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Abstract 

Extensive penetration of distributed generation (DG) is one of the critical challenges near future for efficient and low 
carbon energy utilization in the world. Since DG installation greatly influences existing power systems, it is required 
to install DG with suitable location and adequate size, thus some decision-making tools for optimal DG installation 
are necessary. 
This paper presents a new approach for optimal location and sizing of DG. Although approximate methods are 
generally adopted in this area because of the problem difficulty arising from the combinational nature, an exact 
enumerative method is proposed in this paper because of its simplicity and versatility. The usefulness of this 
enumerative method is demonstrated in a simple pilot system and some quantitative/qualitative characteristics in DG 
installation are also clarified. 
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1. Introduction 

Optimized electricity supply and demand is expected by the realization of Smart Grid, and installation 
of distributed generation (DG) is one of the key elements of smart grid as measures for power loss 
reduction, expansion of renewable energy amount and local energy production for local consumption 
toward a new resilient energy system. 

Under this background, many studies have been reported related to optimal location and sizing of DG 
installation in distribution networks. Because such DG installation problem with various candidate 
locations and sizes causes combinatorial explosion, metaheuristics methods such as genetic algorithm 
(GA), particle swarm optimization (PSO) or analytical approaches have been used. However, it is difficult 
to ensure that the solution by such approximate or analytical methods is optimal and also difficult to 
understand the quantitative characteristics of DG installation impact by different location and sizing. 

The purpose of this paper is to clarify the quantitative characteristics of such DG installation impact by 
enumerating the combinations by its location and size and obtaining the exact solution to the optimal one. 

2. Studies and Approaches for Power Loss Reduction 

Many studies for power loss reduction of distribution networks have been reported and various 
network reconfiguration approaches by switching and capacitor placement have been proposed. Recently 
studies related to DG installation for power loss reduction have been increasing in response to 
liberalization of electricity market and rising of environmental awareness such as renewable energy 
generations. These studies for optimal DG installation into distribution systems indicate that poor 
selection of location and size of DG installation would lead to higher power loss compared with no DG 
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installation. Therefore, it is necessary to identify the optimal location and size of DG and this problem is 
called “optimal DG installation problem” in this paper. As mentioned in the above, because the “optimal 
DG installation problem” causes combinatorial explosion, metaheuristics methods have been used in 
some of these studies. As the other approach, [1] provided a well-known “2/3 rule” that the optimal 
capacitor size to minimize power loss into a feeder with uniformly distributed load was 2/3 of the total 
load and the optimal location was 2/3 of the total distance, and [2] showed the impact on feeder losses of 
DG could be analyzed with something akin to the 2/3 rule. In [3] and [4], analytical methods for the 
optimal DG location and sizing to minimize power loss had been proposed, and these approach used the 
real power loss expression popularly known as “exact loss” formula [5] as follows. 
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are (i,j)th entry of [Z bus] matrix. Also, Pi, Pj are the active power injections at the ith and jth buses, Qi, Qj 
are the reactive power injection at the ith and jth buses and N is the numbers of buses. 

3. An Approach to Recognize Optimal Location and Sizing of DG Installation. 

In this section, a new approach using an exact solution method for obtaining an optimal location and 
sizing of DG in a simple pilot system is provided. 

3.1. Utilization of the enumeration method as an exact solution method 

Among some exact solution methods such as “branch and bound” and “dynamic programing” which 
divides a complex problem into partial problems for efficient calculation, the enumeration method which 
enumerates the solution for every possible combination is used in this paper. If all possible combinations 
of the problem would be enumerated, the optimized solution could be selected from them. This is a very 
simple and reliable approach and versatile. However possible combinations of location and size for DG 
are enormous in the “optimal DG installation problem” and the number should increase if additional 
variables such as attributes of DG would be added. Therefore, it is generally considered that the 
utilization of enumeration method for the “optimal DG installation problem” is not practical. However, 
the enumeration method for the problem might be possible if the numbers of possible combinations for 
calculation would be reduced by considering a simple power system model and adding constraints 
regarding the DG location node and the injecting power type.  

Therefore, this paper uses the enumeration method for the “optimal DG installation problem” on 
condition that it would applied to a simple pilot system with some constraints so that possible 
combination numbers of DG installation are limited to around several dozes. 

3.2. Definition of the simple distribution system model 

In this paper, 6-node and no branched simple system is used as the simple pilot system illustrated in 
Fig. 1. In this figure, Node1 is the slack node and resistance ri and reactance xi (i=1,2, 5) are considered 
in each branch. 

 
Fig. 1. The simple pilot system  
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3.3. Solution procedure of the “optimal DG installation problem” 

In this paper, an optimal DG installation is defined as the DG installation which minimizes the power 
loss of a targeted distribution system and its decision procedure is provided. 

In the procedure, one DG installation into any one node from Node2 to Node5 in the pilot system is 
considered (Node1 is the slack node). In order to find the DG location and its size to minimize power loss 
in the system, the amount of power loss in case of DG installation into every one node is calculated by a 
power flow calculation method. As the method of power flow calculation, the Backward and Forward 
(B/F) method is used. The reason is that the B/F method is considered as a suitable power calculation 
method for a radial distribution system which is the Japanese typical distribution system style and 
computation time is fast compared with the Newton-Raphson method which is used for power flow 
calculation commonly. The procedure of the B/F method is as follows. A dot on the top of the character 
denotes complex numbers and an asterisk on the right hand side denotes complex conjugate. 

1) Predefine the voltage ( 1, 2,...,  ( 6 in the pilot system))iV i n= =  for each node. 
2) Calculate the injecting current ( 1, 2,..., )iI i n=  for each node using the following formula. 

( )*
/      : Load of node i i i iI S V S i=  (2) 

3) Sum up injecting currents for each node and set the each branch current by the following manner. 
(Backward Sweep), calculate the sum of currents for each node following the Kirchhoff’s current 
law (KCL) starting from every end node (Node6 in the pilot system) to the Slack Node (Node 1 in 
the pilot system) sequentially (Node6  Node5  …  Node1 in the pilot system). 

sr rI I←  (s: sending end node, r: receiving end node) (3) 

s s rI I I← +  (4) 

4) Calculate the voltage drop for each node by the following manner. (Forward Sweep), execute the 
voltage drop calculation following the Kirchhoff’s voltage law (KVL) using the calculated current 

iI  by the Backward Sweep, starting from the Slack bus (Node1) to the every end node (Node6) 
sequentially (Node1  …  Node6). 

r s sr srV V Z I= −  ( Z : Impedance, s: sending end node, r: receiving end node) (5) 

5) Calculate the voltage difference between the calculated voltage iV  and the previous voltage 

ioldV for each node and execute the following convergence test.  

( )   :  Previous Voltage    : Convergence Criterioni iold ioldV V Vε ε− <  (6) 

6) Repeat 2) to 5) using the voltage ( 1,2,..., )iV i n= obtained by the Forward Sweep until meeting the 
condition (6).  

7) Calculate the power loss of the targeted system in comparison of the total injected power with the 
total load. (The difference is the power loss.) 

4. Computational Result 

In this section, power loss calculation results by DG installation into any one node of the pilot system 
are enumerated using the B/F method, and then the optimal solution is selected from them.  

4.1. Assumptions and initial settings 

Assumptions in the calculation are as follows. 
 Only one DG is installed into any one node of the simple pilot system except for the slack node.  
 Three types of DGs capable of injecting active power (P) only, reactive power (Q) only and both 

active and reactive power (P & Q) are considered. DG’s injecting power is set from 0 to 1 with 0.05 
increments. In case of injecting both active and reactive power, the size of reactive power is set at 1/2 
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of active power considering a general power factor (0.89).  
 Load of each node is uniform (except for the slack node) 
 No susceptance is considered. 
Initial values of voltage, active power, reactive power for each node and resistance and reactance values 

of each branch are showed in Table 1 (a) and (b).  

Table 1.  (a) Node data; (b) branch data 
(a) 

Node P Q V Remarks
1 - - 1.0 Slack node
2 -0.1 -0.05 1.0  
3 -0.1 -0.05 1.0  
4 -0.1 -0.05 1.0  
5 -0.1 -0.05 1.0  
6 -0.1 -0.05 1.0   

(b) 
Branch r x Remarks
Node 1-2 0.02 0.01 r1, x1
Node 2-3 0.02 0.01 r2, x2
Node 3-4 0.02 0.01 r3, x3
Node 4-5 0.02 0.01 r4, x4
Node 5-6 0.02 0.01 r5, x5 

4.2. Calculation results and consideration 

Power loss calculation results for 3 types of DG (P only, Q only both P & Q) installation are provided 
in this part. Before that, Table 2 shows the power flow calculation results for the pilot system without DG 
to obtain the power loss without DG placement.  

Table 2. Power flow calculation result without DG 
Node P (Load) Q (Load) Re V Im V Re I Im I P Q 

1   1.0000 +0.0000 0.5147 -0.2573 0.5147  0.2573 
2 -0.1000 -0.0500 0.9871 +0.0000 -0.1013 0.0507 -0.1000 -0.0500
3 -0.1000 -0.0500 0.9768 +0.0000 -0.1024 0.0512 -0.1000 -0.0500
4 -0.1000 -0.0500 0.9690 +0.0000 -0.1032 0.0516 -0.1000 -0.0500
5 -0.1000 -0.0500 0.9638 +0.0000 -0.1038 0.0519 -0.1000 -0.0500
6 -0.1000 -0.0500 0.9612 +0.0000 -0.1040 0.0520 -0.1000 -0.0500
   Power Loss 0.0147  0.0073

The result shows the active power loss of the pilot system without DG is 0.0147. The accuracy of this 
calculation result is confirmed by the power mismatch between the defined and the calculated active and 
reactive power of each node is sufficiently small. (The max mismatch is 4.637e-009 in this calculation). 

4.2.1. Consideration 1: installation of DG capable of injecting active power (P) only 
Firstly, installation of the DG capable of injecting active power (P) only is considered. Table 3 shows 

the power loss calculation result with the installation of the DG injecting active power only and Fig. 2 
shows the loss reduction effect by the size of the DG for each installation node. 

Table 3. Power loss calculation result with DG capable of injecting active power (P). 

 
DGSize (P) Node2 Node3 Node4 Node5 Node6 

0.0500 0.0136 0.0128 0.0122 0.0118 0.0116 
0.1000 0.0127 0.0112 0.0101 0.0094 0.0092 
0.1500 0.0119 0.0098 0.0083 0.0075 0.0073 
0.2000 0.0112 0.0086 0.0068 0.0060 0.0060 
0.2500 0.0106 0.0076 0.0057 0.0049 0.0052 
0.3000 0.0101 0.0069 0.0049 0.0043 0.0049 
0.3500 0.0097 0.0063 0.0044 0.0040 0.0051 
0.4000 0.0094 0.0060 0.0042 0.0042 0.0058 
0.4500 0.0093 0.0058 0.0044 0.0048 0.0070 
0.5000 0.0092 0.0059 0.0048 0.0058 0.0087 
0.5500 0.0092 0.0062 0.0055 0.0071 0.0107 
0.6000 0.0093 0.0066 0.0065 0.0088 0.0133 
0.6500 0.0095 0.0073 0.0078 0.0108 0.0162 
0.7000 0.0098 0.0081 0.0093 0.0133 0.0196 
0.7500 0.0102 0.0092 0.0112 0.0160 0.0234 
0.8000 0.0107 0.0104 0.0133 0.0191 0.0275 
0.8500 0.0114 0.0118 0.0157 0.0225 0.0321 
0.9000 0.0121 0.0134 0.0183 0.0263 0.0370 
0.9500 0.0129 0.0152 0.0212 0.0303 0.0423 
1.0000 0.0138 0.0171 0.0243 0.0347 0.0480 
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Fig. 2. Loss reduction effect by the size of DG for each installation node (Injecting active power (P) only)  

The calculation result shows a certain size of injected active power to minimize the power loss exists 
in each node and the power loss for each node shows a convex downward quadratic curve.  

The result shows that suitable location of the DG is Node5 and adequate size of injecting active power 
(P) is 0.3500. In this case, the power loss is dramatically reduced to 0.0040 (from 0.0147) and its 
improvement rate is about 72.8% compared with the no DG case.  

Here, applying the “2/3 rule” to the pilot system, the approximate best answer is that the location 
would be 0.3333 from Node4 toward Node5, and the injecting active power would be 0.3333. 
Considering possible DG installation points are nodes of the pilot system, it is possible that this 
calculation result nearly follows the “2/3 rule”.  

4.2.2. Consideration 2: installation of DG capable of injecting reactive power (Q) only 
Secondly, installation of the DG capable of injecting reactive power (Q) only is considered. Table 4 

shows the power loss calculation result with the installation of the DG injecting reactive power only and 
Fig. 3 shows the loss reduction effect by the size of the DG for each installation node.  

Table 4.  Power loss calculation result with DG capable of injecting reactive power (Q) 
 DGsize(Q) Node2 Node3 Node4 Node5 Node6 

0.0500 0.0142 0.0138 0.0135 0.0133 0.0133 
0.1000 0.0138 0.0131 0.0127 0.0124 0.0124 
0.1500 0.0135 0.0127 0.0122 0.0120 0.0122 
0.2000 0.0133 0.0124 0.0120 0.0120 0.0124 
0.2500 0.0133 0.0124 0.0121 0.0124 0.0132 
0.3000 0.0133 0.0126 0.0126 0.0132 0.0145 
0.3500 0.0134 0.0130 0.0133 0.0144 0.0163 
0.4000 0.0137 0.0136 0.0144 0.0161 0.0187 
0.4500 0.0140 0.0144 0.0157 0.0181 0.0215 
0.5000 0.0144 0.0153 0.0174 0.0206 0.0249 
0.5500 0.0150 0.0165 0.0194 0.0235 0.0287 
0.6000 0.0156 0.0179 0.0217 0.0267 0.0330 
0.6500 0.0163 0.0195 0.0242 0.0303 0.0378 
0.7000 0.0172 0.0213 0.0271 0.0344 0.0430 
0.7500 0.0181 0.0233 0.0302 0.0388 0.0487 
0.8000 0.0191 0.0255 0.0337 0.0435 0.0549 
0.8500 0.0203 0.0279 0.0374 0.0487 0.0616 
0.9000 0.0215 0.0305 0.0414 0.0542 0.0687 
0.9500 0.0228 0.0332 0.0457 0.0601 0.0762 
1.0000 0.0243 0.0362 0.0503 0.0663 0.0842 
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Fig. 3. Loss reduction effect by the size of DG for each installation node (Injecting reactive power (Q) only) 

The calculation results also shows a certain size of injecting reactive power to minimize the power loss 
exists in each node and the power loss for each node shows a convex downward quadratic curve as well 
as the consideration 1. The result shows that suitable location of the DG is Node5 also, and adequate size 
of injecting reactive power (Q) is 0.2000. In this case, the loss reduction effect is small compared with the 
consideration 1, the power loss reduced to 0.0120 (from 0.0147) and its improvement rate is about 18.4% 
compared with the no DG case. (Although Table 4 shows there are three cells which have the minimal 
power loss value of 0.0120 (i.e., injecting 0.1500 and 0.2000 reactive power at Node5, and injecting 
0.2000 reactive power at Node 4),  the value of them with six decimal are 0.011992 (0.1500, Node5) , 
0.011971 (0.2000, Node5)  and 0.011978  (0.2000, Node4) respectively.) 

With regard to the “2/3 rule”, this calculation result nearly follows the “2/3 rule” also.  

4.2.3. Consideration 3: installation of DG capable of injecting both active and reactive power (P & Q) 
Lastly, installation of the DG capable of injecting both active and reactive power (P & Q) is 

considered. Table 5 shows the power loss calculation result with the installation of the DG injecting both 
active and reactive power and Fig. 4 shows the loss reduction effect by the size of the DG for each 
installation node. 

Table 5. Power loss calculation result with DG capable of injecting both active power and reactive power (P&Q) 
DGsize(P) Node2 Node3 Node4 Node5 Node6 

0.0500 0.0134 0.0124 0.0116 0.0111 0.0109 
0.1000 0.0122 0.0103 0.0089 0.0081 0.0078 
0.1500 0.0112 0.0086 0.0067 0.0057 0.0055 
0.2000 0.0104 0.0071 0.0049 0.0039 0.0039 
0.2500 0.0096 0.0059 0.0036 0.0026 0.0029 
0.3000 0.0090 0.0050 0.0026 0.0018 0.0025 
0.3500 0.0085 0.0043 0.0020 0.0015 0.0028 
0.4000 0.0082 0.0039 0.0018 0.0017 0.0037 
0.4500 0.0079 0.0037 0.0019 0.0024 0.0051 
0.5000 0.0078 0.0038 0.0025 0.0036 0.0071 
0.5500 0.0079 0.0041 0.0033 0.0052 0.0096 
0.6000 0.0080 0.0047 0.0046 0.0073 0.0127 
0.6500 0.0083 0.0055 0.0062 0.0098 0.0162 
0.7000 0.0087 0.0066 0.0081 0.0127 0.0202 
0.7500 0.0092 0.0079 0.0103 0.0161 0.0247 
0.8000 0.0098 0.0094 0.0129 0.0198 0.0297 
0.8500 0.0106 0.0111 0.0157 0.0239 0.0350 
0.9000 0.0114 0.0131 0.0189 0.0284 0.0409 
0.9500 0.0124 0.0153 0.0224 0.0332 0.0471 
1.0000 0.0135 0.0177 0.0262 0.0384 0.0537 
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Fig. 4. Loss reduction effect by the size of DG for each installation node (Injecting both active and reactive power (P & Q)) 

The calculation result shows the loss reduction effect for each node shows similar characteristics of the 
consideration 1 and the optimal location of the DG is Node5 also, and adequate size of injecting active 
power (P) is 0.3500 (reactive power (Q) is 0.1750). In this case, the power loss is dramatically reduced to 
0.0015 (from 0.0147) and its improvement rate is about 89.8% compared with the no DG case. In the 
effectiveness of the power loss reduction, this case is the best among these three cases. In addition, the 
result nearly follows the “2/3 rule” as well as the consideration 1 and 2.  

5. Conclusion 

The application of the proposed enumeration method to the simple pilot system has shown that DG 
installation can dramatically contribute to the reduction of power loss. Qualitatively, the amount of loss 
reduction is influenced by DG location and size and is maximal in case of both active and reactive power 
injection compared with either only active or reactive power injection. It has been also shown that the 
power loss reduction by DG installation nearly follows the “2/3 rule” for capacitor placement. 

Although the simple 6-node model was considered in this paper, it is possible to enhance the proposed 
method to be applicable to much larger actual distribution networks, by simply limiting the combinations 
of candidate DG locations and sizes. For example, when considering k candidate DG locations and s sizes 
per location, there are skC1 combinations for single DG installation, s2

kC2 for two DG installation, and so 
on. We have already done preliminary tests for radial networks for more than 100 nodes and have 
confirmed that a multiple DG installation problem for actual distribution networks would be solved in 
reasonable computation time by at most 1 million power flow runs. In future works, we would like to 
make this approach flexible for general (radial or weakly-meshed) distribution network types and provide 
more scalable and reliable optimal DG installation tools. 
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