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Abstract

:

The ampacity of high-voltage power cables depends, among others, on their core cross-sectional area as well as thermal resistivity of the thermal backfill surrounding the cables. The cross-sectional area of the power cables’ core is selected according to the expected power to be transferred via the cable system. Usually, the higher the power transfer required, the higher the cross-sectional area of the core. However, the cost of high-voltage power cables is relatively high and strictly depends on the dimensions of the core. Therefore, from the economic point of view, it is interesting to focus on the improvement of the thermal condition around the cables, by changing the dimension of the thermal backfill, instead of increasing the power cables’ core cross-sectional area. In practice, it is important to find the optimal dimensions of both cable core and thermal backfill to achieve the economically attractive solution of the power cable transfer system. This paper presents a mathematical approach to the power-cable system design, which enables selecting the cost-optimal cross-section of a power cable core depending on the dimensions of the thermal backfill. The proposal herein allows us to indicate the condition in which it is advantageous to increase the core cross-sectional area or to expand the dimension of the backfill. In this approach, the optimal backfill geometry can also be evaluated. The investment costs of the 110 kV power cable system with the core cross-sectional areas consecutively equal to 630, 800 and 1000 mm2 have been compared.
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1. Introduction


The ampacity of the power cables mainly relies on the cross-sectional area of the power cable cores. The higher the required ampacity, the higher the required cross-sectional area of the cable core. To ensure the ampacity specified by the investor, designers have to evaluate required parameters of a cable, especially its appropriate core cross-section, based on the guidelines included in the IEC 60287 standards series, primarily in IEC 60287-1-1 [1]. Usually, the cross-sectional area of the cable core is selected to be as low as possible because each subsequent cable size increases its cost—by 15÷40% for 110 kV cables analyzed in this article. To keep the cross-sectional area of the cable unchanged, it is possible to increase the ampacity by creating favorable thermal conditions around the buried cables. Such favorable conditions may be achieved by the application of the thermal backfill of relevant geometry and relatively low thermal resistivity. The backfill is assumed to be a medium with known heat dissipation properties, usually better than native soil, which counteracts the influence of seasonal weather changes. The backfill has known properties at various temperatures. Therefore, the heat transfer from the cables is easy to evaluate for expected operating temperatures. The use of backfill also reduces the risk of damage to the cable due to sharp-edged stones which would be included in native soil near the cable.



The issue of the calculation of the power cables’ ampacity and, hence, the selection of their cores’ cross-sectional areas is considered in many works and papers. As the official historical start of calculating cable ampacity, the society of technicians and engineers recognizes Kennelly’s conference paper “Heating Conductors by Electric Currents” from 1889 [2]. Overall, Kennelly’s work led to the formulation of the image method, which allowed the analytical calculation of the temperature at any point of the soil [3]. Most important works on the subject were recognized and collected by Anders [4,5]. The study of the literature regarding topics closest to the topic focused on by the authors shows that a significant number of papers consider only technical aspects of power cable lines design. The papers [6,7,8] refer to the buried power cables and searching for their ampacity for various cables configurations in the ground. The effect of the dry zone around the cables on their ampacity is studied in the papers [9,10]. Such an issue is also considered in [11] when dynamic management of the cable system is applied. Thermal phenomenon and ampacity of power cables installed in pipes are analyzed in the work [12]. A similar analysis, but refereeing to the cables in ducts, is presented in papers [13,14]. The ampacity of a tunnel cable is studied in [15], whereas the ampacity of insolated power cables and the risk of their overheating is investigated in [16]. However, taking into account the particular investment, it is necessary to pay attention to the economic aspects as well. Such a consideration, in some cases, may modify previously assumed technical solutions. In the paper [17], as well as in [18,19], methods of optimizing cable installation costs are presented, developing the Neher–McGrath approach [20] with installation cost factors influencing the optimal cross-section of the backfill for a given load capacity and vice versa (by specifying the cost of the project). According to this approach, it is possible to calculate ampacity, which will be achieved by investing in various elements of the system (including the thermal backfill). Some subsequent works have developed this issue and a good summary is presented in the paper [21]. In the research work [22], Cichy et al. present detailed costs of materials of the high-voltage cable line and the economic return during its operation. Most of the distribution system operators (DSOs), especially in Poland, do not pay attention to the power losses in cables, which depend on the cross-section of the core. Therefore, they tend to minimize the investment costs, which is strictly related to selecting a cable having cross-sectional area of the core as low as possible. The PhD thesis in [23] presents the investment profitability curve depending on the lifetime of a cable line, indicating that the smaller the length and/or cross-section of the core, the disproportionately greater the expenditure incurred by heat losses.



In this paper, the authors propose a method which automates and accelerates the calculation of the power cables’ ampacity taking into account economic aspects. Based on the authors’ proposal, it is possible to indicate the desired ampacity of cables when one has strict economic boundary conditions. According to the assumption presented by the authors, the cost-optimal cross-section of a power cable core depending on the dimensions of the thermal backfill can be evaluated. The proposal also enables indicating the condition in which it is advantageous to increase the core cross-sectional area or to expand the dimension of the backfill. This paper is an extension of the considerations referred to in the optimization problem posed by El-Kady [17] and examined by Anders [19]. This work is also complementary to the papers [24,25,26], considering an economic aspect of the power cable line design. Analyzing other works, this work is enriched with the selection of thermal backfill geometry and the evaluation of the average costs of design of power cable lines in Poland. It is worth mentioning that, according to standard IEC 60287-3-1 [27] and the surveys of the CIGRE B1.41 [28] group respondents, each country has its assumptions in terms of the reference temperature of the ground, its overall thermal resistance and the cost of laying the cable line. It influences the total cost and performance of the cable line in a considered country.




2. Theoretical Background


Evaluation of the power cables ampacity is usually performed according to the multipart standard IEC 60287 “Electric Cables–Calculation of the Current Rating”. For example, based on [1], the ampacity of a single cable directly buried in the ground, where drying out the soil is excluded, can be calculated according to the following expression:


     I  AMP   =     Δ θ −  W d  ⋅   0.5 ⋅  T 1  +  n  co   ⋅ (  T 2  +  T 3  +  T 4  )      R  co   ⋅  T 1  +  n  co   ⋅  R  co   ⋅ ( 1 +  λ 1  ) ⋅  T 2  +  n  co   ⋅  R  co   ⋅ ( 1 +  λ 1  +  λ 2  ) ⋅ (  T 3  +  T 4  )     =              Δ θ −  W d  ⋅   0.5 ⋅  T 1  +  n  co   ⋅ (  T 2  +  T 3  +  T 4  )      R  co   ⋅  T 1  +  n  co   ⋅  1   γ  co   ⋅  s  co     ⋅ ( 1 +  λ 1  ) ⋅  T 2  +  n  co   ⋅  1   γ  co   ⋅  s  co     ⋅ ( 1 +  λ 1  +  λ 2  ) ⋅ (  T 3  +  T 4  )        



(1)




where:



IAMP is the ampacity of a cable in ground, A;



Δθ is the permissible temperature rise of the conductor (core) above ambient temperature, K;



Wd is the dielectric losses per phase, W/m;



T1 is thermal resistance (per core) between the conductor and sheath/insulation, (K·m)/W;



T2 is the thermal resistance between the sheath/insulation and armor, (K·m)/W;



T3 is the thermal resistance of external serving of the cable, (K·m)/W;



T4 is the external thermal resistance of the surrounding medium, (soil/backfill), (K·m)/W;



nco is the number of conductors in a power cable;



Rco is the AC resistance of a conductor (core) at its permissible temperature, Ω/m;



γco is the conductivity of a conductor (core) at its permissible temperature, m/(Ω/mm2);



sco is the cross-sectional area of a conductor (core), mm2;



λ1 is the ratio of the total losses in metallic sheaths (if any) to the total conductor losses;



λ2 is the ratio of the total losses in metallic armor (if any) to the total conductor losses.



Analysis of the expression (1) leads to the conclusion that cables’ ampacity is dependent, among other factors, on the thermal resistance T4 of the medium surrounding the power cables. Hence, the increase in the ampacity can be done by creating a favorable heat transfer from the surface of cables to the ground. The favorable heat transfer from cables is usually ensured by replacing the native soil with the thermal backfill of relatively low thermal resistivity—less than 1.0 (K·m)/W. Figure 1 shows a typical arrangement of the cable line in a flat formation when thermal backfill of width w and height h is used. The presented arrangement reflects real cables placement—it includes a backfill, pavement slabs (grey rectangular element) for the protection against mechanical damage, and a warning tape (red line). The modeled geometry for the trefoil formation is presented in Figure 2.



External thermal resistance T4 of the uniform single cable surrounding can be written according to the Kennelly’s theorem [29] as:


   T 4  =    ρ e    2 π   ⋅ ln     2 L    D  ext     +         2 L    D  ext        2  − 1      



(2)




where:



Dext is the external diameter of the cable, mm;



L is the distance from the ground surface to the cable center, mm;



ρe is the thermal resistivity of the native soil, (K·m)/W.



For a high value of the ratio 2L/Dext (more than 10) the aforementioned relation (2) can be simplified to the following expression:


   T 4  =    ρ e    2 π   ⋅ ln   2   2 L    D  ext        



(3)







When cables are placed in the thermal backfill of thermal resistivity ρc and thermal resistivity of the surrounding native soil is equal to ρe, based on the provisions of the standard IEC 60287-2-1 [30], the correction factor T4corr to the thermal resistance should be calculated as follows:


   T 4  c o r r   =  N  2 π   ⋅    ρ e  −  ρ c    ⋅ ln      L G     r b    +          L G     r b       2  − 1     ≈  N  2 π   ⋅    ρ e  −  ρ c    ⋅ ln     2  L G     r b       



(4)




where:



LG is the distance from the ground surface to the center of the backfill, mm;



N is the number of loaded cables in the backfill;



rb is the equivalent radius of the backfill, mm;



ρe is the thermal resistivity of the native soil, (K·m)/W;



ρc is the thermal resistivity of the backfill, (K·m)/W.



The thermal backfill has usually a rectangular cross-section but the heat transfer is conducted radially. Therefore, based on [29], it is necessary to convert the rectangular dimensions of the backfill to the equivalent radius rb:


   r b  =  exp      0.5  x y  ⋅    4 π  −  x y    ⋅ ln   1 +    y 2     x 2      + ln    x 2       



(5)




where: x = min(w, h) and y = max(w, h).



Equation (5) is valid when the ratio x/y takes values: 0.33 < x/y < 3. For other values of the x/y ratio, evaluation of the equivalent radius rb with (5) gives inaccurate values—in such cases data from tables included in [19] (p. 233) can be used.



Based on (3) and (4), the corrected thermal resistance T4* is expressed as follows:


   T 4 *  =  T 4  +  T 4  c o r r   =    ρ e    2 π   ⋅ ln     2 L    D  ext     +         2 L    D  ext        2  − 1     +  N  2 π   ⋅    ρ e  −  ρ c    ⋅ ln     2  L G     r b      ≈    ρ e    2 π   ⋅ ln   2   2 L    D  ext       +  N  2 π   ⋅    ρ e  −  ρ c    ⋅ ln     2  L G     r b       



(6)







As formula (6) shows, the coefficient T4* depends on the dimensions of the backfill. In further analysis, when the optimal dimension of the backfill is searched for, the following constraints are introduced:


   h 2  +  L G  ≥ L +    D  ext    2  + 100  



(7)






   L G  ≥  h 2   



(8)






  w ≥ 5  D  ext    



(9)






  w ≤ h  



(10)







Formulas (7) and (8) represent the minimum permissible depth of the cables, according to national practice/regulations [31], whereas formulas (9) and (10) take into account the minimal practicable dimensions of the backfill. The aforementioned constraints allow a consideration of the acceptable, from the practical point of view, arrangements of the cable system.




3. A Proposal of the Cable System Optimization


The total cost of the power cable lines performance can be represented (in general) by the following dependence:


  P =  P K     c n    +  P E     c 1  ,  c 2    +  P  ZZ      c 4    +  P B     c 5    +  P  ES      c 3  ,  c 6     



(11)




where:



PK is the cable cost;



PE is the cost of the performed excavation;



PZZ is the cost of backfilling with the thermal backfill, sand and native soil as well as compaction;



PB is the backfill material cost;



PES other costs;



c1, c2, c3 … cn—cost coefficients (unit costs) presented in Table 1.



The values of the particular components included in (11) are dependent on the local market conditions. Table 1 presents sample unit costs referred to the cable line performance in Poland.



For the optimization purpose, the objective function related to costs can be presented in the following form (for symbols see Figure 1 and Table 1):


    P =   w +    L G  +  h 2    ⋅ tan  α    ⋅ h ⋅  c 1  +   w + 2 h ⋅ tan  α    ⋅    L G  +  h 2    ⋅  c 2  +     w + h ⋅ tan  α    ⋅ h − 3 π        D  ext    2     2    ⋅  c 5  +         w +    L G  +  h 2    ⋅ tan  α    ⋅    L G  +  h 2    −   w + h ⋅ tan  α    ⋅ h − 3 π        D  ext    2     2    ⋅  c 4  + 3  c n  +  c 3  +  c 6     



(12)







Particular factors included in the formula (12) are strictly correlated with the geometry of the cable systems presented in Figure 1andFigure 2.



In the optimization process, the Nelder–Mead method [32,33] is applied. This method is a common direct search method. For a function of n variables, the algorithm maintains a set of n + 1 points forming the vertices of a polytope in n-dimensional space. The algorithm selection does not take a major issue in the optimization problem as only a sixth dimension problem is faced that gives global solution from over 50,000 cases. It can be done with the use of a personal computer of average class. For a greater number of variables, there is the possibility of the genetic algorithm application, which could be more efficient.



To obtain the desired solution, the maximum of the ampacity Imax is searched for, as follows:


  max    I  max     h , w ,  L G  , P   h , w ,  L G  , α   ,  ρ c  ,  ρ e       



(13)







The purpose of the optimization is to find the best relation of the power cable line performance cost to the ampacity of the power cables. The function P forces optimal geometry of backfill regarding investment cost, dimensions h, w and LG included in (13). In consequence, one can obtain maximal ampacity of power cables with relation to the optimal geometry of the backfill.



In the optimization process, the boundary conditions expressed by Relations (7)–(10) are taken into account. All ampacity calculations were made with the assumption that:




	
The ambient temperature of the ground is equal to 20 °C;



	
The max permissible temperature for the cable is equal to 90 °C;



	
The thermal resistivity of the backfill (cement–sand mixture) is assumed within the range ρc = 0.5–0.9 (K·m)/W;



	
The angle of the excavation trench is constant (α = 15°);



	
The distance L from the ground surface to the cable/cables center for particular formation (flat or trefoil) is constant (for the flat formation: L = 1200 mm + Dext/2; for the trefoil formation: L = 1200 mm + Dext/2 + Dext/√3);



	
The maximum accepted price of the cable line is equal to 720 EUR/m.









4. Discussion


Results of the investigation are presented in Figure 3andFigure 4. Generally, as expected, the ampacity of the cable line is increasing along with increasing its cost P and decreasing thermal resistivity of the backfill ρc. However, when the difference between thermal resistivities of backfill ρc and native soil ρe increases, one can observe the intersection of planes for particular cable cross-sections—compare results for the flat formation (Figure 3a vs. Figure 3c and vs. Figure 3d) and for the trefoil formation, compare Figure 4a vs. Figure 4c and vs. Figure 4d. The planes’ intersection points indicate that a given ampacity can be obtained by various cross-sectional areas of cables. The intersection points also indicate the optimal transition to the cable of the higher cross-sectional area.



For example, for the flat formation, thermal resistivity of the native soil ρe = 2.5 (K·m)/W and thermal resistivity of the backfill ρc = 0.6 (K·m)/W (Figure 3d), the ampacity of the 630 mm2 cable starts from 700 A at the cost below EUR 400 (green plane at the left down part of the Figure 3d). Investing in cable backfill for the 630 mm2 cable increases its ampacity but in consequence, also the cost. However, it is visible that within the cost range of EUR 475–525, the green plane (630 mm2 cable) is located higher than the orange plane (800 mm2 cable). It means that the use of the 630 mm2 cable instead of 800 mm2 is more profitable because the ampacity of the 630 mm2 cable is higher than that of the 800 mm2 cable at the same cost. For the cost EUR 475, the ampacity of the 630 mm2 cable is equal to I630 = 884 A whereas the 800 mm2 cable has I800 = 771 A, which gives around a 15% difference in ampacities (the backfill of the cable line with cables 630 mm2 has a greater volume). The ampacity of two cables equalizes at point EUR 525, 970 A. This point indicates that it is better to use the 800 mm2 cable, instead of the 630 mm2 cable, if the desired ampacity is higher than 970 A.



The second characteristic point in Figure 3d is marked as (EUR 570, 1040 A). It presents the point of changing the 800 mm2 cable to the 1000 mm2 cable. If the desired ampacity is higher than 1040 A, the use of the 1000 mm2 cable is the most profitable solution. After analysis of Figure 3d, for the native soil ρe = 2.5 (K·m)/W and thermal resistivity of the backfill ρc = 0.6 (K·m)/W the conclusions are as follows:




	
The 630 mm2 cable is profitable for ampacities below 970 A;



	
The 800 mm2 cable is profitable for ampacities between 970 and 1040 A;



	
The 1000 mm2 cable is profitable for ampacities higher than 1040.








Characteristic ampacity of 970 A can be achieved by either the 630 mm2 cable or the 800 mm2 cable, whereas the ampacity 1040 A can be achieved by either the 800 mm2 cable or the 1000 mm2 cable.



This issue can be analyzed from another point of view. If one expects the ampacity 970 A, the solution is the use of either the 630 mm2 cable or 800 mm2 with relevant backfill. It gives a cost of EUR 525. If the 1000 mm2 cable is used (for the ampacity 970 A), the unit cost of the cable line is equal to EUR 566, which is 8% more. Generally, the plane in Figure 3 located at the highest level gives the most profitable solution.



A similar example analysis of the cable line for the trefoil formation (the native soil ρe = 2.5 (K·m)/W and thermal resistivity of the backfill ρc = 0.6 (K·m)/W—Figure 4d) gives the following conclusions:




	
The 630 mm2 cable is profitable for ampacities below 910 A;



	
The 800 mm2 cable is profitable for ampacities between 910 and 970 A;



	
The 1000 mm2 cable is profitable for ampacities higher than 970.








Characteristic ampacity 910 A can be achieved by either the 630 mm2 cable or the 800 mm2 cable, whereas the ampacity 970 A can be achieved by either the 800 mm2 cable or the 1000 mm2 cable.



As it has been mentioned, a higher ampacity of the cables can be obtained by keeping the same cross-section of the cable core but creating relevant backfill area/volume. Figure 5 presents various backfill areas for the cable line with 630 mm2 cables laid in the trefoil formation where the native soil is ρe = 2.5 (K·m)/W and thermal resistivity of the backfill is ρc = 0.6 (K·m)/W. If the backfill area is the smallest, the ampacity is equal to 706 A (point 1 in Figure 5). For the largest possible backfill area in the considered case (point 3 in Figure 5), the ampacity is as high as 926 A. The green dashed trace indicates the variation of the ampacity as a function of cost P and the direction of the extension of the backfill shape. The shape between point 1 and point 2 has a constant width—only its height varies. It is an assumption made by the authors, based on practical applications. If the maximal height is achieved (point 2), the backfill width is increased (along the green trace between point 2 and point 3).




5. Conclusions


The desired ampacity of power cable lines can be obtained by selecting either a relatively high cross-sectional area of the power cables or modification of thermal condition around the cables, e.g., by extension of the thermal backfill area. During the project stage of the power cable lines, both the technical and economic aspects should be taken into account—such an approach leads to the optimal solution. For example, urbanized areas influence the reduction in the possible excavation area, and, hence, reduce the distance between phases which leads to lower ampacity. In consequence, the expansion of the backfill area is not a possible solution. The same conclusion is valid if a low difference between thermal resistivity of the native soil and the backfill occurs—the enlargement of the backfill area is not profitable. In such cases, the only cost-effective way of increasing the ampacity is to increase the cable cross-section. However, when the difference between the aforementioned thermal resistivities is high, e.g., the native soil has ρe = 2.5 (K·m)/W and the backfill has ρc = 0.6 (K·m)/W, the cost-effective transition point of cable cross-section is observed, meaning that the given cost enables to achieve various ampacities of the cable line depending on which cross-section of the cable and shape of the backfill area are applied. For example, if the assumed cost is EUR 475, the ampacity of the 630 mm2 cable (with large backfill area) can be higher by 15% than the ampacity of the 800 mm2 cable. Thus, in some cases, it is more beneficial to invest in the thermal backfill rather than in the high cross-sectional area of the cables.



The approach presented by the authors, related to the power-cable system’s design, can be interesting and useful for investors as well as power cable line designers to optimize the high-voltage power cable systems. Based on the proposal, the authors are considering the development of an easy-to-use computer tool for supporting cable line designers.
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Figure 1. Cables in flat formation with spacing, placed in a backfill; L—distance from the ground surface to the cable center, mm; h—height of the backfill, mm; w—width of the backfill, mm; Dext—axial spacing of the adjacent cables, mm; α—angle of the excavation trench, (°). 
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Figure 2. Cables in trefoil formation, placed in a backfill (for symbols see Figure 1). 
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Figure 3. Ampacity I of the cable line with cables (630 mm2, 800 mm2 and 1000 mm2) laid in the flat formation, as a function of costs P and thermal resistivity of the backfill ρc; thermal resistivity of the native soil: (a) ρe = 1.0 (K·m)/W; (b) ρe = 1.5 (K·m)/W; (c) ρe = 2.0 (K·m)/W; (d) ρe = 2.5 (K·m)/W. Characteristic example points in (d): (EUR 525, 970 A) and (EUR 570, 1040 A)—the cost efficient transition to the cable of higher cross-section (for ρc = 0.6 (K·m)/W). 
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Figure 4. Ampacity I of the cable line with cables (630 mm2, 800 mm2 and 1000 mm2) laid in the trefoil formation, as a function of costs P and thermal resistivity of the backfill ρc; thermal resistivity of the native soil: (a) ρe = 1.0 (K·m)/W; (b) ρe = 1.5 (K·m)/W; (c) ρe = 2.0 (K·m)/W; (d) ρe = 2.5 (K·m)/W. Characteristic example points in (d): (EUR 530, 910 A) and (EUR 570, 970 A)—the cost efficient transition to the cable of higher cross-section (for ρc = 0.6 (K·m)/W). 






Figure 4. Ampacity I of the cable line with cables (630 mm2, 800 mm2 and 1000 mm2) laid in the trefoil formation, as a function of costs P and thermal resistivity of the backfill ρc; thermal resistivity of the native soil: (a) ρe = 1.0 (K·m)/W; (b) ρe = 1.5 (K·m)/W; (c) ρe = 2.0 (K·m)/W; (d) ρe = 2.5 (K·m)/W. Characteristic example points in (d): (EUR 530, 910 A) and (EUR 570, 970 A)—the cost efficient transition to the cable of higher cross-section (for ρc = 0.6 (K·m)/W).



[image: Energies 14 01452 g004a][image: Energies 14 01452 g004b]







[image: Energies 14 01452 g005 550] 





Figure 5. Ampacity I of the power cable line as a function of the cost P of the line performance and the backfill geometry; 630 mm2 cables laid in the trefoil formation. Characteristic points: (1) I = 706 A (the smallest backfill area); (2) I = 851 A; (3) I = 926 A (the largest backfill area). Thermal resistivities: ρe = 2.5 (K·m)/W, ρc = 0.6 (K·m)/W. 
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Table 1. Unit costs of the individual elements for the analyzed cable line.
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Parameter

	
Coefficient

	
Cost (EUR/m)






	
Manual ground preparation

	
c1

	
13.65




	
Mechanical ground preparation

	
c2

	
10.06




	
Warning tape and concrete slab

	
c3

	
12.33




	
Trench burial

	
c4

	
4.38




	
Native soil disposal, backfilling and compaction

	
c5

	
74.62




	
Laying cables

	
c6

	
2.30




	
630 mm2 cable

	
cn,

n= 630, 800, 1000

	
75.17




	
800 mm2 cable

	
106.04




	
1000 mm2 cable

	
122.49
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