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Abstract

Most power losses in power systems occur in distribution networks,
leading to poor service quality, higher electricity costs, and utility
revenue losses. This study addresses these challenges by integrating
distributed generators (DGs) into distribution networks to minimize
revenue losses. The proposed strategy involves determining optimal
DG power output at fixed locations, making it a complex NP-hard
optimization due to fluctuating system variables. This study
involves metaheuristic algorithms to solve the DG power dispatch
problem in order to reduce revenue losses. The proposed technique
has been tested in the Tanzanian electrical distribution network
using an hourly load profile and tariff D1, T1 and T2 users. Four
metaheuristic algorithms, namely Golden jackal optimization
(GJO), Grey wolf optimizer (GWO), Walrus optimizer (WO), and
Marine Predators Algorithm (MPA) were evaluated. The
performance of the algorithms was assessed through convergence
profiles and computational times, with GWO emerging as the most
effective. The findings reveal that increasing the number of DGs
reduces revenue losses, while tariff category analysis shows an
average loss reduction of over 56% across all cases. These results
highlight the effectiveness of DG integration in minimizing revenue
losses and improving the efficiency of electrical distribution
networks.
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1. Introduction

An electrical power system is a complex
network that encompasses electric  power
generation, transmission, and distribution. It is
designed to deliver electricity from power plants to
consumers efficiently and reliably. The distribution
network is the part of the electrical power system
that delivers the electrical power to the end users
[1]. The distribution part of the network is further
subdivided into the primary distribution network,
which comprises the 11kV and 33kV lines, and the
secondary distribution network, which comprises
the LV transformers and 400V/230V lines. Due to
its direct correlation with customers and its impact
on electricity cost and power supply reliability, the
secondary distribution network continues to be one
of the most important topics in the electric power
industry [2].

The secondary distribution network is dynamic,
the most complex part of the power system, and its
management is very challenging. The most
challenging issue in the secondary distribution
network is the technical and non-technical power
losses [3]. Technical losses occur naturally during
the transmission and distribution of electricity,
primarily due to resistance in conductors and
transformer inefficiencies. Conversely, non-
technical losses often arise from issues such as
power theft, fraud, meter inaccuracies, non-
payment, and billing irregularities [4]. Non-
technical loss of electricity is a significant issue,
particularly in developing countries, and represents
a substantial financial burden on utility companies,
governments, and society. According to recent
studies, these losses can account for a considerable
percentage of total electricity distributed, leading to
significant revenue shortfalls [5].

Technical losses are quite challenging in
developing countries with relatively poor and aged
infrastructure. In secondary distribution network
(SDN) and distribution transformer, no-load losses

contribute 53-74% of the total technical losses in
the power system [6]. These losses not only affect
the financial viability of energy providers but also
hinder efforts to expand access to electricity,
particularly in underserved regions. The losses
cause a significant increase in operational costs,
making the electrical charges comparatively high to
compensate for the losses.

In Tanzania, electricity charges are proposed by
Tanzania Electric Supply Company Limited
(TANESCO), the main utility company responsible
for generating, transmitting, and supplying
electricity. The prices are categorized into tariff
groups, including tariff D1, T1, T2, T3-MV, and
T3-HV. Most customers in the electrical secondary
distribution networks use tariffs D1, T1, and T2.
The proposed prices are implemented after getting
approval from the Energy and Water Utilities
Regulatory Authority (EWURA), the authority
responsible for regulating energy and water prices
in Tanzania. For example, in January 2016,
EWURA approved the request from TANESCO to
increase tariff rates by about 8.53% in Tanzania.
This increase was aimed at enabling TANESCO to
cover operational costs and support ongoing
modernization projects  while  balancing
affordability for consumers [7].

TANESCO has ongoing efforts and initiatives
to reduce revenue losses and improve service
delivery in Tanzania. TANESCO has made
progress in reducing system losses, reporting a
decline from 23% in 2010 to 18% by the end of
2014 as part of its continuous efforts to enhance
power delivery efficiency [8]. The effort to reduce
the revenue loss has recently realized significant
output, where the state power firm has been able to
reduce losses from 21% in 2018 to 14% in 2024,
just 5% short of the global benchmark of 9%
electricity loss [9]. Such achievement has been
possible due to infrastructure upgrades and
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increasing generation capacity. Despite such efforts
and initiatives, power losses remain a challenging
issue, and utility companies in Tanzania and most
developing countries need immediate intervention.

Integrating distributed generators (DGs) in
power systems presents a promising solution to
mitigate these losses [10]. Distributed generation
refers to small-scale  power  generation
technologies, such as solar panels and wind
turbines, which can be deployed close to the point
of consumption [11]. By decentralizing power
production, DGs can reduce the distance electricity
must travel through the grid, thereby minimizing
technical losses. Furthermore, DGs can enhance
grid reliability and resilience by providing local
power sources during peak demand periods or
outages [12]. Introducing DGs in the electrical
distribution networks involves locating optimal
places for DGs and optimal power dispatched by
each DG depending on changing power system
variables, which makes the whole process an NP-
hard optimization problem [13]. Three methods are
available for DG placement: analytical methods,
numerical methods, and metaheuristic algorithms.
Metaheuristic algorithms are the most popular
method for solving DG placement problems
because they can find near-optimal solutions for
large and complex optimization problems [14].
Therefore, this study proposes using metaheuristic
algorithms to solve DG's power dispatch problem
and reduce revenue losses in electrical distribution
networks. The fixed locations of the DG were
considered, and the optimal size for each DG was
found using metaheuristic algorithms. Unlike other
studies that considered loss as the objective
function, this study formulated the objective
function of electricity revenue losses.

The mathematical model formulated in this
study incorporates power system variables and
electricity price tariffs, focusing on three tariff
categories in Tanzania: D1, T1, and T2, which are

applicable to most users in the country's secondary
distribution  networks.  Four  metaheuristic
algorithms, namely Golden jackal optimization
(GJO) [15], Grey wolf optimizer (GWO) [16],
Walrus optimizer (WO) [17], and Marine Predators
Algorithm (MPA) [18], were compared and used to
find optimal DG settings that minimize revenue
loss in Tanzania's electrical distribution networks.
The algorithms were evaluated based on
convergence profiles and computational times, with
GWO performing the best. The study also focuses
on analyzing the impact of different tariffs and the
number of DGs on revenue loss reduction to
determine the overall revenue loss reductions

2. Method
2.1 Tanzania Power Systems

The electrical distribution network comprises
33kV, 11kV, and 0.4kV lines. The 2021/2022
report shows that TANESCO distribution network
comprises  approximately 148,544 km of
distribution lines, which includes 8,325 km of
33KV lines, 3,732 km of 11kV lines, and 12,992 km
of lower voltage lines [19]. As of June 2022,
TANESCO had connected about 3.79 million
customers, representing a 17% increase of the
customer base from the previous year [8]. The
electrical distribution network is essential since it
interconnects the transmission system and the users
[20]. The distribution system consists of the most
extensive coverage and is widely scattered. The
nature of the secondary distribution network is
complicated, and most households are in un-
surveyed areas, making the situation more complex
[21].

2.2 Electricity Prices in Tanzania

TANESCO sets its electricity pricing structure
to reflect its efforts to balance affordability for
consumers while ensuring sustainability. Table 1
presents the categories of the approved power tariff
in Tanzania [7].
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Table 1. Electricity tariffs and prices in Tanzania [7].

Tariff Description Unit Price (TZS)

D1 Domestic Low Usage, for low consumption users (using an average 350
greater than 75 kWh per Month)

T1 General Usage Tariff for customers includes residential, small commercial, 292
light industrial use, public lighting, and billboards. Power is supplied at
low voltage single phase (230V) as well as three-phase (400V).

T2 Low Voltage Maximum Demand Usage, for general use at 400 Volts with 195
average consumption greater than 7500 kWh per meter reading period and
demand does not exceed 500kVA per meter reading period

T3-MV  Applicable customers connected to Medium Voltage Maximum Demand 157
Usage or general use where power is metered at 11/33 kV

T3-HV  Applicable to customers connected to High Voltage in, including ZECO 152

hulu , and Twiga Cement

2.3 The Electrical Network of the Study Area

The study area for this work was selected from
part of the Tanzania electrical SDN. This area
comprises customers with different tariffs (D1, T1,
T2, and T3) and is easily accessible. The specific
regions selected were in the Kinondoni North Area
near Msasani Peninsula Hospital. The selected area
has 79 nodes with 143 customers connected with
different tariff plans. The customers connected to

this network use D1, T1, and T2 tariff schemes.
Hence, this study focuses on D1, T1, and T2
customers whose information was available in the
selected area. Figure 1 presents the electrical
network topology of the study area. The root node
is considered the node with the transformer. The
optimal DG places are the locations of DGs
considered in this study, nodes 90, 111, 125, and
145.
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Figure 1. Study area electrical network topology [22].

2024

70


mailto:jicts@udsm.ac.tz

Kawambwa and Mnyanghwalo

JICTS
Volume 2 (2) Pages 67-80

2.4 The Daily Load Profile of the Study Area

The study area is served by the transformer,
which collects data using the Automatic Meter
Reader (AMR) system in 20-minute resolution. The
electricity consumption records for seven years,
from 2012 to 2019, were used. The AMR data was
converted into an hourly resolution to align with the
purpose of the study, which requires calculating
electricity consumption units. From the processed
hourly data, the maximum and average load
profiles for each hour were calculated (Figure 2).

The maximum load values were used in this
study. Since the available data were the aggregated
data for all nodes served by the transformer, it was
necessary to disaggregate them in order to get the
power consumption for each node. Each hourly
value was divided by the number of nodes by
assigning a random weight in order to capture the
load's stability and randomness.
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Figure 2. The Maximum and average hourly load.
2.4.1 Objective functions

Customers with Tariff D1, T1, and T2 can be
connected to the electrical secondary distribution
networks. Based on the above assumptions, the
hourly revenue loss for the electrical distribution
network can be presented as

Ng Np
V=T, ) U)*Ra+Ty ) ()R,
a=1 N, b=1 (1)
+T. ) U)Re,
c=1

where Y is the total revenue loss of the
distribution network, N, + N, + N, = N, N is the
total number of buses, N, is the total number of D1
buses, N, is the total number of T1 buses, and N, is
the total number of T2 buses. T, is the unit price of
electricity for D1 users, T}, is the unit price of
electricity for T1 users, and T, is the unit price of
electricity for T2 users. I, is the current flowing in
the upstream branch of the D1 bus, I, is the current
flowing in the upstream branch of the T1 bus, and
I.. is the current flowing in the upstream branch of
the T2 bus. R,, R, and R, are the resistances of the
upstream branch for D1, T1 and T2 buses,
respectively.

2.4.2 Constraints

When operating DGs, the objective function is
subjected to the constraint presented in equations
(2) to (6).

A. Power balance constraints

Ppe = Pioss + Pp,

2
Qpe = Qioss T+ p ( )
Ppe and Qp are the total active and reactive

power injected by the DGs, respectively. Pp; and
Qp are the active and reactive power of the load at
the it" bus, respectively. P, is the total active
power loss of the network given by (3), and Q;,s IS
the total reactive power loss of the network given

by (4).

N
Puoss = ) (DR ©)
i=1
N
Quoss = (Ii)ZXi 4
i=1

Where [; is the current through the branch i, R;
is the resistance of branch i, and X; is the reactance
of branch i, and N is the total number of branches
in the network.
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B. Voltage constraints
Vinin < Vi < Vigy Where i = 1,2,3, ..., 1n

Where V; is the voltage magnitude at i*" bus.
Vimin 1 the lower voltage limits and V,,,, Is the
upper voltage limit for a power system. In this
work, the lower and upper voltage limits were set
at 0.9 p.u and 1.1 p.u, respectively. The values of
voltage limits are according to the Tanzania
electrical power system and the approach by
Kawambwa et al. [14].

C. DG active and reactive power constraints

Panqlln PDG PlDTYGlax (5)
lmln < QlDG < Ql max (6)
Where P)%,,, is the lower active power limit of

DG, Q7% is the lower reactive power limit of DG,
PPG  is the upper active power limit of DG, and

Lmax
D 2z 1 the upper reactive power limit of DG. P°¢
and QPC%are active and reactive power of the DGs

at i*" bus, respectively.

2.5 Metaheuristic Algorithm for Revenue Loss
Reduction

Metaheuristic  algorithms are  powerful
optimization techniques designed to address
complex, non-deterministic, and non-linear
problems frequently encountered in engineering,
computer science, and operations research [23].
Metaheuristic algorithms have found extensive
applications in power systems, where they are used
for various applications, such as optimal power
flow, power dispatch, economic load dispatch, and
microgrid management [24]. Among these
applications, distributed generator (DG) placement
stands out as a particularly complex optimization
challenge. This task involves determining the
optimal sizes and locations for DGs within power
systems while adhering to specific objective
functions and constraints [25]. Given the dynamic

nature of power systems, the intermittency of DGs,
and fluctuating operating conditions, achieving
optimal placement becomes a highly complex
work. Several metaheuristic algorithms have been
used to solve DG placement problems: Symbiotic
Organism  Search  [26], Particle Swarm
Optimization [27], Golden jackal optimization
(GJO) [15], Grey wolf optimizer (GWO) [16],
Walrus optimizer (WO) [17], Marine Predators
Algorithm (MPA) and Chimp Optimization
Algorithm[28]. Despite the differences in the
structure of metaheuristic algorithms, some steps
for their implementation for placement and sizing
are common.

This study explores the four metaheuristic
algorithms GJO, GWO, WO, and MPA to
determine the best algorithm that can be used for
further analysis of the electrical losses. The four
algorithms were chosen due to their prominence in
solving DG placement problems.

This study explores the role of distributed
generation (DG) in mitigating revenue losses for
power utility companies. The study assumes the
DGs are available and optimally placed.
Metaheuristic algorithms are employed to
determine the ideal DG sizes while accounting for
fluctuating load demands over time. Such
assumptions reduce the dimensions and complexity
of the problem. Figure 3 illustrates a flowchart to
implement metaheuristic algorithms for sizing DGs
within the power system.

Metaheuristic algorithms are population-based,
where each possible solution is treated as a member
of a population. In this study, these population
members represent possible sizes for each DG
location. Factors such as the number of distributed
generators (DGs), population size, load data, line
data, and tariff information are set during
initialization. The power tariff information involves
electricity prices for each user category.
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Initialization: DGs locations, Population size (N), Load and
line data, and Tariff information

v

—>| iteration=iteration+1; iteration=1; i=1 |

v

| Place DG in Load data

|<7‘

v

| Run powerflow |

v

| Evaluate Power Loss |

v

i=it]

| Calculate Revenue Loss |

1=

| Update Population Member|

No

Is termination
criteria achieved?

i=N No

Yes

Yes
\ 4

| Print Solution

End

Figure 3. Implementation of metaheuristic algorithms for optimal sizing of DGs in a power system.

The power flow results are combined with
power loss and tariff information when calculating
revenue loss according to equation (1). The load
data are changed by placing the DG sizes in
particular locations before running the power flow.
Then, the population member is updated according
to the member update mechanisms of the
metaheuristic  algorithm.  All  members of
metaheuristic algorithms are updated accordingly.
The algorithm terminates when the criteria are met,
or a number of iterations have been reached.

3. Results and Discussions

This study compares four metaheuristic
algorithms for reducing revenue loss in an electrical
distribution network using distributed generators
(DGs), with the Tanzanian electrical distribution

network serving as a case study. Two cases were
analyzed: the first involved placing 2 DGs at buses
90 and 111, and the second involved placing 4 DGs
at buses 90, 111, 125, and 145, following the
approach of Kawambwa and Mnyanghwalo [22].
The study did not focus on finding optimal DG
locations but on finding the DG sizes at the known
locations.

3.1 Parameter Settings for Metaheuristic
Algorithms

In this study, four metaheuristic algorithms
were considered: Golden jackal optimization (GJO)
[15], Grey wolf optimizer (GWO) [16], Walrus
optimizer (WO) [17], and Marine Predators
Algorithm (MPA) [18]. Metaheuristic algorithms
differ in  mathematical formulation and
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implementation structure. The control parameters
for the considered metaheuristic algorithms are
presented in Table 2. The control parameters of
each algorithm were taken from the original article
of the corresponding algorithm [15-18]. All
algorithms incorporated 30 population members
running for 200 iterations. All Simulations were
carried out using MATLAB 2021b on a 3.80 GHz,
4 Cores i7 computer with 16 GB RAM.

Table 2: Parameter settings of metaheuristic algorithms.

SN Algorithm Parameters

1 GJO [15] ;=15

2 GWO [16] a=2 to 0 (linearly)

3 WO[17] Proportion of females
(P)=0.4

4 MPA [18] FADS = 0.2

3.2 Results for Convergence and Execution
Time of the Metaheuristic Algorithms

The performance of the four metaheuristic
algorithms in reducing revenue loss using DGs was
evaluated based on convergence profiles and
computational times. The convergence trends for
Cases 1 and 2 were similar, so only Case 2 with
tariff D1 is shown in Figure 4. Table 3 presents the
average execution times of the algorithms over 20
independent runs for the two cases and the three
considered tariffs (D1, T1, and T2).

GJO
GWO
wo
MPA

1200 1

titt

1100

1000 1

900

Best score obtained so far

PO S

100 125 150 175 200
lteration

25 50 75

Figure 4. Algorithms’ convergence profiles.

Considering the representative convergence
profile in Figure 2, for all cases the MPA and GWO
were the fastest. The GWO was the fastest since it
could find the globally optimal values faster than
other algorithms, followed by the GJO, and the WO
was the slowest in achieving global optimal value.

Considering the execution time for all Tariffs
and all algorithms, the execution time for case 2 is
greater than case 1 because case 2 involves four
DGs, and case 1 involves 2 DGs. Therefore, case 2
has higher dimensional solution space than case 1.
Comparing the algorithms for all scenarios, the
GJO has been the best for scenarios 2, 5, and 6, and
GWO has been the best for scenarios 1,3 and 4.
Considering the average execution time, the GJO
was the best, followed by GWO and WO. The MPA
has the worst computational efficiency.

When considering the convergence profile, the
best performers are the GWO and MPA; however,
the MPA is the most computationally intensive.
When considering the execution time, the best
performers are the GJO and GWO; however, the
convergence characteristics of the GWO surpass
the GJO. Therefore, the best choice is the GWO. In
this study, whenever the results for one algorithm
needed to be presented, the results of the GWO
were considered.

3.3 Results for Revenue Loss Reduction Using
Distributed Generators

Experiments were conducted to examine the
impact of distributed generators (DGs) on reducing
revenue losses in an electrical distribution network.
Revenue loss was calculated for three scenarios:
without DGs, with two DGs, and with four DGs.
Four tariff cases were analyzed: Case 1 involved
D1 users, Case 2 involved T1 users, Case 3
involved T2 users, and Case 4 included a mix of T1
and D1 users. In Case 4, out of 78 nodes, 30 were
T1 users, and the remaining were D1, with the
nodes for T1 and D1 selected arbitrarily.
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Table 3: Execution time of the algorithms (in Seconds).

D1 Tl T2

Case 1l Case 2 Case 1l Case 2 Case 1l Case 2

(Scenario 1)  (Scenario 2)  (Scenario 3)  (Scenario 4) (Scenario 5) (Scenario 6) Average
GJO  355.386 400.099 491.894 502.018 389.043 409.562 424.667
GWO  353.237 402.455 468.462 498.460 409.672 420.030 425.386
e 356.850 412.594 503.736 527.388 404.033 415.838 436.740
MPA  726.105 814.346 964.358 981.658 806.419 832.862 854.291

The experiments were performed using all
algorithms and tariff cases, but the results for the
GWO algorithm were emphasized due to the
reasons outlined in Section 3.2. Figure 5 shows the
hourly revenue loss for tariff Case 1 (D1), Figure 6
illustrates the hourly revenue loss for tariff Case 2
(T1), Figure 7 presents the hourly revenue loss for
tariff Case 3 (T2), and Figure 8 displays the hourly
revenue loss for tariff Case 4 (a combination of T1
and D1 users).

The results indicate that revenue loss is higher
when no DGs are present than when DGs are used
across all cases. Additionally, the results with 4
DGs outperform those with 2 DGs, demonstrating
that revenue loss decreases as the number of DGs
increases. However, as shown in Table 3, this
improvement comes with the trade-off of increased
computational effort, as execution time rises with
the number of DGs.

D1

5000 —— WITHOUT DG
—e— 2 DGs

—+— 4 DGs

o
o
o
o

[ w

(=) (=)

(=] (=]

(=] (=]
L L

Revenue Loss (Tzs)
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Time

Figure 5. Revenue loss for D1.
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Figure 6. Revenue loss for T1.

Table 4 summarizes the results of revenue loss
reduction, showing that in all tariff cases, the
percentage of revenue loss reduction is more
significant with 4 DGs compared to 2 DGs. The
percentage of revenue loss reduction was calculated
according to equation (7). In every case, placing 4
DGs reduces revenue loss by over 63%. Overall,
the combined results demonstrate an average loss
reduction of 56.49% across all tested cases.

T2

—— WITHOUT DG
—e— 2 DGs
== 4 DGs

Time

Revenue Loss (Tzs)
w
o
o
o

Figure 7. Revenue loss for T2.
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Table 4. Revenue loss reduction.

D1 T1 T2
2 DGs 4 DGs 2 DGs 4 DGs 2 DGs 4 DGs Average
Without DG (Tzs) 43084 43084 64516 64516 43084 43084 50228
With DG (Tzs) 38962 15858 32506 13269 21708 8835 21856
Reduction (%) 9.57 63.19 49.62 79.43 49.62 79.49 56.49
6000 T1and D1 —— DG at bus 90
—— WITHOUT DG 50| = DG at bus 111
g 5000 - 206: SR ey
£ —+— 4 DGs Z a0l
2 4000 g 90
9 &
g 3000 @ 30
g 20001 20 |
% 1000 M 5 10 15 20
\*4\.7_4;- ; ? : Time
5 10 15 20
Time Figure 9. Hourly DG settings.
Figure 8. Revenue loss for T1 and D1. 4. Conclusion and Recommendations
This study explores the use of distributed
Reduction generators (DGs) to reduce revenue losses in
LOSS, pc — LOSSvith pe ) electrical distribution networks, with the objective
= 0SS x 100% function based on electricity tariff data from
no DG

Where LOSS,,, p; is the revenue loss without
DGs and LOSS,,itn pe 1 the revenue loss when the
DGs are placed.

This study uses metaheuristic algorithms to
determine the optimal DG settings in response to
varying power system parameters. As the system
load fluctuates hourly based on user consumption,
the algorithms adjust to find the best DG
configurations. Figure 6 presents the results for DG
settings across each hour, considering the
placement of 4 DGs. The results demonstrate that
the optimal power output of the DGs changes in line
with the load profile variations, proving the
effectiveness of metaheuristic algorithms.

Tanzania, specifically the D1, T1, and T2 tariffs.
The DG placement scenarios included 2 and 4 DGs,
and metaheuristic algorithms were employed to
find the optimal DG settings in response to
fluctuating power system loads. Four algorithms
were compared, namely GJO, GWO, WO, and
MPA, with GWO performing best regarding
convergence profile and computational time. The
results show that DGs reduced revenue losses by an
average of over 56% in all cases, with higher
reductions recorded as the number of DGs
increased. The value is higher, as with the increased
number of generators, the electrical line distance
from the source to the load was highly shortened,
hence a reduced drop, which resulted in reduced
revenue losses. Furthermore, the considered
network section had low coverage; therefore, its
loss reduction impacts on DG incorporation are
highly realized to prove the concept. Thus, the
study concludes that incorporating DGs into
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electrical distribution networks effectively reduces
revenue losses.

In this study, revenue loss was calculated based
on power losses due to current flow in the network
branches. Other factors contributing to power
losses, such as electricity theft, could also be
incorporated into the mathematical formulation.
The results indicate that revenue loss decreases as
the number of DGs increases, though the costs of
DG installation were not considered. Future
research may explore the inclusion of DG
installation costs to provide a more comprehensive
analysis. The DG integration in the electrical
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