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Abstract: The hybrid system is analyzed and optimized to produce electric energy in Non-15 
Interconnected Zones in the Colombian Caribbean region, contributing both to the improvement in 16 
the reduction of greenhouse gas emissions and to the rational use of energy. A comparative analysis 17 
of the performance of these systems was carried using a dynamic model in real wind and solar data. 18 
The model is integrated by a Southwest Wind Power Inc. wind turbine. AIR 403, a proton exchange 19 
fuel cell (PEM), an electrolyze, a solar panel and a charge regulator based on PID controllers to 20 
manipulate oxygen and hydrogen flows in the cell. The transient responses of the cell voltage, 21 
current, and power were obtained for the demand of 200 W for changes in solar radiation and wind 22 
speed for all days of the year 2013 in the Ernesto Cortissoz airport, Puerto Bolívar, Alfonso Lopez 23 
airport and Simon Bolívar airport, by regulating the flow of hydrogen and oxygen into the fuel cell. 24 
The maximum contribution of power generation from the fuel cell was presented for the Simon 25 
Bolívar airport in November with a value of 158,358W (9.45%). A multi-objective design optimization 26 
under a Pareto front is presented for each place studied to minimize the Levelized Cost of Energy 27 
and CO2 emission, where the objective variables are the number of panel and stack in the PV system 28 
and PEM.    29 

Keywords: Fuel cell; wind energy, solar energy, hybrid energy system; Colombian caribbean region; 30 
multi-objective optimization.  31 
 32 

1. Introduction 33 
In response to the global problem of greenhouse gas emissions and global warming, many 34 

countries have begun to diversify their energy matrix by incorporating renewable energy generation 35 
systems [1]–[4]. The potential growth of these generation systems has allowed this solution has 36 
positioned as a mature technology in the energy sector [5]–[7], significantly impacting on the 37 
improvement of energy and environmental indicators in some nations [8]. 38 

 In Colombia, national regulations have motivated the rational use of energy and preservation 39 
of the environment [9], emphasizing renewable resource generation systems such as solar and wind 40 
energy [10]–[12]. However, currently the percentage contribution of these systems is low compared 41 
to conventional generation systems, the main source being hydroelectric with 69,5%, followed by 42 
thermal with 29,6% and renewable with a percentage less than 1% (0,9%) [13], which corresponds to 43 
the few investigations developed to evaluate the energy performance of hybrid power generation 44 
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systems, when they operate with the energy resources available in the different regions of the country 45 
[14], [15]. Since hybrid power generation systems allow switching the energy source to meet demand, 46 
these have been extensively studied when proposing energy solutions in areas not interconnected to 47 
the grid [13] [16]–[18]. 48 

 Simulations of this type of the system had been developed on both small and large scale [19]. 49 
In addition to experimental studies [20], even taking into account the tidal energy source with highly 50 
sophisticated and robust mathematical formulations [21]. On the other hand, in countries such as 51 
Brazil, photovoltaic solar technology has been integrated into hybrid systems [22], since it is a highly 52 
reliable and functional energy alternative [23], with advantages such as the use of few parts, low 53 
maintenance requirements and quiet operation [24], [25]. Even in Mexico, the study of this system in 54 
the Veracruz region was being highlighted [26]. 55 

 The main contribution of this study is to evaluate the complementarity of wind, solar and 56 
electric power generation in a proton-exchange fuel cell (PEM), through a dynamic model of a hybrid 57 
system operating in different places in the Colombian Caribbean Region for the demand of 200W. A 58 
multi-objective optimization under a Pareto front is presented for each place studied to minimize the 59 
Levelized Cost of Energy and CO2 emission. 60 

2. Methodology 61 

2.1. Description of the region and information 62 
The Colombian Caribbean region, as shown in Figure 1, is located in the north of the country 63 

with a population of approximately 11 million people, located in the area of roughly 132.270,5 km2 64 
(11,6% of the national territory) [27]. It is bounded to the north by the Atlantic Ocean, to the east by 65 
Venezuela, to the west by the Pacific Ocean and the south by the Andean region, is made up from 66 
flat areas except Magdalena and the snow-capped mountains (5.755 m) and a full coastal region. Also 67 
with a climatic diversity ranging from tropical to subtropical, where the average temperature is 30°C 68 
and even reaching up to 35°C in the Riohacha because of its arid and desert zone. 69 

 70 
 71 

 72 
Figure 1. Geographical location of the places studied in the Caribbean region (Colombia). 73 

 74 

2.2. System description 75 
The hybrid energy power generation system (HEPGS) as shown in Figure 2 is integrated by a 76 

solar power generation module, with a unit power ratio of 37,08 W, a maximum voltage and current 77 
of 16,56 V and 2,25 A respectively, for a total of 36 cells in series and 1 in parallel [28], a Southwest 78 
Wind Power Inc. wind turbine AIR 403 with the ability to generate a peak power of 820 W at a wind 79 
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speed of 40 miles/hour [28], and a PEM fuel cell, which produces 401,23 W, a voltage and current of 80 
48 V and 8,26 A, when a molar flow of hydrogen and the oxygen of 0,005 mol/s at 25°C supplied to 81 
the chemical reaction. The system was complemented with an electrolyzer for the generation of 82 
hydrogen and power regulator that operates with two PID controllers tuned to the Ziegler Nichols 83 
method to manipulate the flow of oxygen and the hydrogen that has been supplied to the cell [29]. 84 

 85 
Figure 2. Hybrid power generation system schematic diagram. 86 

 87 

2.3. Dynamic fuel cell model 88 
The dynamics of the PEM type fuel cell has been extensively studied [30], where the 89 

thermodynamic potential E is calculated using the Nernst Equation [31], resulting in the Equation 1 90 
 91  E = 1.229 − 0.85 × 10ିଷሺT − 298.1) + 4.3085 × 10ିହ൫lnp୦మ + 0.5lnp୭మ൯ (1) 
  92 
The concentration of dissolved oxygen in the gas/liquid interface is defined by Henry's law, as 93 

shown in Equation 2 94  Coଶ = p୭మ5.8 × 10ି଺exp ቀ−498T ቁ   (2) 

  95 
Excess stress due to activation and internal resistance is calculated by Equations 3 and 4, which 96 

are experimental relationships 97 
 98  nୟୡ୲ = 0.00312T − 0.86514 − 0.000187 lnሺi) + 7.4 × 10ିହTlnCoଶ   (3) 
 99  R୧୬୲ = 0.01605 − 3.5 × 10ିହT + 8 × 10ିହI  (4) 
  100 
Fuel cell current and activation resistance are related as 101 
 102  Rୟ = − nୟୡ୲i   (5) 

  103 
The output voltage of the fuel cell is given by Equation 6 104 
 105 V = E + ῃ୭୦୫୧ୡ − Vୟୡ୲   (6) 
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  106 
The dynamics of the activation voltage of the fuel cell is described by Equation 7 107 
 108  dVୟୡ୲dt =  ic − cVୟୡ୲Rୟ  (7) 

  109 
The loss of the ohmic voltage and the total voltage contained in the fuel cell is described by 110 

Equations 8 and 9 respectively 111 
 112  ῃ୭୦୫୧ୡ =  −iR୧୬୲  (8)  Vୱ୲ୟୡ୩ = 65Vୡୣ୪୪  (9) 
  113 
Anode and cathode pressure are calculated as shown in Equations 10 and 11 114 
 115  VୟRT dpୌమdt =  mሶ ୌమି୧୬ − ൫ρୌమUA୰൯୭୳୲ − 12F    (10)  VୟRT dp୓మdt =  mሶ ୓మି୧୬ − ൫ρ୓మUA୰൯୭୳୲ − 14F   (11) 

  116 
The energy balance in the air-cooled fuel cell was expressed by Equation 12 117 
 118  dTdt = 65iଶ ሺRୟ + R୧୬୲)C୦୲ − C୦୲ሺT − T୰)R୲  (12) 

  119 
The rate of hydrogen production in the electrolyzer is given by Faraday's Law as shown in 120 

Equation 13 121 
 122  nୌమ = n୊nେiୣ2F    (13) 

  123 
Finally, the relationship between the theoretical and actual maximum amount of hydrogen 124 

produced by the electrolyze is given by Equation 14 125 
 126  n୊ = 96.5exp ൬0.09iୣ − 75.5iଶୣ ൰ (14) 

 127 
 128 

2.4. Dynamic model of the photovoltaic solar panel 129 
The model used for the photovoltaic solar system is described by Equations 15 and 19, with 130 

parameters and operational values available in modeling studies of hybrid systems [32]–[34], where 131 
the panel current is given by Equation 15 [28] 132 

 133  I୮୦ =  ሾIୗେ୰ + K୧ሺT − 298)ሿ × 0.001ℷ   (15) 
 In the same way, the inverse saturation current is defined. (𝑰𝒓𝒔) and the saturation current (𝑰𝒐), 134 

which is dependent on the temperature of the panel, are given by the Equations 16 y 17 respectively 135 
 136  I୰ୱ = Iୗେ୰൤exp ൬ qVocNୱkAT൰ − 1൨   (16) 

 I୭ = I୰ୱ ቀT T୰ൗ ቁଷ exp ൤൬qE୥୭Bk ൰ ൬ 1T୰ − 1T൰൨    (17) 

  137 
The output current of the cell corresponds to Equation 18 138 
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 139 I୔୚ = N୮ × I୮୦ − N୮ × I୭ ቈexp ቆq × ൫V୮୴ + I୔୚Rୱ൯NୱAKT ቇ − 1቉  (18) 

  140 
where 𝑉௣௩ = 𝑉ை஼,𝑁௣ = 1 𝑦 𝑁௦ = 36. Finally, the total power is given by Equation 19 141 
  142 P୔୚ = V୔୚ × I୔୚  (19) 
  143 
The performance of the photovoltaic cell is related to the solar irradiation available at the site of 144 

operation of the system, which for this study was based on the year 2013 [35], resulting in the behavior 145 
shown in Figure 3 146 

 147 

 148 
Figure 3. Photovoltaic power response for Ernesto Cortissoz, Puerto Bolívar, Simon Bolívar and Alfonso 149 

Lopez. 150 
 151 
The similarity in the behavior of the power generated by the PV, at the Ernesto Cortissoz airport 152 

and Puerto Bolívar, is due to the irradiation, which is similar in both places. In the same way, the 153 
behavior for the other two energy substations is correlated to the same effect. The dimensioning of 154 
the PV system was given in order to meet the consumption of the processing unit of a weather station 155 
to be installed in the Colombian Caribbean region. 156 

2.5. Dynamic model of the wind power 157 
The third source of energy presented in the hybrid system was wind energy, which is a function 158 

of wind speed at the operating height of the wind turbine. For the projection of wind speed at axle 159 
height, Hellmann's law was applied [36] as is shown in the Equation 20 160 

 161 vv୭ = ൬ hh୭൰∝  (20) 

 where 𝒗 is the wind speed at height h to be calculated, 𝒗𝒐 is the wind speed at a reference 162 
height 𝒉𝒐 and ∝ is the wind velocity at the altitude of is the relative roughness, values available for 163 
these places in the wind Atlas [36]. 164 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 April 2019                   doi:10.20944/preprints201904.0221.v1

Peer-reviewed version available at Energies 2019, 12, 2119; doi:10.3390/en12112119

http://dx.doi.org/10.20944/preprints201904.0221.v1
https://doi.org/10.3390/en12112119


 6 of 18 

 

 The dynamic behavior of the power generated by the wind turbine operating in each of the 165 
study sites is shown in Figure 4. 166 

 167 

Figure 4. Dynamic behavior of wind power through a complete year at 100 meters high. 168 

3. Results 169 

3.1. Results of dynamic behavior  170 
Under the dynamic conditions established by the HEPGS in the different places of interest, the 171 

complementarity of solar and wind energy with the energy delivered by the PEM cell was evaluated 172 
to supply the 200W demand. To achieve the desired power in the cell, the molar flow of oxygen and 173 
hydrogen was regulated by PID controllers, obtaining the flow behavior shown in Figure 5 and 174 
Figure 6. For the case of Ernesto Cortissoz airport as shown in Figure five, during January to August 175 
the cell operated at a low loading rate with the molar flow for hydrogen and oxygen of 7.50e-05 mol/s 176 
for both because wind power generation along with solar energy supplied 67.7% of the total energy 177 
generated. However, from September to December, the flows had a variation between 0.0005 to 178 
0.0045 mol/s which meant a contribution of 53.45% cell equivalent to 427.61W in the year. 179 

 180 
For the case of the Puerto Bolívar station, both the molar flow of hydrogen and oxygen that 181 

entered the PEM cell presented a constant behavior throughout the year with a value of 0,000075 182 
mol/s as shown in the Figure 5 due to the significant amount of wind energy generated, presenting a 183 
total of 2159.26W (81,168%) of total wind and solar power generation and for the cell a total of 184 
484.32W (18,32%) for the whole year 2013. 185 

 As to the behavior of the system operating at Simon Bolívar airport, during the period from 186 
January to March. The cell, produced with a low molar flow regime of both hydrogen and oxygen 187 
with a value of 0,0075 mol/s, reaching the generation of wind and solar energy 40% of the total energy 188 
generated, while in early April to December, the PEM-type cell required the maximum molar flow of 189 
hydrogen and oxygen with a value of 0,0035 mol/s and 0,0017 mol/s respectively, generating a total 190 
of 1314.69 W (73,03%). 191 

Finally, the operation of the system at Alfonso Lopez airport, led to the cell having a low charge 192 
generation between January and early August, with a value of 7.50e-05 mol/s for the input of 193 
hydrogen and oxygen flow, thus giving a combined production between solar and wind power of 194 
58,41%, while for molar flow of oxygen presented the first change on Saturday August 3 with a value 195 
of 0,0017 mol/s and hydrogen for Friday, August 9th with a value of 0,00119 mol/s as shown in Figure 196 
6, which was associated to the significant change in meteorological conditions, caused by a decrease 197 
in wind speed in the place so that the generation of the wind and solar component of the system 198 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 19 April 2019                   doi:10.20944/preprints201904.0221.v1

Peer-reviewed version available at Energies 2019, 12, 2119; doi:10.3390/en12112119

http://dx.doi.org/10.20944/preprints201904.0221.v1
https://doi.org/10.3390/en12112119


 7 of 18 

 

decreased so that the PEM started to generate energy to supply the demand. In order, to provide the 199 
energy demand at critical operational points, the cell reached the molar flow values of hydrogen and 200 
maximum oxygen at the beginning of August and December, with values of 0,0035 mol/s and 0,0017 201 
mol/s respectively, operational points that represented an energy generation of 1015.78 W (66,84%). 202 

 203 

 204 
Figure 5. Hydrogen and molecular oxygen at the entrance to Ernesto Cortissoz airport and Puerto 205 

Bolívar. 206 
 207 

 208 
Figure 6. Hydrogen and molecular oxygen at the entrance to Simon Bolívar and Alfonso Lopez airport. 209 

 210 
The variations in the voltage and electrical current in the cell for the places studied are shown in 211 

Figure 7, where it is highlighted that the maximum value of the current was presented for Alfonso 212 
Lopez Airport with an amount of 3,97A at the end of May because at this time the speed of viewing 213 
was about 85% below its average value. On the other hand, the maximum voltage was not presented 214 
in the same place, but at Ernesto Cortissoz airport with a value of 61,8V for January 16, values that 215 
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were the result of a cell power of 12,675W, which is a low contribution of this component (1,13%) 216 
compared to the other days of January, where the cell reached percentage peaks of generation on 217 
January 1 and 2 with values of 144,62W and 123,79W respectively. 218 

 219 
Figure 7. Fuel cell electrical voltage and current at Ernesto Cortissoz, Puerto Bolívar, Simon Bolívar and 220 

Alfonso Lopez. 221 
 222 
 223 

The dynamics of the power of the PEM type fuel cell, operates in cases of low electricity 224 
generation using wind and solar resources to reach the demand of 200W. The power generation of 225 
the fuel cell was found by obtaining voltage and current from Figure seven for each of the energy 226 
substations studied as shown in the figure 8. 227 

 228 

 229 
Figure 8. Fuel cell electrical voltage and current at Ernesto Cortissoz, Puerto Bolívar, Simon Bolívar and 230 

Alfonso Lopez. 231 
 232 

For the demand of 200W, the respective values for each energy source were obtained, allowing 233 
the complementarity of these energy alternatives to be evaluated in each station, where similar 234 
behavior is highlighted for the power generated by the photovoltaic solar panel in all the study sites. 235 
Additionally, it was determined that the PEM-type cell produced more energy in September for the 236 
Simon Bolívar airport with a monthly power of 158,358W (9,45%), while the lower value was 237 
presented in Puerto Bolívar with 18,141W (3,745%) as shown in Figure 9, in which in the same way it 238 
can be observed that in some months the established demand is surpassed, due to the fact that the 239 
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energetic resource is fluctuating because of the given meteorological conditions, even the cell cannot 240 
stop working, that is why in the places where there are high values of wind and solar energy the 241 
demand is surpassed, which implies the storage of this one in a bank of condensers.  242 

 243 

 244 
 245 

Figure 9. Accumulated power from different energy sources for different substations. 246 
 247 

 248 

3.2. Multi-objective optimization  249 
An optimization problem searches for the optimal value of a target function, which corresponds 250 

to a minimum or maximum of the function. However, in many engineering applications complex 251 
designs are required that lead to a simultaneous optimization of multiple functions which results in 252 
a conflict between objectives, which will make the improvement of one place to a worsening of the 253 
other. For this reason, the technique generates a matrix of decision variables with the possible optimal 254 
values of the problem. Equation 21 represents the mathematical expression of multi-objective 255 
optimization subject to the restriction of each of the functions and the range of evolution of the 256 
decision variables 257 

 258 min FሺX) = ሾfଵሺX), fଶሺX), fଷሺX) … , f୬ሺX)ሿ୘ (21) 
 259 

Subject to,  g୧ሺX) ≤ 0,    i = 1, … , m 260                                    h୧ሺX) ≤ 0,    j = 1, … , n 261                         X୩,୫୧୬ ≤ X୩ ≤ X୩,୫ୟ୶, 262 
 263 
where X denotes the vector of the decision variables to be optimized, FሺX) is the vector of the 264 

objective function, g୧ሺX) are the inequality constraints, h୧ሺX) are the equality constraints, X୩,୫୧୬ 265 
and X୩,୫ୟ୶ are lower and upper limits of the decision variables, respectively.  266 
For this case, the genetic algorithm of non-dominated classification (NSGA-II) [37]-[38], combined 267 
with the programming code of the model was used to optimize the objectives developed in this study. 268 

The systems used for each site introduce the optimization of two objective functions in which 269 
the cost per kWh of energy generated and the amount of CO2 emissions per year are minimized, 270 
calculated using Equations 22 and 23, respectively 271 

 272 
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fଵሺX) = LCE =  iሺ1 + i)୘౩ሺ1 + i)୘౩ − 1 C୲୭୲ + COMሺE୬ୣ୲)t୭୮  (22) 

 273 𝑓ଶሺ𝑋) = 𝑒஼ைమ =  𝑒஼ைమ/௦௢௟ ∗ 𝑃௉௏ + 𝑒஼ைమ/௪௜௡ௗ ∗ 𝐸௪௜௡ௗ + 𝑒஼ைమ/ைమ ∗ 𝑛ைమ + 𝑒஼ைమ/ுమ ∗ 𝑛ுమ (23) 
 274 
The objective functions are evaluated with respect to the parameters of the designed model, in 275 

order to select the decision variables of the genetic algorithm. Likewise, the range of values that can 276 
be taken by each optimization criterion is determined, which are considered as design restrictions for 277 
each of the cases. Table 1 shows the selected decision variables with the minimum and maximum 278 
values it takes during the parametric study and the multi-objective optimization. 279 

Table 1. Decision variables on the multi-objective optimization. 280 
 281 

In this section, a parametric evaluation is performed on the system to calculate the effect of the 282 
variation of the selected decision variables on the target functions for each of the locations under 283 
study. Figure 10 shows the variations of the LCE and the amount of CO2 emissions with the increase 284 
of the decision criteria. 285 

 286 

 287 
Figure 10. Variations of the LCE and CO2 emissions with the decision criteria; a) Number of panels, b) 288 

Number of stacks. 289 
 290 
Figure 10 shows that despite the different locations being studied, variations in target functions 291 

have the same trend for both cases, both in the increase in the number of panels and in the increase 292 
in the number of stacks. The increase in the number of installed panels increases the CO2 emissions 293 
in the system, on the other hand, there is a decrease in costs per kWh due to the increase in energy 294 
generation capacity (Figure 10a). 295 
The increase in the number of stacks generates an increase in LCE but in turn does not infer the 296 
amount of CO2 emissions (Figure 10b). The location that presents the highest LCE values is Simon 297 
Bolívar, for this reason, the use of the minimum number of stacks installed in the system is 298 
considered. 299 
This study shows that the town of Puerto Bolivar is the site with the highest amount of CO2 emissions 300 
per year, thus being a determining factor in optimization. 301 

Decision variables Symbol Maximum value Minimum value Criteria 

Number of panels 𝑁௣ 36 180 C1 

Number of stacks 𝑁௦ 63 67 C2 
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In this case, 25 installation configurations were available for each of the power generation systems 302 
located in the airports of Puerto Bolívar, Ernesto Cortissoz, Alfonso Lopez and Simon Bolívar; with 303 
453 possible iterations inside the generic algorithm. During optimization in each of the locations, a 304 
population of 100 values was generated for each of the decision variables in the ranges determined, 305 
as well as these were taken to calculate the objective functions in each of the points. And thus 35 306 
possible solutions of the objective functions are obtained. Figure 11 shows the Pareto frontiers for the 307 
LCE with the CO2 emissions and three possible optimal points, in each of the locations. 308 

 309 

 310 
Figure 11. Pareto frontiers of LCE with CO2 emissions for each location. 311 

 312 
 313 
Figure 11 shows the areas of optimization composed by the zone of ideal solutions (IS) and the 314 

zone of non-ideal solutions (NIS). Also, shows high values of CO2 emissions at the Puerto Bolivar, so 315 
much so that the optimized minimum value is greater than the maximum amount of CO2 emissions 316 
by the system located at Simon Bolivar. Also, it is observed that the optimum values in the Ernesto 317 
Cortissoz and Alfonso Lopez systems are similar, therefore, your possible ideal solutions will be close 318 
to each other. The figure indicates that the system with the highest cost per kWh generated is the one 319 
located in Simon Bolivar, but it is also the system with the lowest CO2 emissions. 320 
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 321 
Figure 12. Dispersed distribution of decision criteria for LCE and CO2 emissions with population at the 322 

Pareto frontier for each of the locations; a) C1, b) C2 323 
 324 

Figure 12 presents the dispersed distributions of the design variables that evidence the evolution 325 
of their values during the optimization process for the Puerto Bolívar, Ernesto Cortissoz, Alfonso 326 
Lopez and Simon Bolívar locations, located from top to bottom, respectively. In other words, Figure 327 
12a shows the evolution of the number of panels selected as the first selection criterion during 328 
optimization and, in addition to top-down represents the evolution in each of the locations; Figure 329 
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12b represents the same conditions for the second criterion that corresponds to the number of stacks. 330 
For Puerto Bolivar, the number of panels has a dispersed distribution centered, this indicates that its 331 
trend is not close to any of the limits of the variable. The second criterion if it has a tendency close to 332 
one of its limits, and that is that the evolution of the number of stacks tends to the upper limit of the 333 
domain during optimization, therefore suggests that this criterion puts at risk the minimization of 334 
both functions. 335 
The second row refers to the location of Ernesto Cortissoz, here is shown an evolution of the number 336 
of panels very dispersed with a centered distribution and you can also see that there is no dispersion 337 
in the evolution of the number of stacks during optimization, taking the value of the lower limit. This 338 
suggests that the latter is the selection criterion that guarantees the solution closest to the ideal. 339 
The evolution of Alfonso Lopez is similar to that described in Ernesto Cortissoz with respect to the 340 
number of panels. On the other side, during the distribution of the values of the number of stacks 341 
some have presented small dispersions that try to move away from the lower limit of the domain, 342 
they are not significant but even so they indicate a variation of the criteria of decision. Likewise, the 343 
locality of Simon Bolívar shows a distribution similar to the previous ones with respect to the number 344 
of panels; but it shows high dispersions in the evolution of the number of stacks, which suggests 345 
some compensations during the optimization. 346 
The results indicate that these design variables are determinant to identify the critical points of the 347 
objective functions proposed for the optimization of the systems. 348 
The optimization problem generates multiple possible solutions that correspond to optimal values 349 
limited by the design constraints of the system, as shown in Figure 11. For this reason, it is necessary 350 
to use a mathematical algorithm that identifies the point with the solution closest to the ideal [39]-351 
[40]. In this article we present the Technique of Order Preference by Similarity with the Ideal Solution 352 
(TOPSIS) for the choice of the final solution. Its mathematical principle is based on the identification 353 
of the point with the shortest distance from the ideal positive solution and, to itself, with the longest 354 
distance from the ideal negative solution; conditions that are calculated by Equation 24 355 

 356 

d୧ୠ = ඩ෍൫t୧୨ − tୠ୨൯ଶ୬
୨ୀଵ  ,   i = 1,2, … , m  

d୧୵ = ඩ෍൫t୧୨ − t୵୨൯ଶ୬
୨ୀଵ  ,   i = 1,2, … , m (24) 

 357 
where d୧ୠ and d୧୵ are the distances from the points to the ideal positive and negative solution, 358 

respectively; t୧୨ is the reference value of alternative i for objective j, tୠ୨ and t୵୨ are the ideal and 359 
non-ideal values, respectively.  360 

The relative proximity to the ideal solution (S୧୵) is calculated using Equation 25 361 
 362 S୧୵ = d୧୵ ሺd୧୵ + d୧ୠ)൘                       0 ≤ S୧୵ ≤ 1 (25) 

 363 
 364 
where the best solution is the one whose S୧୵ is the closest to 1. 365 
Figure 11 shows the twelve points that meet the optimization requirements, in addition, the 366 

intermediate points at each border correspond to the optimal values calculated with TOPSIS. Table 2 367 
shows the values of the model parameters evaluated at each of the optimal points of the Pareto 368 
frontiers. 369 

 370 
 371 
 372 
 373 
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Table 2. Optimized values of parameters and objective functions. 374 
Parameters of design 

Units 𝑵𝒑 𝑵𝒔 𝒏𝑶𝟐  𝒏𝑯𝟐 𝑷𝑷𝑽 𝑬𝒘𝒊𝒏𝒅 𝑬𝑷𝑬𝑴 𝑬𝒏𝒖 𝑬𝒏𝒆𝒕 𝑪𝒕𝒐𝒕 LCE Emissions 

 - - mol Mol W W W W kWh $USD $USD/kWh 𝒌𝒈/𝒚𝒆𝒂𝒓 

Ref 36 65 0,0273 0,0273 13.184 52.446 14.757 7.388 769.306 208.657 0,2988 64.671,64 

A 180 63 0,0273 0,0273 64.324 52.446 7.275 51.045 1534.544 195.051 0,1408 107.584,42 

B 36 64 0,0273 0,0273 13.184 52.446 14.757 7.388 769.306 208.657 0,2885 64.661,49 

C 36 67 0,0273 0,0273 13.184 52.446 14.757 7.388 769.306 208.657 0,3279 64.661,47 

Ref 36 65 0,0734 0,0459 13.246 32.964 29.730 2.941 691.348 208.657 0,3325 45.179,31 

D 180 63 0,0273 0,0273 64.623 32.964 7.138 31.726 1195.909 195.051 0,1817 88.119,16 

E 102 63 0,0273 0,0273 37.130 32.964 13.421 10.516 824.123 189.532 0,2525 64.738,88 

F 36 63 0,1501 0,0922 13.246 32.964 29.730 2.941 691.348 184.014 0,3114 45.279,78 

Ref 36 65 0,1322 0,079 13.138 23.016 39.340 2.495 683.536 208.657 0,2988 64.671,64 

G 180 63 0,0273 0,0273 64.101 23.016 6.461 20.579 1000.519 195.051 0,2154 77.455,43 

H 77 63 0,1091 0,1156 27.028 23.016 27.413 5.258 725.039 186.773 0,2866 47.475,15 

I 36 63 0,1322 0,079 13.138 23.016 39.340 2.495 683.536 184.014 0,3026 35.141,09 

Ref 36 65 0,2102 0,1219 13.027 9.018 50.954 0 639.789 208.657 0,3593 21.022,60 

J 172 63 0,0273 0,0273 60.749 9.018 7.280 4.049 710.762 242.767 0,3220 60.629,99 

K 39 63 0,2238 0.5678 14.102 9.018 49.878 0 639.789 184.014 0,3294 21.959,29 

L 36 66 0,1809 0,6725 13.027 9.018 50.954 0 639.789 221.424 0,3832 21.026,78 

 375 
The multi-criteria decision technique indicated that points B, E, H and K are nearest to the ideal 376 

solution, therefore, are considered the optimized values for the solution of the case studies. 377 
 378 

Table 3. Multi-objective optimal solution. 379 

Cases studies 
Objective functions values Criteria values 

LCE  ($USD/kWh) Emissions (kg CO2/year) C1 C2 

Puerto Bolívar 0,2885 64.661,49 36 64 

Ernesto Cortissoz 0,2525 64.738,88 102 63 

Alfonso Lopez 0,2866 47.475,15 77 63 

Simon Bolívar 0,3294 21.959,29 39 63 

 380 
Table 3 shows the optimal results of the multi-objective optimizations for each location. The 381 

Ernesto Cortissoz airport represents a total cost of $189.532 USD and, in turn, the lowest costs for 382 
power generation with a generating capacity of 824.123 kWh of which 10.516 W (11,2%) are not used. 383 
This result is explained by the greater number of panels installed compared to other locations, due to 384 
it increases the capacity of energy generation system. Also, this provides an increase in the amount 385 
of emissions as a result of the process of generating solar energy. On the other hand, Puerto Bolivar 386 
represents a total cost of $208.657 USD for the generation of 769.306 kWh of which 7.388 W (8,4%) of 387 
energy is not used. Alfonso Lopez airport has a system with a generating capacity of 725.039 kWh of 388 
which 5.258 W (6,35%) are not used, and the total cost of the system is $186.773 USD, while the system 389 
operating in Simon bolivar airport has a cost of $184.014 USD and a generation capacity of 639.789 390 
kWh fully usable which means a maximum use of production. 391 
 392 

5. Conclusions 393 
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In the various countries where hybrid energy generation systems have been implemented and 394 
used, there have been positive results in the energy transition due to the advantages of renewable 395 
energy generation systems. In Colombia, specifically in the Caribbean region, there is an important 396 
renewable resource that, when complemented with electrochemical generation systems such as the 397 
cell in a hybrid system, presents results of great operational viability. When evaluating the 398 
performance of the system in the different places studied, a similar solar power profile was noted 399 
due to the proximity of these places in the Colombian Caribbean region.  400 
As far as the generated wind power is concerned, there is a significant difference between the Puerto 401 
Bolivar station and the others, for which the implementation of a PEM is of great help in departments 402 
such as Magdalena, where the almost obligatory use of the PEM for the 200W demand is noted, 403 
however, In the case of the station located in La Guajira (Puerto Bolivar), the use of the PEM has no 404 
significant effect on the overall generation of the system, given that at this point the highest wind 405 
power values in the country are presented, implying a low load operation of the PEM cell type. The 406 
results of the wind energy generated show the stock of areas that can be estimated as important wind 407 
resources, such as Puerto Bolivar and Ernesto Cortissoz airport, places where the hybrid system 408 
would operate with the cell at low load. 409 

The multivariate optimization analysis showed that at the Ernesto Cortissoz airport, although 410 
the highest total cost was obtained, the lowest costs were obtained for the generation of energy, 411 
however, there are greater quantities of CO2 emissions due to the large number of solar panels used. 412 
By reducing the number of elements used in the different places studied, it was not guaranteed a 413 
much more environmentally friendly system, as is the case of Puerto Bolivar that used 1/3 part of 414 
solar panels in parallel and obtained emissions of kg CO2 per year and energy costs similar to the 415 
airport Ernesto Cortissoz. On the other hand, at Simón Bolívar airport the optimization obtained the 416 
lowest emissions at a much higher energy cost because all the energy generated was consumed.  417 

 418 
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Abbreviations 
The following abbreviations are used in this manuscript: 
 
COM operating and maintenance cost LCE levelized cost energy 

PEM proton exchange membrane 

PH photogenerated 

PID proportional, integral and derivative 

SHGEE hybrid electric power generation system 

Nomenclature 

Ar Flow area 

C Capacitance 

CO2 Oxygen concentration at the liquid-gas interface 

E Energy 

F Faraday Constant 
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h Height 

I Electric current of the PEM cell i Bank interest rate 

K Boltzmann constant 

Ki Temperature coefficient of the short-circuit current 

M Molar flow 

N Number of component connected in the system 

P Pressure 

q Electron Charge 

R Universal gas constant 

RE Resistance 

Rt Thermal resistance 

T Operating temperature 

U Fuel speed V Wind speed 

Vol Volume 

V Voltage 

Subscript 

0 reference state 

A Anode 

ACT Activation 

E electrolyze 

INT Internal 

PV Photovoltaic 

S Serial 

SCR short-circuit 

T Thermal 

TOT Total 

Greek Symbol ρ molar density of gases εେ୓మ COଶ emissions for the PV systems ηୟୡ୲ Overvoltage due to activation ηୡ Serial electrolyzed number η୊ Faraday Efficiency ηୌଶ Hydrogen molar flux produced η୭୦୫୧ୡ Ohmic voltage 

λ Lighting of photovoltaic modules ∝ roughness coefficient 

 426 
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