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Abstract — Electrical distribution losses remain a critical challenge in power networks, especially in densely
populated areas with aging or substandard infrastructure. This study investigates the nature and extent of
distribution losses in the ZESCO network, focusing on Chipulukusu Compound in Ndola. The aim of this study was
to evaluate impact of distribution power losses on energy delivery and proposing appropriate mitigation strategies. A
survey design which used both quantitative and qualitative aspects of research was used in the study. Data collection
methods included meter readings, thermographic scanning, transformer and line inspection sheets, as well as
questionnaires and interviews administered to both ZESCO staff and clients. The study population comprised 7,595
customers: 7,142 residential, 63 social (e.g., schools, hospitals), and 390 commercial clients. The sample consisted of
1,500 residential clients, 30 social clients, 150 commercial clients, and 15 Zesco staff members from operations,
maintenance, protection, and commercial departments. Additionally, 23 out of 33 distribution transformers in the
area were inspected. Data were analyzed using the STATA statistical software. The findings revealed that unbalanced
transformer loading accounted for 91% of technical losses, leading to transformer overheating, insulation failure,
and phase-specific outages-particularly affecting customers connected to the yellow and blue phases. Copper
conductor theft contributed to 65% of non-technical losses, while 50% of residential clients were vending electricity
worth ZMK 100 or less per month, largely due to frequent outages, compared to those vending between ZMK 100
and ZMK 500 who had more stable supply. Additional non-technical loss factors included the misuse of residential
power for commercial purposes and illegal connections, particularly in market areas. The study recommends that
ZESCO adopt regular transformer load balancing and preventive maintenance to minimize technical failures.
Furthermore, community awareness campaigns should be intensified to reduce theft and discourage unauthorized
commercial use in residential areas. The government is also urged to implement regulatory mechanisms for the

disposal and trade of scrap metal to curb the illicit sale of stolen copper conductors.
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I. INTRODUCTION

Electrical energy is a form of energy that is generated through different source, one of the common sources
being hydro power generation, while others form include photovoltaic energy source, wind energy source,
nuclear energy source, thermal energy source and many more others. This energy is transported from the
generating plants to the consumers or load through electrical network composed of transmission lines
(conductors), transformers, distribution lines (conductor) or cables and other switch gears [1]. Due to these
transmission and distribution media, losses can be generated. Efficiency of electrical energy distribution is very
important for the sustainable functioning of any power network. Distribution losses refers to the difference
between the energy entering the distribution network and that leaving it. The losses in power distribution
systems can be classified as technical and non-technical losses. Technical losses are easily determined by

looking at the relationship between voltage and current on a distribution network. According to the Zesco
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Integrated Reports [1, 2, 3], distribution losses have been increasing from 11% to 14.8% in the years 2019-2020
and on several occasions failing to meet its 10% loss standard. Technical losses can be defined as the losses
associated to losses of electrical energy due to conductor heating (I2R), heat dissipated in transformers (iron
losses), faults such as symmetrical and unsymmetrical, electrical discharge due to corona effect (ionization of
the air surrounding a conductor), load imbalances, heat dissipated in motors [4, 5, 6]. While non-technical power
losses can be those energy losses associated to unbilled energy consumed, this can be meter bypass, errors in
meter reading, corrupt meter readers who manipulate the readings for their own benefit for consumers who are

not on prepaid, vandalism that leads to loss of power to consumers [1].
II. RELATED WORKS

In [7] the research noted the as the power distribution network increases in size the complex is to determine
and solve the challenges of power losses. It further identified that one of the major causes of these power losses
in three phase four network is current imbalances. While the research observed this challenge it also emphasized
low-cost measures such as phase balancing during operation and routine maintenance has the potential to reduce
the losses, thereby improving power system efficiency, increases network handling capacity, and reduces
operational costs. In [8] the noted that the location as while as the capacity of the power plant in power
distribution system has an impact on the power losses. The research proposed advanced power flow algorithm to
determine line losses and an improved gray wolf optimization algorithm to establish the optimal location and
rating of distributed generators. An experiment was conducted on IEEE 33-bus radial distribution network to
examine the effectiveness of the proposed method and it was concluded the system significantly reduced the
active power losses in the distribution system. In [9] presented the challenges the India’s power distribution
system was facing in its quest to provide power to the consumers. It observed that the most notable ones were
the Aggregate Technical and Commercial power losses which greatly affected the financial standing of
distribution utility companies and therefore increased electricity tariffs for consumers. The research focused on
improving the power network efficiency and strengthening revenue standing of the utility companies by
reviewing technological advancements that can be used to reduce Aggregate Technical and Commercial power

losses and it discussed the practical short comings encountered during the implementation process.

In [10] observed that with high penetration of distributed generation (DG) it calls for effective evaluation of
its distribution network loss uncertainty in voltage and current delivery. The research proposed a nodal loss
analysis technique which recursively calculates power losses due to the connected loads and penetration of
distributed generation. In [11], and Lubov Petrichenko, observed that the integration of large scale photovoltaic
(PV) energy system introduces power losses. The research did a comparison on two case scenarios one for
prosumers operating individually and the other one prosumers participating in PV energy communities. They
observed that from the simulation performed on IEEE 123 Node Test Feeder it was clear that power losses can
only decrease to a certain level with PV penetration and beyond that limit (point), increase in PV capacity also
increases losses rapidly and system stability becomes complicated making system operation difficulty. In [12]
the research carried a review on the global perspective on non-technical power losses focusing on unbilled
consumed electrical energy and its implication based on economic, social impact. It further looked at key
barriers to their identification and also evaluated the main strategies, policies, and regulatory frameworks

practiced in many countries for mitigation of power losses.
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In [13] the research evaluated the technical and non-technical power losses in the 20/0.4 kV power
distribution network of Sheberghan City, Afghanistan. A mixed-methods design was used for data collection
combining field measurements, utility records, and personal interviews with technical staff. It was established
that the major source of technical losses was due to conductor resistance, transformer overloading, and aging
power infrastructure, while non-technical losses was as a result of billing errors, illegal connections, and
operational inefficiencies on the power network. In [14] the research observed that non-technical losses where
preventable due to the nature of their source which is electricity theft and fraud as compared to technical losses
which are inherent and are dependent power network design. Hence in their study the focus was on non-
technical power losses where perspectives, existing detecting techniques and mitigating strategies for their
reduction were discussed. In [15] the research reviewed the nexus among electricity distribution power losses,
focusing on carbon emissions, economic growth, and energy consumption in West Africa for the period ranging
from 1970 to 2019. The study observed that empirical evidence revealed a statistically significant negative
relationship between electricity distribution power losses and energy consumption. In [16] the study evaluated
the methods for distribution power losses calculations. The research focused on the losses related to the load and
based its analysis on the operational methods, analytical methods and evaluation methods. In [17] noted that one
of the major challenges in power distribution is electricity theft which is contributing to power losses and
negatively affected the economic standing of the utility companies. The study further evaluated the role the
smart meters in mitigating electricity theft and compared to traditional analogue meters that are dependent on
human intervention in meter reading. They research concluded that from the results obtain in the Akre district
power distribution network in Iraq proved that smart meters were able reduced electricity theft by 96.4% while
power losses reduced by 17.1%. This led to improved power supply, system stability and economical standing

of the electrical utility companies.

In [18] the study noted that non-technical power losses such as illegal meter taping were responsible for
financial losses in most utility companies. The research analysed different machine learning methods that are
used for the determination of non-technical losses. In [19], the research noted the implementation and growth of
smart grids has benefited the community with reliable power supply. However, this has come with challenges of
non-technical losses which has seen utility companies failing to meet their operation costs. The notable ones
include meter tempering, meter bypassing and lack of meter capability to process huge data, and increasing
operational costs due the network complexity. In [20], the observed that the technical losses are those that give
rise to heat dissipation in electrical elements such as transformers, conductors, motors and switch gears. The
study noted that reduction of these power losses require integrated efforts as their source is based on electrical
design. In summary we look at the Zambian scenario in respect to technical and non-technical losses. From IEC
(2009) defines the optimal average range of technical power losses in transmission and distribution power

network under normal operation conditions as being [21]:

1. 1% to 2% for a step-up generator-transformer.

2. 2% to 4% for transmission lines, depending on the length of a line.

3. 1% to 2% for a step-down transformer connecting a distribution system to a transmission system.
4. 4% to 6% for a distribution network transformer and lines, combined.

While the Word Bank (2009) defines the most optimal range of power system losses from transmission to dis-
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-tribution power network under normal operation conditions falls within 7% to 10% [21]. ZESCO accumulate--
ed an equivalent of 108MW distribution power losses on average per annum and an equivalent of 111MW
transmission power losses on average per annum from the years 2020 to 2022. Hence it can be approximated
that 219MW of the power transmitted and distributed by ZESCO per annum was power losses. From an audit of
ZESCQ'’s self-reported key performance indicators (KPI) on distribution system power losses given in table 1
below indicates that within the period 2020 to 2022, the utility purchased an average power of 7,473.64GWh per
annum where 952.76GWh (or an equivalent of 108.67MW) were reported to power losses, giving a percentage

value of 12.75%. Which is higher than 11% regulatory KPI target by 1.75% [21].

Table 1. ZESCO’s 3-year distribution system losses performance against KPI target and benchmark [21].

Quantity in Year
ZESCO Distribution System
2020 2021 2022 3-Year Avg. 3-Year Total
Energy purchased (GWh) 6,535.97 7,718.52 8,166.41 7,473.63 22,420.90
Energy purchased — average power (MW) 0.74 0.88 0.93 0.85 2.56
Reported energy losses (GWh) 939.55 847.25 1,071.48 952.76 2,858.29
Energy losses — average power (MW) 106.96 96.72 122.32 108.67 326.29
Reported energy losses 14.38% 10.98% 13.12% 12.75% 12.75%
Regulatory target for losses 11% 11% 11% 11% 11%
World Bank benchmark for losses 10% 10% 10% 10% 10%
Losses in excess of KPI target (GWh) 220.60 (1.79) 173.18 130.66 391.99
Losses in excess of WB benchmark (GWh) 285.96 75,40 254,843.14 205.40 616.20

From the reviewed literature it is clear that technical power losses and non-technical power losses require
integrated approach if they are to be reduced to the acceptable limit. Their impact on the power network has
serious setback to both the utility companies and consumers. With the rapid increase in human population and

increased industrial activities calls for efficient and stable power supply to the end users.
II1. RESEARCH METHODOLOGY

The research divided the distribution power losses into two categories: Non-Technical Power Losses (NPTL)
and Technical Power Losses (TPL). In this research both cross-sectional survey design implementing qualitative
method on a smaller scale and quantitative survey method on a larger scale to obtain evidence. Each level of the
survey method was carefully designed in line with the single line diagram of Chipulukusu network to

maximized data collection, analysis and evaluation.
A. The Sampling Design and Sample Size
a. The Research Population

The study population comprised residential consumers, social consumers (e.g., schools, hospitals),
commercial consumers and Zesco members of staff under operations, maintenance, protection, and commercial

departments, as well as distribution transformers under Chipulukusu network.
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b. Sample Population

The study population comprised 7,595 consumers: 7,142 residential consumers, 63 social consumers (e.g.,
schools, hospitals), and 390 commercial consumers. The sample consisted of 1,500 residential consumers, 30
social consumers, 150 commercial consumers, and 15 Zesco staff members from operations, maintenance,
protection, and commercial departments. Additionally, 23 out of 33 distribution transformers in the area were

inspected.
c. Sample Strategies

This research adopted probability sampling known as Simple Random Sampling (SRS), such that the
selection of respondents and transformers was purely based on chance and no involvement of individual bias
[21]. This sampling technique allows every element involved in the sampling frame to have an equal chance of

being selected and be part of the sample.
B. Data Collection

The secondary data for this research was acquired by using sources such as; the public documents, which
included ERB reports, Zesco integrated reports, journal papers and past researches and this data has been used in
the related works section. While primary data was collected from the field through reading the installed bulk
meter at the main substation, by the use of Thermal graphic cameras, using data capturing instruments and

survey questionnaires.
C. Data Analysis

Qualitative data that was acquired through questionnaires, interviews and review of public documents and
past research was analyzed, later arranged in themes. On the other hand, quantitative data was analyzed through
the application of statistical software known as STATA and with tools such as pie charts, frequency tables, and

bar charts adopted for presentation [22].
IV. POWER DISTRIBUTION SYSTEM

The study was carried out in the city of Ndola of the Copperbelt province of Zambia focusing on 66/11kV
Depot substation supplying Chipulukusu compound. The single line diagram of 66/11kV Depot substation in

Ndola is given in Fig. 1 below.
A. Technical Losses

The technical losses on the power distribution network can be classified as those caused by faults such as
symmetrical or balanced faults, unsymmetrical or unbalanced faults, open circuit losses, transformer loading,
power losses associated to conductor resistance (I?R), Transformers core losses (eddy current and hysteresis),

poor power factor losses.
1. Important Equations/Formulae
Conductor power losses = P,,q; = (I?R)watts (1

Hystereses power losses = P, = nBhq.fV watts 2)
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Eddy current losses = Pogqy = V.(Bpax. f- ) watts 3)

Power factor = cosf = % (4)

With reference to Fig. 2 below power losses can be calculated as given below:

B

Bus
/ Vi 4
I 7 V’ / L = I/ / ji
>
| [ 0 I jo I
Yio y;‘l)
Fig. 2. Two bus power network.
Considering current and power flows for the two buses (i to j) is given by:
Case 1 from bus (i to bus j)
Ly = I + Lo = y;; (Vi = V}) + yioV;
Sij = Vili; = V(v + yi0) = ViviVy' (5)

Case 2 from bus (j to bus i)
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Li = =1, + Iio = 5 (V; = Vi) + yjoY;

Sji = Vili; =V (vi; +vjo) — ViyiiVi (6)
There power loss between the two buses is given by:

SLoss = Sij + Sj' (7)

The unbalanced faults allow the follow of negative and zero sequence voltages and currents depending on the

nature of a fault, while positive sequence are the normal.

The matrix that governs the relationship between the sequence currents and line currents is given in equation

8 below.

Igo ) 1 1 17l
lar[=3]1 a || (®)
laz 1 a® a I,

Case 3 single line to ground fault (in phase a) and the conditions at the fault point are expressed below.
I,=1.=0 9)
=1, (10)

Hence the positive (I,;) , negative (I,,) and zero (I,,) sequence currents are given by:
lor = laz = lao =31 (1)

Eq

lay = laz = Iao = (2142, +20)+3Z

(12)

Case 4 double line to ground fault (in phases b and ¢ and ground), and the conditions at the fault point are

expressed below:

Vp=Ve =2y + 1) (13)
UV=1,+I (14)
I,=0 (15)

Hence the positive (I,;) , negative (I,,) and zero (I,,) sequence currents are given by:

_ “EqtZylgy

lao Zo+32f (16)
—Eq+Z411,
lp = =212 (17)
Ea
lay = 25(2o+32f) (18)
ZI+ZZ+ZO+3Zf
Case 5 double line (between phases b and ¢) and the condition at the fault point are expressed below:
I, =—I, (19)
I, =0 (20)
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Hence the positive (I;) and negative (I,) sequence currents are given by:

I,o=0 (21)
I = %[a —a?]l, (22)
lz = 5 [a? — all, (23)

While fault currents are given by:

V=1l =1 = Iy (—jV3) —2— (24)

(Z1+2,+2)
B. Non-Technical Losses

Non-Technical losses on the power distribution network can be classified as those due to meter bypass, error
in meter reading, fault meters, meter tampering, unpaid bills, frauds by billing staff, system software errors. Fig.

3 below gives the structure of the power distribution losses.

Distribution power losses
Technical losses Mon-Technical losses
Symmetrical faults | Svstem Software
Unsymmetrical faults € ¥ Frauds by billing staff
. i
Transformer loading |~ *| Meter tempering
Power factor losses (€ * Meter reading
Open circuit faults €
# Meter bypass
Conductor losses (&
¥ Fault meter
-~ i
. X L
Core losses  [€ ¥ Unpaid bills

Fig. 3. Distribution power losses taxonomy.

A three-phase meter shown in Fig. 4 was installed at 66/11kV Depot substation supplying Chipulukusu
compound to capture power readings. The network under study had a total number of thirty-three (33)
distribution transformers supplying seven thousand five hundred and ninety-five 7595 consumers, categorized
into residential, social and commercial consumers. The majority of the distribution transformers under this

network are pole mounted with the ratings ranging from 100 KVA to 200 KVA.
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Fig. 4. Three phase meter at 66/11kV Depot substation (source: field data 2024).

V. RESULTS PRESENTATION AND DISCUSSION

This section presents the results obtained in the field and responses that have been analyzed using graphs,

tables and charts.
A. Power Readings

The meter readings were obtained for a period of ten (10) months from January 2024 to October 2024
focusing of KWh and KVA readings. Fig. 5 shows the graphical KWh meter readings which reflect the
cumulative energy consumption on Feeder 2 at the beginning of each month which showed steady increase from
month to month, signifying a consistent rise in energy usage within Chipulukusu network. The upward trend in
kWh readings implies that the Chipulukusu community’s overall electricity needs growing. The meter served as
a baseline for understanding overall energy flow within the network. While Fig. 6 shows the graphical KVA
meter readings. Unlike the steady increase observed in kWh, the kVA readings fluctuated month by month,
reflecting variability in peak power demand. These demand spikes highlight the importance of load management
and may indicate times when the feeder is under more stress. This information is essential for optimizing the

feeder’s performance and minimizing potential distribution power losses.
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Fig. 5. KWh Graphical meter readings (source; field data 2024).
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Fig. 6. KVA Graph (source; field data 2024).
B. Transformer Loading

Readings of phase currents and voltage was taken for the sampled transformer to determine their loading.
Table 2 shows the phase current and voltage readings with a focus of determining the balancing status of each
transformer. From table 2 it can be observed that out of 23 sampled transformers only two were balanced and 21
were unbalanced or not balanced which means that they allowed the flow of positive, negative and zero
sequences. Due to unbalanced conditions of these transformers resulted into transformers losses, and since the

phases supplying the consumers were also not balanced it presented the presence of variables losses.

Table 2. Transformer (Tx) loading (source: field data 2024).

Currents (A) Voltages (V) Load
Tx ID Rating (kVA) Time
R Y B N Balancing
A 200 14.5 41.3 79.3 33.2 240 12:26 unbalanced
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Currents (A) Voltages (V) Load
Tx ID Rating (kVA) Time

R Y B N Balancing
B 200 15.2 43.5 71.7 67.5 237 12:40 unbalanced
C 100 5 32.5 26.1 33 238 12:53 unbalanced
D 200 2.1 2.3 1.9 0.6 240 13:10 balanced
E 200 14.4 28.3 50 35.1 239 13:23 unbalanced
F 100 24 22.7 19.7 19.4 238 13:41 unbalanced
G 200 8.2 8.9 40.5 31.5 238 13:56 unbalanced
H 200 349 37.2 66.2 222 240 14:20 unbalanced
I 200 52 5 6 0.5 241 14:39 balanced
J 200 13.4 19.9 19.4 20.2 237 14:52 unbalanced
K 200 10.7 20.8 22.4 11.6 240 07:10 unbalanced
L 200 8.9 19.9 25 20 239 07:23 unbalanced
M 200 454 9.3 15.2 11.4 239 07:41 unbalanced
N 200 57.4 82.1 114.8 38.9 237 08:02 unbalanced
0 200 17.8 24 20.5 13.1 240 08:15 unbalanced
P 200 24.5 29.6 7 21.3 240 08:31 unbalanced
Q 200 8.7 26.9 40.3 34 240 09:15 unbalanced
R 200 2.8 29 31.5 25 239 13:25 unbalanced
S 200 19.8 7.4 9.4 9.7 237 13:41 unbalanced
T 200 17.4 14.2 20.4 9.7 240 13:53 unbalanced
U 200 6.4 16.1 8.3 10.2 238 14:12 unbalanced
\% 200 19.4 8 21.6 14.5 241 14:30 unbalanced
X 200 13.5 21.3 17.1 16.6 240 14:47 unbalanced

C. Views Held by the Utility Staff on the Major Causes of Distributions Losses

The members of staff interviewed attributed that the major challenges to some of these losses were as a result
of meter tempering by consumers more especially those mounted in houses, power cable theft and transformer
vandalism leading to prolonged repair time, while some attributed it to consumers performing commercial
activities such as wilding in their residences against the declared loads of domestic consumption, this led to
imbalances in line currents and frequent conductor failures. However, others attributed the power losses due to
unplanned settlement making certain distribution lines covering longer distances, posing maintenance

challenges and delayed fault responses due difficult in accessibility.

D. Rate of Response to Faults
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The responses from the sampled consumers over the general rate of response to faults (on a general
perspective without specifying the nature of the fault) by the utility company is given in Fig. 7 from which we
can see that 40% responded that it was very fast within a maximum of 10 hours after the fault is reported. Those
that responded that it was fast within 24 hours of the fault being reported represented a percentage of 25% while
those that responded that it was slow beyond a day represented a percentage of 35%. From the responses it can
be concluded that on average consumers could go for a day without power when a fault occurs. This represents a
significant loss of revenue to the utility company more especially if the fault is affecting a large number of
consumers such as a fault on a transformer, since this Chipulukusu compound is one of the densely populated

areas.

Rate of response to faults

m Very fast(<10hrs)
= fast(10hrs-24hrs)
slow(>day)

Fig. 7. Rate of Response to faults (source: field data 2024).

V1. CONCLUSION

This research has provided some insights to the taxonomy of the distribution power losses in the area under
study. This study revealed the presence of both technical and non-technical distribution power losses was
notable through factors such as transformer loading imbalances and the slow response to fault resolution,
allowing consumers to go for a day or days without power. Future research should focus on strengthening fault
resolution strategies to reduce consumer lost hours and transformer optimization aiming at load balancing. Also

fault reporting channels and meter monitoring techniques.
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