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Abstract— Improvement of energy efficiency has become a 

major aspect in many industrial and commercial sectors to gain 

a competitive advantage by reducing the operational cost of the 

installation. But the current mandatory requirements only 

consider the aspects of safety, initial investment cost and other 

physical constraints which results in lack of encouragement in 

concentrating on the lifetime energy loss happening due to the 

heat generated in minimum cable sizes selected and the 

additional cost incurred due to the suboptimal placement of the 

distribution switchgears. This paper proposes an overall cost 

reduction method in both the initial capital cost and the 

operational cost by using a process built with the help of the 

Hightower’s algorithm and the simulated annealing algorithm. 

Here the cost reduction aspects in cable layout, cable size and 

distribution switchgear are considered, and a software tool 

based on the Python programming platform is introduced to 

increase the energy efficiency of the overall electrical 

installation. The results of the study show the positive outcomes 

in overall cost reduction when compared to the conventional 

approach used for the designing of low voltage installation 

distribution systems. 
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I. INTRODUCTION  

At present, for low voltage distribution systems, the 
procedure that is usually followed for the cable sizing is the 
IET wiring regulation [1]. In accordance with the regulations, 
the minimum cable sizes are selected such that it has the 
capacity to conduct the design current for a foreseeable future 
without conductor overheating and has the voltage drops 
within the permissible ranges for the safe operation of the end 
loads connected. Currently, the mandatory requirements only 
satisfy the safety aspects and capacity requirements of the 
installation. But with the competitiveness in the current 
industry, cost reduction of the installation has become a 
predominant factor. As for the aspects of cost minimization, 
the current regulations only consider the initial investment 
cost reduction by selecting the minimum cable cross-section 
for satisfying operation. But selecting the minimum cable size 
can lead to a significant cost associated with the energy lost 

due to heat. When we consider industrial and commercial 
infrastructure, this cost of energy loss cannot be considered 
negligible. By choosing the minimum cable size, it shows an 
inaccurate cost of the installation where the lifetime cable cost 
may accumulate rapidly due to the saving of the cost in the 
initial conductor size. 

The cable length also plays a vital role in the cost and 
energy efficiency of low voltage installation systems. In [2], 
the authors have shown a cost breakdown of an installation 
using the conventional design approach, which shows clearly 
that the cable cost has a substantial percentage of the total 
investment cost and has been able to minimize the total initial 
cable cost by rerouting the cable path such that the final design 
has a minimum cable length. But the current regulation does 
not consider cable route optimization as a requisite 
requirement. As per the author’s knowledge, the most used 
methodology for designing a low voltage cabling system is the 
trial and error method which also contributes to the overall 
inefficiency of the system. 

Even though energy efficiency of an electrical installation 
is not considered a mandatory requirement in IET wiring 
regulation: 18th edition[1], they have provided 
recommendations for efficiency improvements in different 
areas of an installation. In this paper, we focus on the two 
recommendations: optimizing cross-sectional areas of the 
cables and locating the distribution boards at an appropriate 
position to minimize the circuit lengths. These two 
recommendations will be incorporated into the current 
procedure while meeting the general safety requirements in 
concern with the cable size and the voltage drops. 

In order to reduce the inefficiencies in the current methods 
and to achieve the above recommendations, different 
algorithms have been introduced including the genetic 
algorithm where pre-defined different distribution board 
positions and cable sizes are compared[3,4] and ant colony 
algorithm where behavior of ant colonies in finding the 
minimum path to food sources is used[5].  This paper will 
introduce a methodology consists of two main algorithms, 
namely, the Hightower’s algorithm and the simulated 
annealing algorithm for optimal cable route and distribution 
switchgear positioning. Finally, the two algorithms are  



assembled and a software tool is developed using the python 
programming language to generate a cable layout with the 
minimum total cost of cabling. 

 

II. PROPOSED METHODOLOGY 

The Proposed methodology suggests the optimization to 
be completed by dividing the process into three main sub 
sections. They are, the cable route optimization, optimal 
distribution switchgear positioning and the cable size 
optimization. In cable route optimization, the Hightower’s 
algorithm will be used to find the shortest path between two 
points (which can be either a connected load, a sub-
distribution board, or the main distribution board) by 
generating orthogonal lines between them [6]. For optimal 
distribution switchgear positioning, the simulated annealing 
optimization algorithm is used to locate coordinates of 
distribution switchgear such that the total cost of the 
installation including the initial cost and the cost of the energy 
loss is minimized [7]. Finally, both the above algorithm are 
combined and utilized together for different cable sizes in 
order to find the best combination of cable sizes, distribution 
board positioning and cable layout. 

A. Cable Route Optimization 

For cable route optimization the Hightower’s algorithm is 
implemented using Python programming language. The 
approach of the Hightower’s algorithm comprises repeated 
construction of lines, and searching for intersection points and 
escape points, and the construction of more lines. In this 
algorithm, the same process should be initiated from both the 
object point and the target point and should be repeated for 
each resulting point until an intersecting network is identified. 

The major advantages of Hightower’s algorithm, which 
has its line routing approach in the continuous plane, over 
other conventional line routing algorithms based on discrete 
plane can be stated as below. 

• As the line routing approach of the Hightower’s 
algorithm is based on the continuous plane, the degree 
of precision is very high and theoretically there are no 
limits to the degree of precision, which describes the 
location of the points. Therefore, the sole factor which 
causes the limitation of precision is the magnitude of 
the largest number that can be stored in the computer. 

• Since the Hightower’s algorithm only considers the 
line segments and stores them, to determine the 
appropriate path, it is only required to investigate the 
line segments which are stored to that moment. But in 
the conventional line routing algorithms it is required 
to investigate each cell  through which every possible 
minimal path is lain. Therefore, comparatively the 
computer memory requirement in Hightower’s 
algorithm is very low. 

 

Considering the objective of connecting two points, say A 
and B, through a path that is not intersecting specific 
constraints, it is observable that there must be two line 
segments from the four line segments, which passes through 
the points A and B. They must be included in the set of line  

 

segments which determines the path. In other words, a line 
segment from either of the vertical or horizontal lines passing 
through point A must be included in the set of line segments 
defining the path it holds the same for point B. 

 Considering the point A, it is obvious that the route starting 
from A includes either the line segment l1 or line segment l2 
according to Fig 1. In case of l1 l2 being bounded by obstacles 
in the continuous plane, the next line segment, which should 
be considered to determine the path, must definitely be from 
the line segments perpendicular to l1 or from line segments 
perpendicular to l2, which is in between the bounding line 
segments of l1 and l2. By continuing this process, we 
repeatedly construct a set of line segments starting from both 
points A and B, until both constructed sets of line segments 
starting from A and B overlap at a certain intersection point. 
Then the path can be determined by backward tracing from 
that point to above-mentioned points. 

 

 

 

 

 

 

 

 

Fig. 1. Two line segments passing through point A 

 

Above briefly discussed process is the basic foundation for 
the Hightower’s algorithm, which is used in the project for 
cable route optimization. The Hightower’s algorithm 
comprises three sub-algorithms. They are the Escape 
Algorithm, the Path Determining Algorithm, and the Main 
Procedure Algorithm, in which the first two algorithms are 
applied repeatedly 

1) The Escape Algorithm: The Escape Algorithm 

comprises two sub Escape Processes: Escape Process I and 

Escape Process II.  
 

The objective of the Escape Algorithm is to find an escape 
point for a given object point (starting point) in accordance 
with the target point. These two processes will be briefly 
discussed verbally and with a case study through this paper. 
The Escape Algorithm is described in the Fig. 2 of this paper. 

A point on the vertical (horizontal) escape line of the 
object point is defined as an Escape Process I escape point if 
it is not covered by a vertical (horizontal) cover of the object 
point and is not covered by any member of the set of non-
traversable vertical line segments (set of non-traversable 
horizontal line segments) while lies between the object point 
and vertical (horizontal) cover [8]. 

In accordance with the above definition, the point which 
has the lowest Euclidean distance to the object point is 
selected as the escape point. The Escape Process II is followed 
if an escape point cannot be found using Escape Process I. An 
Escape Process II escape point is defined as below. A point is 
said to be an Escape Process II escape point if it has an Escape 



Process I escape point on either the horizontal or the vertical 
escape line [8]. The formation and the difference of the Escape 
Process 1 escape point and an Escape Process II escape point 
is depicted in Fig. 3 and Fig. 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

Fig. 2. The Escape Algorithm 

 
 

 
 
 
 
 

 
 

 

Fig. 3. Formation of Escape Process I escape points. 

 

 

 

 

 

 

Fig. 4. Formation of Escape Process II escape points. 

2) Path Determining Algorithm: Even though the escape 

algorithm outputs the escape points and the line segments 

related to those in order to determine the optimal cable path, 

it lacks knowledge regarding the most efficient selection of 

the escape points. Therefore, it shows a tendency to output 

more points than are required to determine the optimal path. 

And the unnecessary points that are not needed to determine 

the path can be seen scattered about badly. Therefore, the 

utmost objective of the Path Determining Algorithm is to 

reject the superfluous points. 
 

Path Determining Algorithm consists of two sub-
algorithms: First Refinement Algorithm and Second 
Refinement Algorithm. An ordered list of the form {Object 
point, P1, P2,………, Pn} , in which Pi is an escape point 
related to the object point, is the input for the First Refinement 
Algorithm. Fig. 5 shows the main objective of this algorithm, 
which is to determine and isolate the two corner points of the 
path. Even after a run of the First Refinement Algorithm, there 
can still be segments of the determined paths that are 
superfluous. To discard such kinds of superfluous line 
segments, the Second Refinement Algorithm is used as shown 
in Fig. 6. 

 

 

 

 

 

 

 

 

Fig. 5. Example for First Refinement Algorithm (a) Before subjected to 
path determinimg algorithm (b) After subjected to path determinimg 
algorithm 

 

 

 

 

 

 

 

Fig. 6. Example for Second Refinement Algorithm (a) Before subjected to 
path determinimg algorithm (b) After subjected to path determinimg 
algorithm 

B. Optimal distribution switchgear positioning 

For this, we use the simulated annealing optimization 
which is a thermodynamic optimization technique based on 
nature. Annealing is the reduction of the temperature in a 
controlled manner which can be seen when metals and some 
liquids cool down and crystallize [9]. 

If we consider an instance where the annealing technique 
is used(for example in the production of hardened steel), At 
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high temperatures,  molecules have high energy and their 
distribution randomly changes in a rapid pace. In order to 
control these random movements and to minimize the system 
energy, the system is cooled down in a very slow pace such 
that thermal equilibrium is met during the whole cool down 
process. Due to the availability of adequate time for cooling 
down, atoms will redistribute themselves such that they attain 
their minimum energy state which is stable compared to a state 
attained with a fast temperature reduction. 

Simulated annealing optimization algorithm can be seen 
as similar to the approach used in the stochastic hill-climbing 
algorithm. The difference comes during the selection of the 
next candidate to be used to replace the current state. In the 
stochastic hill-climbing algorithm, if the new state chosen 
gives an output not up to par, it is rejected. This method can 
lead to the solution being stagnated at a local optimum. 
Simulated annealing is an upgraded version of the stochastic 
hill-climbing algorithm where the worse results are also 
accepted within a probability. So it gives an opportunity to 
move from low energy to high energy in order to avoid the 
local optimum and reach a global optimum. To calculate the 
acceptance probability (1), we can use the Metropolis 
acceptance criterion [10]. 
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Where f(old ) is the objective function in the current state 
and f(new) is the objective function value in the new state. 
According to (1), it can be seen that with time(increasing 
iterations), the acceptance probability reduces, and the 
likelihood of selecting results that are inadequate compared to 
the current state also reduces. If the new state generated has 
an improved output, it is directly accepted with a probability 
of 1. If the new state has outputs that are not sufficient 
compared to the current state, then the acceptance will depend 
on the acceptance probability. 

 

1) Adaptation from simulated annealing technique: In 

this paper, we utilize the simulated annealing algorithm to 

optimize the low voltage distribution system by positioning 

the distribution switchgear such that the total lifetime cost of 

the system comes to a minimum. As the main objective is to 

minimize the total cabling cost of the installation, a function 

called the objective function is defined [7]. The objective 

function (2) includes the initial cost of the low voltage cables, 

the lifetime cost of the cables (Cost incurred due to the energy 

loss of the cables as heat during its lifetime of operation), and 

a penalty to be applied if the selected distribution switchgear 

positions result in the breach of the voltage constraints stated 

in IEE wiring regulation[1]. 
 

f(x) = (Initial cost + Cost of energy loss) * Pen       (2) 
 

The penalty is to double the objective value function 
(Pen=2) so that it reduces the probability of selecting the same 
state again in the optimization algorithm.  The initial cable 
cost is determined by the summation of the cost of all the 
cables used for the installation. The cost of energy loss is 
calculated as in (3).  

 

Cost of energy loss = 3 * I2
avg * Length * R * Unit cost * T 

(3) 
 

Where Iavg(in A) is the average current flow in the cable 
for a time period of T, R is the resistance of the selected 
cable(in mV/A.m) and the unit cost is the cost of energy (in 
Rs/W.s). 

2) Annealing procedure: The annealing schedule that is 

used in this paper can be shown using Fig 7. In accordance to 

our method, we cannot ascertain that the solution gained is 

the optimal. This is because we use a limited number of 

positions for the distribution switchgear positions and a 

constant number of iterations. As the number of iterations 

increases, the output becomes closer to the optimal solution. 

In this paper, we will be comparing our solution with the 

output of the conventional method for the same system. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Simulated Annealing Algorithm 

 

 



C. Cable Size Optimization 

In this paper, the optimal cable size is selected by 
considering  four oversized cables and comparing the total 
cost of the four scenarios with the total cost obtained when 
using the cable with the minimum cable size. 

 

III. CASE STUDY. 

A. Assumptions 

• For the example scenario, we use non armored copper 
cables Cu cables with PVC sheathing, laid in conduits.  
For the single-story installation, we assume that the 
effect of length of the cables in the vertical plane has a 
low impact on the optimum layout structure selection 
when compared with the lengths of the cables in the 
horizontal plane.  

• The cable installation lifetime is assumed to be 35 
years. During this time span, we assume that the cable 
parameters remain unchanged. 

• We consider the average operating time as 8 hours per 
day and 265 days for year 

• For the convenience of calculations, a constant Unit 
cost of energy is considered throughout the lifetime of 
the cables. It is considered as   13 Rupees (Sri Lankan) 
per kWh and was approximately calculated 
considering the demand of the system in the case study 
and assuming that the customer is an industrial 
category 2 type customer in accordance with the Sri 
Lankan tariff structure)[11]. 

• In accordance to BS 7671, for a low voltage 
installation supplied directly from a public low voltage 
distribution system, the allowable voltage drops are 
different for the lighting circuits and power circuits. 
But for ease of calculation, we use the allowable 
voltage drop as 4% for all the connected loads. 

• Factor of maximum utilization (to correct the 
difference between the power used and the maximum 
possible power) and factor of simultaneity (to consider 
the simultaneity operation of installed loads) is taken 
as input from the user in accordance to the usage of the 
equipment connected. In this paper, we used the 
following values in Table Ⅰ. The values were decided 
considering the utilization of the loads in example 
scenario. 

 

TABLE I.  FACTORS OF SIMULTANEITY AND MAXIMUM UTILIZATION 

Factors 
Lighting 

Loads 

Other 

Loads 

Factor of maximum utilization 1 0.95 

Factor of simultaneity 0.85 1 

  

• We consider the system is powered by a three-phase 
alternating current. 

 

B. Example Scenario 

In order to evaluate the proposed methodology, a simple 
model of an electrical installation is built using AutoCAD. 
The model consists of 3 rooms with 1 distribution switchgear 
inside each room. Two of them are considered sub-
distribution boards and the remaining is considered as main 
distribution board. In this scenario, we will be keeping the 
main distribution board constant while positioning the sub-
distribution boards.  The positions of end loads are constant 
relative to a selected origin. The required cross-sections of 
cables, the current carrying capacity, and the relevant 
resistance and reactance values are referred from IET wiring 
regulation [1] for single-core and multicore unarmored 
thermoplastic PVC insulated cables.  When calculating the 
capital cost of the cables, the typical market prices were 
considered.  

 
First the distribution switchgear will be positioned in the 

conventional methodology where the capital cost of cables 
will be minimized. Then the proposed methodology will be 
used to position the distribution switchgear and the cables 
such that the capital cost as well as the cost of energy loss 
during the lifetime is reduced.  

 

IV. RESULTS AND DISCUSSION 

When comparing the current practice for cable selection of 
low voltage installation distribution systems (which mainly 
focus on the reduction of initial capital cost by only 
considering the reduction of the cable route length using trial 
and error method), with the approach which is discussed in the 
paper, we can observe the outcomes in terms of the initial 
capital cost, lifetime cost of energy loss and total cost as in 
Table Ⅱ. In the conventional trial and error method, by 
increasing the number of trials, it can be seen that a cable 
layout more similar to the output of the proposed methodology 
can be obtained but with the expense of high effort and time. 
So, the difference between the obtained results in Table Ⅱ 
from the conventional and the proposed methodology was 
mainly affected by the cable size optimization. With the 
obtained results, we can clearly see that even though the initial 
capital cost is increased by a percentage of 40.81%, the cost 
of energy loss has decreased by 83.81% resulting a 
considerable reduction of  the total cost by  a percentage of 
63.93% . So it is evident that the cost savings experienced by 
accounting the optimum cable path selection and lifetime cost 
consideration, cannot be neglected during the designing phase 
of an installation. 

 

TABLE II.  RESULTS OBTAINED FOR CONVENTIONAL METHOD AND 

THE PROPOSED METHOD 

Factors 

Conventional 

method  

(LKR) 

Proposed 

method 

(LKR) 

Initial capital cost 32,264.00 45,431.5 

Cost of energy loss 169,971.70 27,512.4 

Total cost 202,235.70 72,943.9 

 

 



Table Ⅲ shows the selected cable sizes for the 
conventional method as well as for the proposed method for 
some of the cable paths. When comparing the two methods, it 
is observable that selecting the cable with minimum cross 
section which is capable of addressing the required tabulated 
current carrying capacity does not always give a cost effective 
output. In this paper, we have selected oversized cables for 
cable paths with low design currents as these paths with cables 
of smaller cross-sectional areas are responsible for major 
amount of the energy loss in the system. Higher cable sizes 
remained the same as their effect does not significantly change 
when the cable size is increased one size up. Fig. 8 shows the 
final cable layout for the system in accordance with the 
proposed methodology. 

TABLE III.  CABLE SIZES OBTAINED FOR CONVENTIONAL METHOD AND 

THE PROPOSED METHOD 

From To 

Conventional 

method  

(mm2) 

Proposed method 

(mm2) 

Switch-1 SDB-1 1 1.5 

Machine-1 SDB-1 16 16 

Machine-2 SDB-1 4 25 

Switch-2 SDB-2 1 1.5 

Machine-3 SDB-2 16 25 

Machine-4 SDB-2 16 25 

Switch-3 SDB-3 1 1.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Cable layout according to the proposed method. 

 

V. CONCLUSION 

In this study, a new methodology was proposed to improve 
the energy efficiency of a low voltage distribution system 
ensuring the mandatory safety and other requirements  such as 

the minimum current carrying capacity and the permissible 
voltage drops are met in accordance with the regulations. 
Initially the methodology was built considering three aspects 
of cost savings separately which are the cable length, cable 
size and the distribution switchgear positioning. Then all three 
aspects were put together and a software tool was developed 
using python platform to give a cost effective and accurate 
design of the system. By using an example scenario, it was 
shown that, when compared to the conventional methodology, 
the proposed methodology  achieved a total cost reduction of 
63.4% by minimizing the cable paths, optimum positioning of 
the sub-distribution boards and selecting a suitable cable cross 
section that helps the overall cost reduction related to the 
energy loss. 

This new approach is applicable only for an installation 
which uses conduits and cable trays as the options for cable 
layouts. There are few other limitations such as the usage of 
only 2D coordinates when considering the cable route 
optimization and the difficulty to implement in an installation 
with complex architectural designs such as curved shape 
walls. This can be considered as an area to be studied and 
improved  in future. 

 

ACKNOWLEDGMENT  

Authors are grateful to Dr Asanka Rodrigo of Department 
of Electrical Engineering, University of Moratuwa for the 
immense support, guidance and encouragement given. 

 

REFERENCES 

 
[1] IET. Requirements for Electrical Installations. IET Wiring Regulations, 

18 th Edition, 2018  

[2] V. Castorani, P. Cicconi, M. Mandolini, A. Vita and M. Germani, "A 
method for the cost optimization of industrial electrical routings", 
Computer-Aided Design and Applications, vol. 15, no. 5, pp. 747-756, 
2018. 

[3] D. Monoyios, L. Hadjidemetriou, L. Zacharia and E. Kyriakides, 
"Cost-effective optimization for an energy efficient design of electrical 
installations of buildings," 2018 IEEE International Energy 
Conference (ENERGYCON), 2018, pp. 1-6, doi: 
10.1109/ENERGYCON.2018.8398855. 

[4] X. Ma, K. Iida, M. Xie, J. Nishino, T. Odaka and H. Ogura, "A genetic 
algorithm for the optimization of cable routing", Systems and 
Computers in Japan, vol. 37, no. 7, pp. 61-71, 2006. Available: 
10.1002/scj.10250.  

[5] W. Pemarathne and T. Fernando, "Multi objective ant colony algorithm 
for electrical wire routing", International Journal of Swarm 
Intelligence, vol. 5, no. 1, p. 97, 2020. Available: 
10.1504/ijsi.2020.106411. 

[6] F. Hadlock, "A shortest path algorithm for grid graphs", Networks, vol. 
7, no. 4, pp. 323-334, 1977. 

[7]  R. Senaratna and N. Senaratna, "Minimizing life cycle costs of 
industrial LV distribution networks", 2006. 

[8] D. Hightower, "A solution to line routing problems on the continuous 
plane", 1969 

[9] S. Brooks and B. Morgan, "Optimization Using Simulated Annealing", 
The Statistician, vol. 44, no. 2, p. 241, 1995. 

[10] P. Schuur, "Classification of Acceptance Criteria for the Simulated 
Annealing Algorithm", Mathematics of Operations Research, vol. 22, 
no. 2, pp. 266-275, 1997 

[11] "CEB | Business With CEB", Ceb.lk, 2022. [Online]. Available: 
https://ceb.lk/commercial-tariff/en/. 

 

 

 
 


