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Abstract

Increasing the ampacity of transmission lines can ensure safe operation while simulta-
neously achieving higher transmission capacity and energy-saving goals. Using a high-
infrared-emissivity surface is an effective approach to enhancing the heat-dissipation
performance of conductors and enabling low-cost capacity upgrades. In this study, a
nanoporous structure was constructed on the surface of aluminum conductors by anodiza-
tion. The influences of different pore diameters and pore depths on the infrared emissivity
and current-induced temperature rise characteristics were systematically compared, and
the optimal structure was fabricated on aluminum stranded conductors for performance
validation. The results show that the nanoporous aluminum stranded conductor with a
pore diameter of approximately 100 nm and a pore depth of approximately 30 µm achieves
the highest ampacity, with a 26.6% increase compared with the bare aluminum stranded
conductor. The improvement can be attributed to (1) enhancing thermal emissivity to
strengthen radiative cooling, and (2) increasing the effective surface area to promote con-
vective heat transfer. Therefore, the as-prepared nanoporous aluminum stranded conductor
exhibits excellent heat dissipation performance and demonstrates promising application
potential in the capacity upgrading of transmission conductors.

Keywords: anodic oxidation; thermal radiation; overhead transmission; energy efficiency

1. Introduction
Global warming is making extreme weather more common and intense. This causes

sharp seasonal increases in electricity use during summer and winter, putting great stress
on grid infrastructure like transmission lines and switchgear [1,2]. As a result, power grids
are already struggling to keep up with fast-growing demand [3,4], while transmission and
transformation equipment suffer more and more breakdowns. In serious cases, this can
lead to massive blackouts that threaten social stability and disrupt people’s work and lives.
In August 2023, a major blackout hit Brazil’s power grid when overloads caused protection
systems to fail. A total of 23,368 MW of load was lost—the entire northern region went
dark, and the northeast lost about 65.7% of its load, with some areas without power for up
to six hours [5]. This shows that transmission lines may not have enough capacity to meet
rising electricity demand [2,6,7], so it is urgent to study and develop new technologies that
can increase the current ampacity.
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Among capacity-enhancement technologies, Dynamic Line Rating (DLR) has been
reported to dynamically adjust the ampacity limit of transmission lines by real-time moni-
toring of environmental and line operating conditions [1,8], thus achieving line capacity
enhancement from the perspective of power system design.

From the materials engineering perspective, heat-resistant, heat-radiative, and heat-
dissipation porous conductors were studied to improve the ampacity. The mechanism by
which these conductors enhance current-carrying capacity is as follows: bare conductors
have a maximum allowable operating temperature of 70 ◦C [4,8]; exceeding this tempera-
ture leads to increased line sag, which reduces the clearance to ground and poses safety
hazards [4]. In contrast, some surface-coated conductors exhibit better heat dissipation
performance, resulting in a lower temperature rise at the same current. Consequently, they
can carry a larger current within the 70 ◦C safety limit, thereby achieving ampacity enhance-
ment. Heat-resistant aluminum alloy conductors and composite-core conductors have
been reported to improve mechanical properties and thermal conductivity [4,9], thereby
increasing conductor endurance under high transmission temperatures [4,8]. However,
their high cost limits wider application.

Moreover, passive radiative cooling (PRC) coatings enable zero-energy and environ-
mentally benign cooling by augmenting the emissivity of objects in the 8–13 µm atmo-
spheric window [10], thus dissipating heat to the ~3 K outer space [7,11]. Although
various approaches—such as multilayer paints [10] and porous polymers [12]—have
been explored, their practical deployment is largely constrained by issues including
weak interfacial bonding, large thermal resistance, intricate processing, and potential
environmental contamination.

Porous anodic aluminum oxide (AAO) is an in situ grown porous structure on Al
substrates [13,14], featuring isotropic permittivity, strong far-IR absorption, high UV–Vis–
NIR transparency [15], and tunable pore size/film thickness for radiative cooling. For
the formation of porous anodic aluminum oxide, the type of electrolyte is the key factor
determining the porous morphology. Acidic electrolytes (pH < 5) induce pore forma-
tion via field-assisted dissolution [13,14], following a four-stage growth process [16]. Key
parameters such as anodizing voltage, current density, time, and electrolyte type affect
pore diameter and interpore spacing [16]. These structural parameters are expected to
influence the thermal conductivity of the oxide layer. Regarding the thermal conductivity
of anodic porous structures, reported thermal conductivity values range from 0.53 to
1.62 W m−1 K−1, depending on the electrolyte used (e.g., oxalic acid and sulfuric
acid), and are also influenced by the chemical composition and porosity of the oxide
layer [15,17].

Compared to conventional PRC coatings, in situ growth of AAO avoids interfacial
adhesion failure and high thermal resistance [18], while the porosity lowers permittivity
and optimizes air impedance. AAO can offer enhanced adhesion and improved heat
dissipation, exhibiting significant advantages over conventional PRC coatings [4,7,17].
Wu et al. [19] employed oxidation to prepare a black thermal control coating on an alu-
minum alloy surface. By optimizing the electrolyte and oxidation parameters, the obtained
coating achieved a solar absorptance of 0.92 and an infrared emissivity of 0.88 in the
8–13 µm range, significantly improving thermal radiation capability. In another study,
scholars [20] used the hydroxide on the aluminum surface as a precursor and in situ gen-
erated a porous alumina structure via a laser-induced reaction technique. The prepared
surface reached a solar reflectance of 0.93, and under high-intensity laser irradiation of
2000 W/cm2, the back-side temperature was only 159 ◦C. The above studies determined
that porous structures can enhance surface heat dissipation performance [15]. However,
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whether these coatings can reduce temperature under the rated current of transmission
lines and increase ampacity at limit temperatures remains to be studied and confirmed.

In this study, an anodization method was employed to prepare nanoporous films with
different structural parameters (pore diameter and depth) on the surface of transmission
aluminum conductors by varying the electrolyte, current density, and oxidation time.
The effects of different structural parameters on thermal emissivity and temperature rise
under applied current were investigated to determine the optimal structural parameters
and preparation process. The scientific insight of this work is the identification of two
pathways through which AAO improves heat dissipation: (1) enhancing thermal emissivity
to strengthen radiative cooling, and (2) increasing the effective surface area to promote
convective heat transfer. Subsequently, the corresponding aluminum conductor steel-
reinforced (ACSR) with optimal structural parameters was fabricated, and their temperature
rise characteristics under rated current were experimentally studied.

2. Experiment Setup
2.1. Preparation of Anodized Nanoporous Structure

In this study, the JL/LB 20A 120/20 type aluminum conductor, Aluminum Cable Steel-
Reinforced (ACSR) without insulating layers in Figure 1, is manufactured by precision
stranding of 24 pure aluminum wires with a diameter of 2.38 mm and 7 aluminum-clad
steel core wires with a diameter of 1.85 mm. Figure 1 illustrates in detail the physical ap-
pearance and a schematic cross-sectional structure of the conductor. Detailed dimensional
parameters, including the overall outer diameter of the conductor, conform to the IEC
61089:1991 standard.

Figure 1. Specimen preparation: Tested Al conductors of JL/LB 120/20 Aluminum Cable Steel-
Reinforced (ACSR) and anodization process.

Al strands (d = 2.38 mm) and ACSRs with a length of 5 m were soaked in a 1 mol/L
sodium hydroxide solution for 5 min to remove the natural oxide film from the surface
before the anodization process. For the anodization processes in Figure 1, the DC stabilized
power supply (WYJ-110A) outputs the current densities with different anodizing times on
the bare Al conductors in 1 mol/L oxalic acid, phosphoric acid, and mixed acid solutions,
respectively. The anodization was performed in a constant-current mode, and the oxidation
voltage was recorded in real time. The bath temperature was maintained within the range of
20–35 ◦C using a circulating chiller. Referring to related studies [21–24] on anodization, this
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work investigated nanoporous structures with pore depths of 10–30 µm and pore diameters
of 100–300 nm. Different nanopore diameters of nanoporous structures can be prepared by
changing electrolyte types. Al strands with nanoporous structures of different nanopore
diameters (~300 nm, ~100 nm, and ~200 nm) were anodized with different electrolyte types
(phosphoric acid, oxalic acid, and mixed acid). These strands can be named as d = 300 nm,
d = 100 nm, and d = 200 nm, respectively. Moreover, referring to related studies [25],
different nanopore depths of nanoporous structures can be prepared by changing elec-
trolyte types. Al strands with nanoporous structures of different nanopore depths (~10 µm,
~15 µm, ~20 µm, and ~30 µm) were anodized under 1 mol/L oxalic acid electrolyte with
different anodizing times (5 min, 10 min, 15 min, and 20 min). These strands can be named
as h = 10 µm, h = 15 µm, h = 20 µm, and h = 30 µm, respectively. During the anodization
process, the temperature of the reaction process is controlled by a magnetic stirrer and
water chiller (CZ3457-5HP). Here, all Al conductors were used as the anode, while the
305 stainless steel sheet was the cathode. After the anodization process, all anodized
specimens were washed with ethanol solution, then ultrasonically cleaned in deion-
ized water for 20 min to remove residual contaminants from the pore surface. After-
ward, the conductors were dried in the oven for 1 h to achieve the Al conductors with
nanoporous structures.

2.2. Characterization and Properties Tests

The microstructure of samples was characterized by scanning electron microscopy
(SEM, Zeiss Auriga, Reutlingen, Germany). The voltage during SEM testing was 3–5 kV.

Heat dissipation measurements: Referring to ASTM C1371 (for thermal emissivity),
thermal emissivity was measured using a Nicolet iS50 FTIR spectrometer (Thermo Fisher,
Waltham, MA, USA) equipped with a gold-coated integrating sphere and an MCT detector.
Spectra were collected in reflectance mode over 2.5–15.3 µm at 4 cm−1 resolution, averaging
128 scans with a gold background.

The laboratory temperature-rise test is illustrated in Figure 2. The setup was im-
plemented in accordance with DL/T 1948-2018 and T/CEC 632-2022. A current control
console, model KZT (Z, X)-1.5/0.5: 0–400 V (Luzhou Special Transformer Co., Ltd., Luzhou,
China), was employed. The control platform employs the BIZ-35 intelligent monitor-
ing system for switchgear, manufactured by Shanghai Sichuang Electrical Equipment
Co., Ltd. (Shanghai, China). This system provides an output current ranging from 0
to 1.5 kA, and a TP1608 temperature inspection instrument is used as the temperature
acquisition device. In the experiment, both terminations of the 3 m test line were con-
nected to the output ports of the current-rise transformer, and the current magnitude
was set via the control console. Three thermocouples were mounted at distinct loca-
tions on the surface of the conductor. These thermocouples were interfaced with a multi-
channel temperature recorder for data acquisition. After each step increase in current,
the line temperatures were logged once they had stabilized (no appreciable drift within
a 60 min interval). The average of the three thermocouple readings was taken as the
representative temperature for that measurement. For each test, three parallel specimens
were used, and the results are expressed as the mean ± error bars. Based on this proce-
dure, temperature-rise curves corresponding to different current-carrying capacities can be
constructed [26].
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Figure 2. Measurement of Al conductors under applied current: (a) test setup, (b) up-current
controller platform, and (c) operation interface with temperature sensing and current modules.

3. Results and Discussion
3.1. Influence of the Nanopore Diameter on Thermal Emissivity and Temperature Rise Properties

To investigate the influence of nanopore diameter on heat dissipation performance,
three types of samples with different pore sizes were prepared by varying the electrolyte
type [16] while controlling the oxidation time (20 min) and current density (0.3 A/cm2).

The anodizing voltage–time curves are shown in Figure 3. During the initial stage,
the voltage rises rapidly and then stabilizes, which may be related to the electrochemical
equilibration during oxide film growth [13,14]. The steady-state anodizing voltages differ
markedly among the electrolyte systems, with values of approximately 120.6 V, 71.7 V,
and 53.2 V corresponding to pore diameters of 300 nm, 200 nm, and 100 nm, respectively.
According to related studies [16], the interpore distance (Dint) of porous alumina is related
to the applied voltage (U) by Dint = ζU, where ζ is a proportionality coefficient dependent
on the electrolyte type [16,27]. Thus, when the electrolyte composition varies, both ζ and
the steady-state voltage U change, leading to different interpore distances. The voltage
variation observed in this study reflects the influence of electrolyte composition on the
anodization behavior.

Figure 4 shows the surface and cross-sectional micrographs of the aluminum wires
with different porous structures. Measurements indicated that the nanopore depths and
porosities of these three porous structures were similar, with pore depths of approximately
28.1–28.6 µm and porosities of approximately 65.1%–62.0%, which were measured using
ImageJ software (Version 1.53t, National Institutes of Health, USA). The pore diameters of
these structures were different, being ~300 nm, ~200 nm, and ~100 nm, respectively. More-
over, the composition of the anodized oxide layer was determined as amorphous Al2O3,
characterized by XRD and EDS methods (Figures S1 and S2, Supplementary Materials).
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Figure 3. Anodizing voltage–time curves in constant current mode (0.3 A/cm2) recorded for
different specimens.

Figure 4. Morphological and cross-sectional images of bare strands and anodized strands with
nanoporous structures of different nanopore diameters: (a) bare specimens; anodized specimens of
(b) d = 300 nm, (c) d = 200 nm, (d) d = 100 nm.

Emissivity is an important factor influencing the radiative heat dissipation perfor-
mance of a sample: the higher the infrared emissivity, the stronger the radiative heat
dissipation capability. The measured infrared emissivity for samples with different pore
diameters is shown in Figure 5. It can be seen that the smaller the pore diameter, the higher
the infrared emissivity. Among them, the sample with a pore diameter of 100 nm exhibited
the highest infrared emissivity, with an average emissivity of 84.48% in the atmospheric
window band (8–14 µm) and 52.75% over the full infrared band. This was because a
smaller pore diameter reduced the inter-wall spacing and increased the pore channel den-
sity, significantly raising the probability of photons colliding with the pore walls per unit
propagation distance [15]. Each reflection was accompanied by partial energy absorption
by the amorphous Al2O3 medium; thus, the small-pore structure possessed a stronger
effective absorption capability for incident infrared radiation, resulting in a higher infrared
emissivity [15]. From a microstructural perspective, under similar pore depth and porosity,
a smaller pore diameter led to a larger total heat dissipation area [26], which enhanced both
convective and radiative heat dissipation [28]. Therefore, the porous structure with a pore
diameter of 100 nm not only delivered the highest infrared emissivity but also exhibited
the best overall heat dissipation performance.
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Figure 5. Emissivity of specimens with different nanopore diameters: (a) bare specimens, (b) d = 300 nm,
(c) d = 200 nm, (d) d = 100 nm.

The temperature rise test results of Al strands with different pore sizes are shown
in Figure 6 and Table 1. As the applied current increased, the wire surface temperature
gradually rose. The allowable current-carrying temperature of the transmission line shall
not exceed 70 ◦C; therefore, the ampacity at 70 ◦C was used to evaluate the heat dissipation
performance of the specimens [26]. The steady-state currents at 70 ◦C for the bare aluminum
strands and the anodized strands (with pore diameters d = 300 nm, 200 nm, and 100 nm)
were 30.1 A, 31.6 A, 32.2 A, and 33.4 A, respectively. This indicated that the smaller the
pore diameter, the stronger the heat dissipation capability of the anodized Al strands, and
thus the higher the current they could carry at the same allowable temperature. Among
them, the aluminum wire with a pore diameter of 100 nm achieved the best ampacity
enhancement, with its current-carrying capacity increased by 11.0% compared with the
bare strands. This was attributed to the fact that this pore structure combined the highest
infrared emissivity with the largest heat dissipation area, thereby exhibiting the optimal
overall heat dissipation performance.

 

Figure 6. Temperature rises under applied current curves for anodized Al strands with different pore
diameters and bare Al strands.
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Table 1. Temperature rises under applied current results for anodized Al strands with different pore
diameters and bare Al strands.

Specimens of Different
Structures

Bare Specimens Nanoporous Specimens

/
d = 300 nm
h = 30 µm

d = 200 nm
h = 30 µm

d = 100 nm
h = 30 µm

Applied current at 70 ◦C (A) 30.1 ± 0.3 31.6 ± 0.2 32.2 ± 0.3 33.4 ± 0.2
Improvement / 5.0% 7.0% 11.0%

The trendline in Figure 6 represents a polynomial fit to the experimental data using
Equation (1), where x denotes the applied current. This functional form is motivated by
the two physical models: the linear term (B1x) corresponds to the convective heat transfer
contribution described by Newton’s cooling law in Equation (2) [29], and the quartic term
(B4x4) corresponds to the radiative heat transfer contribution described by the Stefan–
Boltzmann law in Equation (3) [29]. At elevated currents, Joule heating is also proportional
to the square of the current, and thus the quadratic term (B2x2) is included to account for
this effect. It should be noted that this fitting is preliminary and intended primarily for
trend exploration, serving to visualize the data variation; the fitting parameters are not
interpreted quantitatively at this stage. The fitting parameters provided in Table 2 show a
high coefficient of determination (R2).

y = B0 + B1x + B2x2 + B4x4 (1)

Qd = ac A∆t = ac A
(

tw − t f

)
(2)

Qr = εδA
(

tw
4 − t f

4
)

(3)

Table 2. Fitting parameters of the temperature-rising curves.

Fitting Parameters of
Different Conductors

Bare Specimens Nanoporous Specimens

/
d = 300 nm
h = 30 µm

d = 200 nm
h = 30 µm

d = 100 nm
h = 30 µm

B0 24.9122 24.9881 24.8919 24.9734
B1 0.0667 −0.0492 −0.0510 −0.0764
B2 0.0580 0.0425 0.0423 0.0429
B4 −1.245 × 10−10 −1.1281 × 10−6 −1.9001 × 10−6 −1.4242 × 10−5

R2 0.9987 0.9993 0.9995 0.9993

3.2. Influence of the Nanopore Depth on Thermal Emissivity and Temperature Rise Properties

Based on the optimal thermal emissivity and temperature rise performance exhibited
by the pore structure with a diameter of 100 nm, the influence of nanopore depth on heat
dissipation performance was further investigated. By varying the anodization time while
controlling the electrolyte type (oxalic acid) and current density (0.3 A/cm2), four types
of samples with different pore depths were prepared. The anodizing voltage–time curves
are shown in Figure 7. For the samples with different oxidation times (corresponding to
pore depths of 10, 15, 20, and 30 µm, respectively), the steady-state anodizing voltages are
very close, with values of approximately 58.5, 55.6, 53.5, and 51.2 V, respectively. Figure 8
shows the surface and cross-sectional micrographs of aluminum strands with different
pore depths. After measurements, the nanopore diameters and porosities of these four
structures indicated similar values, with pore diameters of approximately 100–108 nm and
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porosities ranging from approximately 62.6% to 65.7%. The pore depths of these structures
were different, being approximately 10 µm, 15 µm, 20 µm, and 30 µm, respectively.

Figure 7. Anodizing voltage–time curves in constant-current mode (0.3 A/cm2) recorded for
different specimens.

Figure 8. Morphological and cross-sectional images of bare strands and anodized strands with
nanoporous structures of different nanopore depths: (a) h = 10 µm, (b) h = 15 µm, (c) h = 20 µm,
(d) h = 30 µm.

The measured infrared emissivity results for samples with different pore depths
were presented in Figure 9. The bare Al wire exhibited extremely low infrared emissivity,
with an average emissivity of only 5% in the atmospheric window band (8–14 µm) and
6.3% over the full infrared band. After anodization, the infrared emissivity of the porous
samples increased substantially and rose with increasing pore depth. At a pore depth
of 30 µm, the sample achieved the highest infrared emissivity, with the atmospheric
window band (8–14 µm) emissivity increasing to 84.48% and the full-band emissivity to
52.75%. This phenomenon could be attributed to the light-trapping effect induced by the
anodized nanoporous structure: incident infrared radiation underwent multiple reflections
between the pore walls, and each reflection was accompanied by partial absorption by the
amorphous Al2O3 medium [15]. A higher pore depth extended the propagation path of the
radiation within the pores, resulting in a higher absorption fraction and thus an enhanced
effective absorptivity [30]. According to Kirchhoff’s law of thermal radiation [31], under
thermal equilibrium conditions, the spectral absorptivity of a material equals its spectral
emissivity [32]. Consequently, the improvement in absorptivity directly led to an increase
in infrared emissivity and an enhancement of heat dissipation.
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Figure 9. Emissivity of specimens with different nanopore depths: (a) h = 10 µm, (b) h = 15 µm,
(c) h = 20 µm, and (d) h = 30 µm.

The current/temperature rise results for single strands with different pore depths were
presented in Figure 10 and Table 3. The high coefficient of determination (R2) in Table 4
shows the ideal fitting. As the applied current increased, the wire surface temperature
gradually rose. Under the condition that the allowable operating temperature of the wire
was 70 ◦C [28], the steady-state currents for the untreated aluminum wire and the anodized
samples (with pore depths of approximately 10 µm, 15 µm, 20 µm, and 30 µm, respectively)
were 30.1 A, 31.8 A, 32.4 A, 32.9 A, and 33.4 A. This indicated that the greater the pore depth,
the stronger the heat dissipation of the anodized Al strands, and thus the higher the current
they could carry at the same allowable temperature [1,33]. Among them, the specimens
with a pore depth of approximately 30 µm achieved the best ampacity enhancement, with
their current capacity increased by 11.0% compared with the bare specimen. As the pore
depth increased, the infrared emissivity of the nanoporous structure improved, and the
heat dissipation area enlarged [34], thereby yielding the desired overall heat dissipation
and an increase in current capacity.

 

Figure 10. Temperature rises under applied current curves for anodized Al strands with different
pore depths and bare Al strands.
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Table 3. Temperature rises under applied current results for anodized Al strands with different pore
depths and bare Al strands.

Specimens of Different
Structures

Bare Specimens Nanoporous Specimens

/
d = 100 nm
h = 10 µm

d = 100 nm
h = 15 µm

d = 100 nm
h = 20 µm

d = 100 nm
h = 30 µm

Applied current at
70 ◦C (A) 30.1 ± 0.3 31.8 ± 0.4 32.4 ± 0.3 32.9 ± 0.3 33.4 ± 0.2

Improvement / 5.6% 7.6% 9.3% 11.0%

Table 4. Fitting parameters of the temperature-rising curves.

Fitting Parameters
of Different
Conductors

Bare Specimens Nanoporous Specimens

/
d = 100 nm
h = 10 µm

d = 100 nm
h = 15 µm

d = 100 nm
h = 20 µm

d = 100 nm
h = 30 µm

B0 24.9122 25.0918 24.9449 24.9622 24.9734
B1 0.0667 −0.0143 −0.0218 −0.0345 −0.0764
B2 0.0580 0.0568 0.0420 0.0474 0.0429
B4 −2.801 × 10−10 −3.0216 × 10−6 −3.3057 × 10−6 −6.0181 × 10−6 −1.4242 × 10−5

R2 0.9987 0.9988 0.9997 0.9999 0.9993

3.3. Temperature-Rising Properties Tests of Real Aluminum Cable Steel-Reinforced (ACSR)

Based on the Al strand with the optimal ampacity-enhancement pore structure
(h = 30 µm, d = 100 nm), this study further investigated the temperature rise behav-
ior of aluminum conductor steel-reinforced (ACSR) conductors under applied current. The
temperature rise versus current curves for the bare ACSRs and the nanoporous ACSRs are
shown in Figure 11a and Table 5. The high coefficient of determination (R2) in Table 6 shows
the ideal fitting. As the current increased, the temperature difference between the bare
ACSRs and the nanoporous ACSRs gradually widened, and the heat dissipation advantage
of the nanoporous conductor became increasingly evident. When the current reached 300 A,
the surface temperature of the bare ACSRs was 51 ◦C, while that of the nanoporous ACSRs
was 38 ◦C. When the current was further increased to 400 A, the surface temperature of the
bare ACSRs had already exceeded the allowable operating temperature of 70 ◦C, reaching
81 ◦C, whereas the nanoporous ACSRs reached only 57 ◦C, still within the safe operating
temperature range. As the current was raised to 500 A, the temperature of the bare AC-
SRs reached 115.92 ◦C, and the temperature of the nanoporous ACSRs reached 78.26 ◦C.
When the bare ACSRs reached 70 ◦C, the temperature of the nanoporous ACSRs was only
49 ◦C, representing a reduction of 21 ◦C. Under the allowable operating temperature of
70 ◦C, the current of the bare ACSRs was 368 A, while that of the nanoporous ACSRs
was 466 A, indicating that the nanoporous conductor provided an increase of 98 A and a
26.6% improvement in ampacity. The nanoporous conductor could effectively lower the
operating temperature during power transmission and increase the current capacity at the
rated operating temperature.

Table 5. Temperature rises under applied current results for anodized Al and bare Al ACSR.

ACSRs of Different
Structures

Bare ACSRs Nanoporous ACSRs
/ (d = 300 nm, h = 30 µm)

Applied current at 70 ◦C (A) 368 ± 5 466 ± 4
Improvement / 26.6%
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Figure 11. (a) Temperature rise behavior under increased current curves and (b) temperature–time
relationships for anodized and bare ACSRs.

Table 6. Fitting parameters of the temperature-rising curves.

Fitting Parameters of
Different Conductors

Bare ACSRs Nanoporous ACSRs
/ (d = 100 nm, h = 30 µm)

B0 11.7391 11.7201
B1 0.0181 −0.0480
B2 3.4364 × 10−4 4.1073 × 10−4

B4 −1.6340 × 10−11 −4.7240 × 10−9

R2 0.9998 0.9998

The temperature–time relationships of the ACSR at different currents were recorded
during the current-induced temperature rise experiment, divided into three stages: 300 A,
400 A, and 500 A, as shown in Figure 11b, and Table 7. The results showed that the
temperature of the nanoporous ACSR was consistently lower than that of the bare ACSR.
During the 0–50 min stage at 300 A, the temperature of the nanoporous ACSR rose to
38.3 ◦C, while the bare ACSR reached 51.5 ◦C, indicating that the high-emissivity anodic
oxide film could already effectively enhance radiative heat dissipation under low-load
conditions. Upon entering the 50–100 min stage at 400 A, the bare ACSR reached 81.2 ◦C,
while the temperature of the nanoporous ACSR decreased to 57.3 ◦C, widening the relative
difference to 35.6%. When the current was increased to 500 A, the temperature of the bare
ACSR surged to 115.9 ◦C, with pronounced heat accumulation, whereas the nanoporous
ACSR maintained a moderate temperature of 78.3 ◦C. By 150 min, the temperature of the
nanoporous ACSR was 32.6% lower than that of the bare ACSR, further indicating the
advantage of the nanoporous structure in suppressing temperature rise behavior.

Table 7. Temperature under applied current for the elongated time for anodized Al and bare
Al ACSR.

ACSRs of Different
Structures

Bare ACSRs Nanoporous ACSRs Improvement
/ (d = 100 nm, h = 30 µm)

Temperatures applied at
300 A after 50 min (◦C) 52.3 ± 0.4 38.3 ± 0.5 26.8%

Temperatures applied at
400 A after 50 min (◦C) 81.1 ± 0.7 57.3 ± 0.8 29.3%

Temperatures applied at
500 A after 50 min (◦C) 116.0 ± 0.9 78.2 ± 1.0 32.6%
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4. Mechanisms of Improved Ampacity in Nanoporous Conductors
According to IEEE Std 738 [29], the ampacity of an aluminum transmission conductor

is determined by the heat balance equation, in which the heat exchange includes convective
heat dissipation, radiative heat dissipation, and solar heat gain. Since this study was
conducted in an indoor environment, the solar heat gain is zero, and heat dissipation from
the conductor occurs through convection and radiation.

For convective heat transfer, the heat dissipation Qd can be calculated using Newton’s
cooling law [29]. In Equation (2). where A is the heat dissipation area (m2); tw is the surface
temperature of the object (◦C); tf is the fluid temperature (the air temperature, ◦C); and ac is
the convective heat transfer coefficient (W/(m2·◦C)). The main factors affecting convective
heat transfer are: (i) heat transfer area; (ii) temperature difference between the object and
the fluid; and (iii) physical properties and flow state of the fluid.

Radiative heat Qr can be described by the Stefan–Boltzmann law [29]. In Equation (3),
where Qr is the radiative heat dissipation rate (w); A is the heat transfer area (m2); ε is the
surface emissivity, which depends on the material type, surface temperature, and surface
characteristcs; σ is the Stefan–Boltzmann constant, taken as 5.67032 × 10−8 w/(m2·K4) and
Tw and Tf are the absolute temperatures (K) of the object surface and the environment, re-
spectively.

Therefore, measures to enhance convective and radiative heat dissipation include:
(i) increasing the heat dissipation area or raising the temperature difference between the
object and the environment; and (ii) surface treatments to increase the surface emissivity.

In this study, the nanoporous structure yielded a surface area approximately
200–300 times that of the bare aluminum surface, significantly increasing the heat dis-
sipation area and thus improving Qd. Moreover, the nanoporous structure effectively
enhanced the radiative emissivity of the aluminum surface (see Figures 4 and 7), and
the interfacial thermal resistance between the in situ anodized layer and the aluminum
substrate is nearly negligible, which benefits overall heat dissipation. Based on the above
analysis, the nano-porous aluminum surface simultaneously enhances both the convective
heat dissipation (Qd) and radiative (Qr) capabilities of the aluminum conductor, and can
effectively reduce its current-induced temperature rise.

Compared with bare conductors, both the anodized aluminum single strand and the
multi-stranded ACSR exhibit higher ampacity under the same temperature rise control
condition of 70 ◦C. The single strand has a limited heat dissipation area, so the heat dis-
sipation gain from anodization is relatively modest. In contrast, the total effective heat
dissipation area of the multi-stranded ACSR is much larger than that of a single strand;
after anodization, each strand surface can form a high-emissivity oxide film, thereby multi-
plying the overall heat dissipation capability. Moreover, the bare ACSR has low surface
emissivity, and heat readily accumulates within the stranded structure and is difficult to
dissipate outward, making the heat dissipation deficiency more pronounced. The staged
comparison of temperature rise rates further demonstrates that the nanoporous ACSR
enhances radiative heat dissipation through anodization, exhibiting significantly lower
temperature rise rates than the bare ACSR at applied currents, with this advantage growing
as the current load increases. This not only validates the sensitivity and applicability of the
temperature rise rate as an indicator for evaluating heat dissipation but also indicates that
the heat dissipation enhancement achieved by the anodized surface has greater engineering
value under high current loading conditions, as it can suppress operational risks such as
excessive sag caused by rapid temperature rise. Therefore, the ACSR conductor with a
nanoporous structure fabricated by anodization possesses remarkable heat dissipation
behavior and higher ampacity.
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5. Conclusions
In this study, the effects of different nanoporous structures (varying pore diameters

and pore depths) on the heat dissipation and temperature-rising properties of aluminum
conductors were investigated. Aluminum single strands with nanoporous structures of
different pore diameters and depths were fabricated by anodization. By comparing their
temperature rise characteristics, the optimal structural parameters were determined to
be a pore diameter of approximately 100 nm and a pore depth of approximately 30 µm;
this structure increased the ampacity by about 11% at the allowable temperature of 70 ◦C
compared with the bare single strand. Compared with the bare ACSR, the nanoporous
ACSR exhibited a 26.6% enhancement in ampacity. At a high current of 500 A, its operating
temperature was reduced by approximately 32.6% relative to that of the bare ACSR.

The main findings are as follows:

(1) The optimized nanoporous structure (100 nm pore diameter, 30 µm pore depth)
exhibited the highest infrared emissivity among all tested samples, reaching 0.6–0.8,
compared with approximately 0.05–0.1 for bare aluminum.

(2) The high infrared emissivity promotes radiative cooling, while the increased effective
surface area enhances convective heat transfer, together contributing to the observed
temperature reduction.

(3) The multi-strand configuration of the ACSR further amplifies the total heat dissipation
area, resulting in a greater ampacity enhancement for the stranded conductor (26.6%)
than for the single strand (11%).

While these laboratory-scale results demonstrate that nanoporous ACSR conductors
produced by anodization can offer significant ampacity enhancement and energy-saving
benefits, further field validation and long-term durability assessments are necessary before
their practical application in power transmission systems can be considered.
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//www.mdpi.com/article/10.3390/coatings16070845/s1, Figure S1 XRD pattern of anodized Al
conductors; Figure S2. EDS content of anodized Al conductors; Figure S3. Micro-morphologies of
bare and nanoporous conductors after thermal aging of 30~90 days; Figure S4. Temperature rises
under applied current curves for conductors after thermal aging; Figure S5. Micro-morphologies of
bare and nanoporous conductors after UV aging; Figure S6. Temperature rises under applied current
curves for conductors after thermal aging [35,36].
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