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ABSTRACT 

The present paper introduces the application of a 
sequential algorithm, for locating and sizing of 
Distributed Generation (DG) resources, on a realistic 
Egyptian distribution network of 47 buses located south 
of Cairo city. The algorithm is implemented using the 
ETAP program and Genetic Algorithms (GA), and it aims 
at reducing the total active power losses and enhancing 
the voltage profile through siting of single, two and three 
DG units at optimal locations with optimal sizes while 
meeting the constraints of the unit’s power factor and the 
generated reactive power. This technical study shall be of 
help for system planning engineers in preparing a 
reliable and dependable plan when dealing with the 
integration of DGs in their networks. 
 

A financial study including energy cost and capacity 
price is also introduced on the realistic case which 
proved the financial feasibility of DGs integration into 
distribution grids through evaluation of the internal rate 
of return (IRR) and establishing its profitability. The 
study shows that investment into small power generation 
projects can be financially feasible for Independent 
Power Producers (IPPs), and developing countries 
should encourage this approach for alternative sources 
of funding, other than the more conventional sources of 
corporate or country lending. 

INTRODUCTION 

DG refers to any small scale generating unit, including 
renewable and non-renewable energies. It is connected at 
or near the load centers to provide electricity locally to 
the customers unlike large central power plants [1].  
 
The way for increasing the applications of DG resources 
in the recent years have been paved due to energy 
demand growth, energy crisis, restructuring of electrical 
market and improvement in the technologies of energy 
production. Also DGs are considered a potential solution 
for the serious stability problems resulting from increase 
in power consumption if there are no impending 
construction projects of new power plants or transmission 
lines [2]. 
 
DG has a very important role in planning the electrical 
distribution networks, as it has both technical and 
economical benefits if it is located and sized according to 
a prespecified plan. It can raise the overall efficiency of 
the distribution systems performance through maximizing 
its positive impacts such as providing opportunities for 

system losses reduction, voltage support, improving 
power quality and improving system reliability. In 
addition, DG also causes considerable reduction in the 
required investment cost for supplying the increased load 
in future years because of its small size [3, 4, 5]. 

CASE STUDY 

An actual Egyptian distribution network (47 buses), 
located south of Cairo city, is considered for the present 
study. Figure 1 shows the single line diagram of the 
network. The network consists of several medium and 
low voltage busses, Bus0 being the slack bus, with two 
main feeding transformers (66/11KV, 25 MVA each).  
 

 
Figure1: Single line diagram of base case network 

IMPLEMENTATION STRATEGY 

The flow chart in figure 2 describes the procedures of the 
algorithm for the siting and sizing of single, two and 
three DG units [6]. These procedures and the analysis are 
implemented using two software packages; the ETAP 
version7 and GA of the Matlab software version7.1 [7, 
8]. Both procedures produced similar results of the 
required variables of the given network such as V, P, Q, P 
loss. 
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Figure 2: Flow chart of the proposed algorithm 

APPLICATION 

Initially, the load flow analysis of the base case (without 
DG) was carried out. Table 1 shows a summary of the 
total generation, loading, and power losses in this case.  
 
Table 1: Summary of Base Case total generation, loading 

and losses 
 MW MVar MVA PF 

Source (Swing Buses) 6.719 4.232 7.941 84.61 

Total Static Load 6.537 3.751 7.536 86.74 
Apparent Losses 0.182 0.481 - - 

 
Several cases of study with DGs installed (single, two 
and three units) is then carried out sequentially (with total 
DGs capacity not to exceed 25% of the total swing bus 
capacity while connected to the grid to maintain over all 
system stability) as follows: 
 

Single DG unit with capacity ranges up to 1.6 MW has 
been rotated on all the system busses, except the slack 
bus, and the load flow study was performed in each case. 
The reactive power generated from the DG unit should be 
within range (0.991>Q>-0.991 MVar) according to DG 
units’ capacity to support its specified power factor of 
0.85. The accepted number of busses which support the 
DG power factor range was found to be 21. 
 
Two DG units with capacities range up to 0.8 MW each 
are rotated on a total of 231 possible bus combinations 
and the load flow study was performed in each case. The 
reactive power generated from each of the two DG units 
should be within range (0.495>Q>-0.495 MVar) 
according to DG units’ capacity to support its specified 
power factor of 0.85. The accepted number of 
combinations which support the DG power factor range 
was found to be 230.  
 

Three DG units with capacities range up to 0.53 MW 
each are rotated on a total of 1771 possible bus 
combinations and the load flow study is performed in 
each case. The reactive power generated from each of the 
three DG units should be within range (0.328>Q>-
0.328MVar) according to DG units’ capacity to support 
its specified power factor of 0.85. The accepted number 
of busses combinations which support the DG power 
factor range was found to be 348. 

RESULTS AND DISCUSSION 

The main variables of consideration are selected to be the 
total active power loss and the voltage profile. 

Active Power Losses (Ploss) 
The total Ploss of the network is calculated from the load 
flow study for each case. The load flow is first performed 
without installing DG units. The results showed that the 
total system Ploss equals 181.795 KW. Optimal locations 
of the single, two and three DG units are then determined 
and listed in look-up tables. The results are then sorted 
according to the Ploss values in an ascending order for 
each case. Figure 3 displays the optimal locations of the 
DGs in the three studied cases (single, two and three DG 
units) where it was found that the total Ploss attained the 
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lowest values at DGs penetration level of about 25% of 
the slack bus capacity. 
 

 
Figure 3: Optimal locations with minimum total PLoss 

Voltage profiles 
In order to assess the impact of the DG location on the 
system voltage and voltage enhancement, the voltage 
profile of the system under study is recorded for each 
studied case. The results are tabulated in an ascending 
order for each case considered; the single DG unit as well 
as for each possible combination of the two and three DG 
units. This is in order to identify the busses which are 
most sensitive to voltage variations. Tables 2, 3 and 4 
report the busses with most voltage enhancements; when 
the DG units were installed at the optimal locations 
which resulted in the lowest power losses. Results show 
that voltage profile is enhanced in the three cases with 
respect to the base case, with the highest values being at 
busses located at and near the DG units locations. 
 

Table 2: Voltage enhancement for single DG 
Single DG Bus %Voltage Enhancement 

Bus 14-1 

Bus14-1 5.5488 
Bus14 1.0459 
Bus13 0.9413 
Bus13-1 0.9149 

 
Table 3: Voltage enhancement for two DG 

Two DG  Bus %Voltage Enhancement 

Bus14-1 & 
Bus 83-1 

Bus14-1 5.5488 
Bus83-1 5.4381 
Bus14 0.5851 
Bus13 0.5298 

 
Table 4: Voltage enhancement for three DG 

Three DG  Bus %Voltage Enhancement 

Bus43-1 & 
Bus24-1 & 
Bus52-1 

Bus24-1 5.0936 
Bus43-1 4.8717 
Bus52-1 4.4673 
Bus24 0.8054 

Influence of DG Rating Variation  
Different levels of the DG penetration at the optimal 
locations on the given network are assumed ranging 
between 10% and 25% of the slack bus capacity and the 
Load flow is done in each case. 
Figures 4 and 5 show the power losses and voltage 
magnitudes with respect to different DG penetration 
levels (PL%) for single DG at bus14-1.  

 
Figure 4: PLoss for Single DG case 

 

 
Figure 5: Bus 14 voltage when connecting Single DG 

 

Figures 6, 7 show the power losses and voltage 
magnitudes with respect to different DG PL% for two 
DGs at bus14-1 and bus83-1. 

 
Figure 6: PLoss for two DGs case 

 

 
Figure 7: Bus 14 voltage when connecting two DGs 

 

Figures 8, 9 show the power losses and voltage 
magnitudes with respect to different DG PL% for three 
DGs at bus43-1, bus24-1 and bus52-1. 
 

 
Figure 8: PLoss for three DGs 
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Figure 9: Bus 43 voltage when connecting three DGs 

ECONOMIC STUDY [9] 

The financial model concept for budgeting the DG within 
a distribution network including the energy cost, capacity 
cost and the expected tariff. The model is based on the 
contribution of independent power producers (IPPs) in 
building small scale power plants as a tool for economic 
gross. 
 

Loans for construction are arranged by the project 
company, thus avoiding an increase in government dept. 
 

The tariff structure that is followed by the host 
government is a two part tarrif which includes a capacity 
charges and an energy charges [10]. 
 

Capacity cost 
 

Capacity charges are set to cover the fixed costs, project's 
capital and investor returns incurred by the project 
regardless of whether the plant is called on to provide 
energy or not according to: 
 

           CC=PP+IE+FO&M                                                                
Where 
            CC: Capacity charges. 
            PP: Principals paid. 
            IE: Interest expenses. 
           FO&M: Fixed operation and maintenance cost. 
 

Energy cost 
 

The energy charge is set to provide enough revenue to 
cover fuel costs and variable operating and maintenance 
expenses. It will vary depending on the amount of energy 
in KW/hr that are actually delivered to the power 
purechaser. This price will only be paid in case the plant 
is called on to provide energy. A typical energy charge 
will include the following elements: 
 

EC=FC+VO&M                                                                                                                  
  Where: 

EC: Energy charges. 
Fc: Fuel cost. 
VO&M: Variable operation and maintenance cost. 
 

FCAP=FCIP*(1+ESCFC)n                                                          
  Where: 

FCAP: annual Fuel cost. 
FCIP: Initial Fuel cost. 
ESCFC: Fuel cost escalation rate. 
 n: number of years from plant operation time. 
 
 

OMAc=OMIC*(1+ESCOM)N                                                       
  Where: 

OMAc::Annual operation and maintenance cost. 
OMIC: Initial operation and maintenance cost. 
ESCOM: Operation and maintenance escalation rate. 
N: number of years from plant construction period. 

 

Table 5: parameters and assumptions used  
Energy output selling price 0.05 $/KWh
Natural gas price 2.7 $/MMBTU
Contract period 25 year
Construction period 1 year
Fixed operation and maintenance costs 44 $/KW
variable operation and maintenance costs 0.161 $/MWh
 
The unit’s capital cost and technical data specifications 
are shown in table 6. 
 

Table6: unit’s data specifications [11] 
Single DG unit capacity 1.6 MW
Type Gas turbine
Model ST18A 
Capital cost  free on board (FOB) 672 $/KW
Planning and construction services 90% of capital cost
Heat Rate 11237 Btu/KWh
Efficiency 30.4% 
Plant capacity factor 85% 
 
Table 7 represents the commercial bank rules that are 
taken into consideration. 
 

Table 7:  Loan rules from  commercial bank 
Grace period 4 year 
Loan Payback period 10 year 
Loan interest 11% 
Loan value 75 % of total capital cost
 

Sensitivity analysis is carried to reflect the effect of the 
change in the driving factors (investment cost, fuel cost, 
O&M costs and revenues) on the IRR as follows:  
Profit=TR-CC-EC                                                                    

Where: 
TR: Total revenues. 

TR=ES*SP                                                                               
Where: 

ES: Energy Sold. 
SP: Selling Price. 

ES=CF*PC*8760                                                                    
Where: 

CF: Capacity Factor. 
PC: Plant Capacity.   

SPnew=SPold*(1+ESCSP)N                                                          
Where: 

SPnew: Annual selling price ($/MWh). 
SPold: Intial selling price ($/MWh). 
ESCSP: Selling Price escalation rate. 

EPC= (EC+CC)/ES                                                                 
Where: 

EPC: Cost of energy production ($/MWh). 
 

The calculations are done with these considerations: 
1-  Natural Gas price is escalated by 5% annually. 
2-  O&M cost is escalated by 3% annually. 
3- Heat rate is increased by 1% annually.  
4- Selling price is escalated by 8% annually. 
5- Unit capacity degradation factor is assumed to 

be 1% annually. 
Table 8 shows the cash flow requirements through a 
scheduled plan over the plant life time  loan balance, 
O&M cost, fuel cost, total capacity and energy charges 
are evaluated annually taking into account the previous 
parameters. 
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Table 8: The annual cash flow requirements 

ye
ar

 

Loan Balance 
O&M 
costs Fuel 

Total 
Capacity 
& Energy 
Charges 

Principal 
Paid 

Interest 
Paid 

MUS$ MUS$ MUS$ MUS$ MUS$
1 0 0.169 0.074 0.365 0.608 
2 0 0.169 0.077 0.383 0.628 
3 0 0.169 0.079 0.401 0.648 
4 0.15 0.169 0.081 0.420 0.823 
5 0.15 0.152 0.084 0.440 0.828 
6 0.15 0.135 0.086 0.460 0.834 
7 0.15 0.118 0.089 0.482 0.842 
8 0.15 0.101 0.091 0.504 0.850 
9 0.15 0.084 0.094 0.527 0.859 
10 0.15 0.067 0.097 0.552 0.869 
11 0.15 0.051 0.100 0.577 0.880 
12 0.15 0.034 0.103 0.603 0.892 
13 0.15 0.017 0.106 0.630 0.906 
14 0 0 0.109 0.658 0.767 
15 0 0 0.112 0.687 0.800 
16 0 0 0.116 0.718 0.833 
17 0 0 0.119 0.749 0.868 
18 0 0 0.122 0.782 0.905 
19 0 0 0.126 0.816 0.942 
20 0 0 0.130 0.851 0.981 
21 0 0 0.134 0.887 1.021 
22 0 0 0.138 0.925 1.063 
23 0 0 0.142 0.964 1.106 
24 0 0 0.146 1.004 1.150 
25 0 0 0.150 1.046 1.196 
 

Table 9 shows the annual plan of energy production 
($/MWh), revenues and profits gained from selling 
generated energy taking into account the previous 
considerations.   
 

Table 9: The total annual revenues and profits 

Y
ea

r 

Cost Of energy 
production 

Energy 
Sent  

selling 
price 

Total 
Revenues

Total 
profit

$/MWh MWh $/KWh MUS$ MUS$

1 51.042 11913.6 0.054 0.643 0.035 
2 53.324 11773.4 0.058 0.687 0.059 
3 55.729 11633.3 0.063 0.733 0.084 
4 71.598 11493.1 0.068 0.782 -0.041 
5 72.954 11353.0 0.073 0.834 0.006 
6 74.424 11212.8 0.079 0.890 0.055 
7 76.014 11072.6 0.086 0.949 0.107 
8 77.732 10932.5 0.093 1.012 0.162 
9 79.586 10792.3 0.100 1.079 0.220 
10 81.584 10652.2 0.108 1.150 0.281 
11 83.735 10512.0 0.117 1.226 0.345 
12 86.048 10371.8 0.126 1.306 0.413 
13 88.532 10231.7 0.136 1.391 0.485 
14 76.015 10091.5 0.147 1.482 0.715 
15 80.354 9951.4 0.159 1.578 0.779 
16 84.939 9811.2 0.171 1.681 0.847 
17 89.785 9671.0 0.185 1.789 0.921 
18 94.906 9530.9 0.200 1.904 1.000 
19 100.318 9390.7 0.216 2.026 1.084 
20 106.037 9250.6 0.233 2.156 1.175 
21 112.081 9110.4 0.252 2.293 1.272 
22 118.468 8970.2 0.272 2.438 1.376 
23 125.218 8830.1 0.294 2.592 1.487 
24 132.351 8689.9 0.317 2.755 1.605 
25 139.889 8549.8 0.342 2.928 1.732 

CONCLUSION 

The analysis of the network showed that increasing the 
number of DG units, with the same overall capacity 
reduced the total losses if it is allocated according to pre-
specified plan. The reduction in losses for three, two and 
single DG were 27.8%, 24% and 18.3% respectively 
when compared to the base case losses. The 
investigations showed that a DG penetration level of 
about 25% of the slack bus capacity would be optimal as 
it results in lower total power loss values while providing 
a marginal voltage enhancement in all studied cases. 
 
The economic model applied on single DG showed that 
DGs installation has a financial IRR equals 17.5%. This 
means that the project is financially feasible for 
Independent Power Producers (IPPs) to invest into power 
generation, and so the developing countries should 
encourage this to look for alternative sources of funding, 
other than the more conventional sources of country 
lending. 
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