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Abstract- This paper proposes a design of an isolated hybrid microgrid using an iterative optimization method: the branch and 
cut algorithm. The Colombian community of Unguía, found in the state of Chocó, has been proposed for the microgrid design. 
The optimization objectives are the minimization of the grid operational costs and CO2 emissions, and ensuring 80 % of load 
demand coverage. The elements considered in the microgrid design are: Two Diesel generators that already exists in 
community, a battery bank, photovoltaic panels and wind turbines. In addition a comparison between the designs obtained with 
the branch and cut algorithm and the software HOMER is performed for the Unguía community. 
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1. Introduction 

Currently, most of the isolated electrical systems which 

operate with fossil fuel sources are being modified by hybrid 

schemes that include renewables sources, minimizing with 

this the environmental impact. Furthermore, the inclusion of 

renewables also improve the system availability [1], [2], and 

whether storage systems are included, the stability of the 

system is also improved [3]. That is why, several studies, as 

presented the in [4]–[6], had addressed the control and 

energy management issues, focus in isolated microgrids 

composed by renewable sources an several storage systems, 

which can be implemented in rural communities. 

To carry out this modification in generation matrix, the 

optimization techniques are widely used as the renewable 

technologies can involve high investment costs compared 

with the conventional energy sources. Therefore, the 

proposed solutions need to be the most adjusted as possible 

in order to meet the energy requirements, and ensure the 

operation reliability. To solve the optimization problem there 

are several methods that explore the search space composed 

by the possible combinations of renewable, conventional 

sources and storage. Among them, the most used are 

described in [7], [8] and are: 

-   Enumeration techniques:  they look for the elements 

size exhaustively, establishing a mesh or calculation 

frame and evaluating the cost function for each mesh 

point. Some design software, such as HOMER are based 

on these methods. 

-   Iterative methods: are mathematical procedures that 

generate approximate solutions to optimization 

problems. Some of the most commonly used iterative 

methods are: Linear Programming (LP), Quadratic 

Programming (QP) and Mixed Mixed Linear 

Programming (MILP). 

 

-   Artificial intelligence or heuristic methods: They use 

the heuristics to approximate the best solution to the 

optimization problem without guaranteeing that this 

optimum solution can be found [7]. Some of the most 

widely used artificial intelligence techniques for micro-

grid design are: Genetic algorithms (GA), particle 

swarm optimization algorithms (PSO), and ant colony 

algorithms (ACS). 

Heuristic methods and enumeration techniques have the 

disadvantage that they can converge to local minimums of 

the optimization problem; therefore, many authors prefer the 

use of iterative techniques for the hybrid microgrids design, 

since, with it is possible to reach the optimum value of the 

problem or get close enough to it, with the use of 

mathematical tools. As the studies presented in [9]–[11]. In 

[9] a linear programming algorithm is used, to size the water 

pumping storage system in an isolated hybrid microgrid; In 
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[10] and [11] an integer mixed linear programming is used to 

select the optimal location and size of renewable sources in 

an isolated microgrid for a non-interconnected rural 

community in Peru. Although on these studies technical and 

economic criteria are used in the elements siting and sizing 

approaches for isolated hybrid microgrids, the need for 

further researches involving more than one objective in the 

optimization cost function are set in [11]. Also in [12] is 

indicated that, in Colombia, microgrids could be the solution 

to the energy needs in non-interconnected to grid 

communities and in places where there are interruptions due 

to climatic phenomena such as El Niño. 

In order to fill this gap, this paper proposes the design of 

an isolated hybrid microgrid using an iterative optimization 

method, taken as study case the Unguía Colombian 

community in Chocó department, as were also proposed in 

references [13], [14], but in this case the designs of the 

microgrid will be made taking into account 1 full year for the 

input data series, and the results obtained with the iterative 

method are compared with design found using the HOMER 

software, which uses an enumeration technique. 

However, it is clarified that the optimization algorithm 

used in this paper is only usable for microgrids design 

purposes and not for control during the real systems 

operation. 

This article is organized as follows: In Section II the 

methodology for microgrid design is proposed, in Section III 

the models used to represent the microgrid elements behavior 

are set, in Section IV the optimization mathematical 

approach is described. The Section V presents the study case 

characteristics and the results obtained with their analysis, 

are presented in Section VI. 

 

2. Proposed Microgrid Design Methodology 

The methodology described on this section is limited to 

microgrids with a common AC-bus topology, composed by: 

Diesel generation units, a battery bank, photovoltaic panels 

and wind turbines, as is shown in Fig.1. 

 

Fig. 1. Scheme of an isolated hybrid microgrid. 

It is considered that the Wind-turbines are variable speed 

Wind-turbines; therefore an AC/DC-DC/AC power converter 

must be installed to interface the Wind generator with the 

grid and to transform the variable frequency power delivered 

by it into fixed frequency AC power. The photovoltaic 

modules have an inverter as interface device with the AC 

grid. And the batteries have a bidirectional converter, 

because they need absorb and deliver power to the grid.  

The proposed design methodology is composed by the 

steps described in the flowchart of Fig.2. 

 

 
Fig. 2. Proposed methodology flow chart. 
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This steps are described next: Initially, the weather 

variables: irradiance G(t), wind speed v(t), temperature Tm(t), 

and the system load Pl(t) are estimated or acquired, in such a 

way that time series can be set, with an hourly resolution, for 

these variables. 

Subsequently, the dynamic models for the microgrid 

elements are chosen. The weather variables time series are 

taken as inputs for the renewable sources models; having as 

outputs the power delivered by them, at each time interval. 

Being Pwt(t) the power related to the wind turbines and Ppv(t) 

the related to photovoltaic panels. 

In the case of dispatchable sources, such as Diesel 

generators; the power delivered will be programmed in order 

to supply the demand that cannot be covered by the 

renewable sources. Since the dispatchable sources have an 

almost permanent availability of energy resources, or much 

less uncertain than the renewable sources. 

Then, renewable sources unit number, (Nwt, Npv) and the 

amount of batteries (Nb) to be used in the design are 

established. Also the power dispatch variables are calculated; 

they are: the power delivered by Diesel PGi(t), the batteries 

charging or discharging power Pb(t) and the unmet load 

Pul(t). To calculate this variables, an optimization process 

must be carried out But it is clarified that, in the operation 

stage of the microgrid, other management energy strategies 

as the described in [15]–[17] must be used in order to 

dispatch the power delivered by storage systems. 

On the optimization process, the best value of the above 

decision variables is chosen from a set of feasible solutions 

that fills the defined reliability level RL. To compare the 

solutions, a metric is established. This metric can be the 

system costs, the reliability, the emissions or a combination 

of them. 

On this case the metric chosen is a combination of the 
total system cost and the total system emissions. The total 
system cost depends on the project interest rate i, lifespan n, 
initial investment cost of the k-th element k

inC  , maintenance 

cost of the k-th element k

mtC  and operational cost of Diesel 

generators CG(t). For his part, the total system emissions 
depends on the emissions generated by each element 

individually at the construction stage k

cE  and the emissions 

generated by Diesel sources at the operation stage G

opE . 

The algorithm used to solve the optimization problem is 

the branch and cut [18], which is part of iterative 

optimization techniques. In this method the branch and 

bound algorithm is complemented with the cutting plane 

algorithm, to restrict the execution of the relaxed problems 

every time that a branch of the search tree is explored. 

3. Elements Modelling 

In this section only models for batteries and Diesel 

generators are discussed in detail. The remaining microgrid 

elements are taken from current literature. Wind turbines, 

batteries and Diesel generators are modeled as presented in 

reference [19] and the photovoltaic panels use the model set 

in [20]. 

3.1. Batteries 

The energy in the battery (Eb(t)) meets the equation (1) 

[21] at each hour t; assuming that the charging efficiency is 

1. Considering a battery bank, where each battery has the 

same level of charge as the others. And taking into account 

that the charge and discharge power are represented by the 

same variable Pb, which takes positive values when the 

batteries are charging and negatives when the batteries are 

discharging. 

              ( 1) ( )(1 ) ( )b b sd bE t E t P t                  (1) 

3.2. Diesel generator 

The power delivered to the grid by the diesel generator 

(PG(t)) is given by equation (2). 

          ( ) ( )G DG GiP t P t                                   (2) 

Being ηDG the efficiency of the generators and PGi(t) the 

real power generated by the Diesel units. 

The Diesel fuel consumption Gdf is given by equation (3) 

[20]: 

                    ( ) ( )M

df D G D GiG t A P B P t                    (3) 

Where the coefficients AD and BD have the next values: 

AD=0.0845 [l·kW}] and BD=0.2461 [l·kW]. The first 

coefficient AD is a proportionality constant that relates the 

power supplied with the fuel consumption. The second 

coefficient BD is a marginal consumption that exists even 

when the generator does not deliver power to the grid 

because it is on; it is a value proportional to the nominal 

power of the generator. 

4. Optimization Formulation 

In references [13], [14] an optimization approach was 

already proposed for the design of an isolated hybrid 

microgrid composed by Diesel, PV, wind and several storage 

systems. In this case, this approach is taken into account 

again, and for the sake of completeness, this optimization 

approach is described, as follows. 

4.1 Objective function 

As was established before, the metric to compare the 

solutions, also called objective function, have two terms: the 

yearly total system cost (CT) and the total system emissions 

(ET). To obtain an analytic expression that takes into account 

the importance degree of each term, the weighted sum 

method is applied [22]. On these, a weight factor is assigned 

to each objective as equation (4) indicates. 

           T E Tf C w E 
                             (4) 

where a unitary weight was assigned to the yearly total 

system cost; an weight factor of wE was assigned to the total 

emissions. The value of wE was chosen as 8.49 [USD/tCO2] 
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which correspond to the annual average emissions cost, set 

by Sendeco [23], for the European Union in 2015. 

4.1.1 Total system cost 

The yearly total system cost is composed by: the 

annualized investment cost Cin, which corresponds to the 

annual payment that must be made for the acquisition of new 

equipment at the initial stage of the project; the total annual 

maintenance cost of microgrid elements Cmt and the cost 

associated with the fuel spend by the diesel generators CG. 

       
T in mt GC C C C                                       (5) 

Where, the cost associated with Diesel generation CG is 

given by equation (6).  

      
1

( ) ( ) ( ) ( )
N

G df df l l

t

C t G t C t G t C


                (6) 

Being N the hours taking into account in the design 

horizon. In this case a year is considered, hence the value of 

this variable is 8760. Gdf(t) the consumption of the diesel fuel 

at each hour of the year, Cdf(t) the fuel cost, which varies for 

each month of the year and is obtained from Table I, Cl is the 

cost of the lubricant which is 4.39 [USD/gal] as is indicated 

in [23], that value is assumed for the whole year 2015, and 

Gl(t) represents the diesel generator's lubricant expense, 

which is related to fuel consumption by the following 

expression [24]: 

        0.001226 l GiG P                       (7) 

 

Table 1. Appearance diesel fuel price for Unguía 

community [USD/gal]. 

Month Jan Feb Mar Apr May Jun Jul-Dec 

Fuel price 3.12 3.07 2.96 2.96 2.96 3.00 3.02 

 

The annualized initial investment cost (Cin) is calculated 

as: 

      
(1 )

(1 ) 1

n

k k Tr ren
k

in

i i
C N C C C

i 

  
      

        (8) 

where, the variables Nk and Ck indicate the units number 

and the initial investment cost the k-type element, with 

k ∈ η={pv,wt,b}. 

The term [i(1+i)n]/[(1+i)n-1] is called the Capital 

Recovery Factor (CRF), and indicates the amount of equal 

payments in n years in such a way that the present value of 

these payments is equivalent to the total payment of the 

initial investment in the present. In this case a debt 

repayment time of n=20 years is taken, and an annual cash 

interest rate of i=5% it is considered.  

In addition, the annualized initial investment cost also 

includes the replacement cost Cre for elements with a lifespan 

less than 20 years, which are: batteries, inverters of 

photovoltaic panels and inverters of batteries; and the land 

usage price. The equation (9) indicates the calculation of 

these replenishment costs. 

         
b b pv

re b re b re co pv re inC N C N C N C             (9) 

where, 
b

reC  is the battery replacement cost, b

reC  is the 

battery converter replacement cost and pv

inC  is the 

photovoltaic panel inverter replacement cost. 

The initial investment of the Diesel generators is not 
included in the system costs as it is considered that Diesel 
generation already exists on the proposed microgrid location. 

The cost associated with the land occupied by renewable 
sources and batteries (CTr), is calculated by the following 
expression: 

                      Tr k k

k

C ips N A


 
  

 
                  (10) 

where, ips is the land price index (0.05 [USD/m2] [25]), 

and Ak is the land occupied by the k-type element. 

The yearly maintenance cost of the elements Cmt is given 

by the next expression: 

  
k DG

mt k mt mt

k

C N C C


                                (11) 

Being 
k

mtC   the maintenance cost of the k-type element. 

4.1.2 Total CO” system emissions 

The total CO2 system emissions are composed by the 

emissions generated on the elements construction stage and 

the emission generated on the Diesel generators operation 

stage, as shows the Eq. (12). 

   
1

( )
N

M k G

T k k c op df

k t

E N P E E G t
 

 
   

 
         (12) 

The variables M

kP  indicate the maximum power given by 

the element of k-type, the variables k

cE  are the emissions 

generated in the construction stage of the k-type element, and 

the variable G

opE  represents the emissions generated by the 

Diesel fuel combustion. 

4.2 Constraints 

Taking into account the previous models, the power 

delivered by the renewable sources and diesel (Pgen) is given 

by equation (13). 

     ( ) ( ) ( ) ( )gen wt wt pv pv GP t N P t N P t P t          (13) 
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4.2.1 Operational constraints 

The power balance indicated in (14) must be met for all 

the time intervals. 

            ( ) ( ) ( ) ( )l gen b ulP t P t P t P t              (14) 

The number of photovoltaic panels, wind turbines, 

batteries, the power delivered by diesel generator and the 

unmet load must be positive quantities. 

                

0; 0; 0;

( ) 0, ( ) 0

pv wt b

G ul

N N N

P t P t

  

 
                 (15) 

The energy in the battery bank must be maintained within 

the permitted operating limits. m

bE  is the minimum of energy 

or the lowest value in each battery, and M

bE  is the maximum 

value. 

          ( )m M

b b b b bN E E t N E                           (16) 

The charge or discharge power of the battery bank and the 
power delivered by the Diesel generator must be within the 
permitted operating limits. Moreover, the unmet load must be 
lower than the load demand. 

  

0 ( ) ; 0 ( ) ;

0 ( )

M M

b b b Gi G

ul l

P t N P P t P

P t P

   

 
   (17) 

4.2.2 Reliability constraints 

A reliability level RL is defined as a restriction of the 

optimization problem. RL is the ratio of the total unmet load 

to the total load demand over a given time period, thus the 

system has the duty of supplying as minimum the RL % of 

the load demand in the time taken for the design; as is 

indicated in equation (18). 

                         
1 1

( ) / ( )
N N

ul l L

t t

P t P t R
 

                       (18) 

A RL of 0 means the load will be always satisfied, and 

the RL of 1 means that the load will never be satisfied. 

It is emphasized that all the above restrictions are linear. 

 

5. Microgrid Location and System Parameters 

To propose the microgrid location, the study performed 

in [26] was taking into account. In it a feasibility analysis for 

the location of hybrid electric systems in Non- 

interconnected areas in Colombia was performed. Giving as 

result that in the  Unguía community, the alternative of 

energization with photovoltaic panels presents generation 

costs lower than the maximum costs of providing the service, 

while the wind alternative presents comparable generation 

costs; therefore a system with both generation alternatives is 

proposed. On this paper a battery bank is also added. 

The location of the Unguía - Chocó community is 

illustrated in Fig.3. 

 

Fig. 1. Unguía community location. 

The weather variables and the load demand will be taken 

for the 2015 year to perform the microgrid design. 

The wind speed and temperature data were provided by 

[27], [28], but the measures have gaps in some hours, which 

were filling assuming a probability distribution for the data. 

For the wind speed a Weibull distribution was assumed, for 

the temperature a Kernel distribution was used. 

On the other hand, the radiation data for the Unguía 

community, were taken from the NASA database [29] 

through the software HOMER® giving the location of the 

Unguía community in the HOMER interface, where the 

annual solar radiation averages are found, and through the 

application of the Graham algorithm [30] the hourly data of 

solar irradiance in the horizontal surface are synthetically 

generated. However, to access to the climatological database 

of HOMER, a paid license is required; therefore, other free 

databases could be used, such as the provided by the 

Columbia University in [31], in order to obtain the average 

monthly radiation data, and through the Graham algorithm 

the hourly data can be estimated for each day. 

The load demand of the Unguía community was 

provided by [32]. 

A specific type of photovoltaic panel, wind turbine and 

battery was chose in order to perform the optimal design of 

the microgrid, the element parameters were taken from [33]. 

 

6. Results and Analysis 

The mixed integer optimization was solved with the 

Gurobi solver in Matlab, which uses an iterative optimization 

technique, the Branch and Cut algorithm. 
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The elements number obtained with the Branch and Cut 

algorithm and using software HOMER are show in Table II. 

Table 2. Optimization results. 

Item 
Branch and cut 

Algorithm 
HOMER 

Nwt 20 0 

Npv 506 694 

Nb 36 0 

Objective function 

value [USD] 
$ 1,090,600 $1,144,600 

Diesel generation 

usage (respect to total 

generation) [%] 

37.80 71.74 

 

The block diagram of the microgrid implemented in 

HOMER is shown in Fig. 5. 

 

Fig. 5. Block diagram of microgrid implemented in 

HOMER. 

The microgrid implemented in HOMER is composed by 

the two Diesel generators of 475 kVA that already exists at 

the Unguía community, photovoltaic generation with solar 

panels of 1 kW, wind turbines of 30 kW, a battery bank 

composed by 15 kWh batteries; power converters of 1000 

kW, whose investment, maintenance and replacement costs 

where set in $ 0, as the costs of power converters were 

assigned to each element that will require of them; and 

finally there is a block for the system load, in which were 

imported the data of the Unguía community consumption. 

Furthermore it is indicated that, in HOMER, it was assigned 

a cost to each element which correspond to the same cost in 

the objective function indicated in eq. (4). 

The averages of the obtained power dispatch are 

presented on Fig.5 and Fig.6. 

 
Fig. 5. Monthly average power generated by renewable 

sources and Diesel generator, for solution obtained with 

Branch and Cut algorithm. 

 
Fig. 6. Monthly average power generated by renewable 

sources and Diesel generator, for solution obtained with 

HOMER. 

Additionally, two days, March 1st and 2rd are taken as 

example to illustrate the behavior of the power dispatch 

variables. 

Fig.7 and Fig.9 shows the total power generated 

renewable sources and Diesel, the load demand and surplus 

power for the system obtained with Branch and Cut 

algorithm and HOMER, respectively. On the other hand, 

Fig.8 illustrates the energy in the battery bank. 
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Fig. 7. Power delivered by renewable sources and total 

generation in March days, for solution obtained with Branch 

and Cut algorithm. 

 
Fig. 8. Energy on battery bank in March month. 

 
Fig. 9. Power delivered by renewable sources and total 

generation in March days, for solution obtained with 

HOMER. 

On Fig.7 it can be seen that in some hours the renewable 

generation overlap the load curve. This excess of generation 

goes to the storage system, as can be appreciated on Fig.8 on 

hours: 8:00 to 13:00 and 15:00 at March 1st; 9:00 to 14:00 at 

March 2rd. Furthermore, a part of the excess of energy isn’t 

used for the system; this wasted energy which is called 

surplus energy. 

On Fig.5 and Fig.6, it can be seen that the source that 

most quantity of energy supplies to supply the demand is the 

Diesel. In the case of deign obtained with Branch and Cut 

algorithm the generation is composed 37.80 % by Diesel, 

37.24 % by wind generation and 24.96 % by solar 

generation. And the surplus energy correspond to the 7% of 

the total generation. For design obtained with HOMER the 

generation is composed 71.74% by Diesel and 28.26 % by 

solar generation. And the surplus energy correspond to the 

4.88 % of the total generation. Besides, in Table II can be 

observed that HOMER design does not consider wind 

turbines and batteries, and not present unmet load.  

Thus, it can be concluded that the HOMER design 

present a high dependence on Diesel as can be seen on Fig.8, 

therefore, its emissions are the highest and its support in 

installed capacity is the lowest; hence, the system will be 

more sensitive to variations in the supply schedules or costs 

of Diesel fuel. On the other hand, the HOMER design 

present a higher cost than the design obtained with Branch 

and Cut algorithm. This is due to the solution obtained with 

Branch and Cut is reclined over the reliability constraint for 

the reliability level RL shown in equation (18), since the 

demand supplied is exactly 80%, and in the case of HOMER 

the solution is not over this constraint as the supplied 

demand is 100%. Hence, the costs that can be saved in a 

system that does not supply 100% of the energy, are not 

reflected in the solution found by HOMER. Furthermore, the 

solution with the branch and cut algorithm is cheaper 

because it makes use of wind turbines and batteries, as is 

shown in Fig.5 and Fig.8; even though in this solution more 

energy is wasted than in the HOMER solution. 

Therefore, it can be concluded that for the wind 

conditions given in the Unguía community it is profitable to 

install wind turbines, although not all its generated power is 

used, as can be seen in Fig.6 at hours 11:00, 12:00 and 15:00 

on March 1st. And it is necessary to install a battery bank 

that stores a portion of the renewable generation. Since if all 

the remaining power is stored, storage would be more 

expensive. 

 

7. Conclusions 

This article presents a methodology approach to design 

hybrid isolated microgrids using an iterative optimization 

method: Branch and Cut, taking as design time horizon a 

year. A hybrid microgrid design for the Colombian rural 

community of Unguía in Chocó department, was used as 

study case to apply the proposed methodology. Furthermore 

the obtained solution with Branch and Cut algorithm was 

compared with the solution obtained with HOMER software, 

for the same study case. 
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From the obtained results it was found that the Diesel is 

the most used energy source, as the renewable inclusion is 

too expensive yet to compete with Diesel generation. 

Although the design obtained with the Branch and Cut 

algorithm, that integrates renewable sources, gives an annual 

thrift of 53,976 USD on the objective function, with respect 

to the existing system composed only by Diesel generation, 

and also grant a cover of 80 % of the estimated load demand, 

whereas the existing system only covers the 63.83 % of it. 

On the other hand, design obtained with HOMER 

presents a higher cost and Diesel usage than design obtained 

with Branch and Cut, as HOMER only considers a system 

with Diesel and Solar generation, which could lead to a lack 

in the demand supply due to maintenance of Diesel 

generators or difficulties on bring the Diesel fuel to the 

Unguía municipality. 

In addition, it can be concluded that, although the same 

costs and the same climatological data were used to design 

the microgrid of Unguía with HOMER and with the 

proposed algorithm, the design that reached the lowest cost 

was the obtained with proposed algorithm, since it employs a 

deterministic iterative optimization method, the Branch and 

Cut algorithm, whose solution is reclined over  the constraint 

of the reliability level; which means, the solution found with 

the proposed method is not only a feasible solution, as is the 

case of the design found with HOMER, but it is also the 

cheapest possible, keeping in mind the minimum energy that 

must be supplied by the system. . 

However, it is emphasized that, unlike HOMER, the 

proposed method requires prior knowledge of the 

climatological variables at the micro-grid design site, and the 

model of photovoltaic panels used does not allow to observe 

the variations of the power produced by the panels when the 

tilt and the azimuth angles change, which is allowed by 

HOMER 
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