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The highest permissible load of power cables (ampacity) depends strongly on the ambient temperature, which in the case of cables surrounded by free air is generally assumed to be 25°C. Considering the installation of photovoltaic (PV) modules, the thermal conditions for the cables connected to these modules may be very unfavorable. The cables are laid under the module and the space underneath it is heated by this module. The aim of the paper is to present a numerical model of an example PV module mounted on the roof of a building, as well as the results of numerical calculations of the temperature around the module. Based on the numerical model of the PV system and advanced calculations it is possible to introduce a correction factor to determine the ampacity of the power cables located in the vicinity of the PV module. The authors’ research allows for the correct determination of the cable ampacity, avoiding its overheating and preventing the risk of fire.
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1 INTRODUCTION
The highest permissible load of power cables (ampacity) depends on many factors, including the material and cross-section of the cable core, ambient temperature, the continuously permissible temperature related to the insulation material, the mutual distance between cables arranged in bundles and the method of laying cables (in the ground, surrounded by free air or in cable ducts) (de Leon, 2006; Holyk and Anders, 2015; Papadopoulos et al., 2023). For cables laid in the ground, the thermal parameters of the soil are of crucial importance (Jiang et al., 2023; Drefke et al., 2021). It is also important at what depth the cables are laid (Baazzim et al., 2014; Klimenta et al., 2018), whether there are more cable bundles that interact with each other (Xiong et al., 2019) as well as what method of cable sheaths bonding is used, which, due to the induced voltages/currents, may influence on the temperature of the cable insulation (Akbal, 2018) or may cause damage of the cable terminations (Akbal, 2019). In the case of overhead conductors (Zenczak, 2017; Girshin et al., 2020) and insulated cables surrounded by free air (Bin Wan Mohd Zain et al., 2022), it is very important to properly determine the air temperature in the vicinity of the cables/conductors and take into account possible direct sunlight (Czapp et al., 2017). The influence of solar radiation on the ampacity of cables also applies to underground cable lines–in modeling of low-voltage cables (Klimenta et al., 2018) it was shown that this ampacity depends on the type of ground surface (asphalt, concrete block, color of pavement surface). Moreover, comparative analyses of calculations related to the design of cable lines in the context of their ampacity vs. field experimental studies based on the Distributed Temperature Sensing system have shown that the assumptions adopted in the calculations may significantly differ from the actual conditions (Strand et al., 2023). Comparison of cables laid in the ground vs. surrounded by free air (Hu et al., 2024) shows significant discrepancies in their ampacity, because the conditions of heat dissipation from the cables are different. Very unfavorable temperature conditions for cables are in the case of their installation on a sunny roof, as shown in Brender and Lindsey (2008). In the case of laying cables in pipes on the roof, just sunlight can increase the temperature of their interior by approximately 40°C. As it results from the analysis carried out in Czapp et al. (2018), the sun and still air around the electrical installation can provide more unfavorable conditions for heat dissipation from cables than the standards considered. This can lead to thermal damage of the cable insulation. Very similar conditions occur in the case of photovoltaic (PV) installations and associated cables, which are the subject of this paper. PV modules are sources of significant heat emitted from both the upper and lower surfaces. The test results presented in Perovic et al. (2019) indicate that the PV module temperature can be close to 75°C. In the case of PV systems, damage to cable insulation is particularly dangerous. This can cause a fire (Falvo and Capparella, 2015), and extinguishing it is a challenge for the firefighters–the PV system contains autonomous energy sources generating output voltage despite damage, and extinguishing them poses a risk of electrocution (Backstrom and Dini, 2011; Tommasini et al., 2014). It is therefore important to apply calculation methods based on advanced numerical modeling in order to correctly determine the thermal conditions around the cables, which affect their ampacity (Enescu et al., 2020; Cywinski and Chwastek, 2021). This issue is important due to the commonness of PV installations and, consequently, the potential fire hazard for many buildings (mainly residential) where such installations are located. The aim of this paper is to fill the gap related to a more accurate representation of the possible air temperature surrounding the cables near the PV modules. This will allow to indicate the realistic values of the ampacity correction factor depending on the predicted temperature of this air. Numerical studies and the computation of the ampacity values were performed for an example PV installation placed on the roof of a building. The contribution of this manuscript is the results of numerical modeling and calculated values for correcting the ampacity of cables associated with the PV system.
The rest of the paper is organized as follows. Section 2 shows the model of the tested PV system, the assumptions for numerical modeling as well as the results of numerical calculations related to the temperature around the PV module. Section 3 defines the cable ampacity correction factor and presents the proposed values of this factor based on numerical calculations. Section 4 presents the research conclusions.
2 AMBIENT TEMPERATURE, INVESTIGATED MODEL AND RESULTS OF NUMERICAL CALCULATIONS
2.1 Ambient temperature
In the case of power cables surrounded by free air, not exposed to direct solar radiation, the ampacity is expressed by the following relationship (IEC 60287, 1999, 2023):
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where Iamp–ampacity, A,
nc–number of conductors in a cable,
R–AC current resistance of a conductor at its maximum operating temperature, Ω/m,
T1–thermal resistance per core between the conductor and sheath, (K⋅m)/W,
T2–thermal resistance between the sheath and armour, (K⋅m)/W,
T3–thermal resistance of external serving of the cable, (K⋅m)/W,
T4–external thermal resistance between the cable surface and the surrounding medium, (K⋅m)/W,
Wd–dielectric losses per unit length per phase, W/m,
ΔΘ–permissible temperature rise of the conductor above ambient temperature, K,
λ1–ratio of the total losses in metallic sheaths to the total conductor losses,
λ2–ratio of the total losses in metallic armour to the total conductor losses.
If we consider low-voltage power cables, including those used in photovoltaic installations, expression (Equation 1) can be simplified to: 
[image: image]
In the expressions (Equations 1 and 2) there is a permissible temperature increase Δθ of the cable above the ambient temperature. This parameter can be written in a different way, so that in the expression (Equation 3) there is the ambient temperature τo and the continuously permissible temperature of the cable τmax:
[image: image]
where
Iamp, R, T3, T4–as in expression (Equation 1), τmax–continuously permissible temperature of the cable, K (°C), τo–normalized ambient temperature, K (°C).
The insulation of low-voltage power cables is usually made of polyvinyl chloride (PVC) or cross-linked polyethylene (XLPE). If a very high level of the continuously permissible temperature is required, then silicone rubber insulated cables are used. The values of the above-mentioned permissible temperature τmax of selected insulation materials are as follows: 
• polyvinyl chloride: 70°C,
• cross-linked polyethylene: 90°C,
• silicone rubber: 180°C.
The ampacity depends to a large extent on the ambient temperature. This temperature for selected countries is given in Table 1. Example of annual temperature variation during 1 year in a relatively warm region (Pakistan) is shown in Figure 1. As you can see, the highest temperatures during the year are close to 45°C (“Maximum Temperature” curve). Even in the case of the lowest recorded temperatures (“Minimum Temperature” curve), there are periods during the year when the temperature does not drop significantly below 30°C. The monthly average high is 39.3°C and 23.4°C in case of highest (“Maximum Temperature”) and lowest (“Minimum Temperature”) recorded temperatures respectively. It is obvious that the cables close to the heat source will be subjected to consistently high ambient temperatures which is detrimental to the safe operation of PV system. If incorrectly estimated, such high ambient temperatures may lead to thermal damage to electrical installation components, including cables.
TABLE 1 | Ambient air temperature–maximum or used as design basis for selected countries; based on (IEC 60287, 1999, 2023).
[image: Table 1][image: Figure 1]FIGURE 1 | Annual temperature variability in Pakistan for the year 2018; own elaboration based on (Sabir et al., 2024) – data from Climate, Energy and Water Research Institute (CEWRI) field station, National Agricultural Research Centre (NARC), Islamabad, Pakistan.
In some countries, e.g., in Finland, Norway, Poland, the ambient air temperature (basis for design) is assumed to be 25°C and this value will be further taken as reference. However, in the case of PV modules, the thermal conditions for the cables connected to these modules can be very unfavorable. The cables are laid under the module, and the module exerts thermal influence on the cables. This causes an increase in the air temperature around the cable, even though the cable and its immediate surroundings are shielded from direct sunlight. These unfavorable conditions for cables connected to photovoltaic modules are reflected in the requirements of the standard (IEC 60364-7-712, 2017). This standard indicates that when selecting cables that can be heated by the heat flux emitted by the lower surface of the module, the ambient temperature for the cables may be very high and this has to be taken into account when calculating the ampacity. This shows that the effect of the high temperature of the PV module on the cables is very important. In the next subsection the investigated PV system model is described and the results of numerical calculations are discussed.
2.2 Description of the investigated model and results of numerical calculations
A simplified model of the tested PV system is shown in Figure 2. It was assumed that a photovoltaic module with a maximum power of 455 W was placed on a roof having a pitch angle of 30°, covered with cement roof tiles. The most important data of the tested system are included in Table 2. The ambient temperature was assumed to be 25°C, which is the temperature usually considered in many countries when determining the ampacity of power cables surrounded by free air (IEC 60287, 1999, 2023). The model assumed that the distance between the lower surface of the PV module and the roof surface is constant and equal to 40 mm. There is a power cable in the space between the module and the roof–this cable is in the upper part of the system (Figure 2).
[image: Figure 2]FIGURE 2 | Diagram showing the arrangement of a PV module with a maximum power of 455 W, along with the basic parameters of the tested system (including an illustrative photo with the cable connected).
TABLE 2 | The parameters of the analyzed system adopted for numerical calculations, based on Gaitho et al. (2009), Ruiz-Reina et al. (2014), and Znshinesolar 9BB half-cell (2024).
[image: Table 2]The investigation assumed that the cable was not loaded with current, in order to examine only the thermal effect of the PV module on the cable insulation. Thanks to this, there is no need to take into account the additional heat flux that would be generated by the current flowing in the cable. The system shown in Figure 2 was modeled in ANSYS Fluent. First, the two-dimensional geometry of the system was mapped, including the PV module, the glass layers on both sides of the module, the supporting aluminum rails, the air below the module, the air above the module, the roof of the building, and the cable below the PV module. In order to perform the calculations, a triangular computational mesh was generated, which was densified in the vicinity of the PV module. The mesh independence test was performed on three different grids with different numbers of elements, and specific results are presented in Table 3. During the mesh independence test, the maximum temperature in the whole domain was monitored and the calculations were stopped after it reached stable value. The computational time had increased nearly 60 times for the finest mesh (1,080·103 vs. 125·103 elements) so using a coarse mesh of 125·103 elements can be a quite good compromise between accuracy of the results and computational effort but for the purpose of further calculations the 440·103 element mesh was chosen.
TABLE 3 | Data related to the grid independence test.
[image: Table 3]The size of the computational mesh cells on the longer side of the PV module was set to 0.5 and 0.2 mm on the shorter side, and even smaller cells were generated on the circumference of the cable placed under the PV module. In order to correctly represent the convective heat exchange, a boundary layer was generated at the points of contact between the air and the PV module. The entire computational mesh consisted of over 440·103 elements, and Figure 3 shows its close-up in the vicinity of the upper part (Figure 3A) and lower part (Figure 3B) of the PV module, with a visible cable (clear white dot in Figure 3A).
[image: Figure 3]FIGURE 3 | View of the tested model developed in ANSYS Fluent: (A) upper part of the model with power cable, (B) lower part of the model.
The finite element (FE) mesh was applied into ANSYS Fluent, where steady-state calculations of air flow and heat transfer were performed. To model natural convection correctly, the effect of gravity and the variable air density depending on temperature were taken into account, with the density being described by the ideal gas equation. The k-epsilon turbulence model was used and the energy equation was activated, which allowed to perform heat transfer simulation and obtain temperature field in whole computational domain. The discrete ordinates (DO) radiation model was activated in order to include thermal radiation of hot surfaces in the model. The thermal properties of all materials were included in the model and are presented in Table 4. The roof was defined as a homogeneous material for the entire thickness, which was the simplification of the model as the cross-section of every house can be different. In general, it can be assumed that under the thin layer of cement roof tiles there is a thicker concrete layer. The thermal conductivity of both materials is nearly the same, so the thermal conductivity of this whole body was set to 1.5 W/(m·K).
TABLE 4 | Comparison of the selected physical properties for the analyzed materials, based on EN 12524 (2000) and Ruiz-Reina et al. (2014).
[image: Table 4]The “pressure outlet” condition was given on the external surfaces of the system (right side, left side and top) so that the air could freely flow in and out of the calculation area, which made it possible to represent convection currents in windless conditions. On the top surface of the PV module, below the glass layer, the heat flux (1,000 W/m2) provided by solar radiation was applied. The discretization schemes used were “body force weighted” for pressure and second-order for other quantities. Then, numerical calculations were performed and the max. temperature was monitored in order to achieve proper solution.
As expected, the region with the highest temperatures is the PV module itself and the space directly below it. Due to the fact that the cable is placed very close to the bottom surface of the PV module (the point representing the cable is indicated by an arrow in Figure 4B), it is necessary to significantly correct the cable ampacity in relation to the arrangement of the cables in air at a commonly assumed ambient temperature (25°C).
[image: Figure 4]FIGURE 4 | Temperature distribution (°C) around the PV module: (A) view of the entire system, (B) enlargement of the upper part of the space under the module containing the cable. Maximum temperature around the PV module: 74.03°C. The cable in the space under the module is not loaded with current.
When it comes to air movement near the PV module (Figure 5), due to the hot upper surface of the PV module, convection currents appear and heated air accelerates alongside the module. As the air, while heated decreases its density, the buoyancy force appears and its movement is forced from right bottom corner to left upper corner according to Figure 5B. The maximal velocity is observed above the middle section of the module and for the analyzed case it reaches the value of 0.32 m/s. The enhanced velocity region has the width of 100 mm above the PV module and length slightly shorter than the module. In the initial section alongside the PV module (right bottom corner in Figure 5) the cold air is being heated and accelerates. In the middle section of the module the increase of air temperature is not so intense due to the lower temperature difference between air and module surface and the air velocity is almost constant. The presence of convection significantly enhances the heat transfer efficiency compared to motionless air. In the numerical model, the convection process not only appears above the PV module. Between the module and the roof of the building, there is also visible some circulation of air. For the analyzed 2D case, the volume of air below the module is separated by the module supports and the inflow of fresh air is totally blocked as well as the outflow. For some real cases, the situation can be different and more favourable–the fresh air can flow through side holes alongside the module. However, in general using the PV module support situated crosswise to the module partially blocks the convective currents in air volume below the module. Therefore, the authors’ aim is to present the worst-case scenario (no ventilation of the module from the bottom), which provides the safest approach to PV system design.
[image: Figure 5]FIGURE 5 | Velocity distribution (m/s) of the surrounding air (A) and enlargement showing the air velocity vectors (B).
3 REDUCTION OF THE AMPACITY OF POWER CABLES
Taking into account the results of the numerical analysis presented in Section 2, in the case of cables installed near PV modules, and especially under them, it is necessary to correct the ampacity due to the high temperature around these cables. The correction (reduction) of the ampacity Iamp-PV for a given temperature τo-PV can be made (Musial, 2008) by multiplying the ampacity Iamp at the standardized temperature τo = 25°C by the following correction factor wk:
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where
Iamp–ampacity at the standardized ambient temperature (here 25°C),
Iamp-PV–ampacity for increased temperature around cables,
wk–correction factor (−),
τmax–continuously permissible temperature of the cable, K (°C),
τo–normalized ambient temperature, K (°C),
τo-PV–temperature close to the cable, K (°C).
The values of the correction factor for cables with the two most popular insulation materials (PVC and XLPE) are shown in Figure 6. If the temperature around the cables is 60°C, the value of the correction factor for XLPE is about 0.7, while for PVC it is slightly below 0.5. A PVC insulated cable could therefore be loaded with current of less than 50% in relation to the nominal conditions, at which the ambient temperature is 25°C.
[image: Figure 6]FIGURE 6 | Values of the ampacity correction factor depending on the ambient temperature close to the cables. XLPE–cross-linked polyethylene insulated cable (the continuously permissible temperature is 90°C); PVC–polyvinyl chloride insulated cable (the continuously permissible temperature is 70°C).
Based on the calculated values of the correction factor, a table of ampacity of cables with selected cross-sections of copper conductors (as an example) was developed (Table 5). This table allows the selection of the cables cross-section when they are to be installed near PV modules and high temperature around the cables is expected. If it is necessary to run cables other than solar cables on the roof, in the immediate vicinity of photovoltaic modules, e.g., to power devices not related to the photovoltaic installation, PVC insulated cables are generally excluded. If the temperature surrounding the cable is assumed to be the maximum value obtained from numerical calculations (approximately 74°C–75°C), then these cables (PVC insulated) cannot be loaded with current at all. Cross-linked polyethylene (XLPE) insulated cables can be used, but the correction in ampacity will be significant. In the case of a 6 mm2 cable, its ampacity at a surrounding air temperature of 75°C is 29.0 A compared to an ampacity of 60.4 A at a surrounding air temperature of 25°C. It seems reasonable to prepare a similar ampacity table for other cable cross-sections typically used in solar and domestic installations. This would allow designers and installers of such installations to select the correct cables to avoid overheating and, consequently, the risk of electric shock or fire.
TABLE 5 | Ampacity of cables (for the selected method of laying them) depending on their cross-section and the expected temperature near the cables. Values calculated based on Formulas 4a and 4b.
[image: Table 5]4 CONCLUSION
The ampacity of power cables is largely dependent on the ambient temperature. When running cables near PV modules, and especially under them, the cross-section of the cables should be selected very carefully. Advanced numerical studies have shown that the air temperature directly under the PV module can reach 60°C–75°C. This temperature under the PV module/near the cable is achieved when the free air outside the PV system has 25°C. Therefore, it requires the use of cables with appropriate insulation type, as well as correction of the ampacity of the cables in accordance with the expected high temperature in their vicinity. In the area near PV modules, the installation of PVC-insulated cables should be practically excluded, because their continuously permissible temperature is 70°C, and temperatures around PV modules can be at this level (for the worst case scenario). In the case of XLPE-insulated cables the situation is more favourable, but one must remember to correct the ampacity. For example, for a cable with XLPE insulation and a cross-section equal to 6 mm2, its ampacity at surrounding air temperature of 75°C is 29.0 A compared to an ampacity of 60.4 A at surrounding air temperature of 25°C. This means a reduction in cable ampacity close to 50%. Considering the very widespread use of PV systems, it seems reasonable to develop tables of the ampacity of cables installed on the roofs of buildings with PV systems, allowing for quick and precise determination of the cable type (mainly the type of insulation) and cable cross-section. In future studies, the authors will consider other PV module arrangements on the building and specific PV installation locations around the world, especially in very warm regions, to calculate temperature around cables in such unfavourable conditions.
The thermal models of the PV system developed by the authors and the numerical studies performed are a step forward towards more accurate calculations of the temperature around PV modules. The results obtained by the authors so far as well as further calculations and subsequent results for other values of PV module power, modules arrangement methods and ambient temperatures can be used when developing amendments to standards for the design of electrical installations related to PV systems.
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Cable type Cross-section Ampacity (A)
(mm?)

Expected temperature close to the cable (°C)

5 | 40 | 45 | 50 55 60 65|70 | 75 80 | 85

15 20.6 19.5 18.3 16.9 154 13.8 11.6 9.6 69 0 - - - -
25 28.6 27 252 234 213 19.1 16.5 ns {1 0 - - - -
4 38.1 36 337 312 285 254 220 18.0 17 0 - - -
pVC 1
6 48.7 46 43.0 39.8 364 325 282 230 16.3 o - - - L]
10 66.7 63 58.9 545 498 445 385 315 223 o - - - -
16 90.1 85 795 73.6 67.2 60.1 52.1 425 30.1 o - - - -
15 25 24 23.0 219 208 19.6 183 17.0 155 13.9 120 9.8 69 0
25 343 33 316 30.1 285 269 252 233 213 19.0 16.5 13.5 95 0
4 46.8 45 43.0 410 389 367 343 318 290 26.0 2s 18.4 13.0 0
XLPE* 1
6 60.4 58 55.6 53.0 503 474 443 410 375 335 290 237 16.8 0
10 832 80 76.6 73~ 69.3 653 611 56.6 517 46.2 400 327 231 0
16 112 107 102.5 97.7 9227 874 817 75.7 692 61.8 535 437 309 0
4 - - - - - - - 44 40.1 359 311 254 18.0 0
Solar (PV) type cable”
6 - - - - - - 57 520 46.5 403 329 233 0

“Comments: general purpose cables with cooper conductors, ampacity for C-type installation method of cables (cable in the air touching the wall/roof) according to the standard (IEC
60364-5-52, 2009), two loaded conductors.

" Comments: cable with copper conductors intended for photovoltaic installations (solar PV cable) on the DC side, the ampacity in the manufacturer’ data sheet is given for the ambient
bixmaser alicins S0P, tio Joadid condkiclois
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Density (kg/m®)

Thermal conductivity coefficient [W/(m-K)]

Specific heat [3/(kg-K)]

Inner layer of the PV module 980 75 1,800
Glass layer of the PV module 2,500 17 840
Roof tile 2,100 15 1,000
Aluminum 2719 2024 871
Cable insulation 1,390 0.17 900
Air Ideal gas model 0.0242 1006.4
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Number of mesh elements

Total iterations needed for
max. temperature
stabilization

Maximum temperature in
the whole domain (°C)

Computational time (h)

125:10° 7226 3310° 05
440-10° 74.03 121107 4
1,080-10* 7421 60-10° 30
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Country Temperature (°C)

Australia 40 Maximum value
40 Maximum value
Austria T
20 Average value
Canada 40 Maximum value
35 Maximum value
Finland
25 Basis for design
Italy 35 Maximum value, basis for design
Japan 40 Maximum value
Norway 25 Maximum value, basis for design
Poland 25 Basis for design
25 General maximum value, basis for design
Switzerland
30 Maximum value in some areas of the country, the basis for design in these areas
United States 40 Basis for design; however, taking into account solar radiation, it can reach 50°C
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arameter Values/units

PV module dimensions (length x width x thickness) | 2,094 x 1,038 x 30 mm
Maximum power of the PV module 455W
Trradiance 1,000 W/m*
Ambient temperature 25°C

Wind speed ~0m/s

Roof pitch angle 300
Equivalent thermal resistance of a PV module 0.00725 (m*K)/W
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