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Abstract: Most transmission system operators (TSOs) use seasonally static models consid-
ering extreme weather conditions, serving as a reference for computing the transmission
capacity of power lines. The use of dynamic line rating (DLR) models can avoid the con-
struction of new lines, market splitting, false congestions and the degradation of lines in
a cost-effective way. The operation of power systems is planned based on market results,
which consider transactions hours ahead of real-time operation using forecasts with errors.
The same is true for the DLR. So, during real-time operation TSOs should rapidly compute
the DLR of overhead lines to avoid considering an ampacity above their lines” design,
reflecting the real-time weather conditions. Considering that the DLR of the lines can affect
the power flow of an entire region, the use of the complete indirect DLR methodology has
a high computation burden for all sectors and lines in a region. So, this article presents
and tests three pre-solve methodologies able to rapidly identify the critical sector of each
line. These methodologies solve the problem of the high computation burden of the CIGRE
thermodynamic model of overhead lines. They have been tested by using real data of the
transmission grid and the weather conditions for two different regions in Portugal, leading
to errors in the computation of the DLR lower than 1% in relation to the complete CIGRE
model, identifying the critical sector in significantly less time.

Keywords: ampacity; dynamic line rating; pre-solve methodology; real-time operation;
transmission system operators; weather conditions

1. Introduction

Traditionally, most transmission system operators (TSOs) use a “steady-state” thermal
equilibrium model using reference extreme weather conditions to design the maximum
seasonal ampacity allowed per line, known as the seasonal line rating (SLR) [1,2]. They
use reference values for the wind speed between 0.5 and 0.61 m/s and for the irradiance
between 1000 and 1150 W/m?. Normally the reference value of the air temperature is
adjusted seasonally, and the wind direction is neglected. These reference values are different
from the ones used by the conductors’ manufacturers in their tests, performed to define the
limit ampacities of the conductors [3,4].

The European Union is increasing the investment in renewable energy sources (RESs)
to comply with the 2030 goals. It also aims to harmonize prices in the internal market
of electricity. So, there is a need to reinforce the national and cross-border transmission
capacity of the grid [5,6]. Current static models usually underestimate the real transmis-
sion capacity of overhead lines. So, using numerical indirect dynamic line rating (DLR)
models such as IEEE 738-2023 [7], Kuipers and Brown [8] and CIGRE [9] could avoid
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the construction of new lines. The use of indirect DLR models can be important in the
long run by avoiding the construction of new lines but also in the short run by avoiding
market splitting, “virtual” false congestions, RES curtailments and the degradation of the
lines [1,2,10,11]. Several studies indicate that, on average, DLR allows for increasing the
capacity of SLR from 10% to 30%, identifying that the line capacity is underestimated
around 80% of the time, when the increased capacity could avoid “virtual” congestions
and unnecessary RES curtailments [1,3,12-16]. When the line capacity is overestimated
the use of DLR is also important to guarantee the security of the power system, avoiding
the degradation of the lines such as line outages [16—18]. Past studies indicated that the
line is always cooled, and with a wind speed never below 0.6 m/s, considering a natural
convection, those studies were used to define the SLR used today [19-21]. A recent study of
the International Electrotechnical Commission also indicated that the forced convection [22]
should be always used. However, the DLR models refute those studies using experiments
considering low or no wind speeds [7-9] and identify several real-world cases where the
wind speed is below 0.6 m/s. So, in some hours TSOs might be operating their lines over
their thermal limits [12,13,18,23].

Electricity markets are divided into wholesale and retail markets [24]. In the wholesale
market, producers can submit bids to the markets or privately negotiate bilateral contracts
with retailers or big consumers. In the retail market, retailers and consumers negotiate
private bilateral contracts. Then retailers acquire the energy that their consumers require
from wholesale markets [25]. Electricity markets are composed of long-term bilateral
contracts and two spot markets based on auctions, the day-ahead market and the intraday
market (in Europe, while it is the real-time market in the USA and Australia) [26]. This
last market allows trades close to real-time operation where players can cover their short-
run deviations from agreements settled in the long- to medium-term markets [27]. Spot
markets are cleared using the marginal pricing theory, which has the goal of increasing
the general welfare of the participants [28]. TSOs must evaluate the feasibility of the deals
to avoid congestion and guarantee the security of the power system. So, when planning
the power flow of such deals they use the fixed “steady-state” maximum ampacity of
the lines, making infeasible some of the bids, increasing market prices, and reducing
the general welfare of the participants [29]. In coupled regions, TSOs manage cases of
market splitting using an SLR of the tie-lines” transmission capacity for the interconnection
exchange between regions. They also manage the balancing markets by computing the
hourly secondary reserve requirements and the secondary and tertiary reserves’ real-time
settlement, considering the seasonal line limits and the real-time imbalance between supply
and demand [30,31].

Variable renewable energy sources (VRESs) and players from the demand-side use
forecasts to predict their production and consumption, respectively. Those forecasts are sub-
ject to errors, originating deviations concerning the planning during real-time operations
that must be fixed in the balancing markets [31-34]. With the increasing levels of vRESs
in the power system, the planning of TSOs using seasonal models is not viable, because
they are constraining the transmission grid while computing power flows considering
consumption and production with significant errors. So, “virtual” false congestions can
be obtained, not accepting such transactions based on power flows computed using data
with errors [16,17,31-34]. Thus, TSOs should increase the efficiency of their operation by
considering DLR models. In the medium term, DLR models also use weather forecasts.
So, they use meteorological data with errors that should be fixed closer to real-time oper-
ation [10,16,35,36]. The problem is that DLR models have a high computational burden,
being not viable to be used in large transmission grids closer to real-time operation.
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Against this background, the goal of this article consists of presenting pre-solve
methodologies that can rapidly identify the critical sector of each transmission line by using
the effect of the weather sensitivity variables on the DLR. The critical sector of the line is the
sector that minimizes the line ampacity considering the dynamic weather conditions [13,31].
All sectors affect the thermodynamic model of the line, but defining the critical sector of the
line implies the DLR is an approach that mitigates the risk of using weather forecasts [37-40].
The pre-solve methodologies use a regression analysis tested in five different overhead
aluminum conductor steel reinforced (ACSR) conductors of two regions of Portugal with
different weather conditions [31]. While region A has a high potential for wind power with
more unstable weather conditions, region B has a high potential for solar power, being the
warmest region of Portugal [8,13,38]. After the identification of the critical sector, the DLR
model computes the maximum ampacity of the line. As in the literature, this study ignored
the distribution of the radial and axial conductor temperature such as the evaporative and
corona cooling effect on the conductor [9,18,39].

Section 2 presents a literature review of the influence of weather-sensitive variables
on DLR. Section 3 presents the thermodynamic model to compute the DLR of overhead
lines. Section 4 presents an analysis of the effect of weather-sensitive variables on the DLR
of the lines. Section 5 presents pre-solve methodologies to rapidly compute critical sectors
of overhead lines. Section 6 identifies the case study and describes the data used in this
work. Finally, Section 7 presents some concluding remarks.

2. Review of the Influence of Weather-Sensitive Variables on DLR

A complete review of DLR forecasting is presented in [40]. An overview of recent DLR
applications and their studies and outputs is presented in [41].

Teng et al. [16] extended a two-stage stochastic optimization model with a probabilistic
forecast of a DLR methodology to a model that considers the uncertainty associated with
wind production, line ratings and line outages. This piece of work has the goal of co-
optimizing generation and reserve holding levels in the programming phase, computing
the power flow such as the re-dispatch decisions during real-time operation. The authors
concluded that the use of DLR increases the utilization of the line capacity but also the
reserve holding and utilization, but its cost-benefit ratio is positive.

Pavlinic and Komen [23] used a regression analysis to compute the effect of the
weather-sensitive variables over the steady-state line ampacity. In their case study, they
used three different regions and conductors of the Croatian transmission grid. The re-
gression performed for conductors of each region led to errors between 0.08% and 2.26%
compared with the steady-state values and depending on the region—conductor pair. They
also performed a regression using three conductors, the error standing between 1.2% and
3.2% depending on the region.

In the presented work a similar approach is applied to the DLR computation and using
only one regression analysis for all regions and conductors, facilitating its replicability.
A sensitivity analysis of the DLR was performed in several studies but without considering
the weather-sensitive variables [1,7-9,37].

Li et al. [33] used a methodology to verify the impacts of the weather-sensitive vari-
ables (wind speed and direction, ambient temperature and irradiance) on the distributed
solar PV accommodation evaluation, which includes the temperature-dependent resistance
and the DLR of the conductors. The results indicated that, by applying the DLR, the PV
production increases by 2.59% and the economic benefit of the investors increases by 5.05%.

Dupin et al. [35] evaluated four different machine learning algorithms to compute the
day-ahead DLR forecasts and compared them with the SLR approach. They considered
quantile regression forest (QRF) the more reliable algorithm, increasing the line rating by
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35% on average. Dupin et al. [36] upgraded the previous paper by considering the risk
aversion of the TSO when deciding to accept or penalize high-risk situations. The authors
defined the value of EUR 1500 as the limit cost in the use of the reserve because of the DLR
forecasting errors, computing the frequency of occurrence of these incidents, with the TSO
being responsible for them. The forecasting errors have a mean absolute percentage error
(MAPE) of 11.1% and 16.1% for the QRF and for the persistence algorithms, respectively.
When the TSO used a risk-neutral strategy it obtained a benefit of 1% concerning the SLR
and a frequency of occurrence of incidents around 1.1%, while considering a perfect forecast
strategy it had a benefit of 1.1%.

Viafora et al. [34] proposed a DC-optimal power flow algorithm that considers the
DLR and the wind uncertainty considering the typical risk aversion in the line rating
forecast. They used a case study in which they compared the costs with day-ahead dispatch,
upward and downward reserves and wind curtailments. All costs decreased except for the
downward reserve cost because of the extra line capacity required in the DLR model. The
cost of wind curtailments decreased by 55% and the total costs decreased by 18%.

3. Thermodynamic Model to Compute the DLR of Overhead Lines

During real-time operation, TSOs may employ direct DLR methodologies, such as
measuring line temperatures, to detect congestion and prevent outages [41]. However,
power system operations are planned well in advance, beginning at least a day ahead,
following the clearing of the day-ahead market and subsequent intraday markets [6]. In this
process, the market operator provides the system operator with the optimal (cleared) market
participant schedules. The system operator then simulates power flows for the programmed
dispatch using an SLR approach on both internal and tie-lines. This simulation incorporates
the energy outputs from the market alongside pre-existing commitments, such as long-
term bilateral agreements. However, the SLR approach may identify “virtual” congestion,
leading to the removal or limitation of more competitive bids in electricity markets. The
interaction between market and system operators is finalized once congestion and other
grid issues are extinguished. At this point, the market operator determines the clearing
prices, while the TSO establishes the programmed dispatches. To prevent the exclusion
of more competitive bids from electricity markets, an indirect DLR approach should be
employed to determine line capacities. One such approach is the CIGRE thermodynamic
model for overhead lines, used in this study [9,42]. This model incorporates weather
forecasts to enhance grid capacity calculations [40]. In this model the thermal inertia of the
conductor of an overhead conductor is calculated as the balance of gained and lost heat
considering the equilibrium situation where the body does not have internal energy [7,9,42]:

Pc—Pr+Ps+Pj=0 (1)

where Pc is the convective cooling, Pr is the radiative cooling, Ps is the solar heating and
Pj is the joule heating (W/m).

The active power, P (MW), of the alternating current (AC) circuit is obtained through
the most common formulation as [9,42]:

P =U x Iuc = Rac % Iac* = Rpc x Ipc® 2)

where U (V) is the conductor voltage, I4¢c (A) is the AC current and R 4¢ (QQ) is the AC
resistance of the conductor. For a conductor with an ace core, the heating effect of the
conductor is based on the equality between the alternating and the continuous (DC) power
at the entrance of the conductor for the same average temperature in the conductor [9,42].
Ipc is the direct current of the conductor and Rp¢ the DC resistance. As the conductors’
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fabricants only gave the experimental values for the Rpc at 20 °C, Rpcyg, being the joule
heating gain per unit length for conductors, is obtained from [9,43]:

Pj = Ipc? x RDiCZOZ x (14 a x (Toup — (20° + Kelvin))) 3)
cables
where N, ¢5 is the number of conductors per line, « is the temperature coefficient per
electrical resistance (1/°K), Tsyp is the conductor temperature (°K) and 20 + Kelvin is the
reference (20 °C) temperature (in °K), with Kelvin being a conversion factor equal to 274.15.
The solar heating per unit length is estimated by the standard as [9,43]:

Ps = alpha x Irr X D¢gpre 4)

where alpha is the solar absorptance (unidimensional), Irr is the solar irradiance per square
meter (W/m?) and D, is the conductor diameter (m).

Applying the Stefan-Boltzmann law, the heat loss from the conductor due to radiation,
the radiative cooling, can be expressed as [9,42—44]:

Pr =1 x Dcable X 0p XeEX (Tsup4 — Ta4) (5)

where 0}, is the Stefan-Boltzmann constant (kg s 3 K=%), € is the conductor emissivity
(unidimensional) and T is the ambient temperature (°K).

The convective heat loss can be expressed as a function of the dimensionless Nusselt
number, Nu, as follows [9,42,43]:

Pc =7t x Ay x Nu x (Tsup — Ta) (6)

where Ay is the thermal conductivity of air (W/mK). When the wind speed, v, is lower than
0.1 m/s it is considered the case of natural convection, computing the Nusselt number of
the natural convection Nup, as follows [9,42,43]:

Nu = Nunc = Ay x (Gr x Pra)™ (7)

where A; and m; are experimental parameters that depend on the multiplication value of
the Grashof number, Gr, with the Prandtl number, Pra. The Grashof number approaches
the proportion of the buoyancy to viscous force acting on a fluid and can be expressed
as [9,42]:

Gr = [Deapte” % § % (Tinax — Ta)]/ [Tf x ﬂfﬂ 6)

where g (m?/s) is the gravity acceleration, Ty (°K) is the maximum static temperature
supported by the conductor, Tr (°K) is the adjacent temperature to the conductor, 8¢ (m?/s)
is the kinematic viscosity of air, computed with the dynamic viscosity of the air, ji¢, fixed
to y, and the air density at a given altitude, h,, taking into account the air density at sea
level [9,43]:

Toax + T,
Tf _ ( maszF a) (9)
pp=017 x 1076 +4.635 x 1078 x Ty —2.03 x 10~ "' x T/? (10)
1.293 — 1525 x 10~*h, +6.379 x 10~° h,’?

1+ 0.00367 x T
O =psly (12)
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The Prandtl number, Pra, approaches the proportion of kinematic viscosity to thermal
diffusivity and can be expressed as [9,43]:

Pra = Cp,;, X pp/Ag = 0.715—25x 107 x Ty (13)

where Ay (W/mK) is the heat conductivity of the air.
When the wind speed is higher than 0.5 m/s it is considered forced convection, and
the Nusselt number is computed as [9,42]:

Nu = Nupc = Nugg X (Al + BzSin((S)ml) (14)
Nugy = By x Re" (15)
6=60-¢ (16)

where Nugg is the Nusselt number for an incident angle in the conductor, ¢ (rad), of 90°
(1t/2), 0 is the wind direction and ¢ is the conductor orientation in relation to the east
reference. A1, By and m; are experimental parameters that depend on the incident angle.
B; and n are experimental values that depend on the conductor roughness and on the
Reynolds value, Re, used to forecast flow patterns in several fluid flow scenarios, and it is
computed as follows [9,43]:

Re = v X Degpre/ O (17)

Considering the CIGRE report, for wind speeds up to 0.5 m/s the incident angle of
the forced convections is fixed at 45°, with the Nusselt number being [9]:

Nu= Nu45 (18)

For wind speeds between 0.1 and 0.5 m/s it is considered that the convective
power could be natural or forced, so the Nusselt number is computed as the maximum
between them:

Nu = max(Nuyc, Nuys) (19)

Considering Equations (1)—(3), the dynamic AC ampacity can be computed as [9,45]:

Ipc = \/( —Pc — Pr+Ps + Pj)/ [Rpcao * (14 a * (Teup — (20° + Kelvin)) )] (20)

IAC = IDC * Ncables/\/2'36 107 % IDC * k] (21)
kj = Rac/Rpc = 1.0123 (22)

Then the apparent power limit of the transmission line, S (VA), is computed as:
S=1IscxUxV3 (23)

4. Effect of the Weather Conditions over the Conductors’ DLR

From the CIGRE thermodynamic model it is possible to verify that the wind speed,
the wind incident angle, the ambient temperature and the irradiance are the weather
sensitivity variables that affect the DLR computation [9,42]. The influence of these variables
is identified and tested in this section for reference high-tension conductors.

Table 1 identifies the reference conductors and their nominal ampacity computed
during the manufacturers” experimental tests using reference values for the weather vari-
ables. Using the thermodynamic formulation presented in Section 2, various scenarios
were simulated by altering weather sensitivity variables. The objective was to analyze the
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impact of these changes on the equilibrium relationship for the reference conductors, as
defined in Equation (1).

Table 1. Characteristics of reference conductors.

Conductor Nominal Ambient Irradiance Wind Speed W.md Max.
Tyvpe Ampacity [A] Temperature [W/m2] [m/s] Incident Temperature
ypP pacity [°Cl Angle [°] [°Cl
Zebra 636 50 1200 0.6 90 80
Bear 480 50 1200 0.6 90 80
Aster570 702 50 1200 0.6 90 80
Zambeze 1085 35 1200 0.6 90 80
Rail 995 35 1200 0.6 90 80

1(A)

The first illustrative simulation involves the analysis of the weather conditions on the
convective power. For illustrative proposes, considering the reference extreme weather
conditions, T, =40 °C, Tyuax = 80 °C, 6 =45°, Irr = 1000 W/m?2, for a Zambeze conductor it
is possible to identify in Figure 1 the limit wind speed and angles for the case where the
conductor is cooling and heating. Dark red means the conductor is heating while dark blue
means it is cooling when compared to the manufacturer’s reference conditions.

—400

-Pc/(Ps+Pj-Pr) (%)
-Pc/(Ps+Pj-Pr) (%)

§

10 12 14 16 18
Vel. (m/s) Angle (°)

(@) (b)

Figure 1. Variation of the convective power weight with the current and the (a) wind speed and
(b) incident angle. Dotted lines indicate the limit between heating and cooling values.

Analyzing Figure 1a it is possible to verify that, for the reference conditions and a wind
speed of 1.3 m/s, the maximum permanent current that the conductor supports is 900 A,
while for a wind speed of 3.8 m/s it supports 1300 A. It is also possible to verify that the
increase in wind speed leads to a non-linear relationship between the convective power
and all other thermal powers. For the reference conditions the convective power could be
approximately equal to all the other thermal powers (when it is —100%) or seven times
higher for wind speeds higher than 16 m/s.

For a wind speed of 3.8 m/s, the effect of changing the wind speed incident angle on
the relationship between the convective power and the other thermal powers in Figure 1b
was analyzed. Analyzing Figure 1b and Equation (6), it is possible to verify that the effects
of the incident angle on the relationship between the convective cooling and the other
thermal powers are not linear and that the incident angle has a lower importance in relation
to the wind speed. In this case the convective power varies from —20% to 250% in relation
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to all the other thermal powers. Naturally, with the increase in the wind incident angle
the convective power increases, such as the limit ampacity of the conductor. The ambient
temperature has a direct effect on the convective and radiative power. So, by using reference
variables for a wind speed of 1.3 m/s it is possible to analyze its effect on the convective
and radiative powers in Figure 2.

1200

-Pc/{Ps+Pj-Pr) (%)

1050

950

L " i " .
5 10 15 20 25 30 35 40 S 10 15 20 25 30 35 40
Temp. (°C) Temp. (°C)

(a) (b)

Figure 2. Variation of the (a) convective and (b) radiative power weights with the ambient temperature
and the current. Dotted lines indicate the limit between heating and cooling values.

Analyzing Figure 2a it is possible to verify that the higher the ambient temperature
the lower the convective cooling with an effect lower than the incident angle. As identified
in Equation (5) the ambient temperature has a direct effect over the radiative cooling. The
relationship between this power and all other thermal powers can be verified in Figure 2b.
Figure 2b shows an increase in the radiative cooling weight when the ambient temperature
increases. Normally, radiative cooling has a lower absolute weight in the thermal equi-
librium than the convective cooling (see Equation (1)). So, considering Equation (5), the
radiative cooling tends to decrease with an increase in the ambient temperature. As in the
other figures, this figure illustrates the relationship with the other thermal powers, and
as the temperature is also a variable of the convective cooling, in this case it is possible to
verify that the negative effect of an increase in the ambient temperature is higher for the
convective cooling than the radiative cooling. Figure 3 illustrates the weight of the solar
heating in the thermal equilibrium.

Analyzing Figure 3 it is possible to verify that the solar heating has a very small
weight in the thermal equilibrium and a linear relation with the irradiance. So, the higher
the irradiance the higher the solar heating as can be verified in Equation (4). The goal
of the presented work consists in developing a strategy that during real-time operation
can rapidly identify the line’s critical sector that is used to compute the DLR of the con-
ductor. Considering this goal, it is important to simplify the CIGRE formulation without
substantially affect outputs. One solution can be pursued by using the thermal powers of
a reference scenario to easily identify the critical sector.

Now, considering a Zebra conductor with the following reference values: T, =20 °C,
Tnax = 80 °C, v =12 m/s, § =45°, Irr = 1000 W/m?, I = 1000 W/m?, Pc = 100.14 W /m,
Pr =2497W/m, Ps =715 W/m, Pj = 72.63 W/m, the reference relation between cooling

and heating powers is:

Pc + Pr
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So, it means that, considering the reference conditions, the conductor is cooling.
Accordingly, Figure 4 presents the effect of varying the conductor’s ampacity and each one
of the weather sensitivity variables concerning the reference power.

1300

1250

1200

%)

1
w»

£
Ps/(Pc+Pj+Pr) {

1050

w

950

1
600 700 800 900 1000
Irrad. (W/m2)

Figure 3. Variation of the solar power weight with the irradiance and the current.

From Figure 4 it is possible to verify the analysis performed before: wind speed is the
variable with a higher effect on the DLR computation.

From Figure 4a it is possible to verify that, changing the wind speed from 0 to 25 m/s
and the current intensity from 900 to 1100 A, it is possible to detect a change in the reference
power from —200% (dark blue, cooling) to 100% (dark red, heating). The same is valid for
the incident angle that varies from 0 to 90°. In Figure 4b it is possible to verify that the
incident angle is the second most important variable with a variation around —60% and
60% in relation to the reference power.

From Figure 4c,d it is possible to verify the importance of the temperature and the
irradiance, easily identifying that these variables have less importance, with their variation
in relation to the reference between —50% and 30%. However, for low wind speeds, in
the case of natural convection (see Equations (6) and (7)) the cooling convection only
depends on the ambient temperature. So, under these circumstances the thermal powers
only depend on the temperature and the irradiance.

Figure 5 illustrates the variation of the Nusselt number of the natural and forced
convections considering wind speeds between 0.1 and 0.6 m/s and ambient temperatures
of 0 °C and 40 °C. The Nusselt number indicates the existence or not of forced convection.
The Nusselt number depends on: (i) the incident wind speed on the conductor, (ii) the type
of conductor, (iii) the ambient temperature and (iv) the altitude of the conductor above
sea level. For a specific conductor, all these parameters are variables except for the type
of conductor. Depending on the conductor and on these variables, the Nusselt number
is normally neglected for wind speeds below 0.1 m/s, when only natural convection
is considered.
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Figure 4. Variation of the thermal powers’ weight with the (a) wind speed, (b) wind angle,
(c) temperature and (d) irradiance.
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Figure 5. Variation of the Nusselt number considering the natural and forced convections with the
wind speed and the ambient temperature.

From Figure 5 it is possible to verify that significant changes in the ambient tempera-
ture have a relevant impact on the Nusselt number of the natural convection but a small
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impact on the Nusselt number of the forced convection. From Figures 6-8 it is possible to
verify that, between 0.1 and 0.5 m/s, the natural and forced convection are selected about
the same number of times (see Equation (19)).

14 T T T T T
/’/
Forced ha=Om_—
12r // i 1
T ‘Forced ha=1000m
10F B J
// Natural ha=0m
8 - 1
5 Natural ha=1000m
=z
6 / % B
4r ; | .
|
2r ! 4
0 L . L L .
0 01 02 0.3 04 05 06

v (m/s)

Figure 6. Variation of the Nusselt number considering the natural and forced convections with the
wind speed and the conductor altitude.

16 T T T T T
Forced 6=90°

" Natural

L
Forced 6=0°

0 L I L L L

0 01 02 03 04 05 06
v (m/s)

Figure 7. Variation of the Nusselt number considering a natural and forced convection with the wind
speed and incident angle.

16 T T - - ;
Forced 6=90°

14 J

12 e Bertinat §=90° .

Nu
(=]

> Natural |
7 Bertinat 6=0°

61 ( ~——Forced 6=0° |

0 01 02 03 04 05 06
v (m/s)

Figure 8. Variation of the Nusselt number with the wind speed and incident angle using the
Bertinat formulation.
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Figure 6 presents the same study but considering variation in the altitude above sea
level of the conductors between 0 and 1000 m. From Figure 6 it is possible to verify that the
altitude effect is almost neglected, however, this variable has a higher impact on the forced
convection than the natural convection.

Figure 7 illustrates one of the main problems of the CIGRE formulation: the lack of
continuity between the passages from wind speeds lower than 0.5 m/s to higher wind
speeds. From Figure 7 it is possible to verify the existence of a significant change between
the Nusselt number used to compute the forced convection when the wind speed is higher
than 0.5 m/s. Furthermore, the greater the difference between the incident angle of the
wind speed and 45° (fixed for wind speeds until 0.5 m/s) the higher the discontinuity of
the computation.

To solve this discontinuity problem, Bertinat presented a methodology where for
wind speeds up to 0.5 m/s, the weight of the Nusselt number of the natural and forced
convections varies with the wind speed [9]. Figure 8 illustrates the results of the Bertinat
methodology, formulated as follows:

Nu = Nuync + OV—S * (Nugc — Nung) (25)

From Figure 8 it is possible to identify that, using this methodology, it is possible to
have full continuity when passing from wind speeds of 0.5 m/s to higher wind speeds.
However, this methodology has errors when computing the Nusselt number up to wind
speeds of 0.5 m/s, mainly for small wind incident angles, where the difference between
the highest Nusselt number (natural convection) and the Bertinat value is significant. This
occurs because this methodology is “following” the forced convection, mainly when wind
speeds get closer to 0.5 m/s, neglecting the natural convection.

So, as the wind speed is the most important weather sensitivity variable, the main
findings of this section are important to define a methodology to rapidly detect the critical
sectors of transmission lines, as illustrated in Table 2.

Table 2. Main conclusions of the theoretical analysis of the CIGRE formulation for convective power.

Wind Speed 0.1 m/s 0.1 to 0.5 m/s 0.5 m/s
Natural convection, fixed wind Natural or forced convection, .
Background . o Forced convection
speed and incident angle fixed incident angles
The wind speed, the ambient
Only changes in the ambient temperature and the irradiance Essentially small changes
Conclusions temperature and in the are the variables that indicate the in the wind speed and
irradiance indicate the critical sector. High discontinuity direction indicate the
critical sector when compared with sectors with critical sector

wind speeds higher than 0.5 m/s

5. Pre-Solve Methodologies

During real-time operation, distribution and transmission system operators can mea-
sure line temperatures to detect congestion when lines approach saturation. However,
measurement equipment is installed in only a limited number of sectors per line. To identify
the critical sector, real-time weather sensitivity variables can be used to rapidly compute
the DLR of the line. For planning purposes and validation of market transactions, TSOs
may employ an indirect DLR approach, utilizing the CIGRE thermodynamic model for
overhead lines. This method relies on weather condition forecasts across different sectors
of each line [40]. However, the CIGRE formulation is complex and it is not easy to obtain
fast outputs in lines with hundreds of sectors. TSOs may employ a pre-solve methodology
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to rapidly identify the critical sector of a transmission line by using weather condition
forecasts and their effects on thermal ratings, as discussed in the previous section. This
approach helps prevent the removal of more competitive bids from energy markets by con-
sidering expected rather than static weather conditions. Additionally, weather forecasts and
DLR calculations should be continuously updated throughout subsequent market stages,
including programmed dispatches, up to real-time operation. The weather conditions
across all sectors influence the temperature of the transmission line. However, selecting the
critical sector to determine the line’s capacity serves as a risk mitigation strategy due to the
inherent uncertainties in weather forecasts. During real-time operation, TSOs must decide
whether to implement risk mitigation measures to prevent congestion and line saturation.
These measures may include triggering re-dispatch, curtailments, balancing reserves and
other interventions to ensure the security and stability of the power system.

Figure 9 presents the pre-solve methodology’s purpose by using the thermodynamic
model shown in Section 3 and the meteorological analysis presented in Section 4.

Fixed long-run Hours-ahead Mins-ahead
Reference
Transmission Thermal Real-time
Grid Data Powers and weather data
weather data

Real-time

DLR Risk

Mitigation

C tatio
Smpgtation Measures

Figure 9. Pre-solve methodology employed to identify the critical sector.

The methodology with the goal of close to real-time operation rapidly identifies
the critical sector of each line that defines the DLR of the line. It uses the last reference
meteorological data that defined the DLR of the line, such as the computed thermal powers
using the CIGRE formulation [9].

Then, using real-time meteorological data and the pre-solve method, it is possible to
identify the critical sector of the line, rapidly computing the DLR of it (using the complete
methodology illustrated in Section 3) instead of hundreds of sectors, minutes ahead of
real-time operation.

Thus, performing a regression that relates the weather sensitivity variables to the
conductor ampacity and considering Equation (20), the effect of the weather sensitivity
variables on the conductors presented in Table 1 can be computed as:

f, = —0.2188v% + 19.56v (26)
fs = —0.00566> + 1.04356 + 32.78 (27)
fr, = —2.01T, +167.30 (28)

Fry = 0.01431rr (29)
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These functions are obtained through a regression analysis performed in Microsoft
Excel using more than 10® points. In relation to the wind speed regression, this presents
some small errors, mainly for wind speeds lower than 0.5 m/s, as can be seen in Figure 10a.
It occurs mainly because of the lack of continuity in the DLR model presented in Section 3
(see Equation (19)) and illustrated in Figure 9.

400 90

350

V:—0.2188x:+19.56>.<.__4 80

R =0.9985 _
70 — =
y =-0.0056x? +1.0435x +32.775
60 R2=0.9998
= E 50
2 z
g E 40
30
20
10
0 5 10 15 20 25 30 0
. 0 20 40 60 80 100
Wind speed (m/s) Angle (°)
(a) (b)
180 18
160 16 y=0.0143x
y=-2.0101x+ 167.3 R2=1
430 R =0.9999 1
—.120 12
3 s
2100 £ 10
= S 5
o 80
& &
60 6
40 4
20 2
0 0
0 5 10 15 20 25 30 35 40 45 0 200 400 600 800 1000 1200
Temperature (°C) Irradiance (W/m?)
(c) (d)

Figure 10. Regression analysis on the effect of (a) wind speed, (b) wind angle, (c) temperature and
(d) irradiance.

Taking into account the thermodynamic formulation of the conductors to compute
the DLR presented in Section 3, the effect of the meteorological conditions presented in
Section 4 and the methodology illustrated in Figure 9, the main formulation of the pre-
solve analysis to obtain the power variation between the reference case and each sector,
s, presented in a specific line, line;j, from node i to j in the case of natural convection
is presented:

2
AP, = 2.01AT,, + 0.0143AIrr, + 0.218802, — 19.560,,7+0.0056 ((xef - 45) —1.0435 (5,ef - 45) Vs € line;  (30)
Subject to:
AT, =T,, — Tamf, Alrr=Irrs — Irryep, vs =0, 65 = 45° (31)

where AT is the difference between the ambient temperature of the conductor’s sector, Ty,
and the reference ambient temperature, Ty, = Alrr is the difference between the irradiance
of sector s, Irrs, and the reference irradiance, Irr,, -
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This conducts to a matrix, [AP i]} , with all computed power variations in relation to
the reference.
AP,
=1 : (32)
AP;

Then it is possible to compute the critical sector, Cj;, of line;; by considering the

ijs
minimum value of the matrix:

In the case of forced convection, the wind speed and the incident angle are the most im-
portant variables but the ambient temperature and the irradiance have also to be considered
to obtain the critical sector.

0.2188A02 — 19.56Av; 4 0.0056A52

AP = v l' . 34
* T —1.0435A8 + 2.01AT,, + 0.0143AIrrs s € line;; (34)

Subject to:
AV= U5 — Uy, A= b5 — (5,ef, ATy =T, — Tﬂﬂ,f, Alrrg= Irrs — Irtyef (35)

where Av is the difference between the wind speed of sector s, v, and the reference wind
speed, v, iz Ad is the difference between the incident angle of sector s, Js, and the reference
incident angle, ..

In the case of wind speeds between 0.1 and 0.5 m/s the convection can be natural or
forced considering the Nusselt number (see Equation (19) and Figure 7), with the wind
incident angle constant (45°) and the critical sector computed considering the following
formulation in Equation (34):

Av = vs — Uref, A6 = 6; — 45, ATas = Ty, — Tamf, Alrrg = Irrg — Irrref (36)

The first methodology considers all variables using Equation (30) when wind speed
is lower than 0.1 m/s and Equation (34) otherwise. The second methodology follows the
CIGRE brochure as explained in Section 3. For wind speeds up to 0.5 m/s the computation
of the Nusselt number could be a solution to reduce the error in the transition to wind
speeds higher than 0.5 m/s, but it substantially increases the computational burden of the
pre-solve methodology. So, a second methodology is employed to mitigate this issue. The
first methodology considers that, for wind speeds below 0.1 m/s, the convection is natural
and, on the contrary, it is forced with an incident angle of 45° until 0.5 m/s and variable
otherwise. This second methodology only considers that the convection is forced for wind
speeds higher than 0.5 m/s. So, between 0.1 and 0.5 m/s it considers the weight of the
forced convection, w. So, Equation (35) is subject to the following conditions:

Av =05 — W % Uref, NS = s —w * (Sref, ATy, = Ty, — Ta,ef, Alrrs = Irrg — Irrref (37)

In the previous section it was identified that the forced convection was selected in
around 50% of the cases. So, the weight (w = 0.5) should reflect those results.

A third methodology considers the outcomes of the Bertinat methodology and com-
puted the weight of the forced convection dynamically considering the wind speed domain
between 0.1 m/s,v,,;,, and 0.5 m/s, V.

Us —Viin _ 0s—01  05—-01
Vmax — Vmin  05—0.1 0.4

W =

(38)
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Figure 11 illustrates the considerations in all methodologies. As can be seen in
Figure 11, differences in the methodologies only occur when the wind speeds range be-
tween 0.1 and 0.5 m/s. They occur because the convection can be natural or forced,
and the literature does not have a straight formulation to solve the thermodynamic
model of the conductor, resulting in errors when adapting a simplified formulation as
the pre-solve methodology.

v>0.5m/s

v<0.1m/s 0.1<v <05

Natural or
forced
convection

Forced
Convection

Natural
Convection

Fixed wind direction
(Method 1: Eq.34
Subject to 36)

I_| |

Wind speed T,and Irr.
effect (Eq. 34 have less
subjectto 37) importance

Fixed wind
speed and
direction

v and 6 are the most
important variables

AT, defines Pc
and Pr, and
Alrr defines Ps

Equation 39

equation 30

Figure 11. Illustration of the three pre-solve methodologies.

The first methodology is the fastest by not mitigating the thermodynamic discontinuity
between 0.1 and 0.5 m/s. The third methodology is the slowest by computing the weight
of the forced and natural convection according to the wind speed in Equation (38) when
compared to the second methodology that considers a fixed weight besides trying to
mitigate the discontinuity of the model.

6. Case Study on the Application of Pre-Solve Methodologies

The numerical weather prediction (NWP) meteorological data are used essentially
to obtain precise time series of meteorological parameters that represent a region, with-
out needing the installation of an extensive and expensive network of meteorological
stations [15]. This work uses data with a resolution of one hour for the wind speed and
direction, temperature and irradiation during the year 2016. The weather parameters neces-
sary in the DLR analysis were derived from an NWP model, with a high spatial resolution
(1 km x 1 km), as described in detail in [15]. The data are from an altitude of 35 m above
sea level and collected from some lines used in the case studies presented in this work.

For the regions under analysis, the georeferenced layout and topology of the Portuguese
national transmission grid (RNT) considering the identification of all buses/substations and
power stations and their electrical characteristics (e.g., conductors, resistance, reactance
and susceptance) were obtained from the 2024 RNT annual report [46]. The power grid
under study considered the lines of the selected regions operating at 400, 220 and 150 kV.
The designed power capacity in each line varies seasonally. As an example, the pre-set
meteorological conditions used by the TSO during the winter are wind speed of 0.6 m/s,
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radiation of 1000 W/m? and an ambient temperature of 15 °C. The different types of electric
lines used in this work and their main conductors’ characteristics are presented in [13]. The
DLR analysis was applied to two different regions in Portugal. The characteristics of each
region are provided in the following section.

6.1. Scenarios

Region A has a high penetration of wind power. Given the orographic conditions and
resource availability, wind power capacity is mostly located in the mountain regions of
central /north Portugal. In the center exists a windy region known as Pinhal Interior where
49 wind parks with a total capacity of 1766 MW and 15 hydropower plants with a total
capacity of 1113 MW are installed and operating. This case study was selected to assess
the impact of using the pre-solve methodology in a region with a high penetration of wind
generation. The region contains 22 high-voltage lines with 1038 sectors. Region B is in
the south of Portugal, a region with a high capacity of solar generation considering the
orographic conditions and resource availability. The installed PV capacity is approximately
450 MW. A significant short-term increase in the installed PV capacity is expected given the
recent public calls for tenders and bilaterally contracted grid access to PV power plants
(during 2019) throughout the country. This use of this region will support in assessing
the impact of using the pre-solve methodology in a region with very high solar potential
and limited grid capacity. The region has 42 high-voltage lines with a total of 1795 sectors
(see [13,41] for details).

6.2. Results

This section uses pre-solve methodologies to rapidly identify the critical sector of the
lines. However, such methodologies approximate the methodology presented in Section 3,
which can lead to errors. One of the most used methodologies to compute the error of
regressions is the mean absolute percentage error (MAPE). The error in relation to the real
maximum power can be computed as follows:

- Il 1
_ |Sps — S| - ’SPS_S‘
MAPEfT*loofl:ZlT

/L %100 [%)] (39)
where Spg is the apparent power (MVA) obtained using a pre-solve methodology and S
is the apparent power of the line using the thermodynamic methodology presented in
Section 3. L is the number of lines and [ is the lines” index. When the pre-solve methodology
identifies the real critical sector it attributes to the binary variable b.s the value 0, otherwise
its value is 1, with the error in the identification of the critical sector, e, being computed
using the average value of this variable:

ecs = bes * 100 [%] (40)

The average apparent power difference (MVA), A, from the apparent power obtained
using the pre-solve methodology is equal to:

L ’S%S—S”
A=y 1= 1

- (41)

I=1

Using the first pre-solve methodology it is possible to compute the DLR of the lines
in region A with a MAPE of 1.61%. However, the identification of the critical sectors has
an error of 28.6%. This error is substantial because of the high spatial resolution of the
meteorological data, causing only small meteorological differences between sectors, which
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increases the difficulty to detect the real critical sector. Figure 12 presents the descendent
relative and absolute deviations in these regions and Table 3 presents a summary of the
main results of the pre-solve methodologies in regions A and B.
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Figure 12. Pre-solve relative (a,c) and absolute power (b,d) deviations in relation to the real power in

regions A (a,b) and B (c,d).

Table 3. Main results of the pre-solve methodologies in regions A and B.

Average Power

Max. Power

Method Eg}l(;alt.l(;) 151] MAPE (%) Max. ](30?\)/1at10n Deviation Deviation
o0 ° (MVA) (MVA)
. a4 36 1.61 (A) 53.08 (A) 7.13 (A) 644 (A)
4 1.24 (B) 51.79 (B) 7.61 (B) 893 (B)
0.91 (A) 39.73 (A) 478 (A) 644 (A)
2 34,35,37 0.85 (B) 45.85 (B) 5.76 (B) 893 (B)
0.86 (A) 39.73 (A) 462 (A) 644 (A)
3 34,37, 38 0.83 (B) 45.85 (B) 5.72 (B) 893 (B)

In region A, when extremely hot weather conditions occur, the line limit ampacity is
small, with significant deviations (>25%) in less than 0.42% of the cases. Around 5.19% of
the cases have deviations higher than 10% and 23% have a deviation higher than 1%. So, in
77% of the cases the deviation between the computed DLR using pre-solve methodologies
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and the CIGRE model is lower than 1%. In 0.81% of the cases the difference between the
critical sector obtained with the pre-solve methodology is higher than 100 MVA in relation
to the real critical sector. In 17.47% of the cases the difference is higher than 10 MVA. The
average power increase because of the pre-solve errors in the identification of the critical
sectors is only 7.13 MVA. However, a maximum deviation of 53% was identified. Significant
deviations occur in only 0.01% of the cases and are mainly due to the lack of continuity of
the DLR methodology when in the sectors of the same line the wind speed varies around
0.5m/s (see Figure 7).

In region B, the results are better because the weather conditions of the area where the
lines are installed are more stable. The MAPE of the methodology is only 1.24% while the
selection of the critical sector has an error of 24.77%. Only 0.27% of the cases have deviations
higher than 25%, 3.58% have deviations higher than 10% and 19.7% have deviations higher
than 1%. In terms of power, in 1.77% of cases the pre-solve methodology indicated a sector
with deviations higher than 100 MVA in relation to the CIGRE model. Meanwhile, only 14%
of the cases indicate deviations higher than 10 MVA. The average power difference because
of the pre-solve errors in the identification of the critical sectors is 7.61 MVA. The most
deviations occur when the wind speed stands around 0.5 m/s in the sectors of the same
line and the convective power is computed using the maximum of the Nusselt number
for wind speeds in the interval 0.1, 0.5] m/s (see Equation (19)) and the Nusselt number
of the forced convection otherwise (see Equation (14)). So, the second methodology has
the goal of mitigating such errors. Using the second methodology significantly reduces
the average errors of the pre-solve methodology. In this methodology a weight of 50%
for the forced convection was considered. This weight derives from the theoretical study
illustrated in Figures 7-9. Using this methodology, the MAPE decreases by 44% and 33%
and the average power difference decreases by 2.35 MVA and 1.85 MVA in regions A and
B, respectively. The maximum deviation also reduced by around 25% and 11% in regions
A and B, respectively. The maximum power difference remains unchanged since these
differences occur in cooling conditions, when wind speeds are substantially higher than
0.5m/s.

The third methodology is the methodology with better results, but it only brings
small benefits in relation to the second methodology. It slightly reduces the MAPE and the
average deviation in relation to the second methodology. These last two methodologies
reduce the pre-solve errors significantly in relation to the first methodology. Since region A
is the region with the worst weather conditions to apply the DLR, i.e., a greater incidence of
low wind speeds, the use of methodology 2 or 3 highly improved the results in comparison
with the use of these methodologies in region B (see [13] for a more detailed description of
the average weather conditions in each region).

7. Conclusions

This work presented pre-solve methodologies to rapidly identify the critical sector
of overhead lines close to saturation, using the more detailed CIGRE model to compute
their dynamic line rating (DLR). These methodologies consider the risk of using forecasted
weather conditions by indicating the critical sector that defines the capacity of the line,
when all sectors contribute to its DLR. It is a risk mitigation approach that mitigates the
risk of overestimated cooling weather conditions. Direct DLR approaches shall be used
during real-time operation to measure the lines” temperature, avoiding their degradation
and potential outages because of overloads.

The case study used real data from two regions in Portugal, one region with high
potential for wind power production, but with more instable meteorological characteristics,
and another region with high potential for solar power production, with more stable
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meteorological conditions. Results from the study allow the conclusion that the use of
a pre-solve methodology is very useful in most weather conditions with average errors
below 1%, consisting in an increase around 5.5 MVA in the line capacity in relation to
the DLR of the most critical sector. However, in around 0.04% of the cases the use of the
pre-solve methodology also changed the real DLR of the line by more than 25%, which can
be problematic. This occurs mainly when the wind speed stands around 0.5 m/s in different
sectors of the same line and because of the lack of continuity in the CIGRE formulation
presented in Section 3. Wind speeds up to 0.5 m/s are lower than the reference wind speed
that TSOs use to compute the “steady-state” line ampacity. So, these situations are more
extreme than the usual considered by TSOs. Accordingly, considering this fact and the
pre-solve methodology’s results, at an operational level when wind speeds are around
0.5 m/s, TSOs should use the more detailed methodology to compute the DLR. The main
limitation of the study is that it only compares outputs with the complete CIGRE model.
So, it can be concluded that the presented pre-solve methodologies can replicate the CIGRE
model with small errors, but experimental data are needed to validate them using direct
DLR approaches.

For future work, the goal is to analyze the error and risk associated with computed
line temperatures using pre-solve methodologies in comparison with onsite measurements,
assessing the accuracy and reliability of pre-solve methodologies in real-world conditions.
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Abbreviations

AC Alternating current

ACSR Aluminium conductor steel reinforced
DC Direct current

DLR Dynamic line rating

MAPE Mean absolute percentage error
NWP Numerical weather prediction
QRF Quantile regression forest

RES Renewable energy source

RNT National transmission grid

SLR Seasonal line rating

TSO Transmission system operator
vRES Variable renewable energy source
Indices

ij Line indices

1 Line number

L Number of lines

Neables Number of conductors
Parameters

104 Temperature coefficient per electrical resistance (1/K)
€ Conductor emissivity

¢ Conductor orientation in relation to the east reference (rad)
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As Thermal conductivity of air (W/mK)
op Stefan-Boltzmann constant (kg s =3 K™%)
A,B,m,n Experimental parameters
alpha Solar absorptance
D apie Conductor diameter (m)
8 Gravity acceleration (m?/s)
h, Altitude (m)
k; AC/DC resistance constant
Kelvin Conversion factor
Nu Nusselt number
Ruc AC resistance of the conductor ()
Rpc DC resistance of the conductor (})
Rpco DC resistance of the conductor at 20 °C ()
Tinax Maximum temperature supported by the conductor (°K)
u Voltage (V)
Y Air density
Variables
[Apij} Power variations matrix
J Incident angle in the conductor (red)
0 Wind direction (rad)
L/ Kinematic viscosity of air (m?/s)
Hr Dynamic viscosity of the air (m/s)
Cij Critical sector
f Waerther-sensitive variable function
Gr Grashof number
Iac AC ampacity (A)
Ipc DC ampacity (A)
Irr Solar irradiance per square meter (W /m?)
m Conductor mass (Kg/m)
Pc Convective cooling (W/m)
pj Joule heating (W/m)
Pr Radiative cooling (W/m)
Pra Prandtl number
P Reference relation between cooling and heating powers
Ps Solar heating (W/m)
Re Reynolds value
S Apparent power (MVA)
T, Ambient temperature (°K)
Ty Adjacent temperature to the conductor (°K)
Tsup Conductor’s temperature (°K)
v Wind speed (m/s)
w Weight of the forced convection
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