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Abstract: Nowadays, the renewable energy sources (RES) are widely utilized in micro-grids due to 

technical development and emission increase, which make the planning the micro-grids integrated 

the RES very important. To obtain the optimal planning strategy and evaluating efficiency of the 

RES in micro-grids, a mixed integer programming (MIP) planning framework for a grid-

connected micro-grid is presented in this study. The understudy micro-grid consists of the wind 

turbines and photovoltaic systems, which are connected to utility grid through the point of 

common coupling (PCC). The objective function is minimizing the life cycle cost of object 

comprising of the investment and operation cost of the RES, the energy purchased cost from the 

utility grid, the emission taxes cost and the replacement cost or residual value of equipment at the 

end of the planning period. The uncertainties of load, electrical price, wind speed and solar 

radiation are taken into consideration and then a combinable model with the clustering technique 

is utilized to integrate them. Finally, numerical simulations for a test grid-connected micro-grid 

are made to validate the effectiveness of the proposed model and show efficiency of the RES to 

can apply to practical micro-grids. 
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1. INTRODUCTION 

 

In recent decades, the demand in electricity increased while awareness of environmental protection 

increased as well, ensuing in a pledge to cut high emissions of traditional resources. Therefore, 

renewable energy sources are widely used as a result of this trend. They are connected to the low and 

medium voltage distribution system and create a new structure called micro-grid [1],[2]. A micro-grid 

can be designed to operate in either grid-connected or standalone mode. In grid-connected mode, the 

load can be supplied from both the renewable energy sources and diesel generators as well as from the 

utility grid through the point of common coupling (PCC) [[3],[4]]. The main benefit of this micro-grid 

mode is that it can still operate in a standalone mode when the connection to the utility grid is interrupted. 

The reliability of micro-grids is improved though the renewable sources cannot guarantee to supply 

power for the all of the load. Therefore, micro-grids are very promising to obtain an optimal planning 

strategy, evaluate efficiency of the RES and develop a green and sustainable energy system. 

Many techniques of the RES have been researched, developed and applied in practice as photovoltaic 

panels, wind turbines, biogas-based internal combustion generators and micro-hydro generators with 

power less than 5MW [[5],[6]]. In recent years, the most popular renewable energy techniques have 

been the wind turbines (WT) and photovoltaic systems (PV) because they have the large potential, lower 

emissions and levelised cost of electricity than fossil fuel options [8]. Moreover, the various advantages 

when the RES integrated in optimal planning the micro-grids and distributed systems include the cost 

decrease, improved energy efficiency and higher resiliency, increased reliability, reduction in 

transmission losses and upgraded feeder deferment, emission reduction and a more flexible operation 

[9]-[11]. 

Because of all those reasons,  numerous studies for planning, designing and operating of micro-grids 

considering the RES have been introduced in recent years [7,[12]. The optimal planning of isolated 

micro-grids with renewable energy resources handled through demand response or controllable loads is 

introduced in studies [13]. Their objective function includes the annual average cost of the initial 

investment, the cost replacement, operation, maintenance and demand response compensation or 

salvage value and power shortage penalty. Energy storage systems like the battery or pumped storage 

are utilized to guarantee supplying energy for any load, even when the output power of the RES is 

intermitted. In study [14], the grid-connected micro-grids planning process is presented with the 

objective to minimalize the total cost of planning project comprising of the investment and operation 

cost. All of them are the present-worth values because of discount rate in objective function. Similarly, 

a generation-side power scheduling and economic dispatch of distributed generators to grid-connected 

micro-grid is also represented in study [15]. The objective is to minimize operation costs that the user 

must pay for such as energy provided by the sources. The analyzed parameters of the micro-grid are 

assumed as unchanged values in these studies, despite of that they may be natural intermittent and are 

uncertain parameters, thus the error of the calculation result is often high. 

To overcome those disadvantages, the uncertainties of the wind speed, natural gas price and annual load 

are represented by three values corresponding to probability of them. They are examined in an optimal 

model to design and operate a grid-connected micro-grid with objective function to minimize the overall 

cost of the electrical power, the fuel and incentive based demand response program [16]. However, the 

small state number and the ignored investment cost of distributed energy resources are limitations of 

this study. The planning models considering stochastic characteristic are introduced in study [17]. The 

objective function includes the equivalent annual value of investment cost, annual maintenance cost, 

fuel cost and environmental cost. Besides, the energy loss cost, energy not supplies cost and improving 

total voltage profile index are added in model of study [18]. Although these models do examine of 

equipment investment cost, the difference of lifetime and uptime of them is ignored in this study. The 

planning frameworks considering the uncertain parameters, lifetime of equipment and planning period 
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are presented in studies [20]-[22] with components of objective function that are the capital cost, 

operation and maintenance cost, replacement and salvage costs of the equipment at the end of the project. 

The unserved energy and reliability constraints are also considered to improve economic effectiveness 

and reliability of micro-grids. In addition, for a short planning period of micro-grid, the optimization 

method with an objective function based on minimal life cycle cost (LCC) is introduced in studies 

[23],[24] which aims to improve the effectiveness of the micro-grid planning problem. In these models, 

the LCC optimization theory is applied to take into consideration the cost during the entire duration of 

the project including the capital investment, the operation and maintenance cost, the recycling profit of 

scrapped equipment, the pollutant emission compensation cost and the energy shortage compensation 

cost. Those parameters of the simulation are unchanged values in this study, leading to a significant 

error of calculation result. 

As described in detail above, the aspects of the micro-grid planning problem like uncertainty of 

parameters, investment and operation cost, replacement and salvage costs, lifetime of equipment and 

emission cost are studied and examined in optimal models. However, in each study, only several aspects 

are considered and that are the limitations of the present studies. Additionally, the decision variables 

utilized to select the power and capacity of the equipment are often continuous variables, despite being 

discrete values in fact. Because of those reasons, this study proposes a structure of grid-connected micro-

grid, which can integrate and evaluate the efficiency of the RES in a scenario interested in the uncertainty 

of parameters. Then, an optimal model to plan the proposed micro-grid is created with a LCC objective 

function and constrains, which considers the uncertainty of the parameters as well as equipment lifetime 

and planning period of the project. The uncertainty of parameters is modeled by the probability density 

functions (pdf), the K-means clustering technique is utilized to divide into states and then a combinable 

model are applied to integrate in all states in the planning model. The binary variables are utilized in the 

model to select the rated sizes of equipment based on standard values and thus the results will be more 

accurate and the applicability of them in practice will be higher. 

This study presents the modeling of those uncertainty parameters in Section 2, a detail description of the 

planning model in Section 3. The numerical simulations for computed cases are illustrated in Section 4 

and the conclusions are given in Section 5. 

 

2. STRUCTURE OF MICRO-GRID AND MODELING UNCERTAINTY OF PARAMETERS 

 

2.1. Structure of micro-grid 

To evaluate the efficiency of the RES in planning micro-grids, a grid-connected micro-grid with a 

structure shown in figure 1 is proposed. The demand of the load is supplied from the utility grid through 

PCC and RES. The PV and WT are chosen to examine further because of their great potential and it is 

easy to connect to the micro-grid. This structure has high reliability, the output power of the RES is not 

limited and thus the effectiveness of the RES is improved. 
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Figure 1. Structure of grid-connected micro-grid 

2.2. Modeling uncertainty of parameters 

As can be seen from figure 1, the uncertain parameters of the proposed micro-grid are the output power 

of the PV and WT, load and electrical price. The random change of them is modeled by the pdf and then 

the clustering technique is utilized to divide stochastic parameters into different states with specific 

values and their related probability in each state [23]-[27]. 

The randomness of solar irradiate is modeled by the beta distribution as in equation (1). Iir is the solar 

irradiate at each state,  is the mean and  is the standard deviation of the stochastic variable 

[[18],[20],[28]]. In each state, the output power of the PV is calculated under the rated power PV

rP  at 

the standard test condition, solar irradiate and the operating ambient temperature as (2). In which, the 

standard test condition means that solar irradiate Iir.stc is 1000 W/m2 and temperature Tstc is 250C, Iir.s is 

the irradiate and Tc.s is temperature of PV at operating state, and kT is the power temperature coefficient 

of the PV. 
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Similarly, the stochastic behavior of wind speed v is modeled by weibull distribution shown in 

expression (3) with the shape index k and the scale index c [[18],[20],[28]]. In each state s of wind speed, 

the output power of the WT is determined in equation (4) with output power 
WT

sP , rated power 
WT

rP , 

cut-in speed vci, rated speed vcr, and cut-off speed vco of WT. 
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The normal distribution is utilized to model the stochastic change of the load as present in equation (5)

, where x is the load power,  is the mean of the distribution,  is the standard deviation and 2 is 

variance of the load at each state s [[17],[18]]. Analogously, the electricity price of the competitive 

market is also a stochastic parameter and expressed by the normal distribution in equation (5)[[29],[31]] 

with x for the value of the electrical price at state s. 
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The multi-state parameters of the micro-grid as the output power of the PV and WT, load and electrical 

price are integrated by a combinable model introduced in studies [[31],[31]]. A matrix is utilized to 

enumerate all combination of states of parameters as equation (6) with Cs as the matrix enumeration the 

possible values of parameters. {C }s s  is a one-column matrix representing probability corresponding 

with the matrix Cs and Ns, which is the sum of individual states of the matrix M, is computed by product 

the possible states of the parameters. 
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Where, s and
L

sP
 
are the electricity price and load corresponding with probabilities s

  and 
L

s , 

respectively. The
WT

sP , 
PV

sP  are the output power of WT and PV corresponding with probabilities WT

s  

and 
PV

s , respectively. The sn
, 

L

sn  are the numbers of states assumed of the electricity price and load 

while the ,WT PV

s sn n that are the numbers of states of the output power of RS, respectively.  

The numbers of scenarios to calculate NS are very big depending on the chosen number of states in each 

pdf. Choosing the number of states is very important because of its effect on the accuracy of results and 

the complexity of the calculation. When numberous of scenarios selected, the accuracy is higher but 

computational burdens increase and vice versa. 

 

3. MATHEMATICS MODEL 

 

An optimal model is introduced with the LCC objective function including the investment cost, 

replacement cost or residual value of the RES at the end of planning period, operation and maintenance 

cost, and reduced emission cost of micro-grid during time the project. The micro-grid operation cost 

includes that of the RES plus the cost of energy purchase from the utility grid with the market price at 

the PCC. The reduced emission cost of micro-grids is calculated based on the difference in emissions 

between traditional energy sources and the RES. The objective function is evaluated in terms of 

https://en.wikipedia.org/wiki/Mean
https://en.wikipedia.org/wiki/Standard_deviation
https://en.wikipedia.org/wiki/Variance
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discounted costs, where discount rates are incorporated in the present-worth cost components as 

presented in equation (7). 

 . . . . .
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Where, the 
.

R

I tC  is the investment cost and 
.

R

OM tC  is the operation and maintenance of the RES. The 
.

G

E tC  

is the cost for purchasing energy from the utility grid, the 
.Emi tB  is the benefit or reduced cost due to 

decrease of emission taxes of the RES. 
.Res tB  is the residual value or replacement cost of the RES at the 

end of the project, r is discount rate and T is the total planning time. 

The investment cost of the RES is analyzed in equation (8) with capital cost 
R

kC  and invested power 

. ,

R

I k tP  of the RES technology k at the year t that depends on rated powers, which is discrete values and 

the binary variable 
.i k

 
in constraint (15). Nk is total number of RES technologies considered for 

investment. 
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The operation and maintenance cost of the RES is analyzed based on average cost of an electrical energy 

unit that the RES generate in equation (9). Where, 
.

R

OM k  is the coefficient for determining the operation 

and maintenance cost, 
,

R

k tP  is the power of the RES with type k at the year t, 
s  is probability in state s, 

and 
,

R

k sk  is the output power factor of the RES type k in state s. Similarly, the cost of electrical energy 

purchased from the utility grid depends on the power received through PCC
,

G

t sP
 
in state s in equation 
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The emission of the RES is lower than the traditional energy sources and thus the emission of micro-

grids reduces when the RES are invested and the cost for emission taxes diminishes. The benefit due to 

decrease of the emission taxes very year is computed by equation (11). Where, G and RS are CO2 

emission coefficients of traditional sources and the RES, respectively, and  is the emission tax probably 

enforced by the government. 
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Analyzing the replacement cost or residual value of the RES at the end of the planning period is 

computed by expression (12) with the lifetime, 
.

R

c kT , the installed time 
.

R

I kt  and the uptime .

R

up kt . At the 

end of the analyzing time, if the uptime of the RES is shorter than the lifetime of them, 
.Res tB  is the 

residual value and it becomes the replacement cost on the contrary. 

. .

. .

.

. .
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R R

c k up k R
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T t
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T

t T t k N


   

   

 (12) 

The power balance constraint of the micro-grid in each state s as represented in equation (13) consist of 

the purchased power from the utility grid
,

G

t sP , the output power of the RES and the load power. Where, 

the L

sk  is the load factor at each state s and L

tP is load power at the year t determined in equation (14). 

0

LP is the load value at base year and L

gk
 
is annual growth factor of the load. 
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In fact, the RES are manufactured in modules with different rate powers, which are discrete values. 

Therefore, the integer variables 
.i k  

are utilized in constrain (15) to select the optimal number, rated 

power and of module types of the RES with the rated power of each technology k and module 
. ,

R

r k iP . The 

power of the RES that can be harvested depends on the potential of the primary energy source in the 

micro-grid and thus the total power limit of each technology is constrained by equation (17) with 
. ax

R

k mP  

that is limit power of each technology k.  
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The maximum penetration of the RES in the micro-grid is limited based on the load power with the 

factor x in equation (17). This constraint guarantees that the power flow is always from the utility grid 

to micro-grid and thus the protection relay system is simpler. The power and energy that a micro-grid 

can be received from utility grid is assumed to be unlimited, because the power of the utility grid is 

much larger than power of micro-grids. However, the constraint (18) guarantees the equipment of the 

PCC not to be overload with 
max

PCCS  as maximum capacity. 
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t s SP S t T s N   

 
(18) 

The defined problem is a MIP model and is simulated for test micro-grid using GAMS/CPLEX software 

as below. 

 

4. RESULTS and DISCUSSIONS 

 

4.1. The parameters of test micro-grid 

The test micro-grid has a structure as seen in figure 1. It is simulated with a load of 850 kW in base year 

and grows 5% annually. The rated power and module type of the PV and WT are discrete values and 

are assumed in table 1 [[32]-[36]]. Analogously, the parameters of the utility grid are also presented in 

table 1 with an CO2 emission tax probably enforced by the government of 0.4cent/kg [[38],[38]]. The 

simulation period is 10 years and the discount rate is 10%. 

The stochastic data of the load, output power of the PV and WT, and the electrical price are assumed 

and expressed by the pdf. Then K-means clustering technique is applied to divide into discrete values 

corresponding to each state s as shown in table 2 [[40],[40]]. The combinable model introduced in 

section 2 allows integration of all states and makes 114 (14641) scenarios [[26],[27],[29]]. 

Table 1. Parameters of the RES and the utility grid 
PV WT Utility grid 

Rated power,

. ,

R

r k iP  

50; 100; 120; 150; 200; 

250; 300; 350; 430; 500 

kW 

Rated power,

. ,

R

r k iP  

100; 120; 150; 195; 225; 

255; 360; 420; 480; 510 

kW  

Limited 

capacity, 
max

PCCS  
1000 

kVA 

Capital cost,
R

kC  
1500 $/kW 

Capital cost,
R

kC  
1800 $/kW 

Electrical price,
G

k  

0.15 

$/kWh 

O&M cost,

.

R

OM k  
0.025 $/kWh 

O&M cost,

.

R

OM k  
0.035 $/kWh 

Rise factor of 

price, k  
1 % 

Emission 

coefficient, R 
0.025 kg/kWh 

Emission 

coefficient, R 
0.02 kg/kWh 

Emission 

coefficient, G 

0.62 

kg/kWh 

Lifetime,
.

R

c kT  30 year Lifetime,
.

R

c kT  25 year   

4.2. Calculated results  

The feasibility of the planning model and the efficiency of the RES in grid-connected micro-grid are 

investigated in two cases: In the first one, the micro-grid only purchases power from the utility gird 

(called without RES) and in the second one, the RES are additionally invested in the micro-grid to 

compare with the first case (called with RES).  

Table 3 presents the invested decision of the RES in planning period with the number, rated power and 

type of modules, and installed time. Two PV modules with rated power of 250kW are selected to invest. 

They have a total rated power installed 500kW in the seventh year. Hence, the electrical energy 

purchased from the utility grid reduces 29.41% as shown in figure 2. Similarly, the only one module of 

WT has a rated power of 510kW and is implemented during time of project and it is installed at the 

eighth year. Total rated power of the RES is 1010kW corresponding to 84.45% of peak load of the 

micro-grid at eighth year. 
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Table 2. Probability of parameters  

State 
PV WT Load Electrical price 

RS

s
k  PV

s
  RS

s
k  WT

s
  L

s
k  L

s
  

s
k   

s

  

1 1 0.014 1 0.007 1 0.01 1 0.028 

2 0.9 0.024 0.95 0.025 0.85 0.056 0.90 0.043 

3 0.8 0.069 0.85 0.032 0.77 0.106 0.80 0.085 

4 0.7 0.087 0.75 0.045 0.71 0.165 0.75 0.096 

5 0.6 0.081 0.65 0.051 0.65 0.165 0.70 0.129 

6 0.5 0.073 0.55 0.077 0.59 0.163 0.65 0.142 

7 0.4 0.052 0.45 0.091 0.51 0.163 0.60 0.137 

8 0.3 0.045 0.35 0.112 0.45 0.091 0.55 0.126 

9 0.2 0.031 0.20 0.103 0.41 0.047 0.50 0.102 

10 0.1 0.028 0.15 0.101 0.35 0.034 0.45 0.081 

11 0 0.497 0 0.354 0.30 0.00 0.40 0.031 

 

Table 3. Invested decision of the RES 

Types of 

the RES 

Number of 

modules 

Rated power of 

module,
. ,

R

r k iP (kW) 

Total power, 

. ,

R

I k tP
 
(kW) 

Planning 

year 

PV 2 250 500 7 

WT 1 510 510 8 

 

 
Figure. 2. Electrical energy purchased from the utility grid 

When the RES are installed, the electrical energy purchased from the utility grid significantly reduces 

as shown in figure 2. In the case without RES, it is 4.44x106kWh in the first year and increases to 

6.88x106kWh in the tenth planning year. However, the electrical energy received from utility grid 

decreases 1.75x106kWh corresponding with 29.41% when two PV modules are installed in the seventh 

year. In the eighth year, one WT module is installed with a rated power 510kW and thus this reduction 

increases to 3.0x106kWh each year corresponding with 48.08% in the eighth year, 46.19% in the ninth 

year and 44.19% in the tenth year. 

Because of reasons above, the CO2 emission decreases from 34.6x103 tons in the case without RES to 

28.11x103tons in the case with RES. Hence, it is decreased about 6.49x103tons along with the emission 

tax that is reduced by 25.97x103$ during the planning period as shown in table 4. In addition, the LCC 

of the project reduces about 0.22M$ corresponding to 5.98% although the investment cost of the RES 

is high and equal 0.81M$ at net present value. 
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Table 4. Comparison of economic and technical indicators of planning project in two cases 

Economic and technical indicators Without RES 
With 

RES 

Comparison between with RES 

case and without RES case 

Total life cycle cost, M$ 3.68 3.46 -0.22 

Invested cost, M$ 0 0.81 0.81 

Total electrical energy purchased from utility grid, 106 kWh 55.81 44.99 -10.82 

CO2 emission, 103 tons 34.60 28.11 -6.49 

Emission taxes cost, 103 $ 138,41 112.44 -25.97 

The results above show that the effect of the RES in micro-grid planning is significant in both economic 

and technical indicators due to a reduction of both the LCC and emission. Moreover, the reliability of 

the micro-grids is also improved because of some portion of power for loads are still supplied by the 

RES when the utility grid is faulty. The reduction of the power received from the utility grid through 

PCC also defers upgrading the connectible equipment. 

 

5. CONCLUSIONS 

 

In this research, a multi-scenario planning framework for grid-connected micro-grid is presented with 

an examination of investment in RES with respect to the uncertainty parameters based on minimizing 

the LCC of the invested project. The proposed model features a number of important aspects: 

The multi-scenario planning framework proposed with the objective function and constraints can 

determine the optimal number, rated power and technology of modules as well as installed time of the 

RES. The objective function is minimizing the LCC during the time of the project that includes the 

investment cost, operation and maintenance cost of the RES, the electrical energy purchased cost from 

the utility grid, the emission taxes cost and the replacement cost or residual value of equipment at the 

end of the planning period. Hence, the different lifetime and the uptime of the RES are examined which 

improve the accuracy and suitability of model for the practical planning problem. 

The uncertainties of parameters are considered and modeled by the pdf, the K-means clustering 

technique is utilized to divide into different states with specific value and the related probability in each 

state to reduce the computational burden. Then, a combinable model integrates all the states of 

parameters such as the electrical price, load and the output power of the PV and WT.  

The proposed model utilizes integer variables to perform the invested decision of the RES based on 

rated power of different modules that are discrete values. Therefore, the computed result determines the 

number of modules with rated power and type of them, which agree with the actual parameters. 

The simulation results demonstrate how the high efficiency of the RES in planning grid-connected 

micro-grid because the RES could promote the reduction of LCC and the cost for purchasing electrical 

energy from the utility grid. Particularly, the emission of the micro-grid significantly decreases and that 

has great significance in the context of climate change today. 

The cases study has illustrated the feasibility and effectiveness of the proposed model, which indicates 

that the RES have high efficiency in reducing the cost and emission, and the optimization method could 

be brought into practice. 
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