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Abstract: The stable operation of high-voltage transmission lines is significantly affected by atmospheric
icing. Research on the physical processes of icing and de-icing of transmission lines in micro-terrain, as
well as the factors affecting them, is a crucial theoretical foundation for enhancing current icing prediction
capabilities and guiding the planning of transmission lines in mountainous areas. The difficulty lies in
the fact that, unlike the calculation of surface radiation, the amount of radiation received by the lines is
affected by a combination of terrain, environmental shading, and the orientation of the lines. Therefore,
this work initially establishes a method for calculating the total amount of radiant heat received per unit
length of the line throughout the day at various heights from the ground, based on the angle of solar
incidence and the three-dimensional spatial position of the lines. Furthermore, a method of mapping the
regional heat radiation by gridding the direction of the lines was proposed, providing the daily heat
radiation and equivalent Joule heat. The proposed mapping method supports anti-icing planning for
high-voltage transmission lines in micro-terrain areas.

Keywords: high-voltage operation; micro-terrain; transmission lines ice-covers

1. Introduction

In recent years, widespread and long-distance transmission demands have inevitably
led transmission lines to pass through micro-terrain areas. In these areas, local weather
changes dramatically, making transmission lines more susceptible to collapse, breakage,
and other accidents due to icing in adverse weather conditions, thereby affecting the
security of the power system [1]. In adverse weather conditions, disturbances occur in the
airflow field of micro-terrain areas, thereby affecting the magnitude of wind speed [2] and
the spatial distribution of liquid water content in the air. In studies related to the impact of
icing on transmission lines in micro-terrain areas, the solar radiation is typically considered
to be zero [3,4], which is reasonable when the transmission lines are icing up. When the
heat inflow into ice exceeds the outflow, the excess heat gradually raises the temperature of
the ice to 0 °C, causing it to undergo a phase transition into liquid water. After adverse
weather, solar radiation becomes an important heat source, affecting the heat balance
process of the ice [5]. Li [6] proposes a scalable solar—thermal icephobic nanocoating that
achieves effective deicing of transmission lines by increasing its absorption rate of solar
radiation. There is relatively little research on the optical properties of ice on transmission
lines. Frey [7] and Light [8] explore the impact of solar radiation on Arctic sea ice and prove
the transmission of solar radiation through the ice layer is crucial for evaluating the heat
and mass balance of sea ice.

However, the existing planning of transmission lines does not adequately consider the
influence of terrain on the surface solar radiation of transmission lines.

Models for calculating solar radiation include on-site observation, remote sensing
observation, and solar radiation models based on digital elevation models. On-site observa-
tion relies on data from observation stations. Based on terrain factors and the distribtion of
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observation stations, algorithms are used to obtain the distribution of solar radiation across
the entire area. Ruiz-Arias [9] evaluates four up-to-date solar radiation models based on a
digital elevation model (DEM); they were tested using a database provided by 14 radiomet-
ric stations. Akarslan [10] proposes five different new models for hourly solar irradiance
forecasting. Solar data are measured and collected hourly to test the effectiveness of the
proposed models. The prediction results indicated that the proposed models have good ac-
curacy. Pang [11] examines a deep learning algorithm based on a recurrent neural network
(RNN) for the prediction of solar radiation. This algorithm is designed to analyze actual
meteorological data (AMY) obtained from a local weather station. Bailek [12] investigates
the meteorological and radiometric data, encompassing variables such as the sunshine hour
fraction (which represents the ratio of sunshine duration to maximum possible sunshine
hours) and the relative clearness index and introduces a systematic method for estimating
DSR (Direct Solar Radiation) over the Algerian Sahara. Feng [13] employs daily radiation
and meteorological data gathered from 17 stations across China spanning from 1993 to 2015
and comprehensively assess 15 typical empirical models for estimating diffuse radiation
across various climate zones within mainland China. Kambezidis [14] examined the fluctu-
ations and trends in surface solar radiation levels over Athens during the period from 1992
to 2017. Dong [15] establish a novel convolutional neural network framework for solar
irradiance prediction based on the Global Ensemble Forecast System. Feng [16] investigates
a novel model for estimating global solar radiation, aiming to generate high-resolution
solar radiation and photovoltaic power data over China. Wang [17] employs daily observa-
tions from 17 stations spanning from 1993 to 2015 to establish, test, and compare different
models for predicting diffuse solar radiation in China. Peter [18] developed an algorithmic
model for estimating radiation and humidity using temperature and precipitation data as
inputs. The accuracy of this algorithm is dependent on the number and distribution of
observation stations. To reduce reliance on observation stations, satellite remote sensing
data has become a new data source. Bellaoui [19] uses satellite earth observation data to
propose an alternative method for resource assessment. Wang [20] observed that complex
terrain impacts the accuracy of estimating surface net solar radiation from high-resolution
satellite remote sensing data. Zhang [21] quantifies the influence of complex topography
to estimate incoming solar radiation using high-resolution satellite remote sensing data.
Fibbi [22] proposed a new approach for predicting global solar radiation over rugged ter-
rains but solar radiation estimates produced using this method are notably more accurate
over horizontal surfaces. In desert regions of Northwest China, where meteorological
stations are scarce, Yang [23] introduces a model that utilizes FY-4A satellite images to
forecast global horizontal solar irradiance. Cornejo-Bueno [24] assesses the effectiveness of
various machine learning regression techniques in estimating global solar radiation from
geostationary satellite data. The results obtained show the capacity of machine learning to
obtain reliable global solar radiation. Bright [25] offers an impartial and unbiased validation
of the historical global horizontal irradiance dataset provided by the solar resource assess-
ment and forecasting company. Doorga [26] introduces a novel hybrid forecasting tool
that leverages satellite remote sensing data of surface solar irradiation. The mean absolute
percentage error of this hybrid system is reported to be the lowest (4.89%) on average for
five-consecutive-days-ahead forecasts spanning the years 2013-2015. Ghimire [27] endeav-
ors to identify an effective data-driven machine learning model for predicting the monthly
daily average solar radiation using meteorological datasets obtained from Giovanni (Satel-
lite). Zhang [28] put forward a solar radiation model based on the MODIS remote sensing
dataset, which is suitable for mountainous areas where observation stations are scarce.
Wang [29] employed an artificial neural network model in conjunction with remote sensing
data and TOA radiation to estimate solar radiation, subsequently refining the estimates
through terrain factors. Liu [30] employed the remote sensing-based Heliosat-2 model
and the Angstrom-Prescott regression model, which relies on sunshine duration, across
various-resolution digital elevation models. Due to the scarcity and difficulty in obtaining
on-site observation data, satellites that regularly measure remote sensing data can serve as



Energies 2024, 17, 1684

30f16

a powerful supplement. They provide satisfactory accuracy in predicting solar radiation in
specific regions. However, these methods focus on surface solar radiation and do not take
into account various buildings on the surface. For various facilities on the surface, a solar
radiation model based on digital elevation models is a better choice. Dozier [31] presents a
rapid approach for computing the slope, azimuth, solar illumination angle, horizons, and
view factors concerning radiation from both the sky and terrain using digital elevation
models. Dubayah [32] summarizes the integration of solar radiation models into GIS and
their implications on solar radiation due to topography and plant canopies. As distributed
energy technology [33,34] becomes increasingly prevalent, there is a growing need for
methodologies to assess solar potential on multiple building rooftops. This can be achieved
through the implementation of the upward-looking hemispherical viewshed algorithm
or pixel-based models. Hong [35] introduced a technique for estimating the potential of
rooftop solar photovoltaic (PV) installations using Hillshade analysis. This method relies on
the orientation of buildings to identify shadows but does not account for shadows caused
by building shading. Tscholl [36] and Chen [37] investigate the impact of different scale
grids on the prediction results of solar radiation on complex terrain. Upon completing the
solar position chart, viewshed map [38], and surface shape of the facilities, direct and scat-
tered radiation within a certain period can be obtained. Photovoltaic power generation, as
an important renewable energy source. Xu [39] and Gardashov [40] discovered that terrain
features can induce shading effects on sunlight, impacting the efficiency of photovoltaic
power generation. They introduced viewshed maps as a tool to identify the most suitable
locations for installing photovoltaic devices in complex terrain.

In this study, a solar radiation model based on digital elevation models is used to
calculate the differences in ice melting caused by the terrain in micro-terrain areas on
ice-covered transmission lines. The contributions of this paper include (i) establishing
a method for calculating solar radiation on transmission lines at a certain height above
the ground; (ii) fully considering the influence of terrain variations in micro-terrain areas
on the surface solar radiation of transmission lines; (iii) converting solar radiation into
differences in ice melting, providing certain reference value for the subsequent planning of
transmission lines in micro-terrain areas.

2. Solar Radiation Calculation Method for Transmission Lines Based on DEM
2.1. Calculation of Solar Position

The movement of the sun has a significant impact on the solar irradiance received by
surfaces on the Earth’s surface and nearby objects. When sunlight is perpendicular to a
surface, the power absorbed by the surface equals the direct solar irradiance. As the angle
between the sun and the surface changes, the power absorbed by the surface decreases.
When the sunlight is parallel to the absorbing surface, the absorbed power is zero. The
position of the solar is shown in Figure 1. The angle between the sun and a fixed location
on Earth depends on the latitude and longitude of that location, the day of the year, and
the time of day. The altitude angle « is the angular height of the sun measured from the
horizontal plane in the sky. It is 0° at sunrise and 90° when the sun is directly overhead.
The corresponding angle is the zenith angle ¢, and the sum of the two angles is 90°. The
azimuth angle v is the horizontal angle from the north direction clockwise to the direction
of the sun’s incidence.

o = sin~1[sin & sin @ + cos 5 cos @ cos(HRA)] 1)

v = Cos,l[sinécoscp - cosésin@cos(HRA)] @)
cosx

C=90—a 3)

In which, 6 represents the declination angle, depending on the day of the year; ¢
represents latitude; HRA represents the hour angle.
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Figure 1. Solar position.

2.2. Viewshed Calculation

Solar radiation originating from the sun passes through the atmosphere and is influ-
enced by terrain and other surface features, being decomposed into direct, scattered, and
reflected components. Generally, direct radiation is the largest component of total radiation,
while scattered radiation is the second largest component. Radiation reflected from the
surrounding terrain features to a location typically only accounts for a small fraction of the
total incident radiation and can be considered negligible. Scattered radiation can be consid-
ered as uniformly coming from all parts of the sky. The sky is divided into multiple sky
sectors, and the scattered radiation from each unobstructed sector is considered as direct
radiation emitted from the center of that sector. The total scattered radiation is obtained by
summing the scattered radiation emitted from each sky sector. Figure 2 shows 48 uniformly
spaced azimuth angle divisions and 9 uniformly spaced zenith angle divisions [41].

Figure 2. Solar sectors.

As shown in Figure 3, the terrain in micro-terrain areas is uneven. Along the direction
of sunlight, larger mountains can block smaller ones behind them. When the transmission
line is located on the smaller mountains, the direct component received on the conductor
surface will become zero due to shading, while the scattered component can be considered
as uniformly coming from all parts of the sky, with its magnitude depending on the size of
the visible sky.
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Figure 3. Terrain shading.

The viewshed map reflects a situation where the sky is obscured by the terrain when
looking up from the ground. Therefore, one of the key steps in radiation calculation
models is to compute the viewshed map of the location of interest in the terrain. As
shown in Figure 4a, the study location is set as the origin. In the specified number of
directions around it, the angle between each point and the origin with the horizontal plane
is continuously calculated in each search direction. The maximum angle is defined as the
maximum horizontal angle [31]. When the sun is in that direction and the altitude angle
is lower than the maximum horizontal angle, direct solar radiation from the sun will be
blocked. Since scattered radiation is assumed to come from every direction in the sky, it
will also be affected.

7

~. /
Horizontal angle ~ | * Horizontal

PO(x0,y0)

(a) Calculation directions (b) Calculation of horizontal angle

-9
L

Figure 4. Calculation of horizontal angle.

As shown in Figure 4b, PO is the observation point, and the maximum horizontal
angles occur between the observation point PO and points P1 and P2 on both sides. If the
solar altitude angle is greater than the maximum horizontal angle at a specific point, it is
considered that the direct solar component received at that point will not be obstructed by
the terrain.

Horizontal angle = tan_l(u) @)
X2 — Xp

1 o > Horizontal angle
Fride = { 8 ©)

0 « < Horizontal angle

The shading effect of terrain can be divided into its impact on direct radiation and its
impact on scattered radiation. When the solar altitude angle is lower than the maximum
horizontal angle, it is equivalent to being below the horizon, and the direct radiation is
zero. Scattered radiation is considered to come from point sources in all sky sectors, and
terrain-induced shading will also obstruct some of the scattered radiation. Overlaying the
viewshed map and the solar position map facilitates the calculation of direct and scattered
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radiation from every direction in the sky. Some portions of the solar map are obstructed.
When calculating scattered radiation, the proportion of unobstructed sectors needs to be
computed to correct the scattered radiation amount. The viewshed map and solar position
map are overlaid to calculate direct and scattered radiation from every direction in the sky.
For points at a certain height above the ground, there is no slope and gradient. The shading
coefficient is defined as the ratio of the solar radiation flux considering terrain shading to
the solar radiation flux without considering terrain shading.

Q .
fshade = rge;;/ed (6)
a

2.3. Direct and Scattered Radiation Flux

For points at a certain height above the ground, the direct radiation flux is calculated
based on the position of the sun, atmospheric attenuation, and terrain shading conditions.
The total daily radiation can be obtained by summing up the radiation calculated for each
time interval throughout the day.

qunDir = fhiderunconsth(C)At (7)

Qconst represents the solar intensity outside the Earth’s atmosphere, which can be
considered constant. {3 is the transmittance of the shortest path of sunlight through the
atmosphere; this value is typically 0.5 under clear-sky conditions. fy;4. is the shading
coefficient, which is 0 when the location is shaded by terrain and 1 when there is no terrain
shading. m(() represents the relative optical path length. When sunlight does not enter
from the zenith direction, the path through the atmosphere will be longer, determined
by the zenith angle ¢ and the altitude z. For zenith angles greater than 80°, atmospheric
refraction of solar radiation becomes significant and needs to be corrected.

(—0.000118z—1.638x10—972)

m(g) = e cos(c) 8)

Scattered radiation originates from the centroid of each sky sector. Each centroid is treated
as a point source of radiation, and the calculation method is the same as for direct radiation.

fhide fweight(QSuncons’fPDiff Z Bm( Q)

Qsunpiff = 1— Ppy )
fweight = w (10)
Qsun = Z (QSunDir(C) + QSunDiff(C)) (1)

Ppy¢f represents the proportion of scattered radiation. Under clear sky conditions, this
value is typically 0.3. z is the altitude, and N is the number of azimuthal divisions. fyeight
represents the weight of each sector.

2.4. Radiative Flux on Transmission Line Surface

To avoid defining the shape of the transmission lines based on the slope and orientation
of the ground, points are established at regular intervals on the DEM, each at the same
height above the ground. A transmission line is determined by connecting adjacent points,
and four transmission lines form a grid. The transmission line is considered as a straight
line. When there is a height difference between adjacent points, an angle is formed between
the transmission line and the horizontal plane. This angle is independent of the terrain
variations along the route. However, in studies related to solar radiation on the ground,
the solar radiation at each point is influenced by both the slope and aspect of the terrain.
The position of the sun is defined by the azimuth angle and the zenith angle. The direct
radiation component is decomposed into two components: one from the direction of the
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zenith angle at 0° and the other from the direction of the azimuth angle. The scattering
component for each sector is decomposed using the same method. For transmission lines
of any orientation, the actual received radiation is corrected using the coefficient fopgje.

fangle = \/(sin(oc) cos(angle))? 4 (cos(x) cos(angle)|sin(y — orientation)|)? + (cos(c) sin(angle))®  (12)

Formulas (7) and (9) can be written as follows:

qunDir = fanglefhideruncons’t Bm(C)At (13)
fanelefhidefwei Pg;
Quundift = angle'hide ‘ivel_g};(?;unconst diff Z ( Bm(c)) (14)
1

As shown in Figure 5, the solar radiation received by the transmission line oriented at
45° is calculated using the following method. Assuming that within the study map area,
sunlight is parallel, and at any given moment, the direction of sunlight is the same for each
point. Transmission lines oriented in the north—south direction are considered at 0°, while
those in the east-west direction are considered at 90°.

Figure 5. Transmission line oriented at 45°.

Figure 6 illustrates a grid where point (i, j) is considered as the origin, with adjacent
points spaced by distance d. Q represents the radiation received by a transmission line
element at a certain moment. While both direct and scattered components are considered,
only the discussion on the direct component is presented here.

Q:

(i,j+1)@ (i+1,j+1)
o| 7 Q: 1N
(8)) O (i+1,j)

Q:

Figure 6. Schematic illustration of the calculation for a transmission line oriented at 45°.

The slope is defined as the ratio of the height difference between two points to the
horizontal distance.

Az

V AXZ + Ay?

slope = (15)
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For the grid in Figure 6, the slope between adjacent points is represented as

slope; = Z(i“'”d_z(i'i)
_ Z(i+1,j41) TA(i+1,)
slopey; = —4—=—"——L
1 P _ Z(i+1,j+1;i*2(i,j+1) (16)
I v—
— Zj+D —26)
slopey = ———=
_ b 26 T 241 260 T 260 | 2641 T 26D | 26D T 26 7
slopes = Zﬁ( q + d + d + d ) (17)

According to (12), the different horizontal angles and orientations of the transmission
lines only affect the magnitude of fangle-

£ Angle =b+k sin(angle) (18)
b = (sin?(a) + cos? () sin?(y — aspect)) (19)
k = (cos?(et) — sin?(«) + cos?(«) sin?(y — aspect))
4 arccos(1— 72“21“%1% ) )
; tan( >t )
£ Angles = bs + ks sin® (arctan( i )) (20)

2V/2

At time t = tg, in the absence of obstruction, the direct radiation flux received at each
point in space is the same. Equation (13) can be expressed as

Qp = fanglep fhidelD qpp=1234 (21)

do = Qsunconst Bm(C)At (22)

where qp shows that the direct radiation flux received at each point in space is the same.

It is worth noting that when the obstruction coefficient was initially defined, it was
intended for a point with height. For the definition of the obstruction coefficient applicable
to a line, the following is defined, where N is the number of points along the line.

N
Y fhide;

fhideline = % (23 )

Assuming Qp, is the solar radiation of four transmission lines in a grid, Equation (23)
can be expressed as

QZ
f2An le, — £ (24)
gle 2
P q%fhidep
Finally, Qs in Figure 6 can be obtained from the following equation.
2
2 gg ~bp)

4 arccos(1— q‘f( )

Y tan(————2—)

=1
Q5 = fhides * qo * \| b5 + ks * sinz(arctan(p ) (25)

2V/2

2.5. Joule Heating of the Current

The Joule heating Q) is the process of heat generation as a current passes through a
conductor. As illustrated in Figure 7, considering an ice-covered conductor with aluminum
core and uniform ice layer thickness.
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Figure 7. Ice-covered conductor.

For example, considering an LGJ-240/30 conductor with a radius r. = 21.6 mm and an
outer ice layer thickness d = 10 mm, and a resistivity ry = 0.1181 ()/km, I represents the
effective value of the current, h is the forced convection coefficient, ts is the temperature on
the outer surface of the ice layer, and Aq, A, are, respectively, the thermal conductivities of
the conductor and ice. When the temperature on the inner surface of the ice layer is 0 °C,
the critical ice-melting current is determined.

Q = I’re (26)
Pri = h(ts — ta) (27)
0—ts In(ri/rc)
= 2
IZrt 27’[?\21 ( 8)
I— —2ts}\27T (29)

rt(}%—l—ln(;—i))

2.6. Heat of Ice Melting

The melting process of ice consists of two stages: firstly, absorbing heat until the
temperature gradually rises to 0 °C, and then undergoing phase transition from ice to water.
The required heat can be calculated using the following equation.

Qice = (ta - ts)micecice + miceclatent (30)

where mjc. is the mass of ice, Cjc is the specific heat capacity of ice, and Cj,ap is the latent
heat of fusion of ice.

3. Results and Discussion
3.1. The Impact of Terrain Shading on Solar Radiation

Figure 8 depicts a realistic and complex terrain through which a 220 kV transmission
line passes, with the black lines representing the transmission line in the image. In con-
junction with Figure 9, after winter snowfall, there is a stark contrast in the snow cover
between the side of the mountain facing the sun and the side facing away from the sun. The
surface facing away from the sun is more prone to snow accumulation. This phenomenon
is attributed to the fact that in the Northern Hemisphere, the side of the mountain facing
the sun is more likely to receive solar radiation from the south. The convention is to define
the +Y direction as north and the orientation as 0°.
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Figure 8. The satellite image displays the icing situation in mountainous areas after an icing event,

with the white areas indicating the unthawed icing, while the solid black lines indicate a 220 kV
transmission line.
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Figure 9. Accumulated surface radiation on 15 January.

Transmission lines in areas facing away from the sun are more prone to terrain obstruc-
tion. Figure 10 illustrates a viewshed for two points at a height of 10 m above the ground.
In Figure 11a, the red line represents the position of the sun throughout the day. It can
be observed that the solar altitude angle is always smaller than the maximum horizontal
angle over the course of a day, indicating that the direct solar radiation flux at point A is
zero. Similarly, in Figure 11b, point B is positioned on the south side of the mountain at
the same height above the ground. The viewshed shows that this point obstructs direct
solar radiation from the north. In the northern hemisphere, sunlight is only received from
the north, so this point does not actually obstruct direct solar radiation. Locations at a
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certain height above the ground cannot receive direct solar radiation, and the same applies
to locations on the ground. However, as the height increases, the obstructive effect of the
terrain should gradually decrease.

5000
900
4000 |
800
__3000 700
£
>
2000 600
1000 500

- - 400
0 1000 2000 3000 4000 5000 6000 7000
x(m)

Figure 10. Locations of two observation points showing in DEM.

(a) The viewshed of point A (b) The viewshed of point B

Figure 11. Overlay o f a viewshed with a skymap.

The shading effect is expressed using the normalization coefficient fg,,q., Which varies
with different heights above the ground. Figure 12 illustrates the shading effect at various
heights above the ground. At a height of 10 m, some locations are unable to receive direct
solar radiation throughout the day and can only receive scattered radiation. As direct
sunlight constitutes the majority of solar radiation, the absence of this component can lead
to a maximum reduction in daily radiation of up to 78%. As the height above the ground
increases, the obstruction of terrain to direct solar radiation gradually diminishes. Once
the height above the ground reaches 50 m, the shading effect of terrain on solar radiation
becomes negligible.
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Figure 12. Shading effects at different heights.

3.2. Analysis of Factors Affecting Radiation Received by Transmission Lines

The actual terrain is divided into square grids of equal size, with adjacent nodes
determining the slope and orientation of the transmission lines. The orientation increases
clockwise, with a spacing set at L = 50 m. The daily radiation flux for each transmission
line is normalized, as shown in Figure 13. Upon zooming into a specific area in the figure,
it can be observed that the solar radiation for transmission lines with a 90° orientation
is significantly higher than those with a 0° orientation. This is because, in the northern
hemisphere, the sun rises from the southeast, passes through the south, and eventually
sets in the southwest, making transmission lines with a 0° orientation more susceptible to
receiving solar radiation.

z(m)

Figure 13. Solar radiation flux of transmission line grid at a height of 10 m above ground. (In the
diagram, the positive Y-direction aligns with the north direction, and the positive X-direction aligns
with the east direction. Clockwise direction is considered positive.)
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At the same location, the solar radiation received by transmission lines varies with
different orientations, and the data for other orientations cannot be obtained through
the interpolation of grid data. Therefore, Figure 13 only displays data for 0° and 90°
orientations, with each edge of the grid representing a transmission line. As for the data for
other orientations, the method for calculating the solar radiation received by transmission
lines at a 45° orientation is provided in Section 2.3, based on four data points within a grid.

The solar radiation flux values for three orientations are recorded in Table 1, with the
minimum occurring when the terrain completely obstructs the direct component, leaving
only scattered radiation. Starting from 0° orientation, the maximum values increased by
14.1% and 18.2%, respectively, while the minimum values increased by 12.3% and 13.7%,
and the average increased by 25.4% and 17.4%.

Table 1. Solar radiation flux values for different orientations throughout the day.

Orientation Max Value (Wh/m?) Min Value (Wh/m?) Average Value (Wh/m?)
0° 1449 227 1181
45° 1654 255 1481
90° 1955 290 1792

3.3. Sensitivity Analysis
3.3.1. The Impact of Solar Position

The solar position is assumed to be the same for every location within the region. This
assumption is reasonable for a small spatial area. As shown in Figure 14, Four coordinates
representing the edges of the study area were selected, with the central coordinates as the
reference point. The maximum influence of latitude and longitude differences on the data
is 0.26% in Table 2. The sensitivity to changes in latitude is higher than that to changes in
longitude. Therefore, within the micro-terrain area shown in the figure, differences in solar
position can be disregarded.

2 3
@ ®

[ ©
1 4

Figure 14. The selected point locations.

Table 2. The error caused by different latitudes and longitudes.

Orientation 1 2 3 4
0° Max value 0.26% 0.20% 0.20% 0.26%
Min value 0.25% 0.19% 0.19% 0.25%
90° Max value 0.23% 0.18% 0.18% 0.23%
Min value 0.25% 0.20% 0.20% 0.25%

3.3.2. The Azimuthal Resolution

When calculating the scattered radiation, the entire sky is divided into multiple sky
sectors based on azimuthal and elevation angle resolutions. With an azimuthal resolution
of 45°, there are only eight directions, just like in Figure 4a, and the remaining directions are
calculated through interpolation, which cannot fully reflect the impact of terrain shading. A
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higher number of directions will result in higher accuracy. Figure 15 shows the relative error
of scattered radiation for different numbers of directions, with the data for 360 directions as
the reference. After the number of directions reaches 60, the results will no longer fluctuate
with an increase in the number of directions.

10 — 10
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Figure 15. Error caused by different directions.

3.4. Equivalent Ice Melting

The transparency of ice on the surface of the transmission line is affected by the internal
air content. Glazed ice has a hard and transparent texture and hoarfrost is white. The
absorption rate of ice is taken as 0.2. When the environmental temperature is —5 °C and
the wind speed is 5 m/s, the critical ic-melting current for the LGJ-240/30 conductor is
509 A, with a power of 30.6 W. When the ice temperature is equal to the environmental
temperature, it requires 344 | of heat to convert 1 g of ice to water at 0 °C. In Table 3,
solar radiation is converted into equivalent ice melting amount For each unit length of a
transmission line, the maximum radiation received per day can reduce 528.7 g of ice. This
is equivalent to a 509 A current working for 12.4 min.

Table 3. Ice-melting capacity of transmission lines with different orientations.

Orientation Maximum Daily Ice Melting (g) The Mﬁgﬁﬂg (];;nly Ice
0° 402.1 66.5
45° 452.4 69.8
90° 528.7 74.1

4. Conclusions

The mechanism of ice formation on transmission lines in micro-terrain and microcli-
mate conditions requires an accurate analysis of the relationship between the transmission
lines and the local environment affected by surface terrain. Solar radiation is one of the
external heat sources for transmission lines; however, there is a lack of assessment methods
for calculating the radiant heat of transmission lines in related research. This work, based
on the evaluation method of solar angles in existing ground radiation calculation methods,
further proposes a method to calculate the effective radiation received by transmission
lines in three-dimensional space. This allows for the determination of the total amount of
radiant heat affected by surrounding terrain at different heights of the transmission lines
under varying solar angles throughout the day. In response to the engineering needs of
power grid route planning for a distribution map of line radiation levels, a method for
drafting a grid-based thermal radiation map of transmission lines has been proposed. This
involves setting a series of equidistant points, with the transmission line identified by a
line connecting two adjacent points. The grid is considered to be composed of transmission
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lines oriented at 0° and 90°, and data for other orientations can be calculated using the
four data points on the grid. This method offers the daily thermal radiation received by
transmission lines varying with the orientation of the ground terrain and further provides
their equivalent Joule heat based on the phase change heat absorption model of ice.

The outcomes of this project serve as a robust tool for power grid planning in areas
with micro-topography and microclimates. As a method to assessing the influence of
radiation on OHL, it can be applied to calculation of thermal sag in transmission lines and
other aspects related to the thermal stability of high-voltage equipment.
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