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Abstract 
The capacity of power generation note needs to be increased globally, owing to population growth and indus-
trial revolution. The conventional power plant across the world is inadequate to satisfy growing power de-
mand. By optimally sizing and designing the clusters of renewable energy sources such as wind, microgrid 
operators can economically and environmentally sustainably provide a clean power solution that can increase 
the supply of electricity. Wind power (WP) generation can be utilised to reduce the stress on the power plants 
by minimising the peak demands in constrained distribution networks. Benefits of WP include increased energy 
revenue, increased system reliability, investment deferment, power loss reduction, and environmental pollution 
reduction. These will strengthen the performance of the power system and bring economic value to society. 
Moreover, many challenges are considered when integrating WP into the distribution system. These include 
protection device miscoordination, fundamental changes in the network topology, transmission congestion, 
bidirectional power flow, and harmonic current injections. In this paper, the economic cost and benefit analysis 
of optimal integration of WP into the distribution networks is investigated through a multi-objective analytical 
method. The aim is to see whether investment in the WP project is economically profitable and technically 
viable in the distribution system. The results obtained from the study can be utilised by power system operators, 
planners and designers as criteria to use WP for stimulating economic development and industrial revolution 
and can allow independent power producers to make appropriate investment decisions. 
 
Keywords: cost-benefit analysis, distribution networks, energy storage system, low voltage, wind power gen-
eration. 

Highlights 
• The cost-effectiveness of using wind power is proposed.  
• The cost-benefit of wind power is analysed. 
• Strategic grid planning can be achieved with the results obtained.  
• Wind power can be used to improve electricity access. 
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1. Introduction 

The power sector globally is experiencing a need for 
increasing power supply due to the high standard of 
living, continuous population growth and industrial 
revolution (Almasabi et al., 2017; Jiandong et al., 
2018). The conventional power plants that have 
dominated some countries as a means to satisfy 
ever-increasing load demand are not economically 
and environmentally feasible due to the depletion 
of fossil fuel, greenhouse gas emissions, and trans-
mission and distribution system losses (Yu et al., 
2018; Adefarati et al., 2016a). Moreover, the in-
crease in the global energy demands can be met by 
optimally sizing and placing clusters of green en-
ergy technologies, including wind power (WP), in 
the power system (Xia et al., 2018; El Naily et al., 
2017; Prakash et al., 2016; Adefarati et al., 2019b). 
This is achieved by integrating renewable distrib-
uted generation (RDG) near the end-users in a low-
voltage (LV) (≤ 1 kV) AC distribution network. The 
benefits of RDG include the reduction of power sys-
tem losses, deferment of transmission and distribu-
tion costs, improvement of power reliability, 
quality, regulation and stability, etc. Renewable en-
ergy sources, such as solar photovoltaic (PV) sys-
tems, concentrated solar power (CSP), fuel cells, 
biomass, gas turbines, hydroelectric and WP gener-
ation, are common types of RDGs. The WP plants 
and energy storage system (ESS) are embedded in 
the distribution networks to balance power gener-
ation and energy consumption in the distribution 
network. The ESS is utilised by the microgrid oper-
ators to store surplus energy generated via the WP 
plant in off-peak hours and releases it into the net-
work during energy deficiency hours. This reduces 
the high peak-demand capacity in the distribution 
network, via economical scheduling and provides 
sufficient power to the end-users (El Naily et al., 
2017; Cole et al., 2015). However, WP output cannot 
be consistently made available because of the inter-
mittency of wind speed and the location of the WP 
unit in the distribution network (Jiandong et al., 
2018; Yu et al., 2018).  

A microgrid system is used for controlling mul-
tiple numbers of RDGs and ESS as a single unit of 
control (Xia et al., 2018; Cole et al. 2015). The mi-
crogrid system optimises reliable voltage security, 
safety and stability for the end-users. This is done 
with the use of local microcontrollers, protection 
devices, power flow strategies and energy manage-
ment methods (Xia et al., 2018). The microgrid cou-
ples RDGs (<100 kVA for low voltage networks) to 
a single point of common coupling, using AC syn-
chronizers, power electronic converters and isola-
tion transformers (Almasabi et al., 2017; Almasabi 
et al., 2017). It can operate in both standalone and 
grid-connected mode (Jiandong et al., 2018; Xia et 

al., 2018; Cole et al., 2015). Power electronic con-
verters are used to convert the DC source generated 
by a RDG in a grid-synchronized AC voltage system. 
They assist in controlling power flow, limit stored 
fault currents, decouple dynamic energy sources 
from the grid and stabilize the microgrid frequency 
and voltage when in standalone mode (Jiandong et 
al., 2018; Adefarati et al., 2016b). The existing tra-
ditional LV distribution networks in South Africa 
are radial design and use a centralised single-
source in-feed generation (Almasabi et al., 2017; 
Prakash et al., 2016). The LV protection standards 
of such networks depend on fixed-setting relay co-
ordination performance, using inverse definite 
minimum time (IDMT) curves and unidirectional 
power flow, and rely on the assumption that fault 
levels uniformly decrease as the fault moves further 
away from the single source (Almasabi et al., 2017, 
Jiandong et al., 2018; Prakash et al., 2016; Cole et al., 
2015). These practices allow optimal time-current 
grading coordination of IDMT curves between the 
low-cost electromechanical protection devices to 
detect and isolate internal and external faults suc-
cessfully within the shortest possible time (Al-
masabi et al., 2017; Jiandong et al., 2018; Prakash et 
al., 2016). 

There are many challenges that are financially 
and technically associated with the integration of 
WP plants into the distribution systems. This com-
prises changes in the topology of the network, un-
predictable characteristics of the wind resource, 
protection issues, power system security, turbine 
technology, the stability of the utility grid, voltage 
control, protective device control, transmission 
congestion, bi-directional power flow, and power 
quality (Adefarati et al., 2019b; Bie et al., 2016). By 
implementing multi-objective functions and using 
active-reactive control of the WP plant, the chal-
lenges can be minimised and the utilisation of re-
newable power resources in constrained distri-
bution networks improved (Prakash et al., 2016; 
Pesaran et al., 2016).  

In this paper, the economic costs and benefits of 
WP units that are integrated into power networks 
are investigated. The optimisation objectives that 
can be used in the power system include operating 
cost and network loss targets, renewable energy ef-
ficiency, and maximum load reduction satisfaction 
(Jiandong et al., 2018). The objectives of the power 
system can be achieved using methods such as non-
linear programming and heuristic intelligent opti-
misation algorithms (Li et al., 2017; Wang et al., 
2017). These methods can be used to maximise the 
benefits brought by the WP plants, considering con-
struction cost, operation and maintenance and op-
eration costs, and investment costs (Adefarati et al., 
2019b; Wang et al., 2017). By optimally integrating 
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the number of embedded WP plants into the distri-
bution network, it is possible to reduce the power 
system voltage swell, losses and sag, and improve 
power system voltage profile, stability, reliability, 
power factor, and voltage regulation (Prakash, et al., 
2016). The proposed methodology is implemented 
to assess the financial feasibility of any investment 
made to increase access to electricity by using re-
newable energy technologies. This means that the 
proposed algorithm can be used to determine 

whether the WP plant investment is financially and 
technically feasible in the distribution networks. 
The benefits of the WP generation units include in-
creased investment deferment, energy revenue, in-
creased system reliability, environmental pollution 
reduction, and power loss reduction (Almasabi et 
al., 2017; Adefarati et al., 2019b). The results of  this 
research can be utilised by stakeholders in the 
power sector to upgrade the existing distribution 
power system with green energy technologies.  

Table 1: Summary of the literature review based on previous studies. 

Proposed power 
system 

Technique Outcomes Limitations of the study 

Radial and meshed 
networks (Wang et 
al., 2004) 

Analytical 
method 

Minimisation of power 
losses  

This approach only optimises siting 
and considers DG sizing as fixed  

Distribution power 
system (Acharya et 
al., 2006) 

Analytical 
method 

Minimisation of total 
power losses 

The cost of renewable energy and 
the other associated benefits have 
not been considered while solving 
the location and sizing problem 

Large-scale pri-
mary distribution 
networks (Hung et 
al., 2013)  

Improved ana-
lytical  

Reduction of active and 
reactive power losses. 

Cost benefits of renewable energy 
were not captured in the work 

Radial distribution 
network (Viral et 
al., 2015) 

Novel analytical 
approach  

Minimisation of the 
power loss of the sys-
tem 

Multiple DGs allocation was not 
considered  

Distribution power 
system (Atwa et al., 
2010)  

Mixed integer 
nonlinear pro-
gramming  

Minimisation of the sys-
tem’s annual energy 
losses 

Maximisation of the benefits of re-
newable energy and minimisation 
of the operating cost while main-
taining the performance of the 
power system were not captured  

Distribution power 
system (Abri, et al., 
2013) 

Mixed-integer 
nonlinear pro-
gramming 

Improvement of the 
voltage stability margin  

Failed to minimise overall cost 
while dealing with an optimum lo-
cation of DG units in the distribu-
tion networks 

Distribution Net-
works (Shaaban et 
al., 2013) 

Genetic algo-
rithm 

Maximisation of the DG 
benefits such as defer-
ral of upgrade invest-
ments, reduction of the 
cost of energy losses 
and reliability improve-
ment.  

The payback period was not cap-
tured in the work  

Distribution system 
(Lee et al., 2009) 

Kalman filter al-
gorithm 

Power loss reduction The inability to capture the power 
system risks based on the uncer-
tainty of power generation and 
load dynamism  

Active distribution 
network (Martins 
et al., 2011) 

Genetic algo-
rithm 

Minimisation of cost 
and power outages 

Failure to explore the benefits of 
DG without incurring additional in-
vestment costs 
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Table 1 continued 

IEEE16-bus, 
IEEE33-bus and 
IEEE 69-bus radial 
distribution test 
systems (Aman et 
al., 2014).  

Hybrid particle 
swarm optimi-
sation algo-
rithm  

 Reduction in power 
system losses, maximi-
sation of system load 
ability and voltage qual-
ity improvement 

The economic impact of DG was 
not captured in the work 

IEEE 33-bus and 
69-bus test distri-
bution systems 
(Kanwar et al., 
2017) 

Improved parti-
cle swarm opti-
misation 

Maximise annual sav-
ings by reducing the 
charges for annual en-
ergy losses, peak power 
losses and substation 
capacity release against 
the annual charges in-
curred to purchase 
DERs while maintaining 
better node voltage pro-
files and feeder current 
profiles 

Maximisation of the investment 
benefits and minimisation of cost 
of DG was not carried out  

Active distribution 
networks (Lia et al., 
2021) 

 

Multi-objective 
ant lion opti-
miser 

Maximise the invest-
ment benefits and sys-
tem voltage stability 
and minimise line 
losses 

Estimation of the payback period 
for the installed DGs was not cap-
tured 

 
This research proposes a multi-objective formu-

lation for the allocation of WP to maximise savings 
and improve the performance of the power system. 
The cost- effectiveness of improving the perfor-
mance of the power system can be achieved with 
the application of renewable energy resources. The 
following research gaps have been noted, based on 
the literature review presented in Table 1:  

i. The effects of renewable energy resources 
on the distribution system have not been 
fully addressed. 

ii. The distribution system that captured the 
energy demand, cost savings and payback 
period with the application of embedded 
power operation with the utilisation of WP 
has not been fully used.  

iii. The adaptive protection standards will cor-
rect the challenges faced when renewable-
based microgrid system is integrated into 
the South African low-voltage radial net-
work.  

iv. The integration of the WP into the distribu-
tion systems has been studied extensively, 
but relatively little has been done on the dy-
namic of power demand.  

 
This paper will address these research gaps to 

ensure that an effective, adaptive LV protection 
standards can be investigated, outlined and devel-
oped for optimally sized and placed embedded re-
newable microgrid systems in South African LV 

radial networks. By doing so, major limitations in 
the existing LV protection standards will be cor-
rected. Because of the major limitations, this re-
search work carries out the cost-benefits analysis of 
wind power units that are integrated in the distri-
bution system. By designing a case study using an 
existing LV radial network in South Africa to ad-
dress the research gaps, the research outputs will 
assist in developing an ideal LV protection standard 
that will cater for an adaptive protection scheme 
used by the WP in a low-voltage distribution sys-
tem. This research work is designed to assess the 
effects of WP on the performance of the active dis-
tribution system by using some key performance 
indicators. The contributions of the study to the ex-
isting body of knowledge are as follows: 
• Presentation of a technique that allows electric-

ity consumers to safely integrate an optimally 
sized and placed renewable-based microgrid 
system in a low-voltage radial distribution net-
work and achieve the full benefits of renewable 
distributed generation, while still maintaining 
protection coordination between the grid-con-
nected renewable-based AC microgrids (RBMs) 
and in-line protection devices.  

• By optimally sizing and placing RBMs alongside 
communication-based intelligent electronic de-
vices and adaptive protection strategies, a pro-
tection system can be outlined and developed 
for embedded RBMs in South African LV radial 
distribution networks (RDNs).  
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• The introduction of optimally sized and placed 
RBMs with adaptive protection capabilities will 
lead to the reduction of power system losses 
and of transmission and distribution costs. In 
addition, the reliability, quality, regulation and 
stability of the power system will also be im-
proved. 

• The output of the research work offers flexible 
solutions that allow power system designers, 
planners and operators to choose the best pos-
sible solution.  

 
The technique proposed in this research can be 

used for power system design, planning and opera-
tion to effectively enhance uninterrupted power 
supply at the load points, based on suitable tech-
nical and economic information and other input re-
sources. The outputs of the study can be utilised by 
stakeholders in power sector research to enhance 
the performance of the distribution network, make 
the operation of a radial distribution system flexi-
ble, reduce the number of electrical faults recorded, 
and improve access to electricity supply.  

2. Motivation of the research work  

South Africa generates about 229 220 GWh/year of 
electricity that is locally consumed in commercial, 
industrial and residential activities. This is 45% of 
the electricity produced in the whole of Africa. The 
power plants in South Africa are state-owned and 
managed through Eskom. They satisfy about 95% of 
the total power demand in South Africa while the 
remaining 5% comes from embedded power gener-
ation and other sources (including the importing of 
9 000 GWh/year from Mozambique). The power 
generated from South African facilities is as follows: 
Coal 40 036 MW; gas turbine 3 449 MW; hydro 3 
573 MW; wind 2 096 MW; nuclear 1 860 MW; solar 
PV 1 479 MW; solar CSP 400 MW; landfill gas 7.5 
MW; and imported hydro 1 500 MW. South Africa is 
endowed with renewable energy resources that can 
provide an acceptable solution to the problem of 
load shedding that has characterised the country’s 
supply owing to the existing power shortages. The 
reserve capacity of renewable energy resources of 
South Africa is the highest in the continent, and it is 
projected to meet the energy demand of South Af-
rica if fully utilised in a clean and sustainable man-
ner. The renewable energy potential of South Africa 
has been harnessed by the Department of Energy 
(DOE) in line with a low-carbon economy strategy 
and renewable independent power producer pro-
curement programme (REIPPPP) to increase power 
generation. The REIPPPP is intended to alleviate the 
economic impacts of load shedding and also con-
tribute substantially to socio-economic growth. 
REIPPPP also aims to stimulate the development of 
the sustainable energy sector in South Africa. The 

generation capacity allocated to each technology by 
the DOE is given in Table 2. The landmark achieve-
ment was made in April 2018 when the power pur-
chase agreement between IPPs and Eskom was 
signed by the government. This allowed the IPPs to 
make a formidable investment decision. The DOE 
awarded 635 MW, 2 562.5 MW, 3 787 MW, 4 676 
MW and 687 MW of wind capacity in the REIPPPP 
bid windows 1, 2,3, and 4. 

Table 2: Generation allocation to each technol-
ogy based on the REIPPP programme (Depart-
ment of Mineral Resources and Energy, 2021) 

Technology  Capacity (MW) 

Onshore wind 6 360 

Solar photovoltaic  4 725 

Biogas 210 

Concentrated solar thermal 1 200 

Biomass 210 

Solar parks 1 500 

Small hydro 195 

Landfill gas 25 

Small projects 400 

Total 14 725 

 
The wind characteristics specified as desirable 

by wind turbine manufacturers have been found in 
coastal areas of the Eastern Cape and Western Cape 
of South Africa. This is the reason for locating the 
Klipheuwel wind farm and Darling wind farm at, re-
spectively, 5 km west of Caledon, Western Cape and 
70 km north of Cape Town, Western Cape. The 
wind potential of South Africa is presented in 
Figure 1. Based on the availability of a formidable 
wind regime in some locations in South Africa, it is 
expected that between 11 800 MW and 12 500 MW 
of wind energy projects could be deployed by 2030. 
South Africa stands to harness economic and envi-
ronmental benefits from gradual shifting from 
brown energy technologies to green energy tech-
nologies. To indicate the potential of generating 
electricity from wind turbines in South Africa, the 
10 largest wind turbine power plants and their in-
stalled capacity are presented in Table 3. 

 
3. Embedded power operation  

Embedded generation technology is a power sys-
tem that is designed by directly connecting the dis 
tributed generation technologies to the distribution 
network. The embedded generation technology is a 
small-to-medium-scale power generation source 
that is closed to the load points and directly con-
nected to the electricity distribution system, as 
shown in Figure 2. It consists of smaller or modular 

https://en.wikipedia.org/wiki/Cape_Town
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 Figure 1: Wind potential of South Africa (WASA, 2020).  

Table 3: A selection of wind turbine power plants in South Africa and their installed capacity  
(Wikipedia, 2021). 

Power plant Capacity 
(MW) 

Annual output 
(GWh) 

Capacity  
factor (%) 

Present  
status 

Loeriesfontein 2 Wind Farm 140 563 46 Operational 

Waainek Wind Farm 23 94 45 Operational 

Grassridge Wind Farm 60 223 43 Operational 

Tsitsikamma Community Wind Farm 94.8 355 43 Operational 

Chaba Wind Farm 20.7 77 43 Operational 

Kouga Wind Farm 77.6 290.5 41.5 Operational 

Noupoort Mainstream Wind 80 305 43 Operational 

Jeffreys Bay Wind Farm 135 362 37 Operational 

Dassiesklip Wind Energy Facility 27 88.2 37.3 Operational 

Gouda Wind Facility 138 423 35 Operational 

 
 

lar generators that use a variety of generation tech-
nologies such as solar, wind, biomass, diesel, crude 
oil, and small hydro. It provides a reliable and high-
quality power supply for critical loads and sensitive 
industrial equipment. The components of the em-
bedded power operation can be used for peak shav-
ing operation, voltage control, reducing trans-
mission and distribution line losses, and improving 
the performance of the proposed power system. 
The decentralised operation of some embedded 
power systems reduces over-dependency on al-
ready depleted fossil fuels and long-distance power 
transmission and provides a more intelligent power 

solution with smart grid features. The embedded 
power system is one option to improve electricity 
supply in South Africa and it can be used as the main 
power source in areas where supplying a grid con-
nection is technically or financially impossible.  

As Eskom’s tariff is increasing annually, South 
African consumers are considering alternative 
sources of power supply. Presently, most business 
organisations have heavily invested in green energy 
technologies that provide an embedded generation 
platform for the integration of solar and wind en-
ergy with electrical energy from the utility grid as a 
means to minimise electricity costs (Winkler, 2005). 
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The technical, economic and environmental bene-
fits of embedded power generation have prompted 
many business organisations in South Africa to in-
vest in green energy technologies. The capacity of 
embedded power operations in South Africa is pre-
sented in Table 4. The utilisation of the embedded 
power generation system will enable business own- 

ers to use green energy technologies without break-
ing any enacted legislation. The profit margin of 
such organisations can be considerably increased if 
the installed capacity of renewable energy re-
sources is increased based on the Renewable En-
ergy Feed in Tariff (REFIT).  

Figure 2: Single line diagram of a traditional single-fed LV radial distribution network. 

Table 4: A selection of embedded power operations in South Africa and their capacity  
(EE Publishers, 2020). 

Project  Location  Province  Installed  
capacity (kW) 

Year of  
completion 

Mitchells Plain Hospital  Mitchells Plain Western Cape 64 2013 

Dube Trade Port  Durban KwaZulu Natal 650 2011 

Kriel Mine  Kriel Mpumulanga 240 2013 

BMS  Woodmead Gauteng 36 2013 

PicknPay  Hurlingham, 
Johannesburg 

Gauteng 100 2010 

Vodacom Century City Cape Town W. Cape 500 2012 

Oldenburg Vineyards  Stellenbosch W. Cape 45 2013 

BP Offices V&A Waterfront Cape Town W. Cape 67 2011 

Cavalli Wine & Stud Farm  Stellenbosch W. Cape 51 2013 

Vrede en Lust Wine Farm  Franschoek W. Cape 218 2013 

 
3.1. Wind power system 
The wind turbine is a power source that uses rotat-
ing machines, such as induction generators, to con-
vert mechanical energy into electrical energy. The 
hourly power output of a wind turbine is a function 
of the meteorological data, height tower, wind pat-
tern of the location, air density, wind shear expo-
nent, area of the rotor, and energy conversion 
efficiency based on the range of the cut-in speed, 
rated wind speed and cut-out wind speed specifica-
tions of the manufacturer. The average output of the 
WP can be calculated using Equation 1. 

     𝑃𝑎𝑣𝑔 =
3

𝜋
𝜌𝐴(𝑣𝑎𝑣𝑔)3  (1) 

where 𝑃𝑎𝑣𝑔 (W) is the average power, 𝜌 is the den-
sity of air (1.225 kg/m3 at 15°C and 1 atm), A (m2) 
is the cross-sectional area that wind passes 

through, and 𝑣𝑎𝑣𝑔  is the average wind speed normal 
to A. With the use of the capacity factor (CF) ap-
proach given in Equation 2, the annual energy de-
livered per year can be estimated.  

     𝐶𝐹 = 0.087�̅� −
𝑃𝑅

𝐷2  (2) 

where �̅� is the average wind speed (m/s), 𝑃𝑅  is the 
wind turbines rated power (kW), and D is the rotor 
diameter.  
 

4. Cost-benefits analysis of wind power 

generation in the distribution networks 

The incorporation of WP generation into the distri-
bution network will help the distribution network 
operator to reduce the stress of the base load on the 
traditional power generation plants by reducing 
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peak demands via an active-reactive power contri-
bution in the distribution networks. The power con-
tribution from the WP unit can in turn decrease fuel 
costs and operation and maintenance costs as well 
as increase the life cycle expectancy of the base load 
generating units (Adefarati et al., 2019c; Dongxue et 
al., 2017). WP generation has greater economic and 
environmental benefits based on the reduction of 
fuel costs and gas emissions of traditional power 
generation. It only emits a small amount of green-
house gas pollutants during its construction phases, 
making its global emissions negligible (Adefarati et 
al., 2019c; Adefarati et al., 2017d). Additionally, WP 
generation has zero fuel costs as it uses kinetic en-
ergy from the wind to rotate the blades of the wind 
turbine (El Naily et al., 2017). This makes it a posi-
tive generation source in terms of environmental 
and economic impacts. The application and location 
of the WP for power solution mainly depend on 
some factors such as wind regime of the site, air 
density, rotor swept area, height of tower, turbine 
loads, visual influence, noise, capital cost and oper-
ation and maintenance costs (Adefarati et al., 
2019c; Dongxue et al., 2017). The integration of the 
WP units into the distribution system would result 
in the reinforcement of the network due to the 
aforementioned challenges and increase loading on 
the network lines with bi-directional flow occurring 
in the constraint network. The network reinforce-
ment cost per MW installed is highly system-spe-
cific and dependent on population density. 

4.1 Investment cost function 
The minimum operation cost of wind generation, 
considering the cost of purchasing electricity and 
the cost of the operations of the WP unit, is as given 
in Equations (3–6). 

     min 𝐶 =  ∑ (𝐶𝑢𝑛𝑖𝑡,𝑖 + 𝐶𝑏𝑢𝑦,𝑖 − 𝐶𝑠𝑒𝑙𝑙,𝑖)
𝐻
𝑖=1   (3) 

     𝐶𝑢𝑛𝑖𝑡,𝑖 =  ∑ 𝛼𝑗𝐸𝑊𝑃,𝑗,𝑖
𝐿
𝑗   (4) 

     𝐶𝑏𝑢𝑦,𝑖 =  𝛽𝑏𝑢𝑦,𝑖𝐸𝑏𝑢𝑦,𝑖   (5) 

     𝐶𝑠𝑒𝑙𝑙,𝑖 =  𝛽𝑠𝑒𝑙𝑙,𝑖𝐸𝑠𝑒𝑙𝑙,𝑖   (6) 

where H is the total time of the schedule period de-
pendent on the length of the step size and schedule 
cycle, i is the label of time frame, 
i ∈{1,2,3,...,H}. 𝐶𝑢𝑛𝑖𝑡,𝑖 , 𝐶𝑏𝑢𝑦,𝑖  and 𝐶𝑠𝑒𝑙𝑙,𝑖  are the opera-
tion costs of the WP unit, the cost of purchasing 
electrical energy from the utility grid and the reve-
nue of selling electrical energy in the ith time frame. 
𝛼𝑗 and 𝐸𝑅𝐷𝐺,𝑗,𝑖  are the cost coefficient and electricity 
generation in the ith time frame of jth embedded WP 
unit.  j ∈{1,2, 3..., L}, L is the total number of WP 
units connected to the distribution network. 𝛽𝑏𝑢𝑦,𝑖    

and 𝐸𝑏𝑢𝑦,𝑖 are the price of purchasing electricity and 
the electricity purchased in the ith time frame. 
𝛽𝑠𝑒𝑙𝑙,𝑖  and 𝐸𝑠𝑒𝑙𝑙,𝑖  are the price of selling electricity 
and the electricity sold in the ith time frame. 

 4.2 Payback period  
The payback period is the time required to recover 
any investment expended on a renewable energy 
project. The feasibility of green energy technologies 
is directly proportional to its payback period. The 
payback period can be used by the independent 
power providers and microgrid operators as a key 
performance indicator to evaluate the short and 
long-term benefits of a project. A microgrid system 
that has a shorter payback period is economically 
viable and operates with higher sustainability when 
compared to a project that has a longer payback pe-
riod, as shown in Equation 7.  

      𝑃𝐵𝑃 =
∑ 𝐼𝐶𝐶𝑖

𝑛
𝑖=1

𝐴𝑂𝐶
  (7) 

where ICC is the initial capital cost, AOC is the an-
nual operating cash flow and PBP is the payback pe-
riod.  

5. Multi-objective function 

By optimally sizing and placing the number of em-
bedded RBMs in the LV RDN, it will be possible to 
reduce power system losses, initial investment 
costs, fault contribution limits, and voltage swell 
and sag, and to improve system voltage profiles, 
system reliability and stability, voltage regulation 
and system power factor. Optimally sized and 
placed RBMs can assist in minimising islanding and 
in the improvement of the overall protection chal-
lenges, as the extent to which the protection coordi-
nation is affected depends on size, location and 
number of embedded RDG units connected to the 
LV RDN. To obtain the optimal operation cost, a ro-
bust algorithm can be easily used to handle the 
multi-objective stochastic processes and disconti-
nuities (Almasabi et al., 2017; Adefarati et al., 
2016a). The elitist real genetic, a practical swarm 
algorithm or probabilistic load flow based on cumu-
lates method (PLF-CM) can be used to find the max-
imum and minimum rated capacities of the cost 
optimisation function for the integration of WP 
plants in the distribution network (Chen et al.,2016; 
Bansal et al.,2017a; Kumar et al., 2019). Randomly 
placed WP units can cause technical problems, such 
as unwanted harmonics, voltage fluctuation and 
system transients (Prakash et al., 2016). The WP 
units can be utilised by the microgrid operators for 
peak shaving operation to reduce peak demands on 
the utility grid and minimise costs at the load points  
(Bansal et al., 2001b; Bansal et al., 2007c; Bansal et  
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al., 2008d; Adefarati et al.; 2017e; Adefarati et al., 
2017f). In this paper, the economic cost and benefit 
analysis of optimal integration of WP into distribu-
tion networks is investigated with the use of a 
multi-objective analysis technique. The optimal 
placing and sizing of the WP units can considerably 
enhance the reliability of the distribution network. 
An objective function can be determined by using 
the formula in Equation 8. 

     𝑦 =  𝑥1 + 𝑥2 + 𝑥3 + ⋯ + 𝑥𝑛 = ∑ 𝑥𝑘
𝑛
𝑘=1    (8) 

where 𝑥1 is the system power losses, 𝑥2 is the volt-
age profile factor, 𝑥3 is the short-circuit current fac-
tor, 𝑥4 is the capacity factor, and n is the number of 
parameters. The objective function is expressed as 
in Equation 9.  

     𝑦 =  𝑥1 + 𝑥2 + 𝑥3 + 𝑥4  (9) 

where each objective factor parameter can be de-
fined as in Equations 10–13. 

     𝑥1 = 𝛽𝑗
𝑃𝐿

𝑎𝑓𝑡𝑒𝑟𝑊𝑃

𝑃𝐿
𝑏𝑒𝑓𝑜𝑟𝑒𝑊𝑃  (10) 

     𝑥2 =  𝜇𝑗(𝑉𝑏𝑢𝑠,𝑗
𝑎𝑓𝑡𝑒𝑟𝑊𝑃

)
2

  (11) 

     𝑥3 =  𝜂𝑗(𝐹𝐶𝐿𝑗)
2

  (12) 

     𝑥4 = ∑ 𝜆𝑗
𝑁
𝑗=1

𝐶𝑃𝑗

𝑆𝑏𝑎𝑠𝑒
  (13) 

where 𝜇 is the weight factor of voltage profile, 𝛽 is 
the weighted factor of system losses, 𝜂 is the 
weighted factor of fault current level, and 𝜆 is the 
weighted factor of the WP unit capacity. 

5.1 Optimisation constraints  
The power system constraints proposed in the 
study are basic components that are crucial for en-
hancing the general performance of the power sys-
tem, such as the efficiency of the distribution 
network and power flow. The constraints of the sys-
tem are essential to ensure that maximum perfor-
mance, power flow and efficiency of the LV RDN can 
be achieved. The objective of the proposed power 
system can be achieved by using the constraints 
listed below.  

5.1.1 Weighted factors 
The sum of the weighted factors selected in the 
study is equal to1, as in Equation 14.  

     𝛽 + 𝜇 + 𝜂 + 𝜆 = 1  (14) 

where the weighted factors can be given by Equa-
tions 15–18. 

     𝛽 =  
𝑃𝐿𝑜𝑎𝑑

𝑏𝑒𝑓𝑜𝑟𝑒𝑊𝑃

𝑃𝐿𝑜𝑎𝑑
𝑎𝑓𝑡𝑒𝑟𝑊𝑃   (15) 

     𝜇 =  
1

(𝑉
𝑏𝑢𝑠,𝑗
𝑎𝑓𝑡𝑒𝑟𝑊𝑃

− 1)
2  (16) 

     𝜂 =  (
𝐼𝐹𝐶𝐿,𝑗

𝑎𝑓𝑡𝑒𝑟𝑊𝑃

𝐼
𝐹𝐶𝐿,𝑗
𝑎𝑓𝑡𝑒𝑟𝑊𝑃

−𝐼
𝐹𝐶𝐿,𝑗
𝑏𝑒𝑓𝑜𝑟𝑒𝑊𝑃)

2

  (17) 

     𝜆 =  
𝑆𝑏𝑎𝑠𝑒

𝐶𝑃𝑗
  (18) 

5.1.2 Power balance constraint 
When the WP unit is purchasing electricity from the 
distribution network, Pgrid is positive, otherwise it 
means that the WP unit is selling electricity to the 
distribution network. PL,j is active power of jth load, 
j ∈{1, 2, 3,..., M}, M is the total number of connected 
loads. PWP,j is the output of the jth WP unit. The total 
load demand of the system should be equal to the 
total sum of the generated active power by the em-
bedded WP and power obtained from the utility 
grid as a measure to ensure minimal bi-directional 
power flow in the distribution network, as shown in 
Equation 19. 

     𝑃𝑔𝑟𝑖𝑑 =  ∑ 𝑃𝐿,𝑗 −  ∑ 𝑃𝑊𝑃,𝑗
𝐿
𝑗=1

𝑀
𝑗=1 .   (19) 

5.1.3 Bus voltage constraint 
The bus voltage presented in the research work var-
ies with a permissible bus voltage tolerance of 5% 
lower and upper limits, i.e. 𝑉𝑚𝑖𝑛  ≥ 0.95 per unit 
(pu) and 𝑉𝑚𝑎𝑥 ≤ 1.05 pu, as shown in Equation 20. 

      𝑉𝑚𝑖𝑛 ≤ 𝑉𝑏𝑢𝑠,𝑗
𝑎𝑓𝑡𝑒𝑟𝑅𝐷𝐺

≤ 𝑉𝑚𝑎𝑥   (20) 

5.1.4 Short circuit current constraint 
The fault current level obtained in the proposed dis-
tribution network should not be more than the ac-
ceptable short circuit current, overcurrent and 
earth fault level to guarantee the safety of consum-
ers at the load points as well as protection of the ra-
dial distribution network and its associated 
components, as shown in Equation 21. 

     𝑖𝐹𝐶𝐿,𝑗
𝑎𝑓𝑡𝑒𝑟𝑊𝑃

< 𝐼𝑓   (21) 

where 𝐼𝑓  is fault current level at the bus bar. 
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5.1.5 Power factor constraints 
Based on the South African grid code requirements 
for renewable power plants (Bansal et al., 2017a), 
the renewable power plants (RPPs) will operate at 
unity power factor measured at the point of connec-
tion (POC). The power factor of the WP unit being 
installed may vary within a specified range due to 
changes in loads and the type of WP units embed-
ded in the network, as in Equation 22. 

     0.9 ≤  𝑝𝑓𝑊𝑃,𝑗 ≤ 1, 𝑗 = 1,2, …  𝑛  (22) 

where n is the number of connected WP units.  

6. Case study 

The assessment of the radial distribution network 
is carried out in the study by utilising the prerequi-
sites listed in the categories A1 and A2 (0-100 kVA) 
for LV connection in the distribution networks. This 
is in accordance with the South African grid code re-
quirements for RPPs, SANS 10142-1 and IEEE 1547 
(Eskom Transmission Division, 2014; South African 
National Standard, 2012; Basso et al., 2004). An in-
teractive operational strategy is applied to the pro-
posed distribution network that is composed of an 
onshore 75 kW WP plant. A single load represent-
ing the sum of all the connected loads in the distri-
bution network feeder is shown in Figure 3. It is a 
22 kV/400 V feeder located in Port Elizabeth, South 
Africa. The connected load uses an average power 
of 10.277 kW/day and an estimated power of 
7.4 MW/month. The metering point used in this in-
vestigation is located on the LV side of the 16 KVA 
transformer. The electricity tariff scheduling and 
list of the time of use (TOU) charges of Eskom are 
presented in Table 5 and Figure 4 respectively. The 
tariff cost comparison is based on a non-local au-
thority (Eskom, 2018) and considering a low de-
mand season (September to May) as well as a 
wholesale electricity pricing system rate. The basic 
information about the WP plant and connected load 
is presented in Table 6. The hourly output of the WP 
plant and simplified connected load of a typical day 
in May is shown in Figure 5. Using information from 
Tables 4 and 5, the hourly cost estimation is pre-
sented in Figure 6. 

Table 5: Eskom tariffs. 

Period Period of time Price (c/kWh) 

Peak 07h00–09h00;  
18h00–19h00 

97.68 

Standard 10h00–17h00; 20h00–
21h00; 06h00–07h00 

67.71 

Off-peak 22h00–05h00 42.64 

IPPs sell Throughout the day 87 

 
Figure 3: Distribution feeder used for the case 

study 

Figure 4: Peak, standard and off-peak tariff time 

scheduling (Eskom, 2018) 

Table 6: Device parameters in the distribution 
grid 

Device  
name 

Parameter  
name 

Parameter  
values 

Load 1 Average output 10.277 kW 

 Power factor 0.98pu 

Wind Power 
Farm 

Rated output 75 kW 

 Diameter 15.3 m 

 Average wind 
speed 

4.8021 m/s 

 Average output 8.861 kW 

 Cut-in speed 3.01 m/s 

 Cut-out speed 25 m/s 

22/0.4 kV  

transformer 

Load WP  

 External Grid 
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 Figure 5: Typical load profile and hourly output of the WP. 

Figure 6: Costing curve for interactive power of load and WP units. 

 
7. Results and discussion  

This case study has been adapted from a local 
Eskom LV-RDN and referred to as Feeder A, as can 
be seen in Figure 7. The information was used to 
simulate the load flow and fault current levels in 
Digsilent PowerFactory. From Equation 19, it can be 
seen that the power balance constraint is met 
where minimal bi-directional power flow occurs. 
This is essential to maintain the condition between 
existing protection devices in the distribution net-
work. This shows that the grid only needs to supply 
a total of 1.415 kW to the connected load, whilst the 
WP plant supplies the remaining 8.862 kW. Feeder 
A is an 11 kV network, stepped down to 400 V, using 
a 200 kVA distribution transformer. The LV side of 
the distribution transformer supplies load point 1, 
as can be seen in Figure 7. The 400 V aluminium 

cross-linked polyethylene insulated 150 mm2 un-
derground cable is rated at 292 A. The overhead 
lines (rabbit-type aluminum conductor steel rein-
forced) have a current-carrying capacity of 186 A. 
Based on the cable capacity, it will be possible to 
feed approximately 200 kVA, where each overhead 
line can feed approximately 140 kVA in the LV RDN 
before overloading occurs. This is adequate for the 
radial distribution network component for trans-
ferring power to the LV network loads. The power 
curve of the WP plant can be seen in Figure 8, where 
the average power in the wind operation is 0.03593 
pu The information can then be used to determine 
the daily, monthly, and yearly energy output and 
costs of the load and the WP plant, as seen in Tables 
6 and 7. The average cost per kWh of Table 6 is 67 
cents (c), whereas the average cost per kWh with 
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the embedded WP farm is 53 c. Using the infor-
mation presented in Tables 7–9, the cost and pay-
back time are estimated. The annual cost savings 
with the application of WP is R784 664.68 per an-
num; this translates to annual savings of 89.12% 
when the present scenario is compared with before 
embedded WP farm scenario. The average cost per 
kW for a wind turbine is R15403.23 and the esti-
mated costs are presented in Table 10.  The annual 
maintenance cost is 25% of the initial cost price of 
the WP unit. An assumption is made that the tariff 
rate increases by 7% every two years. 

Table 7: Energy demand of connected load  
before embedded WP farm. 

Parameter Energy usage (kWh) Cost (R) 

Total/day 246.6520 164.40 

Total/month 108577.8250 66 384.15 

Total/year 1321030.2050 880 477.66 

Table 8: Energy demand with embedded  
WP farm.  

Parameter Energy usage (kWh) Cost (R) 

Total/day 33.9938 17.89 

Total/month 14 964.2662 7 875.04 

Total/year 182 065.2393 95 812.98 

 

Figure 7: The single-line diagram of Feeder A. 
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Figure 8: WP unit power curve. 

Table 9: Energy demand and cost savings.  

Parameter 
Energy usage 

(kWh) 
Cost savings 

(Rand) 
Cost savings (%) 

Total/day 212.6586351 146.51 89.12 

Total/month 93 613.5588 58 509.11 88.14 

Total/year 1 138 964.965 784 664.68 89.12 

Figure 9: WP payback period. 

 

Table 10: Cost analysis of the WP installation in 
the distributed network. 

Parameter 1 name Parameter values 

Rated power 75 kW 

Unit price R2 149 500.00 

Payback period 5 years 

Interest rate 21% 

Installation costs R322 425.00 

Maintenance costs per 
year 

R107 475.00 

Average cost per kWh R13.16 

  

It can be seen from Figure 9 that in the first year 
a total of R378 638.75 is owed, and that after five 
years the wind turbine is paid back, with a profit of 
R582 509.19 in the sixth year. This motivates the to-
tal cost expenditure of the WP plant in the distribu-
tion feeder as it supplies enough power on average 
to power the connected load. It can be seen that the 
voltage constraint is met when the minimum and 
maximum voltage is maintained in the distribution 
network with the embedded WP farm. It was previ-
ously mentioned that randomly placed WP units 
can cause technical problems such as voltage fluc-
tuations, unwanted harmonics and system transi-
ents. By using a multi-objective function and following 
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the flow algorithm in Figure 10, it can be deter-
mined whether the embedded WP farm is optimally 
placed in the distribution network. If not, the opti-
misation constraints need to be corrected to ensure 
increased system reliability, power loss reduction, 
and minimal protection miscoordination in the dis- 

tribution network. The results in Table 10 have 
been determined using Digsilent PowerFactory. 
The results are analysed both before and after the 
embedded WP plant, as seen in Tables 11 and 12. 
The results obtained from the simulation are pre-
sented in Table 13.  

 

Read the system 

data

Start

Run the load flow 

and estimate 

system losses and 

short circuit current

Determine 

weighted factor 

(WF)

Evaluate objective 

function

Analysis of WF

Sum WF=1

Results

End

Estimate new 

locations and 

sizing 
Constraints presented?

Best objective function?

No

No

YES

YES

No

 
 

Figure 10: Multi-objective flow algorithm.  
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Table 11: Before WP embedded power flow and fault analysis. 

Location Parameter name Parameter values 

Busbar 3 Active power 10.278 kW 

 Reactive power -0.2 kVAr 

 Nominal current 14.544 A 

 3ϕ fault level 0.1553∠ -52.31° kA 

 Voltage 1.0204 ∠ -19.5° pu 

Transformer Loading 63.00 % 

Load Active power 10.291 kW 

 Reactive power 0 kVAr 

 Nominal current 14.729 A 

Table 12: After WP embedded power flow and fault analysis. 

Location Parameter name Parameter values 

Busbar 3 Active power -1.4 kW 

 Reactive power -0.4 kVAr 

 Nominal current 2.120 A 

 3ϕ fault level 0.1584 ∠ -50.97° kA 

 Voltage 1.019∠ -18.59° pu 

Busbar 4 Active power 8.862 MW 

 Reactive power -0.5Mvar 

 Nominal current 12.446 A 

 3ϕ fault level 0.587 kA 

 Voltage 1.03∠ -18.29° pu 

Transformer Loading 9.2 % 

Load Active power 10.276 kW 

 Reactive power 0 kVAr 

 Nominal current 14.741 A 

 

Table 13: Optimisation analysis. 

Distribution network 

 𝛽 𝜇 𝜂 𝜆 Total 

Bus 3 -7.341 2771 1456 1.55 4220 

 x1 x2 x3 x4 Total 

Optimisation function 1 2876 36.5 0.99 2915 

It can be seen in Table 13 that the embedded 
power system is not optimised in a situation where 
the sum of the weighted factor constraints is not 
equal to 1. By increasing the voltage from 1.03 pu to 
1.05 pu at bus 3, the weighted factor of the voltage 
profile (𝜇) can be maximised. By decreasing the 
fault level from 0.1584 kA to 0.05241 kA with the 
application of a fault current limiter, the fault cur-
rent level weight factor (𝜂) can be minimised. The 

optimised result can be seen in Table 13. From Ta-
ble 13, the sum of the weighted factor constraints is 
now equal to 1. This ensures an optimised system 
performance with minimal losses and maximise 
system performance. It can be seen from the results 
obtained in Figure 11 that the operation of bus 3 is 
utilised as the losses, voltage profile and short-cir-
cuit level have been minimised. 
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Table 14: After optimised constraints. 

 Distribution network 

 𝛽 𝜇 𝜂 𝜆 Total 

Bus 3 -7.341 400 -393.2 1.55 1.00 

Optimisation function x1 x2 x3 x4 Total 

 1 441 -1.073 0.99 442 

Figure 11: Before and after optimisation function correction at busbar 3. 

8. Comparing the results obtained with the 

results of other state-of-the-art methods 

The novelty and contribution of the study have been 
justified by comparing the results obtained with 
other state-of-the-art methods that operate in simi-
lar conditions under the same or different system 
configurations (see Table 15. The outcomes of the 
proposed linear distribution system based on the 
technique adopted in the study show that there is a  

considerable improvement in the annual energy 
cost savings when compared with (Azarousal, et al., 
2021a; Zhang, el al., 2019; Kusakana, 2018; Mbungu 
et al., 2019; Numbi, et al., 2017; Supriya, et al., 2011; 
Azarousal, et al., 2019b). This demonstrates a sig-
nificant contribution to the existing body of 
knowledge, and the outcomes of the research work 
can be used in the power sector to manage the opti-
mal operation of the distribution systems.  

Table 15: Comparison of the present study with the established algorithms. 

Methods 
Annual energy cost 

savings 

Annual energy cost 

 savings (%) 

Proposed technique R784 664.68 89.12 

 HGA fmincon (Azarousal, et al., 2021a) $12267.65 52.28 

fmincon (Azarousal, et al., 2021a)  $10924.45 42.48 

GA (Azarousal, et al., 2021a)  $22498.6 87.49 

GA (Zhang, el al., 2019) $21410.9 83.28 

LP (Kusakana, 2018) $15771.65 61.34 

DDESS (Mbungu et al., 2019) $19483.7 75.77 

fmincon (Numbi, et al., 2017)  $612.366 69.41 

QP (Supriya, et al., 2011) $3384.8 59.21 

LP (Azarousal, et al., 2019b)) DH83960.95 47.73 

GA (Azarousal, et al., 2019b) DH49004.9 27.94 

Key: DDESS = Dynamic distributed energy storage strategy, DH = Moroccan Dirham, GA = genetic algo-

rithm, HGA = hybrid genetic algorithm, LP = Linear programming and QP = quadratic programming 
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9. Conclusion  

The evaluation of a WP farm performance can be 
carried out by analysing cost, power quality, bene-
fits, etc. The results obtained from the assessment 
of the radial distribution system with the applica-
tion of some key performance indicators can be 
used for placing and sizing WP units. The cost and 
benefits, such as environmental pollution reduc-
tion, annual energy savings and revenue, are signif-
icant factors that should be considered by the 
stakeholders in the power sector while taking man-
agerial decisions on the installation of renewable 
energy units in the distribution network. This is to 
ensure both the end-user and generation industry 
benefit from integrated WP. From the presented re-
sults, it can be seen that the integration of a WP 
farm in a distribution network has its financial ben-
efits. The outcomes of the paper can be used by key 
players, financiers and local partners in the wind 
energy sector to ensure the smooth implementation 
of renewable energy projects. The paper presented 
the technical and financial indicators that many 
countries need to take into consideration when 
planning and designing wind energy projects. The 
results obtained from the study show that the inte-
gration of an optimally sized WP in the distribution 
system is economically profitable and technically 
viable. The results obtained from the study can be 
utilised by the South African government and inter-
national organisations to achieve sustainable en-
ergy planning processes and strategic grid planning 
for electricity.  

10. Recommendation for future work 

The protection coordination of the embedded WP 
farm in the power system needs further research to 

fully utilise the WP plant in a distribution network. 
Further studies can be done to look at an adaptive 
distance protection method, using the developed 
hybrid adaptive algorithm, to solve for the new ad-
mittance settings. The adaptive distance protection 
and adaptive overcurrent protection can be set as 
main and back-up, respectively, for a renewable-
based AC microgrid. This will further enhance the 
protection and reliability of the overall renewable-
based AC microgrid system. In addition to this, fur-
ther research work can be carried out on different 
components of microgrids system such as geother-
mal, thermal load, gas turbine, fuel cells, hydro 
pumped storage, thermal load and microturbine, 
and on evaluating their performance on the low 
voltage radial distribution system.  
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