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Abstract 51 

 52 

Despite various institutional efforts, about 22% of the total Nicaraguan population still do not 53 

have access to electricity. Due to the dispersed nature of many rural inhabitants, off-grid 54 

electrification systems that use renewable energy sources are a reliable and sustainable option to 55 

provide electricity to isolated communities. In this study, the design of an off-grid electrification 56 

project based on hybrid wind-photovoltaic systems in a rural community of Nicaragua is 57 

developed. Firstly the analysis of the location, energy and power demands of all users of the 58 

community is carried out. A detailed resource assessment is then developed by means of 59 

historical data, in-situ wind measurements and a specific micro-scale wind flow model. An 60 

optimization algorithm is utilized to support the design defining generation (number, type and 61 

location of generators, controllers, batteries and inverters) and distribution (electric networks) 62 

systems considering the detail of resource variations. The algorithm is modified in order to 63 

consider a long-term perspective and a sensitivity analysis is carried out considering different 64 

operation and maintenance costs’ scenarios. The proposed design configuration combines solar 65 

home systems, solar based microgrids and wind based microgrids in order to connect 66 

concentrated groups of users taking advantage of best wind resource areas.  67 

 68 

 69 

 70 

1. Introduction 71 

 72 

The energy sector in Nicaragua is a critical issue: the country’s energy matrix is mainly based on 73 

imported fossil fuels (more than 50% of the total net generation) and it has the lowest 74 

electrification rate of the Central American region (CEPAL, 2013). However, over the past few 75 

years, the sector has become a State priority and the country has been undergoing an energy 76 

revolution, highly promoting the development of renewable energy projects and increasing 77 

electricity coverage (Marandin et al., 2013; PRONicaragua, 2012). Nicaragua has an important 78 

renewable energy potential, especially hydroelectric, geothermal and wind resources, and, by the 79 

year 2017, the country’s stated goal is to reduce its dependence on non-renewable sources to 6% 80 

(PRONicaragua, 2012). On the other side, the social and economical advantages of providing 81 

electricity to rural communities in Nicaragua have been clearly demonstrated (Apergis and 82 

Payne, 2011; Grogan and Sadanand, 2013), such as the improvement in sanitations facilities, the 83 

increase in educational services quality and the development of local business and women 84 

employment. Despite various institutional efforts (Hansen, 2006), about 22% of the total 85 

Nicaraguan population and 40% of the rural population still do not have access to electricity 86 

(CEPAL, 2013; Marandin et al., 2013). 87 

 88 

In the past, most of the efforts in relation to Nicaragua’s rural electrification were focused on 89 

grid extension (Hansen, 2006). But for a significant part of the country, such grid extension - 90 

based solutions are economically and financially unviable due to the remote and dispersed nature 91 

of many rural inhabitants. Furthermore, geography poses a major obstacle to the extension of the 92 

electric grid, as much of the country is mountainous (Grogan and Sadanand, 2013). For these 93 

regions, microgrids, i.e. connecting various demand points to a single generation point, powered 94 

by diesel generators represent the historically favoured solution for medium and large off-grid 95 

population centres (Marandin et al., 2013). However, diesel generators have some clear 96 

disadvantages and limitations, such as the high and variable fuel cost, the continuous 97 

requirement of fuel transportation to the community that could be highly expensive and time 98 

consuming specially in rural areas, and the inherent carbon dioxide and other pollutant 99 

emissions. 100 

 101 

http://www.iadb.org/en/topics/energy/energy-in-latin-america-and-the-caribbean,1272.html
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 3 

Under these circumstances, stand-alone electrification systems that use renewable energy 102 

sources are a suitable alternative to provide electricity to isolated communities in a reliable and 103 

pollution-free manner (Domenech et al., 2014; Nandi and Ghosh, 2010). Moreover, one of their 104 

main advantages is that they use local resources and do not depend on external sources, which 105 

can promote the long-term sustainability of the projects. During recent years, various programs, 106 

such as the Off-grid Rural Electrification Project (Wang, 2011) of the National Sustainable 107 

Electrification and Renewable Energy Program (Inter-American Development Bank, 2012), have 108 

been launched in order to promote rural electrification with renewable energies, mostly small-109 

scale solar and hydropower projects in Nicaragua. 110 

 111 

Up to now, small-scale wind technology has been rarely utilized in the country and there is a 112 

lack of general knowledge about the technology and its applications (Marandin et al., 2013). As 113 

known, wind resource is highly variable and detailed wind resource studies are required for the 114 

correct design of the system (Alliance for Rural Electrification, 2011; Domenech et al., 2014; 115 

Ranaboldo et al., 2014b). A recent analysis of the market for small wind turbines for off-grid 116 

generation in Nicaragua showed that in some areas with good wind resource, e.g. the central 117 

highlands, small-scale wind turbines have lower levelized cost of energy, a common parameter 118 

for comparing generation technologies, in comparison with solar photovoltaic (PV) power 119 

(Marandin et al., 2013). Anyhow, hybrid systems that combine different resources are generally 120 

the most promising generation option (Alliance for Rural Electrification, 2011; Marandin et al., 121 

2013; Neves et al., 2014) Effectively, the combination of multiple energy resources, such as 122 

wind and solar, demonstrated to increase the security of supply and back-ups requirements; 123 

many examples of the successful implementation of hybrid systems can be found in literature 124 

(Alliance for Rural Electrification, 2011; Neves et al., 2014). 125 

 126 

Although independent generation systems, i.e. every demand point is generating just for its own 127 

consumption, are the common choice when electrifying isolated communities with renewable 128 

energies (Leary et al., 2012; Lemaire, 2011), a design configuration that showed to be highly 129 

effective is the implementation of microgrids. Microgrids based on renewable energies could 130 

lead to a significant decrease in the final cost of the system in comparison with independent 131 

generation systems (Ranaboldo et al., 2014a), enhance the flexibility of the system and improve 132 

equity between user consumptions as all connected users share the same generated energy 133 

(Kirubi et al., 2009). In scattered communities with isolated users, the combination of 134 

independent generation systems and microgrids is generally the cheapest design configuration 135 

(Ferrer-Martí et al., 2011). When designing microgrids, the selection of grid generation points 136 

and the definition of which points should be connected to a certain micro-grid and which not, are 137 

complex tasks, especially when resource (e.g. the wind) is highly variable (Ranaboldo et al., 138 

2014b). Furthermore, a typical community configuration in mountainous context has houses 139 

located in the valley while the best wind resource is at the hill/mountain-top: therefore best areas 140 

for installing generators could be located far from demand points (Ranaboldo et al., 2014a). 141 

Effectively, recent studies showed that locating wind turbines far from demand points could 142 

result in a decrease of more than 20% in the initial investment cost of an off-grid electrification 143 

project (Ranaboldo et al., 2014a). 144 

 145 

Therefore, the design of an off-grid renewable energy project considering hybrid systems and 146 

distribution microgrids is complex and requires the use of optimization/decision support tools 147 

(Luna-Rubio et al., 2012; Sinha and Chandel, 2014). In the past years, many software have been 148 

developed in order to define the best combination of energy resources in one point but without 149 

designing the distribution through microgrids and taking into account resource spatial variations 150 

(Sinha and Chandel, 2014). Recently, an algorithm for optimizing the design of off-grid 151 

http://www.iadb.org/en/projects/project-description-title,1303.html?id=NI-L1063
http://www.iadb.org/en/projects/project-description-title,1303.html?id=NI-L1063
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electrification projects has been developed that considers the totality of these aspects: hybrid 152 

systems, microgrids definition, wind resource spatial variation and generation far from demand 153 

points (Ranaboldo et al., 2014c, 2014d).  154 

 155 

In this paper we analyze the design of the electrification project of Sonzapote, a rural community 156 

located in the central highlands (Boaco province) of Nicaragua. Hydroelectric power is not 157 

available in Sonzapote, thus the analysis focuses on wind and solar technologies. As a long-term 158 

perspective is essential for developing successful projects (Alliance for Rural Electrification, 159 

2011), the operation and maintenance costs of the different components of the system along the 160 

lifespan of the project are considered. The design process is supported on a novel optimization 161 

algorithm based on the one proposed in Ranaboldo et al. (2014d), in order to consider also 162 

operation and maintenance costs, not only the initial investment: a sensitivity analysis is also 163 

carried out to illustrate the influence of these costs on the solutions obtained. The design hereby 164 

presented is the first detailed study of an off-grid electrification project in Nicaragua (and one of 165 

the first ones in Central and South America) to combine wind and solar energies as well as 166 

microgrids and independent generation points according to micro-scale resource and demand 167 

analysis. Furthermore, other features differentiate this study from previous ones encountered in 168 

literature: generators can be located in any point of the area without any restriction, not only 169 

close to demand points (Ferrer-Martí et al., 2013, 2011) or in a limited number of pre-selected 170 

points (Ranaboldo et al., 2014a) and the size of the analyzed community (88 users) is bigger than 171 

typical projects studied in literature (Ferrer-Martí et al., 2013, 2011). It aims to be a pilot project 172 

in order to facilitate governmental investments on renewable energy and spread their utilization 173 

in rural electrification projects in Nicaragua. 174 

 175 

The paper describes the complete design process that is carried out following the steps next 176 

summarized. Firstly the analysis of the location, energy and power demands of all users of the 177 

community is carried out (Section 2). A detailed resource assessment is then developed by 178 

means of historical data, in-situ wind measurements and a specific micro-scale wind flow model 179 

(Section 3). The main components of an off-grid electrification project and the algorithm utilized 180 

to support the design defining generation (number, type and location of generators, controllers, 181 

batteries and inverters) and distribution (electric networks) systems considering real micro-scale 182 

wind resource variations are described (Section 4). The analysis of the design of the project in 183 

Sonzapote is then presented (Section 5). After defining most relevant techno-economic data 184 

(sub-Section 5.1), a sensitivity analysis is carried out considering different operation and 185 

maintenance costs’ scenarios (sub-Section 5.2). The design configuration obtained considering 186 

an intermediate value of those costs is finally described in detail (sub-Section 5.3). Section 6 187 

deals with conclusions. 188 
 189 

 190 

2. Community description and demand assessment 191 

 192 

Nicaragua is a country of Central America covering an area between longitude 83-88º W and 193 

latitude 11-14.5º N. Nicaraguan west and east borders are respectively the Pacific Ocean and the 194 

Caribbean Sea. The analyzed community is Sonzapote (municipality of Teustepe, province of 195 

Boaco) in the central highland of Nicaragua (Fig. 1). As shown in Fig. 1 (National Renewable 196 

Energy Laboratory, 2005), in the area around the community the wind resource is highly variable 197 

due to the complex topography with sites with good or even excellent resource (mean wind 198 

speed of more than 7 m/s at 50 m a.g.l. - above ground level). The closest connection to the 199 

national electric grid is located at a distance of more the 3 km in hardly accessible terrain.  200 

 201 

 202 
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Please insert Figure 1 203 

 204 

 205 

Sonzapote is located at around 400-500 m above sea level (Fig. 2, see legend in the bottom 206 

right). The community is composed by 83 houses, 4 mini-markets, 1 school and 1 church with a 207 

total population of around 345 inhabitants covering an area of 1 km
2
 (Fig. 2). Main activities in 208 

the community are related to the primary sector, as most of the population is dedicated to 209 

agriculture (mainly beans culture) and to extensive animal farming (mainly cows). The mini-210 

markets sell primary alimentation products. The school is excluded from this study as it has 211 

already an electric supply for its consumption provided by solar panels.  212 

 213 

 214 

Please insert Figure 2 215 

 216 

 217 

The electrical energy and power demands of the different users were estimated by the promoter 218 

of Sonzapote project (the Non-Governmental Organization Asofenix) according to recently 219 

implemented electrification projects in the region. Houses demand values in Table 1 correspond 220 

to 1 inhabitant per house; for houses with multiple inhabitants, increasing factors of +45 221 

Wh/person·day and  +15 W/person are applied respectively for energy and power demands. 222 

 223 

 224 

Please insert Table 1 225 

 226 

 227 

3. Wind and solar resource assessment  228 

 229 

In this Section, the solar (sub-Section 3.1) and wind (sub-Section 3.2) resource assessments in 230 

the community of Sonzapote are described. As the wind resource is much more variable than the 231 

solar one (Marandin et al., 2013; Ranaboldo et al., 2014b), a detailed wind resource assessment 232 

is carried out including in-situ measurements and wind flow modelling. 233 

 234 

 235 

3.1. Solar resource assessment 236 

 237 

According to NASA database (NASA, 2011), in the region of Sonzapote the solar resource is 238 

pretty high with a mean global irradiance varying between 4.7 and 6.2 kWh/(m
2
·day) along the 239 

year. In order to carry out a conservative analysis, the lowest resource month, i.e. November 240 

with 4.7 kWh/(m
2
·day), is considered in this study. As spatial variation of global irradiance is 241 

lower than 5% in areas of less than 30x30 km even in mountainous areas (Gueymard and 242 

Wilcox, 2011), the accuracy of NASA climate database, with a resolution of around 50 km, is 243 

sufficient for the purpose of this study . 244 

 245 

 246 

3.2. Wind resource assessment 247 

 248 

The National Wind atlas of Nicaragua (National Renewable Energy Laboratory, 2005) shown in 249 

Fig. 1 gives information about mean wind speed and power density at 50 m a.g.l. with a grid 250 

spacing of 0.05º of latitude/longitude (around 5.5 km). In the central Sierra of Nicaragua the 251 

wind resource is highly variable with some sites having moderate to excellent wind resource. In 252 
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specific, according to these data, the municipality of Teustepe is one of the few in which wind 253 

technology could be more favourable than the solar one (Marandin et al., 2013). However, due to 254 

the complex topography of the area of Sonzapote, data from the National atlas could be not 255 

directly utilized to evaluate the wind resource at a community scale. Therefore, a specific wind 256 

resource assessment study is needed (Marandin et al., 2013). 257 

 258 

Available historical wind climate data around Sonzapote are firstly analyzed (sub-Section 3.2.1) 259 

in order to identify the least resource season. Then the in-situ wind measurement campaign is 260 

described (sub-Section 3.2.2). As high wind resource spatial variability is expected in hilly 261 

terrain even at community level (Ranaboldo et al., 2014b), a wind flow model is applied in order 262 

to extrapolate wind measurements to the whole area and evaluate micro-scale wind resource 263 

variations (sub-Section 3.2.3). 264 

 265 

3.2.1 Historical wind data and global databases 266 

 267 

The wind climate of the country is the typical of sub-tropical region with trade winds prevailing 268 

and dominant wind direction from east - northeast all along the year (NASA, 2011). In Fig. 3 269 

wind speed data from different sources are shown: 270 

- Meteorological stations wind data: wind data at 10 m a.g.l. from the 2 meteorological 271 

stations closest to Sonzapote (MET1 and MET2). MET1 is located in the city of Muy-Muy 272 

(40 km north-east of Sonzapote) and data are available from 1974 to 2011. MET2 is located 273 

in the city of Juigalpa (69 km south-east of Sonzapote). In this case, wind data are available 274 

from 1982 to 2010.  275 

- NASA Database: Wind data at 10 m a.g.l. of the NASA Database (with a resolution of 50 276 

km) at Sonzapote location. The NASA database reports the ten-year annual average map 277 

obtained by a numerical re-analysis treatment of historical data (NASA, 2011). 278 

 279 

All wind data analyzed show the same pattern, with higher winds from December to April and 280 

lower winds from May to October, with a local maximum in July and a global minimum in 281 

September. 282 

 283 

 284 

Please insert Figure 3 285 

 286 

 287 

3.2.2 In-situ wind measurements 288 

 289 

According to the analysis of historical data, the measurement campaign was carried out during 290 

the minimum resource month, i.e. September. 291 

 292 

An anemometer (Davis Instrument – Standard three-cup anemometer with wind vane) was 293 

installed in the centre of the community at a height of 8.5 m a.g.l. (Fig. 2), in an open-area close 294 

to the top of a small hill without surrounding obstacles. Wind speed and direction data were 295 

measured every second and mean value every 10 minutes were then registered by the instrument. 296 

Data were measured from the 22
th

 of August till the 2
nd

 of October, however only data from the 297 

1
st
 till the 30

th
 of September are considered. Daily wind speed profile and wind rose are shown in 298 

Fig. 4.  299 

 300 
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The wind rose confirms the prevalence of trade winds with dominant wind direction from the 301 

northeast. Mean wind speed is 4.5 m/s with high diurnal variability: higher wind speeds are 302 

present during the day (6 m/s) while lower wind speeds during the night (3-3.5 m/s). 303 

 304 

 305 

Please insert Figure 4 306 

 307 

 308 

3.2.3 Micro-scale wind resource study 309 

 310 

In order to evaluate the wind resource in the whole area of Sonzapote community a micro-scale 311 

analysis is carried out with specialized software, WAsP 9 (Mortensen et al., 2007). WAsP is a 312 

wind flow model, which assumes that the slope of the surface is small enough to neglect flow 313 

separation and linearize flow equations. It permits extrapolating (horizontally and vertically) 314 

wind atlas data to every point of a certain area considering topography and roughness changes. 315 

WAsP software has been and is currently widely used for evaluating wind resource differences at 316 

a small scale (in areas of less than 10x10 km
2
) and its operational limits are well known (Bowen 317 

et al., 2004). An important parameter to ensure WAsP performance is the topographical map 318 

quality. The available topographical map has a height contour interval of 10 m. According to 319 

WAsP literature (Mortensen, 2008; Ranaboldo et al., 2014b), the utilized map extended to more 320 

than 10 km in the prevailing wind direction (NE) and height contour lines were interpolated in 321 

order to reach an interval of 2 m in the area around the community. A roughness length of 0.2 m 322 

is given to most land areas, as terrain is composed by many low height trees, while a forest 323 

located in the center of the community is modeled with a higher roughness of 0.8 m (Mortensen 324 

et al., 2007). 325 

 326 

Regarding the orographic context, a central parameter for defining the operational limits of the 327 

model is the ruggedness index (RIX) that indicates the fraction of the surrounding land above a 328 

critical slope (default 17°) (Bowen et al., 2004). It was verified that, with good input data and 329 

involved distance of few kilometres, WAsP estimation error is limited for rural communities’ 330 

studies in medium complex terrain, i.e. RIX values around 10% in most of the area (Ranaboldo 331 

et al., 2014b). In Sonzapote community most of the area has RIX values below 10% (Fig. 5), 332 

therefore WAsP modelling is expected to be reliable. 333 

 334 

Resulting wind resource map (Fig. 6) shows a high variability of resource in the analyzed area. 335 

Users are located in areas with a medium wind resource with mean wind speeds ranging from 336 

2.5 m/s (in the forest area) to 5 m/s (at houses located at a higher elevation) at 10 m a.g.l. 337 

Meanwhile, a smooth hill located in the south of the community (the red area in Fig. 6) presents 338 

the highest wind resource with mean wind speeds up to 8 m/s. A recent study of the potential 339 

market for small wind turbines in Nicaragua (Marandin et al., 2013) defines the break-even point 340 

between wind and solar technologies to be between 6 and 6.5 m/s (mean wind speed at 10 m 341 

a.g.l.). Therefore in this case it is not evident a-priori which technology results to be the most 342 

convenient and a detailed analysis is required. Furthermore, due to the high wind resource spatial 343 

variation, the utilization of both wind and solar technologies depending on the location could be 344 

the appropriate configuration. 345 

 346 

 347 

Please insert Figure 5 348 

 349 

 350 

Please insert Figure 6 351 
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 352 

 353 

 354 

4. Off-grid electrification projects design 355 

 356 

In this Section the components of a stand-alone electrification systems using wind-PV generation 357 

technologies are firstly described (sub-Section 4.1). Then the algorithm developed for supporting 358 

the design of the electrification project in Sonzapote is outlined (sub-Section 4.2). 359 

 360 

 361 

4.1 Components of the system 362 

 363 

The main components of a stand-alone rural electrification system based on wind and solar 364 

energies with microgrid distribution are shown in Fig. 7: 365 

1) Wind turbines/solar panels: produce energy in alternating (wind turbines) or direct (solar 366 

panels) current. 367 

2) Wind/solar controllers: convert to direct current (DC) and control the charge/discharge of the 368 

batteries. 369 

3) Batteries: store the energy produced by the generators, receive and supply electricity at DC. 370 

4) Inverters: convert direct to alternating current (AC) at the nominal voltage. 371 

5) Low voltage cables: distributes the energy to the users. 372 

6) Electric meters: measure the energy consumed at the demand points. 373 

7) Users (or demand points): consume the energy, such as houses, markets, churches, etc. 374 

 375 

 376 

Please insert Figure 7 377 

 378 

 379 

The generation system (or generation point) is composed by the generators (wind turbines and 380 

solar panels), controllers, batteries and inverters. The energy produced by a generation system is 381 

distributed to the users by electric cables (distribution system). If there are multiple users 382 

connected to the generation system they form a “micro-grid”, while if there is only one user 383 

connected with the generation system in its own location then we called it an “independent 384 

generation point”.  385 

 386 

 387 

4.2 Design algorithm 388 

 389 

The design of an hybrid off-grid electrification project using local available resources and a 390 

combination of independent generation points and microgrids is a hard combinatorial 391 

optimization problem, called AVEREMS (Autonomous Village Electrification through 392 

Renewable Energy and Microgrid Systems) (Ranaboldo et al., 2014c). A solution to the 393 

AVEREMS problem refers to a design configuration defining generation points’ locations and 394 

components number and type (generation system design) and microgrids structure (distribution 395 

system design) (Ranaboldo et al., 2014c). The aim is to find the lowest cost solution that 396 

accomplish with the energy and power demands of each user, taking into account energy 397 

resource maps and different technical constraints.  398 

 399 

Recently a heuristic algorithm was presented in order to solve the AVEREMS design problem 400 

considering wind and solar energies (Ranaboldo et al., 2014c, 2014d). The objective function, 401 
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the constraints of the problem and the complete description of the solving algorithm can be 402 

found in Ranaboldo et al. (2014d). Next, these are briefly resumed: 403 

 404 

- Objective function: To minimize the initial investment cost of the project considering all the 405 

components defined in Fig. 7, i.e. wind turbines, wind controllers, PV panels, solar controllers, 406 

batteries, inverters, meters, and cables.  407 

 408 

- Constraints: 409 

o  Generation system: At each generation point, generators, controllers, inverters and 410 

batteries must be installed in order to cover microgrid total energy and power demands. 411 

Generators and batteries must satisfy the energy demand, while inverters must fulfil the 412 

power demand. For the dimensioning of the generators, batteries and inverters the 413 

following aspects must be also considered: resource available in the area, energy and 414 

power losses due to components’ efficiencies, the minimum days of autonomy and the 415 

maximum battery discharge factor. Controllers are dimensioned depending directly on the 416 

installed generators. 417 

o  Distribution system: Every demand point of a microgrid must be connected to the 418 

generation system by an electric cable. The type of cable installed must satisfy maximum 419 

permitted voltage drop considering nominal distribution voltage, and cable resistance and 420 

maximum intensity. Microgrid structure is radial. Electric (consumption) meters are 421 

generally installed in microgrid points to measure their consumption (Ferrer-Martí et al., 422 

2013). 423 

 424 

- Solving algorithm: The procedure consists of a multi-start algorithm, based on the Greedy 425 

Randomized Adaptive Search Procedure (Feo and Resende, 1995). In each iteration a solution is 426 

obtained following a 2-phases procedure consisting of a randomized solution construction phase 427 

and then an improvement phase (of the solution obtained by the construction phase) which is 428 

subsequently repeated till no further enhancement is achieved. The best solution obtained by all 429 

the iterations is finally returned. This heuristic procedure was verified to highly improve 430 

solutions obtained by the exact model (Ferrer-Martí et al., 2013) for communities with more than 431 

40 demand points (Ranaboldo et al., 2014c).  432 

 433 

For the design of the electrification project in Sonzapote, a long-term investment perspective is 434 

highly recommended as operation and maintenance costs could be critical in Nicaragua (Alliance 435 

for Rural Electrification, 2011; Marandin et al., 2013). In this sense, the Total Life-Cycle Cost 436 

(TLCC) and the Levelized Cost of Energy (LCOE) are common indicators when comparing 437 

different design alternatives from a project lifetime perspective (Blechinger et al., 2014; 438 

ESMAP, 2007; Leary et al., 2012; Short et al., 1995). For this reason, the algorithm previously 439 

described was adapted in order to consider the total life-cycle cost of the project, not only the 440 

initial investment cost (Ranaboldo et al., 2014c, 2014d), as the objective function.  441 

 442 

Given I the initial investment cost [$], O&Mn the total operation and maintenance cost in the 443 

year n [$], d the nominal discount rate [%] and N the project lifetime [years], the TLCC [$] of 444 

each component (Fig. 7) is calculated as (Short et al., 1995): 445 

 446 
 447 
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Once a design configuration is obtained, the LCOE [$/kWh] of the project can be calculated as a 448 

function of the TLCC, the annual generated energy [kWh] (E) and a uniform capital recovery 449 

factor (depending on the nominal discount rate and the project lifetime) (Short et al., 1995): 450 
 451 

 452 
 453 

This modified version of the algorithm presented in Ranaboldo et al. (2014c, 2014d), i.e. 454 

considering the TLCC of the project as the objective function, is used to properly support the 455 

design of Sonzapote project (Section 5); from now on it will be referred to as the “design 456 

algorithm”. 457 

 458 

Besides including operation and maintenance costs in the design, it should be noted that this is 459 

the first study in which generators can be located in any point of the area without any restriction, 460 

not only close to demand points (Ferrer-Martí et al., 2013, 2011) or in a limited number of pre-461 

selected points (Ranaboldo et al., 2014a). In fact, a total of 2533 points, i.e. the 88 demand points 462 

plus all grid points of the wind resource map of the community (Fig. 6), are considered as 463 

possible generation points by the design algorithm. In this case, the a-priori selection of 464 

generation would be effectively highly difficult due to the complex resource and demand 465 

distributions in Sonzapote (Fig. 5 and Fig. 6). The application of the design algorithm permits 466 

obtaining an appropriate design configuration that takes advantage of the best resource areas, 467 

which, as results from the wind resource assessment (Fig. 6), are highly dispersed and located far 468 

from the users. 469 

 470 

 471 

5. Sonzapote project design proposal and results 472 

 473 

In this Section the design of Sonzapote electrification project is analyzed. In sub-Section 5.1 the 474 

main input data and hypothesis for the design analysis are defined, then in sub-Section 5.2 475 

multiple design options considering different operation and maintenance (O&M) costs’ scenarios 476 

are evaluated with the support of the design algorithm (sub-Section 4.2). Finally in sub-Section 477 

5.3 the design configuration obtained with intermediate value of O&M costs is described in 478 

detail.  479 

 480 

 481 

5.1 Techno-economic data 482 

 483 

Input data required for the design of off-grid electrification projects can be divided into three 484 

types: demand, resource and techno-economic data. The characteristics resulting from the 485 

demand (users’ position, electrical energy and power demand) and resource (wind and solar 486 

resources in the area) evaluations were already defined in Sections 2 and 3. 487 

 488 

The techno-economic characteristics hereby described refer to the definition of the technical and 489 

economical data of all the available components of the electrification project (Fig. 7). As stated, 490 

the total life-cycle cost (TLCC) of each component is calculated by the design algorithm 491 

according to equation (4.1) given the initial investments and O&M costs. The definition of the 492 

initial investment and O&M costs of the various components (wind turbines, solar panels, 493 

controllers, batteries, inverters, cables and meters) considered in the design of Sonzapote 494 

electrification project are reported in next sub-Sections 5.1.1 and 5.1.2. 495 

 496 
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5.1.1 Initial investment costs 497 

 498 

A recent study of the market for small wind turbines in Nicaragua analyses in detail the initial 499 

investment costs of wind turbines, solar panels, batteries and inverters for off-grid electrification 500 

projects (Marandin et al., 2013). Therefore, most of components’ data were taken from that 501 

study. This information was expanded including a more complete range of components with data 502 

provided by manufacturers and local NGOs, following the same cost assumptions as in Marandin 503 

et al. (2013). All wind turbines considered are commercial ones with a minimum warranty of 5 504 

years and a verified power curve. The costs and the characteristics of the components considered 505 

are shown in Table 2. It should be clarified that the initial investment also includes: 506 

- Installation cost of the generation system (included in wind turbines and solar panels costs). 507 

- Administration costs (30%) and VAT (15%) 508 

- Import duty (10%) and transportation costs (6-10%) for imported components.  509 

 510 

 511 

Please insert Table 2 512 

 513 

 514 

Community training and capacity building are a fundamental issue that should be always carried 515 

out when implementing this kind of projects (Marandin et al., 2013; Ortiz et al., 2012; Terrapon-516 

Pfaff et al., 2014). However, as these activities require a fix cost that must be added to each of 517 

the compared design options, their cost is not considered in this study. 518 

 519 

 520 

5.1.2 Operation and maintenance costs 521 

 522 

The O&M costs are a critical issue for the success of rural electrification projects (Alliance for 523 

Rural Electrification, 2011; Schnitzer et al., 2014). However these costs are not easy to establish 524 

for wind and solar energies as, beside community remoteness, they depend on external factors 525 

hardly assessable a-priori, such as the availability of trained maintenance providers, community 526 

dynamics and the ability to train local users (Schnitzer et al., 2014). For this reason, in some 527 

cases only initial investment costs are considered, as they are sometimes the most critical 528 

limitation to the implementation of renewable energy projects (Akella et al., 2007). When 529 

included, annual O&M costs of the various components are generally assumed to be a 530 

percentage with respect to the initial investment cost. Analyzing recent studies on the design of 531 

off-grid electrification projects in developing countries (Aagreh and Al-Ghzawi, 2013; Bekele 532 

and Palm, 2010; Blechinger et al., 2014; Dorji et al., 2012; ESMAP, 2007; Kaabeche and 533 

Ibtiouen, 2014; Maleki and Askarzadeh, 2014; Nouni et al., 2007), different values were 534 

encountered regarding wind turbines and solar panels annual O&M costs: for solar panels they 535 

vary from 0.1% till 2%, while for wind turbines vary from 1% till 3.5% of the initial investment 536 

cost. 537 

 538 

Due to this significant variability in encountered values, in this study we carry out a sensitivity 539 

analysis taking into account different O&M costs scenarios in order to analyze how these can 540 

affect the selection of the most appropriate technology. As wind turbines have dynamic parts that 541 

are more susceptible of breakdowns, their O&M costs are considered the double of solar panels 542 

O&M costs in all scenarios, a common assumption according to ESMAP (2007). The following 543 

scenarios are considered (Table 3): 544 

- Scenario 0: no O&M costs, i.e. taking into account only initial investment costs, as done in 545 

Akella et al. (2007) and Ranaboldo et al. (2014a). 546 
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- Scenario 1: Low O&M costs: 0.5% for solar panels and 1% for wind turbines  547 

- Scenario 2: Intermediate O&M costs: 1.25% for solar panels and 2.5% for wind turbines 548 

- Scenario 3: High O&M costs: 2% for solar panels and 4% for wind turbines 549 

 550 

 551 

Please insert Table 3 552 

 553 

 554 

Besides O&M costs for solar panels and wind turbines, all other hypothesis and cost 555 

assumptions for TLCC and LCOE calculation (equations (4.1) and (4.2)) are the same for 556 

scenarios 1, 2 and 3 (Blechinger et al., 2014; ESMAP, 2007; Sumanik-Leary, 2013):  557 

- nominal discount rate of 10% and project life time of 15 years; 558 

- wind turbines and solar panels lifetime are considered longer than 15 years therefore no 559 

replacement is considered; 560 

- annual O&M costs are 0,5% of the initial investment for controllers and inverters 561 

(replacement every 10 years) and 4% for batteries (replacement every 5 years);  562 

- O&M costs are considered negligible for cables, electric meters and the micro-grid 563 

generation system house. 564 

 565 

 566 

5.2 Sensitivity analysis of O&M costs scenarios  567 

 568 

Hereby different configurations for the design of Sonzapote project are analyzed based on the 569 

O&M costs scenarios previously described. The design algorithm was launched with a maximum 570 

calculation time of 5 hours for each solution, a lapse of time considered affordable taking into 571 

account the problem to be solved. 572 

 573 

For each O&M scenario described (Table 3), two design configurations are compared in Table 4: 574 

 575 

1) Independent configuration: Independent generation systems are installed at each demand 576 

point (thus no microgrids’ construction is considered). This is the configuration generally 577 

applied when electrifying isolated communities through autonomous systems using 578 

renewable energies (Leary et al., 2012; Lemaire, 2011). 579 

2) Microgrids configuration: Design configuration obtained by the design algorithm combining 580 

independent systems and microgrids. 581 

 582 

Due to the medium – low wind resource at demand points, independent configurations are 583 

always based on solar energy: solar panels are installed at each demand point in order to cover 584 

their demand. When considering microgrids (microgrids configuration), wind energy production 585 

could become relevant, as bigger turbines could be installed in the best resource areas. The 586 

O&M cost scenario considered highly affects wind energy production (Fig. 8): as low the O&M 587 

costs of wind turbines and solar panels, higher is the share of wind energy over the total 588 

production that varies from almost 60% in Scenarios 0 and 1 (no or low O&M costs) to 0% in 589 

Scenario 3 (high O&M costs). Effectively best wind resource area in Sonzapote has a mean wind 590 

speed between 7 and 8 m/s, really close to the break-even point between commercial wind and 591 

solar technologies for off-grid generation that is above 6.5 m/s in Nicaragua (Marandin et al., 592 

2013). 593 

 594 

Regarding the costs, the solutions obtained by the design algorithm (microgrid configuration) 595 

highly reduce project costs in comparison with the independent configuration (see last raw of 596 
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Table 4). The decrease in cost is related with the percentage of energy produced by wind energy: 597 

as higher the amount of energy produced by wind turbines higher is the improvement in 598 

comparison with the independent configuration (Fig. 8). This is due to the bigger effect of the 599 

economies of scale on wind energy in comparison with solar energy. However, even when only 600 

solar energy is used (Scenario 3), solution with microgrids improves independent configuration 601 

of around 16%. 602 

 603 

Please insert Table 4 604 

 605 

Please insert Figure 8 606 

 607 

 608 

5.3 Intermediate O&M costs configuration  609 

 610 

As previously stated, the real O&M costs are a key issue for the success and sustainability of a 611 

rural electrification project (Schnitzer et al., 2014). For this reason, various O&M scenarios were 612 

analyzed in sub-Section 5.2. In all cases, the microgrids configuration considerably improves the 613 

independent configuration. The final selection of the most adequate design configuration will be 614 

done by project promoter after carrying out a detailed study of local providers and analyzing 615 

community feedback from the training. 616 

 617 

As an example, hereby we describe in detail the microgrids configuration obtained with 618 

intermediate O&M costs (Scenario 2) that a-priori seems to be the most appropriate for 619 

Sonzapote: Scenario 1 is highly optimistic while Scenario 3 is probably too conservative as the 620 

community is located not too far from supply/maintenance centres, i.e. 90 minutes by car to the 621 

capital city Managua, and few community inhabitants are already trained to do small 622 

maintenance operations, as solar panels are already installed in the school. 623 

 624 

The intermediate cost configuration, i.e. the microgrids configuration obtained considering 625 

intermediate O&M costs (1.25% for solar and 2.5% for wind energy), is composed by 3 626 

microgrids and 4 independent generation points (Fig. 9): 627 

- Microgrid 1 is based on wind energy: a wind turbine of 2.4 kW is installed in the top of the 628 

hill located in the south-east of Sonzapote with a mean wind speed around 8 m/s. The 629 

microgrid connects 3 groups of highly concentrated users (34 users in total) located in the 630 

east, centre and south-west of the community, with a total cable length of 2231 m. As an 631 

energy backup, a bank of 61 batteries of 1290 Wh are installed. 632 

- Microgrids 2 and 3 are based on solar energy with nominal powers of 4.3 kW and 5 kW and 633 

connecting 22 (total cable length of 864 m) and 28 users (total cable length of 521 m), 634 

respectively. Generation points of both microgrids are located in users with maximum 635 

demand, i.e. mini-markets (see Fig.2). Besides, 56 and 48 batteries of 1290 Wh are 636 

respectively installed in microgrids 2 and 3 to support the energy supply. 637 

- The 4 independent generation points (orange points) are users not connected to any 638 

microgrid having their own solar panels: P0 is a house supplied by a solar panel of 250 W 639 

and 3 batteries of 1290 Wh; P1 is also a house supplied by 3 panels of 55 W and 2 batteries 640 

of 1290 Wh; and P2 and P3 are mini-markets each one supplied by 5 panels of 250 W, a 641 

panel of 55 W and 15 batteries of 1290 Wh. Connecting any of these points to microgrids 2 642 

or 3 would increase project cost. Even for P0, which is really close to microgrid 3, the 643 

independent electrification is slightly cheaper (around 100 $) than to connect it to the 644 

microgrid. However, when implementing the project, the promoter of the project may 645 

connect P0 to microgrid 3 for practical and management reasons. 646 
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This configuration reduces the total life-cycle cost of the project of 16.4% in comparison with 647 

the independent configurations; the levelized cost of energy (LCOE) is 0.838 $/kWh, 14% lower 648 

than the 0.975 $/kWh of the independent configuration. The intermediate cost configuration 649 

therefore combines independent systems, solar based microgrids and wind microgrids in order to 650 

connect concentrated groups of users, to take advantage of best wind resource areas (in this case 651 

located far from demand points) and thus reducing the LCOE of the project. 652 

 653 

 654 

Please insert Figure 9 655 

 656 

 657 

6. Conclusions 658 

 659 

In this study, the design of the off-grid electrification project based on hybrid wind-PV energies 660 

in a rural community (Sonzapote) is analyzed. Sonzapote is a community located in the central 661 

highlands of Nicaragua composed by 88 users with a population of around 350 inhabitants. 662 

 663 

Firstly the wind resource assessment is realized analyzing wind resource variation at a micro-664 

scale. While solar resource is considered uniform, the detailed wind resource assessment shows 665 

high wind variability in all the communities, with low resource within them, but greater resource 666 

in areas some hundred meters far. Secondly, a recently developed algorithm for the design of 667 

rural electrification projects combining microgrids and independent generators is adapted in 668 

order to consider the total life-cycle cost, including also the operation and maintenance (O&M) 669 

cost, instead of only the initial investment cost. This adapted design algorithm is then applied in 670 

order to obtain various design configurations. The analysis of different costs scenarios showed 671 

that as lower the O&M costs of wind turbines and solar panels, higher is the share of wind 672 

energy over the total production. In all scenarios, the configuration that considers both 673 

independent systems and microgrids (the microgrids configuration obtained utilizing the 674 

described design algorithm) significantly improves the configuration with only independent 675 

systems (the independent configuration). 676 

 677 

The microgrids configuration considering intermediate O&M costs is finally described in detail. 678 

It combines independent systems, solar based microgrids and wind based microgrids in order to 679 

connect concentrated groups of users taking advantage of best wind resource areas. This 680 

configuration reduces the total life-cycle cost of the project and the levelized cost of energy of 681 

16.4% and 14% respectively in comparison with the independent configuration. 682 

 683 

This design study presents some novelty features in comparison with previous literature: 684 

generators can be located in any point of the area without any restriction, thus permitting taking 685 

into account real micro-scale resource variations and identifying best resource areas. 686 

Furthermore, the size of the studied community (88 users) is bigger than typical projects 687 

previously analyzed. Finally, the design hereby presented is the first detailed renewable energy 688 

study for off-grid generation project at a community scale in Nicaragua. It aims to be a pilot 689 

project in order to facilitate governmental investments on renewable energies and spread their 690 

utilization in rural electrification projects in Nicaragua. 691 

 692 

 693 

 694 

 695 

 696 
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Figure Captions 

 
 

Fig. 1.  Nicaragua topographical map with mean wind speed at 50 m a.g.l. (National Renewable 

Energy Laboratory, 2005). 

 

Fig. 2.  Users locations in Sonzapote. 

 

Fig. 3.  NASA database wind data in Sonzapote and wind data of closest meteorological stations 

 

Fig. 4. Daily variation of the wind speed (left) and the wind rose (right) as by anemometer data 

 

Fig. 5.  Ruggedness Index (RIX) in Sonzapote.  

 

Fig. 6  Wind resource map showing mean wind speed at 10 m a.g.l. in Sonzapote area (1.2 x 1.2 

km
2
). The map has a grid spacing of 25m thus a total of 2450 grid points. 

 

Fig.7. Main components of a hybrid wind-PV electrification system (Ranaboldo et al., 2014c). 

 

Fig. 8. Wind energy share (% of the total produced energy) and cost decrease (%) of the 

microgrids configuration in comparison to the independent configuration obtained with  the 

different analyzed O&M costs scenarios. 

 

Fig. 9.  The intermediate costs configuration (Scenario 2). 
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Tables 
 

Table 1 – Energy and power demand of the houses, the markets and the church in Sonzapote  

Type of user 
Number of 

points 

Energy demand 

[Wh/day] 

Power demand 

[W] 

Houses 83 240 195 

Markets 4 3975 660 

Church 1 1500 900 

 

Table 2 – Characteristics and initial investments of the different components considered in this study 

Wind turbines
a
 

Nominal power [w] / 

Tower height [m] 
Initial investment [$] Comments 

Type 1 200 / 15 2273 
For wind resource in the area 

see Fig. 6. Turbines power 

curves are supplied by the 

manufacturer. 

Type 2 1050 / 18 11216 

Type 3 2400 / 18 17861 

Type 4 3500 / 18 25494 

Type 5 7500 / 20 67140 

Solar panels Nominal power [W] Initial investment [$] Comments 

Type 1 55 329 
Solar resource: 4.7 kWh / 

m
2
·day (see sub-Section 3.1) 

Type 2 250 916 

Type 3 2500 9158 

Solar controllers Maximum power [W] Initial investment [$]  

Type 1 72 65 

 Type 2 540 507 

Type 3 5400 5070 

Batteries Capacity [Wh] Initial investment [$] Comments 

Type 1 1290 141 Efficiency: 0.85 

Maximum discharge rate: 

0.6 

Days of autonomy: 2 

Type 2 2520 300 

Type 3 25200 3000 

Inverters Maximum power [W] Initial investment [$] Comments 

Type 1 400 65 
Efficiency: 0.85 Type 2 1500 312 

Type 3 5000 1040 

Cables
b
 

Maximum intensity [A] / 

Resistivity [Ω/km] 
Initial investment [$/m] Comments 

Triplex 6 70 / 2.416 3.4 
Nominal voltage: 120 V 

Maximum voltage: 128.4V 

Minimum voltage: 111.6V 

Triplex 4 100 / 1.4 3.9 

Triplex 2 150 / 0.964 4.5 

Triplex 1/0 205 / 0.604 5.4 

 Initial investment [$] Comments 

Electric meters 50 Installed only in users of a microgrid 

Generation system 

house 
600 Installed only in the generation system of a microgrid 

a  
Wind turbines cost includes wind controllers 

b 
Cables’ cost includes 25 feet height electric posts  

 

Table



 

Table 3 –Different O&M costs scenarios 

 
Annual O&M [% of initial investment] 

Scenario 0
a 

Scenario 1 Scenario 2 Scenario 3 

Solar panels 0% 0.5% 1.25% 2% 

Wind turbines 0% 1% 2.5% 4% 
a 
no O&M costs neither replacement are considered in Scenario 0 

 

 

Table 4 – Independent and microgrid configurations obtained with different O&M costs scenarios 

  Scenario 0 Scenario 1 Scenario 2 Scenario 3 

Independent 

configuration 

Cost [$]
a
 152377 210010 215346.4 220706.5 

% of wind energy 0% 0% 0% 0% 

% of solar energy 100% 100% 100% 100% 

Microgrids 

configuration 

Cost [$]
a
 126416 174169 180131 185362 

% of wind energy 59% 57% 31% 0% 

% of solar energy 41% 43% 69% 100% 

Cost decrease with respect 

to independent 

configuration 

17.0% 17.1% 16.4% 16.0% 

a 
Solution cost refers to initial investment for Scenario 0 and to total life-cycle cost for scenarios 1, 2 

and 3. 

 




