
Dec 15 1.00 1.08 1.12

The factors in Table 9 only show the variation between daytime to nighttime
or daytime to dawn for a particular month. These do not capture the monthly
variations themselves, for this it is necessary to combine them with the seasonal
factors shown in Table 7. Multiplying the zone factor with the factor of the
corresponding month it is possible to obtain a mapping for the 24 hours of the
day for each month, the result of this procedure is summarized in Table 10. To
further show the effect of considering the time adjustments, the summary table is

complemented by the graphs shown from Figure 24 to Figure 27.

Methodology Page 48 of 82



Table 10: Hourly adjustment factor for AAR
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Figure 24: Hourly adjustment factors — Winter
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Figure 25: Hourly adjustment factors — Spring
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Figure 26: Hourly adjustment factors — Summer
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Figure 27: Hourly adjustment factors — Autumn
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From Figure 23 and Figure 24 to Figure 27 it is noticeable the advantage in
considering seasonal or hourly factors. With seasonal adjustment (SAR), an
increase close to 10% in the rating is observed for the winter months compared
to the summer months. This behavior is only accentuated when considering the
hourly adjustments since the increase in transport capacity can exceed the
reference value by 18% during winter nighttime and 11% for summer nighttime,
which are usually times of high system load. Therefore, it is less likely to encounter
restrictions in the transmission grid when using more detailed assumptions in the

estimations of the rating of transmission lines.

3.5 Assembly of operational scenarios in PSS®E

Considering the treatment carried out on the information, which was described
in sections 3.2 to 3.4, the following step is to incorporate the operating scenarios
into a PSS®E model of the transmission network to be used. 288 study cases
were built, and the operating conditions and load of the circuits were verified
before carrying out the power additions considered in the analysis. The slight
deviations caused by the losses in the transmission network were compensated by
the slack unit in the system, in this case, the designated unit was the one located
in bus 38.

The solution method used initially is the decoupled Newton-Raphson, this
method was used due to its precision and the reduction in computational effort.
The individual differences in using the complete or decoupled method may be
negligible for a particular case, but by increasing the number of iterations
necessary to calculate the power flows, the time difference begins to be significant.
In this initial stage, the adjustment of the tap controller in the existing
transformers was allowed to avoid voltage control problems that cause abnormal

flows of reactive power that could contaminate the results.

When performing power additions, it is not appropriate to use the same
solution method since power variations, both in generation and demand, are
completely absorbed by the slack unit. This is an unrealistic case for the actual
operation of an electrical system, where significant changes in generation will
require dispatch according to current conditions. To consider these conditions,
the governor dispatch method is used. Although, indeed, the method is not
designed for this purpose, it is possible to use said solution mechanism to
compensate for the changes in generation and demand with the units that would
see an impact on their output. For this redispatch process, the units that
correspond to solar and wind technologies were excluded, which due to their

characteristics do not allow their output power to be modified easily at will. In
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this case, it is considered that the thermal and hydroelectric units modify their
output to accommodate the power additions that are carried out in the tests. The
information needed to solve the governor-based power flow is summarized in
Table 11. Specifically, the droop characteristic and governor type are required.
Solar and wind units are excluded from this solution mechanism by setting the
maximum power P, equal to the minimum power P,,;,,. For thermal units, a
generic governor for steam turbines and cylindrical rotor is used, while for
hydroelectric units, a generic governor for hydraulic turbines and a salient rotor

of the generator is considered [44] [45].

Table 11: Governor and inertial characteristics for power flow solution

Bus | Name H [pu] | Bnax [Pu] | Pmin [pu] | Droop [pu] | Damping [pu] | Rotor type | Governor
30| Thermal 3 4 1 0 0.05 0 | Cylindrical | TGOV1
31| Solar 4 1 1 0.05 0 | Salient HYGOV
32| Hydro 1 4 1 0 0.05 0 | Salient HYGOV
33 |Hydro 2 4 1 0 0.05 0 | Salient HYGOV
34| Hydro 3 4 1 0 0.05 0 | Salient HYGOV
35 |Hydro 4 4 1 0 0.05 0 | Salient HYGOV
36 | Wind 1 4 1 1 0.05 0 | Salient HYGOV
37 | Wind 2 4 1 1 0.05 0 | Salient HYGOV
38 | Thermal 1 4 1 0.3 0.05 0 | Cylindrical | TGOV1
39 | Thermal 2 4 1 0.3 0.05 0 | Cylindrical | TGOV1

Finally, it is necessary to calculate the power flows in the N-1 condition. In
this case, the decoupled Newton-Raphson method is used again due to generation
contingencies not being considered. The changes in the losses are absorbed by the
slack unit without a significant impact on the results. Another consideration was
blocking the tap controller in the transformers in the network since the actuation
times of this mechanism are usually high, relative to changes in power flows after

a contingency.

3.6 Operational security criteria

For the analysis, it is necessary to set the accepted loading for the transmission
lines in each operational condition, either steady state in N-O condition, or N-1
condition. For the first condition, where all the elements are in service, an
overload is set as a current flow greater than 100% of the element's capacity,
whether in the static, seasonal or hourly limit. For the N-1 condition, a power
flow that represents 110% of the element's current capacity will be considered an

overload.
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3.7 General considerations
For the simulation, tests were carried out on all the buses in the grid, except
for those that already have a generator connected. This results in 29 candidate

buses for whom the hosting capacity was calculated.

Regarding the contingencies used, the disconnection of all transmission lines
and transformers was considered, except for the transformers that link a generator
with the high-voltage bus, since this would be categorized as a generation
contingency. For the parallel elements shown in both Figure 22 and Table 1, only
one of them was disconnected, since the contingencies of the second or third
element are equivalent to each other, and therefore do not provide further
information to the analysis. This consideration applies when the line impedances
and electrical characteristics are equal. If that is not the case, it is advisable to

analyze the contingencies separately as the power flows could behave differently.

For all test nodes, injections were made in the range of 400 MW to 900 MW
with 100 MW increments. Initially, nodes were found that could accommodate
900 MW, for these nodes the injected power B, was increased up to 1500 MW
also in steps of 100 MW.
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4 Results

This section includes the results obtained from implementing the methodology
described in Chapter 3. The results obtained allow us to analyze different aspects,
in addition to the main result, which is to identify the hosting capacity of each

node in the network. The additional aspects, or secondary results are:

e The effect of the adjustments to the line rating on the hosting capacity,
and the number of scenarios with overloads in the system.

e Sensitivity of hosting capacity to variations in tolerance

e Identification of elements or areas susceptible to network congestion in
the event of power additions

e C(Changes in the seasonality of the overloads when considering the

adjustments to the transport capacity

4.1 Hosting capacity

Initially, a tolerance h;,; equivalent to 1% of the total hours in a year was
considered, which for this period is equivalent to 88 hours. Taking into account a
sample size of 288 scenarios, the tolerance is equivalent to 2 samples in which it
is admissible to identify overloads in N-0 and N-1 conditions. Therefore, the
criterion can be expressed as hy_o, + hy_1,, < 1% or hy_o,, + hy_q,, <2, where
the subscripts % and m refer to a percentage tolerance or a tolerance relative to
the sample size, respectively. The results for the hosting capacity under the
indicated tolerance are shown in Figure 28 and Table 12. These compare the
hosting capacity for the three transport capacity settings used, SLR, SAR and
AAR.

For some nodes, adjusting the rating does not have a significant effect on the
maximum power that they can host. This applies to nodes 1, 5-8, 11-14 and 26-
29. Based on the topology of the transmission network it is feasible to identify the
possible causes of the restrictions in individual hosting capacity. Although the
adjustments to the line rating do not seem to affect the hosting capacity in these
buses, the difference in the number of hours hy_, and hy_; will be shown in later

sections.

Bus 1, is located between two buses that receive power from existing plants in
the system, and has limited options to evacuate additional power, especially if the
new power in bus 1 is combined with the one injected by the units in buses 30
and 39. A similar case occurs with buses 26 to 29, where buses 26, 28 and 29 form

an almost radial corridor between them, therefore, injections will be restricted
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since said corridor must transport the production of the unit in bus 38, in

combination with the new unit in one of the candidate buses.

Buses 5 to 8 are neighbors to each other, and have simple links between them,
so a contingency in one of the links restricts the area's capacity to evacuate the

possible generation incorporated in these nodes.

As for buses 11-13, they are located in the vicinity of two units, at bus 31 and
32. Unit 32 corresponds to hydroelectric technology, while unit 31 was assigned
as the solar power plant. The combination of these two units and the candidate
plant limits the capacity of this zone to evacuate the total injected power.
Regarding bus 14, it has links to three neighboring nodes, but these correspond
to a single link to bus 4 and another to bus 13, it also has a double link to bus
15. It is expected that the power on link 13-14 flows from node 13 to node 14,
restricting the possible evacuation routes for any additional generation in the

latter node.

On the contrary, buses 2-4, 9, and 15-25 show differences regarding the
implementation of seasonal or hourly adjustments. For buses 2 and 3, there is an
increase of 200 MW when considering SAR or 300 MW when for AAR compared
to using only SLR. Bus 4 shows an increase of 200 MW for both adjustments,
SAR and AAR, relative to the limit found using SLR. Buses 2-4 are part of a
corridor with redundant links between them, and alternate evacuation routes,
which allow the power injected into these nodes to be transported. Bus 2 is
connected to the unit at node 30, which affects how much total power these

neighboring nodes can host.

The most significant differences are observed in buses 15 to 19, where the
increase reaches 500 MW for bus 15, and 800 MW for buses 16 and 17, while for
buses 18 and 19 an increase of at least 400 MW is observed using the seasonal
adjustment, and 500 and 600 MW respectively using AAR. Buses 15 to 18 are in
the central area of the network, according to the diagram in Figure 22, in which
it can be seen that these nodes have redundant links between them and the rest
of the system. Also, this area of the network does not have existing power plants,
so the candidate additions are not forced to share the existing transmission
infrastructure. The combination of these factors means that even in the case of a
simple contingency, the area does not see its ability to transport energy to the

rest of the system significantly reduced.

Bus 19 does not meet the prior description, since it is located near the units at

buses 33 and 34. However, this bus has the characteristic of having redundant
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links to buses 16 and 20. Towards bus 16 the links have a rating of more than
1100 MVA each in their static condition, while the transformers between buses
19-20 have a rating of 483 MV A. This means that even with a contingency of one
of these elements, the three remaining elements are capable of evacuating the
generation injected into the area. These conditions improve when considering the
SAR and AAR factors, since the capacity of the links in the network increases,

especially in the winter months and at night.

It is clear that the results will depend on the transmission grid that is analyzed,
however, these observations allow us to identify the effect of the network topology
on the individual hosting capacity of each node and visualize the most suitable
areas for the installation. of new power plants in the system, or the areas that

require reinforcements to host additional power.
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Table 12: Hosting capacity for hyo, = 1%

Bus Hosting capacity [MW]|
SLR | SAR | AAR
1 400 400 400
2 700 900 1000
3 600 800 900
4 700 900 900
5 400 400 400
6 400 400 400
7 400 400 400
8 400 400 400
9 400 400 500
10 400 400 400
11 400 400 400
12 300 300 300
13 400 400 400
14 400 400 400
15 700| 1200 1200
16 700 1500 1500
17 700| 1500 1500
18 700| 1100 1200
19 700| 1100 1300
20 600 600 700
21 300 400 400
22 300 400 500
23 400 500 600
24 700 800 900
25 500 700 800
26 500 500 500
27 500 500 500
28 500 500 500
29 500 500 500
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Figure 28: Hosting capacity for hyo, = 1%
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4.2 Impact of the hourly and seasonal adjustments

The selection criteria to identify the hosting capacity was the number of hours,
or scenarios, hy,p for which overloads are registered under power injections P, in a
node n of the system. It is expected that the number of overloads is dependent

on the rating of the elements in the grid.

To analyze in greater detail, the impact of seasonal and hourly adjustments,
SAR and AAR on h,p, the number of overloads registered due to power injections
in the range of 400 MW up to 900 MW or 1000 MW. The use of more specific
adjustments for transport capacity estimates is compared based on h,p. Figure
29 shows the number of scenarios with overloads for different power injections at

each node, comparing the static, seasonal and hourly ratings.

In all the nodes the trend is notorious, h,p for each adjustment factor decrease
depending on the detail with which the transmission capacity is estimated. In
general terms there is a corresponding value of h,p for each capacity setting, these
will be called h h and h

nPoir> npaar- For all the buses and power values
nPsar = Mnp,ap 18 fulfilled, this indicates that under

NPsAR?
nPsir = = h
all the analyzed combinations the adjustment factors do not have a negative

shown, the relation h

impact on the number of scenarios under which overloads are recorded.

Apart from the relationship hyp, . = hnpg,, = Anp,,, N0 particular pattern is

observed in the trend of the values h,p recorded. For some buses such as 4-6, 10-
11 and 13-14 it is observed that the improvements from using AAR relative to

SAR are marginal or null since the number of scenarios h and h is the

NPSAR NP AAR
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same for the analyzed power injections. However, both settings show significant
improvements over the use of a static limit on the rating. For another set of buses
1, 3, 8-9, 12 and 20-29, an improvement is observed in using SAR relative to SLR,

and also an improvement in using AAR relative to SAR.

While it is true that the differences may not be enough to cause changes in
hosting capacity, there is an impact of using variable adjustments to the line
rating. The impact lies in eliminating transmission restrictions for the dispatch,
which in principle allows a more economical dispatch. Another result of the
implementation of variable adjustments is the possibility of delaying investments
in the transmission grid or prioritizing investments in areas that show restrictions
due to the typical environmental conditions of the area. Once again, it is
considered necessary to emphasize that the magnitude of the benefits will depend
on the topology of the transmission network, the dispatch conditions of the plants
installed in the system, the merit order resulting from the optimization and other
factors associated with the operation of an electrical system. Despite this, it is
important to show the potential benefits of implementing changes to the
transmission network models, especially if these do not represent a high cost in

their implementation.

Figure 29: Comparison of h,p for SLR, SAR and AAR at different injection levels
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Figure 29: Comparison of h,p for SLR, SAR and AAR at different injection levels
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Figure 29: Comparison of h,p for SLR, SAR and AAR at different injection levels
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Figure 29: Comparison of h,p for SLR, SAR and AAR at different injection levels
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4.3 Impact of the tolerance h;,,;

In section 4.1, the tolerance criterion h;,; = 1% was established to determine
the hosting capacity of the nodes in the network. This section intends to show
the impact of using different h;,; values, specifically a range of h;,; between 1%
to 10% will be used, for the three rating adjustments considered. Table 13
summarizes the tolerance as a percentage hioy,, and relative to a sample size of

288 hours hg,;, the equivalent hours relative to a full year are also included.

Table 13: Equivalent hours and tolerances in percentage and sample equivalent hours

Reot,, %] 2% 3%| 4%| 5%| 6%| 7%| 8%| 9%]| 10%
htol,, 2 5 s| 11| 14| 17| 20] 23] 25| 28
Hours/year| 87| 175| 262| 350| 438 525| 613| 700| 788] 876

This sensitivity was analyzed independently for the three types of rating
adjustment presented. The comparison was made by modifying the tolerance
while maintaining the same rating adjustment. In this way, the direct impact on

the hosting capacity of each node is shown under different reliability criteria.

Once again, it is necessary to emphasize that the impact of the sensitivities
presented will depend on the particular conditions of each electrical system,
therefore, it is not expected that all electrical systems present similar variations.
The complementary analysis serves as guidelines regarding the conclusions that
can be drawn from the information obtained when implementing this

methodology, and possible additional applications of it.

4.3.1 Static line rating

Increasing the tolerance has a notorious impact on the buses that present
greater restrictions to accepting additional power. Buses 5-14 present a hosting
capacity of 400 MW based on h;,; = 1%, increasing the tolerance to 2% or 3%
increases said capacity by 100 MW, or even 200 MW for buses 5 and 14, for bus
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8 the increase in hosting capacity reaches 300 MW. From a tolerance of 5%, the
buses generally achieve an increase of 200 MW over the initial capacity. Increasing
the tolerance beyond this point does not present significant or overall

improvements to the ability to accommodate additional generation.

The most noticeable changes are observed for buses 15-19, all of them reach a
capacity of 700 MW with a tolerance of 1%. By increasing the tolerance to 2%,
the hosting capacity increases by 100 MW. The most substantial changes are
observed with a tolerance of 3%, where the hosting capacity increases by 500 MW
for nodes 15-17, while for node 18 the increase is 200 MW. By increasing the
tolerance up to 5%, node 15 reaches a hosting capacity of 1,300 MW, while nodes
16 and 17 reach 1,500 MW.1

For the remaining nodes, the maximum increase in hosting capacity occurred
with a tolerance of 5% to 6% and is 100 or 200 MW, this shows that high tolerance
values do not necessarily equate to a significant change in the results. and they
have the disadvantage of being too permissive for the proper reliability of an
electrical system. It is expected that the results under an SLR scheme are more

sensitive to tolerance because the transport capacity used for the operation is less.

Table 14 and Figure 30 show the complete results of the sensitivity analysis of

the accommodation capacity vs. tolerance used.

Table 14: Hosting capacity at different tolerances h;, - SLR
Reor Hosting capacity [MW]

Bus 1% 2% 3% 4% 5% 6% % 8% 9% | 10%
1 400 400 400 400 400 200 500 500 500 200

2 700 800 800 900 900 900| 1000| 1000| 1000| 1000

3 600 700 700 800 800 900 900 900 900 900

4 700 800 900| 1000| 1000| 1000| 1000| 1100, 1100| 1100

5 400 500 600 600 600 600 700 700 700 700

6 400 500 500 600 600 600 600 600 600 700

7 400 500 500 500 500 600 600 600 600 600

8 400 600 700 700 700 700 700 700 700 700

9 400 500 500 500 500 500 500 500 500 500
10 400 500 500 600 600 600 600 600 600 600
11 400 500 500 600 600 600 600 600 600 700
12 300 500 500 600 600 600 600 600 600 700
13 400 500 500 600 600 600 600 600 600 700
14 400 600 600 600 600 600 600 600 700 700
15 700 800| 1200| 1200| 1300| 1300| 1300| 1300| 1300| 1300

11500 MW was the maximum power considered
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Reor Hosting capacity [MW]|
Bus 1% 2% 3% 4% 5% 6% 7% 8% 9% | 10%
16 700 800| 1200| 1400| 1500| 1500| 1500| 1500| 1500| 1500
17 700 800| 1200| 1500| 1500| 1500| 1500| 1500| 1500| 1500
18 700 800 900 900 900| 1000| 1000| 1000| 1100| 1100
19 700 800 800 900| 1000| 1100( 1100| 1200| 1200| 1200
20 600 600 600 600 700 700 700 700 700 700
21 300 300 300 300 300 400 400 400 400 400
22 300 300 400 400 400 200 500 200 500 500
23 400 400 400 500 500 500 500 500 500 500
24 700 700 700 800 800 800 900 900 900 900
25 500 600 700 700 700 700 700 700 800 800
26 500 600 600 600 600 600 700 700 700 700
27 500 600 600 600 600 600 600 600 700 700
28 500 500 500 500 600 600 600 600 600 600
29 500 600 600 600 600 600 600 700 700 700

Figure 30: Hosting capacity at different tolerances hy,; - SLR
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4.3.2 Seasonal adjustment rating

Considering SAR, nodes 5 to 14 reach a hosting capacity of 400 MW based on
a tolerance of 1%. In general, the hosting capacity of these nodes grows by 200
MW considering a tolerance of 5%, while for nodes 8 and 12 the increase is 300
MW. By increasing the tolerance to 8%, the hosting capacity of nodes 8 and 12
grows by 400 MW. An impact similar to that presented in the case of SLR is

observed.

Buses 15, 18 and 19 increase their hosting capacity to a lesser extent. This is
because the capacity with a tolerance of 1% is high, being 1200 MW for bus 15
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and 1100 MW for buses 18 and 19. For bus 15 the hosting capacity increases by
100 MW with tolerances of 2% to 7 %, and reaches 1400 MW with tolerances
equal to or greater than 8%. As for buses 16 and 17, they already have a hosting
capacity of 1,500 MW with a tolerance of 1%, so said capacity cannot be increased

by contemplating looser tolerances.

As for the remaining buses, 20-29, the behavior is similar with increases
between 100 MW to 200 MW by bringing the tolerance to 6%. For bus 23, it is
observed that from a tolerance of 8% the hosting capacity grows by 300 MW

compared to the capacity with a tolerance of 1%.

The global effect for initially constrained buses, in terms of their hosting
capacity, is similar to that observed for an SLR criterion. However, it is observed
that, for nodes with a high capacity to receive power, 15-19, the effects of
considering looser tolerances are less, this is because the transport restrictions on
these nodes are reduced, therefore, greater tolerances do not have a significant

impact effect on the accommodation capacity

Table 15: Hosting capacity at different tolerances h;y; - SAR

Reor Hosting capacity [MW]|

Bus 1% 2% 3% 4% 5% 6% % 8% 9% | 10%
1 400 400 400 400 400 500 500 500 500 500
2 900| 1000 1000| 1000| 1000| 1000{ 1000| 1000| 1000| 1000
3 800 900 900 900 900| 1000| 1000( 1000| 1000| 1000
4 900| 1100| 1100| 1100| 1100| 1100| 1100| 1100| 1100| 1100
S 400 500 600 600 600 700 700 700 700 800
6 400 500 500 600 600 600 700 700 700 700
7 400 500 600 600 600 600 600 700 700 700
8 400 600 700 700 700 700 700 800 800 800
9 400 500 500 500 500 500 200 500 200 600
10 400 500 500 600 600 600 600 600 700 700
11 400 500 500 600 600 600 600 700 700 700
12 300 500 500 600 600 600 600 700 700 700
13 400 500 500 600 600 600 600 700 700 700
14 400 600 600 600 600 600 600 600 700 700
15 1200| 1300| 1300| 1300| 1300| 1300| 1300| 1400| 1400| 1400
16| 1500 1500| 1500| 1500| 1500| 1500| 1500| 1500| 1500| 1500
17 1500| 1500| 1500| 1500| 1500| 1500| 1500| 1500| 1500| 1500
18| 1100 1100| 1200 1200| 1200| 1200 1300| 1300| 1300| 1300
19 1100| 1200| 1300| 1300| 1300| 1300| 1300| 1400| 1400| 1400
20 600 700 700 700 700 700 700 700 700 700
21 400 400 400 400 500 500 500 500 500 500
22 400 500 500 500 500 600 600 600 600 600
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Reor Hosting capacity [MW]|
Bus 1% 2% 3% 4% 5% 6% % 8% 9% | 10%
23 500 500 600 600 600 600 600 700 700 700
24 800 800 900 900| 1000| 1000| 1000| 1000{ 1000| 1000
25 700 800 800 800 900 900 900 900 900 900
26 500 600 600 600 700 700 700 800 800 800
27 500 600 600 600 600 700 700 700 700 700
28 500 500 500 500 600 600 600 600 600 600
29 500 600 600 600 600 700 700 700 700 700
Figure 31: Hosting capacity at different tolerances hyo; - AAR
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The changes when increasing the tolerance under AAR criteria are similar to

those presented in sections 4.3.1 and 4.3.2. In general, the increases to the hosting

capacity are approximately 100 to 200 MW when considering a tolerance of 5%.
For tolerances greater than 6%, the increases reach 200 MW or 300 MW, except
for bus 8 where the increase in hosting capacity is 400 MW for looser tolerances.
For buses 1, 3, 9, 18, 20, 23, 24 and 28 the increase is only 100 MW, this can be

attributed to the rapid increase in the number of overload scenarios when

increasing power additions beyond 700 MW.

Table 16: Hosting capacity at different tolerances h;y; - AAR

Reor Hosting capacity [MW]
Bus 1% 2% 3% 4% 5% 6% ™% 8% 9% | 10%
1 400 400 400 500 500 500 500 500 500 500
2| 1000, 1000| 1000| 1000| 1000| 1000| 1000| 1000| 1000| 1000
3 900 1000( 1000| 1000} 1000 1000| 1000| 1000| 1000| 1000
4 900| 1000| 1000| 1000| 1100| 1100| 1100| 1100| 1100| 1100
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Reor Hosting capacity [MW]|
Bus 1% 2%| 3%| 4%| 5% 6% "% 8% 9%| 10%
400 500 600 600 600 700 700 700 700 800
400 500 500 600 600 600 700 700 700 700
400 500 600 600 600 600 600 700 700 700
400 600 700 700 700 800 800 800 800 800
500 500 500 500 500 600 600 600 600 600
10| 400 500 500 600 600 600 600 600 700 700
11 400 500 500 600 600 600 600 700 700 700
12 300 500 500 600 600 600 600 700 700 700
13| 400 500 500 600 600 600 600 700 700 700
14| 400 600 600 600 600 600 600 600 700 700
15| 1200 1300 1300| 1300| 1300| 1300| 1300| 1400| 1400| 1400
16| 1500| 1500| 1500| 1500| 1500 1500| 1500| 1500| 1500| 1500
17| 1500| 1500| 1500| 1500| 1500 1500| 1500| 1500| 1500| 1500
18| 1200 1200| 1200| 1300| 1300 1300| 1300| 1300| 1300| 1300
19| 1300| 1400| 1400| 1400| 1400| 1400| 1400| 1400| 1400| 1500
20 700 700 700 700 700 700 800 800 800 800
21 400 500 500 500 500 500 500 500 500 600
22 500 600 600 600 600 600 600 600 700 700
23 600 700 700 700 700 700 700 700 700 700
24 900| 1000| 1000| 1000| 1000| 1000| 1000| 1000| 1000| 1000
25 800 900 900 900 900| 1000| 1000| 1000| 1000| 1000
26 500 600 600 600 700 700 800 800 800 800
27 500 600 600 600 700 700 700 700 700 700
28 500 500 500 600 600 600 600 600 600 600
29 500 600 600 600 700 700 700 700 700 800

O |00 ||| Ot

Figure 32: Hosting capacity at different tolerances hg,; - AAR
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4.4 Critical elements in the grid
An additional result of the methodology is the possibility of identifying the
or the

contingencies that usually limit the power additions in the system. This makes it

elements of the system that present overloads more frequently,

possible to identify potential regions for improvement to plan investments in the

transmission network.

In this analysis, it is feasible to identify the components most vulnerable to
overloads during a contingency after including additional power injections. To
demonstrate the process, the results from the addition of 900 MW are used, while
comparing the use of adjustment factors SLR, SAR, and AAR.

Table 17 and Figure 33 present specifics on transmission lines at risk of
overloading and quickly reveal the limiting elements in the network with a power
increase. The transmission line between buses 16 and 21 has the higher number
of overloading events after a contingency. Combining Table 17 and Table 18 it
can be seen that the overloading of one of the lines between these buses is a direct
result of the contingency of its parallel circuit. This behaviour is similar for the
links between buses 8-9, when the overloading occurs, usually as a consequence of

the disconnection of its parallel element.

In addition to identifying overloaded elements, it is possible to indicate limiting
contingencies for adding power to the system. This analysis helps to identify which
network elements reduce transmission system sufficiency. Table 18 and Figure 34
provide details on critical and limiting contingencies for adding 900 MW,

considering three transmission capacity estimates.

Table 17: Overloaded elements and number of events — Addition 900 MW
Overloaded element Overloading events
Bus 1 Bus 2 ID SLR SAR AAR

7 8 A 341 320 266

8 9 B 179 138 7

12 13 A 215 234 136

16 21 B 493 408 284

2 25 B 42 10 )

26 28 B 160 118 68

1 2 B 194 163 121

5 6 A 81 60 60

20 19 B 255 122 68

10 13 A 251 204 204

10 11 B 6 2 0

6 11 B 12 0 0
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Figure 33: Overloaded elements and number of events
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Results

Table

18: Critical contingencies and number of overloading events

Addition 900 MW

Contingency Overloading events
Bus 1 Bus 2 SLR SAR AAR
6 7 169 193 192
8 9 179 138 7
12 11 215 234 136
16 21 493 408 284
2 25 42 10 5
26 28 160 118 68
1 2 194 163 121
5 6 120 76 69
13 14 107 78 78
20 19 255 122 68
4 5 341 272 272
10 11 6 2 0
6 11 12 0 0
3 18 0 0
9 39 0 2
3 4 11 4 0
16 19 2 0 0
5 8 67 55 9
1 39 54 46 43
14 15 56 52 52
26 29 17 18 15
17 27 124 102 75
26 27 119 100 84
22 23 5) 6 2
4 14 4 4 4
25 26 9 2 0
16 24 18 6 0
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Figure 34: Critical contingencies and number of overloading events — Addition 900 MW
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Regarding the expansion criteria, optimization ones are usually followed. The
results obtained through the implementation of this methodology do not represent
the most economical expansions for the transmission network. However, the
aforementioned results can serve as an indicator of candidate projects for long-
term expansions. These candidates undergo an optimization process following the

criteria established in the planning methodology for each system.

4.5 SAR and AAR impact on overload seasonality

Another set of results obtainable from implementing the methodology is to
identify the patterns in the temporality of the overloads registered in the system.
This may be relevant to contrast and establish a possible correlation of these
events with consumption patterns or with patterns in the generation behaviour.
It is expected that when considering seasonal and hourly adjustments in the
transmission capacity, the temporality of the overloads or restrictions in the grid
will change. To show this, the scenarios with overloads for each month of the year

will be compared under different rating adjustment factors.

As described in section 3.2, demand and generation present seasonal behavior.
Regarding the demand, it was observed that it tends to increase in the winter
months. Under a static rating scheme, it is expected that during these months the
greatest number of overloads or congestions will be recorded in the network. The
variable schemes used, SAR and AAR, consider that in these months the
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transport capacity increases by approximately 10% relative to the reference
capacity in summer, or up to 20% for the monthly effect of the season and

nighttime.

To make it easier to compare, the percentage contribution of each month to
the number of overloads recorded for each power level B, is shown. The effect of
using variable ratings on the seasonality of the registered overloads is identified

under a common reference.

From the graphs in Figure 35 to Figure 40 a clear pattern can be observed,
when considering a static limit, the overloads are distributed throughout the year,
while with SAR and AAR factors the overloads are predominant in the summer
months, when the line rating is lower. The most extreme behavior is observed in
the range from 400 MW to 600 MW, for which with a static limit the distribution
is relatively uniform for the months of January, February, December and August.
On the contrary, when using the seasonal adjustment, the overloads occur mostly
in the month of August, compared to the other months. This behavior is

accentuated when using the AAR factor.

This result does not seem to have much relevance for the calculation of the
hosting capacity; however, it is a possible tool to identify the time, or month of
the year, in which it is more likely to resort to curtailments of the new plants due
to congestion in the transmission grid. This section shows that it is possible to
obtain additional information with practical applications using the results

obtained from the implementation of this methodology.

Figure 35: Comparison of monthly contributions to h,p, addition 400 MW
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Figure 36: Comparison of monthly contributions to h,p, addition 500 MW
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Figure 37: Comparison of monthly contributions to h,p, addition 600 MW
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Figure 38: Comparison of monthly contributions to h,p, addition 700 MW
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Figure 39: Comparison of monthly contributions to h,p, addition 800 MW
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Figure 40: Comparison of monthly contributions to h,p, addition 900 MW
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5 Conclusions

5.1 Design and application of the methodology

After the development and implementation of the methodology, it is possible
to identify the strengths of the methodology. The initial objective of this work,
which was to identify the capacity of a transmission node to allocate additional

power, has been achieved.

The sampling methodology accurately represents the operation of the system,
and it is possible to adjust the sampling to represent the typical operation of the
particular system being analyzed. The sampling process was performed using
historical information on system operation, but it is possible to use the dispatch
results of the optimization tools designed to simulate the combined operation of
the elements in the system to meet demand at the lowest possible cost. This is an
advantageous aspect of the methodology, since the source of the analysis scenarios

is flexible, and therefore it is possible to adapt the methodology to specific needs.

Three criteria were used to adjust the carrying capacity. One criterion, where
the carrying capacity is unique for all analysis scenarios, is called Static Line
Rating (SLR). The second criterion used is an improvement based on the average
conditions of each season of the year, this second adjustment is called Seasonal
Adjustment Rating (SAR). Finally, an adjustment factor is used that is based on
the average environmental conditions with hourly resolution for each month of
the year, this is called Ambient Adjustment Rating (AAR) and is a substantial
improvement to estimate more accurately the carrying capacity of the
transmission elements without the computational effort and collection of real-time
information for the dynamic adjustment of the carrying capacity, or Dynamic
Line Rating (DLR).

Regarding the allocation capacity, it is strongly influenced by the transport
capacity adjustment factors, since the consideration of more realistic
environmental conditions tends to increase the transport capacity of the elements
in the network. In terms of results, for certain network nodes, the effect of using
AAR compared to SAR and SLR represents an additional 200 to 800 MW in the
capacity of that node to allocate additional power. These results are clearly
dependent on the network topology and the tolerance used in the decision criteria
as mentioned in sections 3.1, 4.1, and 4.3.

The following figure, which is the same as Figure 28, summarizes the main

result of the implementation of the methodology. It shows in a more direct way
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the comparison of the results mentioned in the previous paragraph, where the
improvements from implementing more accurate estimates of transport capacity

are substantial.

Figure 41: Hosting capacity for hyo, = 1%
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In addition to increasing the additional power capacity that a node can allocate;
the implementation of SAR and AAR adjustment factors shows significant
improvements in the number of overloads recorded in the simulations. Section 4.2
shows in detail the impact of the adjustment factors on the amount of congestion

hyp recorded at the different levels of additional power used in the tests.

The tolerance, h;,;, also has a significant impact on the ability of a node to
accept additional power. Section 4.3 details the effect of reducing the constraint
on the tolerance. While it is true that increased transport capacity is observed by
having more flexibility in h;,;, there are drawbacks to taking this action. The
main disadvantage is underestimating the risk of overloading or undesirable
conditions. In addition, the tolerance is usually strict according to the applicable
regulation for each system, in order to reduce the impact of N-1 contingencies on

the system.

In general, determining the capacity of a node to allocate new power is a
necessary task to know the real capacity of the network to incorporate additions
to the generation park, which has a medium- and long-term impact on the
operation of the system, since a network with greater constraints will be
equivalent to higher operating costs for the system. The efficiency of larger power
plants in a network with transmission capacity has been studied and are current

planning criteria, even considering the increase in smaller distributed generation.
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An improvement in the estimation of hosting capacity, such as the one
developed in this work, allows us to meet the regulatory and economic
requirements for modern transmission systems. Increasing the utilization of assets
in the transmission system has benefits in the economic efficiency of large power
systems. In addition, a system with higher utilization allows reducing the number
of additional elements required to be incorporated into the transmission network,
which leads to logistical benefits for transmission companies, since the
development of projects of this type is usually associated with a high impact on

area close to the projects.

5.2 Possible applications

The developed methodology has a wide field of application in the operation of
electric power systems and even in the development of public policies related to
the electricity sector. Initially, the methodology was designed to serve as a basic
indicator to determine whether the interconnection of a generating plant is
feasible without the need to reduce its expected production due to constraints in

the transmission network.

According to this description, it is expected to be useful in the planning of
system expansions, helping planners to determine the optimal location, within the
feasible options, and the capacity of new facilities to ensure the safe growth of the

system.

Another context is the use of the methodology to identify the integration of
renewable energy. A similar tool can be useful to determine the transmission
capacity available to inject energy into the system, ensuring an adequate and
stable integration of these variable sources. The correlation of environmental
conditions with the average production patterns of variable renewable power
plants is also taken into account. It is possible to establish a direct relationship

between the parameters.

The methodology also allows to evaluate, in a more precise way, the capacity
of the system to recover in the event of contingencies or large-scale disturbances.
This is useful to quantify the resilience of the system to adverse situations in a

medium- or long-term horizon.
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