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Abstract: During the last decades, there has been great interest in the research community with
respect to PV-Wind systems but figures show that, in practice, only PV-Diesel Power Systems
(PVDPS) are being implemented. There are some barriers for the inclusion of wind generation in
hybrid microgrids and some of them are economic barriers while others are technical barriers. This
paper is focused on some of the identified technical barriers and presents a methodology to facilitate
the inclusion of wind generation system in the design process in an affordable manner. An example
of the application of this methodology and its results is shown through a case study. The case study
is an existing PVDPS where there is an interest to incorporate wind generation in order to cope with
a foreseen increase in the demand.

Keywords: design methodology; WDPS; microgrid; small wind turbine; wind data sources;
HOMER Pro

1. Introduction

Supplying remote isolated installations with diesel generators into a Diesel Power
System (DPS) has traditionally been one of the most common solutions for all sizes of
systems, but mainly for low (kWs range) and medium (up to MWs) power ones. With the
development of renewable energies, their incorporation into the existing diesel grids started
with wind energy due to its lower generation cost in comparison with solar PV, constituting
the so called Wind Diesel Power Systems (WDPS) [1]. However, the twenty first century
brought a strong reduction in the generation costs for solar PV, which has opened the door
to its presence in existing DPS and constitutes the solar PV Diesel Power Systems (PVDPS).
Actual trends transitioning to very high percentages of renewable energies (RE) at all
levels of power systems induces the need of the Renewable Energy Diesel Power Systems
(REDPS), where wind and solar PV technologies might seem to be the most upfront ones
and where the presence of medium and long term (usually electrochemical) storage is
common in order to reduce the use of fuel consumption.

In recent years, research has shown a growing interest in the use of hybrid wind
photovoltaic (PV) systems. Over the past twenty-five years, hundreds of articles have
addressed the topic of hybrid systems considering different configurations and final uses
(a good representation of these papers can be found in the impressive literature review
of photovoltaic-wind hybrid renewable system research by considering the most relevant
550 articles [2]) and, over the past decades, many reviews have made a comprehensive
summary of various results obtained, which include, for example, the impressive review
on more than 150 recent articles (including review and research articles) on sizing method-
ologies of hybrid renewable energy systems [3].

On the other hand, REDPS market (which somehow may be associated with Hybrid
Systems and Microgrids ones) is well established and has grown during the last years.
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However, the microgrids installed in the last five years have tended to incorporate PV and
battery storage with diesel generators as backup (i.e., PVDPS or solar hybrid microgrids),
coping with around 63% of existing microgrids [4]. On the other hand, small scale wind is
much less common for microgrids although some combine with diesel or solar PV [5]. Thus,
the common approach has become the following: “Solar hybrid microgrids are currently
the most viable and reliable solution for off-grid areas with sufficient population and load
density” [6].

These figures from the real world REDPS installations are in contrast with the previous
figures from the research world, where there is a maintained interest in REDPS publications.
This fact evidences a gap between research and the implementation of REDPS, showing that
existing research in hybrid PV/wind microgrids consists primarily of feasibility studies,
focusing solely on techno-economic aspects of PV/wind solutions [7], however, this is not
sufficient for the implementation of such solutions in real applications. The reason for
this might be relative to wind technology, however, nowadays wind technology is highly
technically and economically developed at the large scale where large companies and
consultancies are available for any design because the large size permits the necessary (not
small) budget for the design process. The gap comes neither from the design methodology
for PV/Wind solutions as there are plenty of examples of different design methodologies
available in the literature, nor from the wind technology itself where implementation is
widely spread at the large scale.

The following question arises: why is wind generation nearly missing in the micro-
grid scale? The immediate answer would be that the dramatic cost reduction in the PV
generation has taken it out of the playing field, but a pragmatic economic analysis shows
that this is not always the case (that is, what the large number of related publications show).
There must be other factors hindering the use of wind generation for this scale derived
from the small size of the wind technology: Neither the technology nor the economic
competitiveness are well achieved and the updated knowledge of this sector is not easy
to maintain due to its constant impermanence. The impression coming from experience
is that, in many cases, the small wind option is not even considered during the design
process because of the lack and relative complexity of updated knowledge with respect
to the technology (“implementation of the wind solution was discarded because the data
analysis revealed a low energy production of the existing turbines . . . ; the reason this is
not working should be investigated” [8]), the wind resource (“Wind power is intermittent
and its generation curve does not match the daytime load profile of communities” [4]), and
its costs and main features (“A reduction in the cost of small-scale wind turbines at the
same level as that seen with solar is not expected” [4]).

The main barriers identified in [7] for hybrid PV/wind microgrids in Kenya, which
could easily be extended to most places in the world, are shown in Table 1, with some
comments that will begin to show the scope of this work.

This publication is expected to provide some updated knowledge in order to facilitate
the consideration of the inclusion of wind technology in the design of new or repowered
REDPS of low power, which is not usually carried out by large consultancies and in which
the budget for the design is usually limited by the size of the system.

Table 1. Categorization of the most commonly mentioned barriers for hybrid microgrids (source: Barriers and Explanations
from [7]; comments are personal elaboration).

Barrier Explanation Comment

Wind resource quality Wind resource is perceived to be
insufficient.

See Section 2.1.3 (a), Sections 2.1.4, 3.1
and 3.3.

Technological knowledge Knowledge of wind technology and
capacity for development is low. See Section 2.1.3 (b) and Section 3.3.
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Table 1. Cont.

Barrier Explanation Comment

Governance and regulation
Lack of framework for implementation of

wind power. Additional regulatory
requirements for wind projects.

Yes, it is misunderstood. That is why
benefits must be clearly understood.

Cost of wind projects The cost of wind power is perceived to be
higher than PV. It may reduce the system LCOE.

Community acceptance

Understanding and acceptance of wind
technology varies. Issues related to noise,
bird incidents, and sickness as a result of

turbines.

In general, these issues are much more
critical in large scale wind: Information

campaigns might help.

Complexity wind projects Wind projects are seen as more complex.
Necessary data are not available.

See Section 2.1.3 (a) and (c), Sections 2.1.4,
3.1 and 3.3.

Suitable technology
No suitable wind turbine exists.

Low presence of local distributors or
manufacturers.

See Section 2.2.1 (b).

2. Materials and Methods

A methodology to cope with some of the barriers that designers might face when
considering small wind turbines as an option during the design process is proposed in
this section.

A case study in the form of a feasibility study will then be presented as an example
of the application of the proposed. The bulk of this example is not the techno-economic
analysis of PV/wind solutions itself but the methods to cope with small wind technology
issues within a more or less standard design procedure.

2.1. Methods: Methodology to Account for Small Wind Turbines Barriers during the
Design Process

The reference design process will be briefly described (Section 2.1.2) once the configu-
ration of the REDPS to be studied has been selected and justified (Section 2.1.1). Then, the
main differences arising from the presence of wind generation in REDPS will be identified
and the possible existing solutions for each identified factor will be analyzed (Section 2.1.3).
Finally, the proposed methodology to account for small wind turbines barriers during the
design process will be presented (Section 2.1.4).

2.1.1. Selection of the Configuration of REDPS to Be Designed

It is important to select the system configuration at the beginning because different
configurations results in different design procedures and, thus, different considerations.
The common feature of all the systems covered in this work is the presence of diesel
generation. However, REDPS existing today can be classified from a technical point of view
into diesel-dominated and inverter-dominated hybrid systems [9] depending on which
component is in charge of maintaining grid stability.

• Diesel dominated hybrid systems.

Diesel engines have traditionally been one of the main options when electrifying rural
and remote areas. However, the important drawbacks of this option (such as the rising cost
of diesel fuel and carbon emissions concerns) when compared to renewable energy opens
the door to the inclusion of such renewable energies in diesel dominated grids.

In these systems, the grid is formed by diesel generator(s). In fact, the common case is
that there is an already existing grid supplied by the diesel engine(s) to which a renewable
energy generating system is connected for retrofitting. Larger systems usually contain more
and larger equipment that allows for an economy of scale and thus lowers power costs.
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The system design is strongly related to the amount of energy that is expected from
the renewable sources (system penetration), which will define the methods used to control
the power system. System penetration can be defined either as Instantaneous penetration
(renewable power output divided by the load power) or as Average penetration (renewable
energy output divided by the total load energy over a given time period, typically a month
or year). Instantaneous penetration relates to the power system complexity to maintain
acceptable power quality. Average penetration relates to the steady state general system
operation characteristics.

• Inverter dominated hybrid systems.

Most of the existing REDPS systems can be included in this group, which is charac-
terized mainly by the inverters as the grid forming unit, and the use of long-term storage
(in the past, usually lead acid batteries) as the main source to stabilize the grid. Fossil
fuel generators are present but function as a back-up unit and usually with the options of
supplying the load directly and bypassing the inverter if needed. From a configuration
point of view, size is not such a great issue for this configuration but it is a fact that size is a
very important issue for component availability, cost, and design.

The target configuration for this paper will be the inverter dominated REDPS, with
one main diesel generator (there may be two for back up, but only one working at the same
time) and with long term (several hours at least) electrochemical storage that is either AC
or DC coupling.

2.1.2. Description of the Design Process

It may be worth remembering at this point that the methodology presented in this
publication is not a design methodology, for which many other proposals have been
published [3], but a methodology to cope with small wind turbine barriers during the
design process. However, as this methodology is applied together with a design process, it
will be briefly presented here.

From a design point of view, PV-Wind REDPS can be roughly considered as PVDPS
where wind generation is added, as depicted in Figure 1. This approach has the advantage
of allowing the use of all knowledge coming from existing solar PV standalone systems,
which is quite extentsive.

Figure 1. From a basic point of view, the design of Wind-PV-Diesel Power Systems may be seen as
PVDPS where wind generation is added (adapted from [10]).

The research in REDPS might have started at the time when the IEA’s Task 8 (1985–
1994) “Study of Decentralized Applications for Wind Energy” aimed both to define cost-
effective models and techniques suitable for obtaining wind and load data necessary for
planning and specifying decentralized wind energy conversion installations and to apply
and further develop models suitable for analyzing the performance of wind-diesel systems.
The results of this collaborative research were summarized in the book “Wind-Diesel
Systems”, published by the Cambridge University Press [11]. At that time, the inclusion of
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solar PV generation was so expensive that it was not even considered. Since then, some
implementation guidelines have already been proposed for both PV-Hybrid Systems [12]
and Wind Hybrid systems [13,14], which both have many elements in common with PV-
Wind Hybrid systems or even for small wind turbines (SWT) [15]. Some call for tenders for
REDPS and offer their own design methodology [5].

From these guidelines, an adaptation has been made to update those particular issues
that arise in PV-Wind DPS systems in three design stages: data collection, sizing study, and
implementation Project.

2.1.3. Differences Arising from the Presence of Wind Generation in PV-Wind REDPS

It is a fact that the inclusion of wind generation results in different uncertainties in
the design process of the system which needs to be taken into account. Some of the most
important ones are addressed in the following paragraphs.

(a) Characterization of Wind Resource

Firstly, wind resource is much more variable (both temporarily and spatially) than
solar resource and there is no geometrical method to predict it (in the case of solar resource,
calculations of solar–Earth geometry provide a good estimation from latitude). This means
that, on one hand, it is more difficult to evaluate and, on the other hand, small variations in
the site may bring important variations in the wind resource.

# Wind Resource Assessment Methods

There are a variety of methods to assess wind resource and they range from lower
to higher costs. The methods of assessing the wind resource usually stem from using a
general wind map and using that wind speed information to form the basis of a production
estimate. Another approach is to use a commercial wind resource model to identify, more
“precisely”, the annual wind speed range. A third approach is to assess wind measurements
from nearby projects, wind resource towers, airports, or other weather stations. Having
equipment and tools that provide wind rose information are invaluable for the estimation
of wind turbine production. Wind maps typically provide a basis for the wind speed,
which is the other important factor in understanding production.

These three approaches do not take into account the impact of local micro-siting
and the dramatic effect that it has on a small wind turbine. The only method where the
wind resource is truly quantifiable and accounts for obstacle, terrain, wind direction, and
blockages is to measure the wind at the exact location and exact hub height of the proposed
small wind installation. Even though on-site wind measurements are the most reliable
method of assessing the local wind resource, it is expensive and time-consuming and the
cost is not justified for SWTs [16]. Historically the cost of wind measurement equipment
and analysis has been prohibitive for small wind turbines. Recently new wind resource
measurement approaches have been developed, including lower cost wind measurement
equipment and towers and new drone technology [17].

Methods to cope with these cost restrictions are listed as follows: Using regional wind
maps specifically for small wind turbines implementation, reanalysis data, or nearby Met
office statistics; and choosing a site for the wind turbine as free from obstacles as possible.

# Using Reanalysis Data

Given that the temporal variability of the wind, it important to know the time dis-
tribution over a period. Meteorological stations may be an option; however, they are not
always close to the site or it is not possible to access their information. In that case, it is
feasible to use reanalysis databases. Reanalysis data uses assimilation processes to combine
observed (or measured) data obtained from satellites, ships, sensors, and weather stations
with numerical models.

Since the observed data are unevenly distributed over the Earth, numerical meteoro-
logical models allow the estimation of the state of different layers of the atmosphere for
a certain place and time period using a regular grid. With this approach, it is possible to
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generate a time series of gridded atmospheric parameters, such as air temperature, pres-
sure, and wind at different altitudes; and surface parameters such as rainfall, soil moisture
content, ocean-wave height, and sea-surface temperature. The three leading global data
sets and its most recent bases are described below [18]:

• CFSR: This is the Climate Forecast System Reanalysis. Based on the Climate Forecast
System, the NCEP global forecast model spans from 1979 to the present year. Most
parameters are available every 6 h, whereas selected variables are available every
hour. CFSRv2 provides wind speed and wind direction at 10 m above surface, with a
horizontal resolution of 38 km.

• MERRA: MERRA is the Modern-Era Retrospective Analysis for Research and Ap-
plications, Version 2, based on the National Aeronautics and Space Administration
(NASA) global data assimilation system (GEOS-5). MERRA-2 provides wind speed
and direction at 50 m above surface. It holds one hourly values in a period from 1992
until present and a horizontal resolution of 50 km (0.5◦ latitude and 0.625◦ longitude).
Hourly data for solar irradiation and wind speed can be accessed freely in the web
service [19].

• ERA5: ERA5 is the fifth generation European Center for Medium-Range Prediction
(ECMWF) atmospheric reanalysis of the global climate. It is a set of climate reanalysis
data from 1979 to the present year developed by the Copernicus Climate Change
Service (C3S) and processed by the ECMWF. ERA5 provides wind speed and wind
direction at 10 m and 100 m above surface, with a special resolution of 31 km [20]. In the
case of ERA5, data assimilation is performed every 12 h. However, it provides hourly
estimations because the assimilation method takes into account the exact moment of
the observations and the evolution of the model within the assimilation window.

Using reanalysis data also allows the easy performance of long term analysis on the
viability of the inclusion of wind generation in hybrid diesel microgrid as data for decades.

# Small Wind Resource Assessment

These databases have the advantage of having a high percentage of availability;
however, they are not influenced by local effects of orography and roughness. Since
roughness measures the decrease in wind speed due to friction with the surface and
orography generating alterations in the wind flow, it is necessary to take them into account
so that the energy assessment of the winds is as representative as possible of the site.

Using these global datasets to generate initial and boundary conditions for the simu-
lations, some mesoscale and/or microscale models may produce higher resolution grids,
such as WAsP ([21]). The most common mesoscale model is WRF [22], which is a weather
prediction system used to generate meteorological forecasts or hindcasts. WRF downscales
the global datasets and the results can be used to generate spatial wind maps and as a
valuable source of long-term time series wind data. The WRF grid and output resolution
is typically a few kilometers and ca. 3 km is often the preferred choice. It is possible
to downscale the data from the global level to the mesoscale level and, further, to the
microscale level, which is usually offered by commercial tools (as those from EMD or UL)
with proprietary microscale models [23].

However, small wind turbines are often installed under wind conditions far from
the conditions specified in standards and this is expected to result in large power curve
uncertainties [17].

Complex terrain sites are typical small wind turbine sites and pose another challenge in
accurately estimating wind turbine production. Underproduction was originally believed
to be dominantly due to uncertified turbines and inconsistent turbine rating approaches;
but as more turbines have become certified and wind turbine ratings are more globally
consistent, underproduction is believed to be a strong function of the local micro wind
conditions [16].

Over time, new modeling tools, site assessment technology, and study methodologies
will evolve. Without streamlined customer-friendly approaches, the small wind turbine
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market will continue to be a smaller niche market. Better site assessment can be a step
toward easing owner purchase decisions [16].

This paper is proposed for that aim.

(b) Existing Technology

There does not exist a unique definition for what a SWT is, in terms of size, but a more
or less universal convention is that it refers to wind turbines smaller than 100kW. Within
this range, some classification can be made according to Table 2.

Table 2. Classification of SWT (Source: CIEMAT).

Rated Power (kW) Rotor Swept Area (m2) Sub-Category

Prated < 1 kW A < 4.9 m2 Pico wind

1 kW < Prated< 7 kW A < 40 m2 Micro wind

7 kW < Prated< 50 kW A < 200 m2 Mini wind

50 kW < Prated< 100 kW A < 300 m2 (No clear definition adopted yet)

The values that define the ranges for this classification have been chosen from the
norms and legislation affecting SWTs. The value of 40 m2 was the limit established in
the first edition of the IEC-61400-2 standard and is the range intended at the present time
for the integration of SWT into the built environment; the 200 m2 limit was established
in the second edition of the above mentioned IEC-61400-2 standard in 2006 and includes
most SWT applications. Finally, the limit of 100 kW is defined in many countries as the
maximum power that can be connected directly to the low voltage grid. The pico-wind
range is commonly accepted as those SWTs smaller than 1 kW [24].

Despite being more uncertain, models and topographical background data are at
a level of quality that makes the calculated wind resources valuable for SWT projects.
Having determined the wind resources, the second source of uncertainty in energy yield
calculations is the wind turbine type or more specifically the power curve of the wind
turbine. Many countries today have standards for how wind turbine manufacturers should
collect and process data to produce certified power curves; this improves the accuracy of
the power curves that could otherwise be too “optimistic” [18].

Quality assurance has proven to be indispensable for establishing an enabling environ-
ment for a rapid uptake of renewable energy technologies. Quality assurance of standards
are intended to ensure that products and services perform as expected and also includes the
mechanisms to verify that such requirements are fulfilled, e.g., testing and certification [25].
This is of particular importance for SWT: A great effort has been conducted during the last
two decades to increase the SWT quality and there are many reliable models in the market,
but it is also possible to find many commercial models that have not been certified nor
tested. A description of norms and standards affecting SWT can be found in [25] but, in
general, an effort should be made to work with, at least, independently tested SWT. In [26],
some guidelines can be found to assure quality for buying SWTs safely, which covers the
manufacturer, the product reviews, the warranty, testing and certification and the installer.

Another important issue related to SWTs is the availability of wind turbines, which
refers to both the available sizes and the available manufacturers. Before choosing a small
wind turbine, it is advisable to be informed about sizes and maintenance support service
in the area. This limits the number of available wind turbines for the design. An added
difficulty is the highly changing characteristic of the SWT market (as an example, from the
around 20 small wind turbines manufacturers in Spain in 2014, only eight are still active
in this field in 2020 [27]). Information on available manufacturers and models should be
updated frequently in order to be aware of the present situation. Both myWindTurbine [28]
and HOMER Pro [29] include SWT databases, which are useful as a reference, but both of
them are neither completely updated nor exhaustive. The reference, [30], may be a good
starting point.
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The last issue that will be highlighted here is the cost of the SWT. On one hand, there
is a great variety in the cost of similar size commercial SWT: Cost should not be the only
criterion to choose a SWT because, as it was mentioned before, not all of them will be of
the same quality. On the other hand, the information on the cost of a particular SWT is not
always easily accessible: Of course, the best method is always to have a particularized (the
cost may be different according to the site) quote from the manufacturer/installer but some
general references can be found in literature for a first approach [31–33].

(c) Availability of Design Tools

In general, when talking about available power systems design tools, there are different
approaches depending on the following factors:

• Level of detail of the design, which is also related to the stage of the design of the
project. When little detail is necessary, such as in the concept design phase, simple
spreadsheet-type tools can be used, whereas dedicated tools are needed for a more
detailed analysis, such as in the feasibility study stage. HOMER Pro is an international
reference covering most of the levels of detail up to the feasibility study.

• Technologies involved: For example, whereas DPS are usually designed as a function
of maximum and minimum power in the loads, REDPS usually takes into account the
energy balance for their sizing, covering of course the power needs.

• Spatial resolution: Centralized REDPS can be designed with a unique profile for each
RE resources and even a unique load profile (even if there are distributed loads, the
generating system can be designed with a unique load and design the distribution
lines), whereas distributed REDPS may require different profiles if distances are long
enough. In this case, particular tools may be needed, including some Geographical
Information System.

• Time resolution: different configurations of REDPS (see Section 2.1.2) require different
time resolutions analysis. All of them require energy balance analysis, which are
minimum monthly and preferably in a hourly time resolution, for the optimization
design. Furthermore, diesel dominated architectures require dynamic analysis in the
case of medium and high percentage RE systems. An example of used tools for a
WDPS with high RE percentage is shown in Figure 2.

Figure 2. Example of tools used for a high RE penetration REDPS in the different design stages [34].

In the case of the selected configuration for this paper, dynamic analysis is not neces-
sary for inverter dominated systems with one main diesel generator and with long term
(several hours at least) electrochemical storage as the battery and the battery converter are
able to maintain short term stability.

There is a great variety of sizing tools for PV Hybrid systems [35] but the number
is limited when including wind generation in the system. Fortunately, even though the
number of tools for PV-Wind REDPS design is limited, there are some high-quality available
tools. According to a comparative study of 68 computer tools for the integration of
renewable resource in various energy systems, HOMER was evaluated as one of the most
applicable for optimization, feasibility, and sensitivity analysis of both off-grid and grid
connected micro power systems and also pointed out as the most used and best known of
all the software tools developed so far [8].
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In particular, HOMER Pro has become a standard in the design of REDPS, as it merges
most of the capabilities for a feasibility study in a single tool and it also includes wind
technology (other well-known tools for PV systems design, such as PVSYST, does not);
thus, it is the recommended tool for the configurations under study in this work. However,
nowadays HOMER Pro software is no longer free (previously, there was a Legacy free
version) and some amount must be paid depending on the desired use.

2.1.4. Methodology to Account for Small Wind Turbines Barriers during the
Design Process

In the first place, the methodology described here deals only with some technical con-
siderations of the design related to the consideration of wind technology; the development
and management of a REDPS system is a relatively long and complicated process and
involves other key aspects such as social, environmental, management, contractual, quality
assurance, training, and some other aspects. These aspects obviously have to be taken into
account through the project development, but are out of the scope of this work due to time
and space limitations. Some useful references may be in [36,37].

As presented in Section 2.1.2, an adaptation has been made to cope with those par-
ticular issues that arises in REDPS systems during the consideration of wind technology,
concluding with some suggestions that basically include the following stages.

(a) Data Collection

At this stage, the main inputs to the design process are gathered: topographic informa-
tion, renewable resources (with special attention to wind resource, which is usually more
difficult to evaluate), consumption characterization (crucial), and technical and economic
information of the equipment. In projects of a certain size, it is a common practice to carry
out field campaigns for both the wind resource and the consumption characterization [38].

In the case of performing a measuring campaign, in order to summarize the high
quality requirements in wind measurement, international standards have been developed,
such as the MEASNET guidelines. MEASNET is an international network of measurement
institutes, which developed the guideline “Evaluation of site-specific wind conditions”.
This guideline describes the process of site assessment including data collection, evaluation,
and interpretation. The MEASNET guideline refers to IEC 61400-12-1 and focuses on data
quality, plausibility, and integrity [39].

Even for SWT there are some guidelines available for site assessment, such as [40],
that covers most of the aspects that may apply when considering the inclusion of a SWT
in a system. More detailed guidelines for site turbulence influence on the SWT estimated
production can be found in dedicated guidelines, such as [15], for example.

However, one of the main limitations for taking into account wind generation in
REDPS in the range that is being considered in this work is commonly the lack of reliable
wind data necessary to evaluate its convenience. Nowadays, there are both global and local
(usually at a national level) wind atlases. In this case, the no-data situation, which was not
rare a few years ago, is almost extinguished. However, in order to perform a minimum
performance evaluation of wind generation within a REDPS, it is not the case that any
wind resource characterization will be valid: characterization needs to include spatial and
temporal information in the most detailed possible manner. It should be remembered
here that, of course, the best method to achieve this goal is an on-site wind measurement
campaign, but it is precisely the case of not having this campaign that it is being covered at
this point.

At least hourly average wind speed variation is needed to be able to assess the wind
generation in a REDPS in order to evaluate its matching with load and other forms of
generation profiles from an energy balance point of view. Other short-term phenomena
(dynamics and/or transients) would require even higher time resolutions, but they are out
of the scope of this particular application since there is long-term storage.

Global and local wind atlases may only bring information on the overall yearly wind
regime [41] or even on the monthly average wind speed [42]. In the latter, some software
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(such as HOMER Pro) may generate hourly synthetic series from monthly average values
of wind speed, so they might be a first approach. For the site assessment, wind direction
estimation is also necessary. Global Wind Atlas [41] provides an overall wind rose.

The news on this topic is the availability of reanalysis data derived from satellite
observations are described in Section 2.1.3 (a) in this paper, both globally and freely, and
provides relatively sufficient time resolution (one hour) wind speed and wind direction
data but with an insufficient spatial resolution of several square kilometers. However,
there is a possibility to use these data as an input for downscaling (considering also the
available information on roughness and DEM, Digital Elevation Models) by generating
higher spatial resolutions down to several hundred meters. Although all these sources of
information are freely available so that anyone could produce these results (these are good
news for SWT), some commercial tools exist that allow performing it in an easier manner.
As a reference, EMD in Europe and UL in the US offer different software solutions to obtain
hourly wind resource estimation for any point (Windographer and WindNavigator, in the
case of UL; WindPro, for EMD) with a reasonable spatial resolution: UL offers a Typical
Year Time Series Short term data set using the AWST MASS model and scaled to 200 m
resolution to represent a 365 day sample from a 15 year period [22], while with EMD’s
full windPRO modeling chain, it is possible to downscale the data from the global level to
the mesoscale level and, further, to the microscale level (e.g., using the windPRO scaler
options) to a 250 m resolution or even 100 m resolution with WAsP [21].

These two software groups also offer two particular applications that are especially
suitable for the assessment of SWT in REDPS: myWindTurbine (EMD, [28]) was designed
for the evaluation of the influence of obstacles in SWT production which, as it was men-
tioned in Section 2.1.3 (a), is a key issue for SWT; and HOMER Pro (recently acquired by
UL, [29]), which is the reference for REDPS optimization, as it described in Section 2.1.3 (c).
In its latest version of HOMER Pro 3.14.2 (10 August 2020), there is a link to WindNaviga-
tor ([43], UL software for wind resource estimation) that, while it is not yet available, opens
the door to connect both applications.

One estimate of the cost to have a site modeled in the United States in 2016 was
approximately $500. The model utilizes static wind maps, which is a gross approximation
using annual average site wind speed and micro-site adjustments [17]. A characterization
using myWindTurbine software costs around 60 EUR/site [28]. However, care should be
taken with respect to the temporal needs in REDPS previously described, which may not
be covered by these solutions.

(b) Sizing study

It is advisable to perform an initial screening of the components sizes at a simple
spreadsheet level and at a conceptual design level: It is convenient to prepare the infor-
mation for its use in the sizing tool (HOMER Pro is proposed, which in the last versions
incorporates the Optimizer, and the automatic tool to search for the optimal configuration)
and also it is convenient to have an estimate of the results. This spreadsheet may also be
useful if a business model analysis is required, as HOMER Pro does not include it.

However, sizing tools require higher possibilities, such as the following: hourly basis
simulation, which usually requires synthetic generation of data to compensate the possible
lack of measured data; sensibility analysis, to cope with uncertainty of the inputs; more
detailed (but still friendly) models of components, including all the necessary parameters
to accomplish the study but at the lowest degree of complexity in order to make it useful;
databases of commercial components, with the capability to create new ones.

At this level, both options of tools are available: commercial tools (either free or
requiring a fee), such as HOMER PRO tool from Homer Energy by UL company, is an
international reference; or self-designed proprietary tools, which take time and effort to
develop but may be necessary if a specific analysis has to be made.

Real dynamic analysis is not usually necessary for these type of systems as they used
to be inverter dominated microgrids based on a long-term battery using commercial power
electronics solutions, which provide the necessary power quality and electrical stability
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to the system. However, it is convenient to implement this pseudo-dynamic analysis to
assess the behavior of the battery through the simulation, mainly taking into account the
influence of wind generation, as it was mentioned in Section 3.1. Whether this analysis
is performed is up to the designer for establishing the stability of the system since the
feasibility study does not cope with this issue.

The output of this stage in the design is a detailed behavior of the selected configu-
ration in terms of stability and performance; the designer has to decide whether it is as
expected or not (if not, then the designer would have to go back and make the necessary
corrections on the configuration).

(c) Implementation Project

Once the configuration and equipment are settled, all of the components of the system
are calculated and chosen through the “Sizing study” stage and it is time to prepare the
necessary technical documentation for the deployment of the installation: schemes, plans,
etc. This is purely an engineering stage; there is no dedicated software for this step, but
programs of general use in engineering are commonly applied. However, some technology
specific software may be necessary: for example, in order to design the PV generator (if it is
present in the design), it is necessary to design the detailed configuration of the generator,
which is not provided by HOMER Pro.

Even though this stage will not be covered in this paper, here are some hints in the
case that some wind generation is present in the final design:

• Installation issues: foundation design; need and availability of a crane (which is related
to the height and type of tower); available space. Manufacturer/installer should help
with (or perform) this part.

• Electrical equipment: decide whether to use AC or DC coupling; power converter
availability for the selected SWT and for the specific use; voltage and frequency
(nominal value and range).

• Control issues: communication with the system control; dump load regulation (high
temperatures), compatibility with Li-ion batteries (if present).

• Quality assurance: as it was described in Section 2.1.3 (b), all the related issues
(guarantees and warranties, O and M, . . . ) should be established.

It is worth talking, at this point, about the assessment of the installation. There is not
enough experience on PV-Wind REDPS nowadays and it is important to make a provision
for the monitoring system and its assessment. In reference [44], a new approach and a case
study of a PV-wind hybrid system performance analysis is presented.

2.2. Materials: Case Study

The proposed methodology to account for the small wind turbines barriers during the
design process has been applied on a real case appearing in Uruguay. The National utility
(UTE) is in charge of an existing PVDPS deployed several years ago in order to reduce
fuel consumption on the previously existing DPS. After several years of exploitation of
the PVDPS, recently there was an interest from the utility in considering the inclusion of
wind generation to increase both renewable energy penetration and load consumption.
However, even though the UTE had been able to cope with the promotion and installation
of the existing PV-Hybrid system, they faced the difficulties that including wind generation
would bring, which demanded CIEMAT’s experience in this field: this is how this real case
study appeared.

In this section, the case study will be presented, showing the performance of the
existing PVDPS through the analysis of data coming from the monitoring system as well.
The application of the results derived from the use of the presented methodology will be
shown in next Section 3.
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2.2.1. Description of the Case Study: An Existing PVDPS in Cerros de Vera, Uruguay

Cerros de Vera is located in the northwest of Uruguay (Municipality of Salto), with
approximately 70 electricity home services. Cerros de Vera is a small village that has
been developed thanks to the support of MEVIR, an organization that works to eradicate
unhealthy housing for rural workers by facilitating the construction and renovation of
homes and access to community services. Since the village is not connected to the national
grid, initially, the electrification was based on diesel generators. However, in February
2014, the town incorporated solar energy into its electrification system, becoming the first
isolated rural village in Uruguay to be autonomously supplied with renewable energy.

The power system has an installed solar PV power capacity of 52.2 kWp (180 Suntech
290 Wp modules), two Kohler J88 diesel generators (64 kW each), and two battery banks
(48 V, BAE made) with an overall storage capacity (C10) of circa 300 kWh. The solar PV
generator is divided into three groups, each one connected through a SMA Sunny Tripower
inverter (17 kW each) to the 0.4 kV three-phase AC microgrid established by the two groups
of three SMA Sunny Island 8.0 H power converters (3 × 8 kW each group). The average
daily energy demand is around 440 kWh/day and the maximum demand is approximately
45 kW. In Figure 3, the general layout of the system is depicted. In Appendix A, some
pictures of the system and its components are shown.

Figure 3. General layout of system under study, an existing PVDPS in Cerros de Vera, Uruguay.

2.2.2. Description of the Operation of the Existing System

The system is monitored through a weather station (connected to an SMA Sunny
SensorBox) and the measurements are obtained from the power converters. Along with
these measurements, the utility measures the energy consumption independently. From
all these devices, data from 2018 and 2019 are available. After quality control of these
data, a one year period from July 2018 to June 2019 was selected for evaluation. Sampling
rate of data is 5 min for the raw data. A description of the system based on these data is
shown now.

• Load Characterization.
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From the measured data, the load patterns were assessed. In Figure 4, monthly (quite
flat) and average hourly (peak in the nighttime) profiles derived from the measurements
are shown, encouraging the hybridization of resources.

Figure 4. (a) Total monthly load consumption variation through a year; (b) average hourly load profile.

• Solar resource.

The weather station includes solar radiation measurements. From the measured data,
the solar resource on-site has been derived, as shown in Figure 5. However, a validation
of this resource has been made using available databases, as described later in the Data
collection chapter.

Figure 5. Average solar radiation variation (a) through a year; (b) hourly profile.

• Wind Resource.

The weather station also includes wind speed measurement, for solar PV generation
purposes (not for wind generation purposes). The very low measured data in this case
most probably will not be representative for wind resource assessment. In Figure 6, the
measured results are shown and the validation of this resource is described later in the
Data collection Section 3.1.
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Figure 6. Wind speed average variation: (a) hourly profile; (b) through a year.

• Photovoltaic system.

The measured data for the solar PV generator show an overall annual production
of 64.4 MWh which, for a 52.2 kWp generator, represents 1233 equivalent hours. The
measured performance ratio derived from measurements is 77.2%. This low value is
explained because of the regulation of solar PV generation when the batteries are fully
charged, as can be seen in the Figure 7.

Figure 7. Solar PV curtailment when the battery is fully charged and are derived from measurements.
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• Converters.

Both the overall average energy efficiency of the inverter and the rectifier have been
calculated. The average values obtained are 92.33% and 89.71%, respectively (95.8% is the
maximum efficiency in the specification sheets).

• Batteries.

The average efficiency has been calculated based on the energy received during
charging and the energy delivered during discharge. As a result, an average efficiency of
77.1% has been obtained.

• Diesel generator.

Although there are two generators, only one of them works and the other one is used
as a backup in case of breakdown. The system’s current operating situation results in 40%
of the energy generated resulting from solar energy, with diesel generators operating an
average of 8 h a day. This implies a significant reduction in fuel consumption, but also
in engine maintenance and extension of their useful life. Due to the facility´s design, the
quality of service provided to the population was not affected.

3. Results: Application of the Proposed Methodology to the Case Study

In this section, the analysis of including wind generation in the existing system in
Cerros de Vera will be covered using the proposed methodology. The application of the
proposed methodology to the Cerros de Vera case study has been developed in three stages
to analyze the feasibility of adding wind energy into the existing electrification system. The
stages are: data collection, simulation of the operation of the current electrification system,
and the generation and selection of future alternatives. They are sketched in the following
diagram in Figure 8 and they will be described in the following subsections.

Figure 8. Flow chart for the proposed methodology applied to the case study.
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3.1. Data Collection

The purpose of this stage is to collect objective information for the village necessary to
perform the study. Since the case study is an existing project, sources for the collection of
data are two-fold: most of the input data comes from equipment measurements developed
in collaboration with utility UTE; on the other hand, public databases have been used to
validate existing data, to gather data for optimization and, most important in this work,
data for the inclusion of wind generation.

• Load demand data.

15-min records of active power consumption in the town have been obtained. Based
on the data, the daily consumption curve, the annual profile, and the peak power have
been calculated, as it was described in the previous chapter (see for example Figure 4).

• Solar resource.

The solar radiation is measured at the weather station installed. However, a validation
with the following databases has been made: Meteonorm, PVgis, Tacuarenmbó, the nearest
meteorological station, and TMY of Salto database. In the following graph in Figure 9, it
can be seen how the data measured in the meteorological unit (Met Stat. 24◦) are higher
than the values of the public databases consulted. This discrepancy was most probably
due to the different slope but, thanks to the comparison of the energy produced vs. the
estimated with the measured irradiance, it has been possible to rule out the discrepancy
and validate the data measured by the meteorological unit for its use in the analysis. These
data were summarized in Figure 5.

Figure 9. Comparison of measured data (Met. Stat. 24◦) with databases (Meteonorm, ERA5, Tacuarembó Met. Stat., and
TMY from Salto). Discrepancy comes from the different slope.

• Wind resource.

It was obtained from ERA5 database and downloaded with WindPro software. The
selected node is located in 21S UTX 523,741 UTY 6,514,956. It is the closest to Cerro de Vera,
with a distance of 12.8 km. The series used includes the period 2010–2020, with hourly data
for wind speed and wind direction at 10 m, pressure, and temperature. Data obtained are
not influenced by the local effects of orography and roughness.

The quality of the data obtained in the meteorological unit has been evaluated. Since
the meteorological unit is designed to measure the variables that affect the photovoltaic
installation, they have not been sufficient for characterizing the wind resource. These
data have been supplemented with re-analysis databases. In order to evaluate the wind
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resource, two specialized programs in wind energy have been used; they include WAsP
and WindPro.

Based on the ERA5 time series of wind at 10 m height, orography, and roughness,
WAsP was used to perform a horizontal extrapolation that allows obtaining a resource grid.
The grid has a resolution of 100 m (as the resolution of the used Digital Elevation Model is
90 m), with 48,816 points calculated at 10 m height. In this manner, it is possible to identify
areas with better resources and therefore with greater energy potential to place the wind
turbine. The resource grid has been imported into Windpro to continue the analysis from
that software. Figure 10 shows the resulting resource grid on Windpro, the location of
Cerros de Vera and the location of the ERA5 node.

Figure 10. Resulting average wind speed at 10 m resource grid, with the location of Cerros de Vera
on the bottom left and the location of the ERA5 node on the upper part.

• Temperature: obtained from ERA5 database along with wind data;
• Digital Elevation Model: obtained from SRTM 3 NASA database [45]. The downloaded

map has an area of 40 × 40 km, with a 90 m spatial resolution. Additionally, a distance
between contour lines of 5 m has been selected;

• Roughness: obtained from GlobalCover2009 −300 m database [46]. As for the orog-
raphy, a 40 × 40 km map was downloaded. As well as the ERA5 wind data, the
orography and roughness have been downloaded through Windpro. These outputs
have been considered as the input for the creation of the resource grid;

• Technical aspects of the current electrification system.

The compilation of information on the existing system from the detail of the com-
ponents to the costs (initial investment, operation and maintenance, fuel, etc.) and the
operational experience as well. UTE has provided most of this information.

3.2. Simulation of the Operation of the Current Electrification System

This stage is particular of this case study, as it is an existing system. In order to
simulate the future behavior of the system, the parameters for the simulation are adjusted
so that they reflect the present performance in a more accurate manner. This stage seeks to
determine the operation of the system, checking it against the simulation results system
based on the information collected described in the previous chapter. Should there not be
any existing system, only simulation results would be available, derived from estimated
(not measured) information. At this point, the data from the monitoring system provided
by UTE have been used.

Since Cerros de Vera has a photovoltaic installation, in order to determine the operating
mode of the system, two software tools have been used: PVsyst® and HOMER Pro®. Since
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PVsyst® is a software specifically designed for photovoltaic systems, greater precision
is expected for the simulation of photovoltaic production and for this reason the results
of PVsyst® will be used as input data for HOMER Pro®. The simulation of all system
components will be carried out with HOMER Pro® using 1 h average data. Windographer®

has also been used to process this information. The visual review of these data has allowed
detecting anomalies in the operation of the different parts that will allow the improvement
of the electrification system.

Below, after some first general considerations, the results obtained in the simulation
for each of the components are described: photovoltaic system, converters, batteries, and
diesel generator.

• General considerations.

The data provided by UTE for the load characterization have been compared with the
monitoring system data.

The active power of the cluster and the photovoltaic power generated at the inverter
output have been used to estimate the village´s consumption. As a result, a difference of
1.54% has been obtained. In Figure 11, the comparison for 4 September with a minimum
variation of 0.7% is shown.

Figure 11. Comparison of load profiles according to the information provided by UTE meters (real) and by the power
converters (estimated) for 4 September.

The consumption obtained from the data sent by UTE has been used as load input
to HOMER Pro®. Additionally, the components used and their respective costs have
been defined.

• Photovoltaic system.

Since PV production in excess is curtailed, a simulation with PVsyst® has been carried
out to obtain photovoltaic production capacity without the influence of curtailment. For
this purpose, the parameters of the PV generator generation indicated in the previous
section have been adjusted.

In order to estimate the operation of the installation without curtailment distor-
tions, the average performance ratio has been calculated for irradiation values lower
than 800 W/m2 and a module temperature between 22 and 28◦. As a result, a PR of 80.4%
has been obtained. This value has been used as a reference to estimate different parameters
in the PVsyst simulation.

The simulation results show an energy production at the inverter output of 84,912 kWh/year,
while the real energy produced was 64,403 kWh/year.

To verify if the parameterization carried out in PVSYST® corresponds with the moni-
toring system data, a comparison has been made showing a good correlation for the times
without regulation, as shown in Figure 12.
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Figure 12. Comparison between the measured and simulated PV power output (points out of the linear correlation
correspond to solar PV curtailment).

In order to compare the behavior of the rest of the components of the system, the
generation corresponding to the real behavior, affected by the regulation, was kept as PV
generation. However, in Section 3.3, corresponding to the optimization of the system, the
production without curtailment has been analyzed in order to evaluate the possibilities for
improvement.

The following comparisons are related to the period from October 2018 to Decem-
ber 2018.

• Converters.

As the Sunny Island 8.0H converter was not present in the HOMER Pro catalog,
it was created. The average efficiencies for the inverter and rectifier were of 92.33%
and 89.71%, respectively, based on the current behavior calculated from the data of the
monitoring system.

• Batteries.

Even though the installation was defined with a depth of discharge of 70%, the value
of 40% detected in the monitoring system for the validation period has been used. The
battery efficiency has been considered 77.1% as calculated and the initial state of charge
has been established at 97.87%.

When comparing the results of the simulation in HOMER Pro with the monitoring
system data, only a difference of 1.96% in the charge (battery + rectifier) and 2.94% (battery
+ inverter) in the discharge has been obtained.

• Diesel Generators.

Regarding the operating mode, the “Cycle Charging” option has been selected where
the generator works at full load to supply the village’s consumption and, in case of
electricity surpluses, the battery charge is supplied. According to measured data, the diesel
generator is automatically forced to work from 19 to 22 h, independently of the state of
charge of the battery to prevent the genset to automatically start during the night.

During the months from October to December, the energy delivered by the genset at
the Cerros de Vera facility at the hours where data were available was 22,329 kWh, while
the simulated power was 23,761 kWh, giving a difference of 6.41%.

A summary of the results expressed above can be seen in Table 3:
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Table 3. Differences between the simulated and the measured results for the different components
and for the validation period.

Component Difference (%)

Photovoltaic system 4.8%

Converters + Batteries 1.96% charge/2.94% discharge

Diesel Generators 6.41%

Taking into account that the functioning strategy of the system is sometimes altered,
according to measured data, these values are considered to be accurate enough, as it has
been justified in this chapter.

3.3. Analysis of Future Alternatives: Wind Generation

An increase in the village loads and fuel consumption has been detected, triggering
the following case study objectives: The analysis of the actual electrification system and the
inclusion of wind energy in it. In this stage, the aim was to generate different electrification
configurations considering what was evaluated in the previous points. Based on the
technical and economic characteristics of the different alternatives obtained, this allowed
the selection the optimal configuration. HOMER Pro has also been used at this stage. The
design and analysis of the inclusion of wind generation to the current system in “Cerros de
Vera” are detailed below.

• Wind Turbine Site.

Based on the analysis of the resource grid obtained from the ERA 5 wind data, which
is detailed in Section 3.1, the wind turbine site has been selected. The criteria used was:
wind resource and the proximity to the point of consumption and connections. Taking
advantage of the fact that the photovoltaic installation has a security fence and enough
space to locate the wind turbine inside, it has been decided to propose to place it within
that area. The proposed site for the wind turbine is depicted in Figure 13.

Figure 13. Resource grid at 10 m with the fence surrounding the solar PV area and the proposed
location of the wind turbine.

• Influence of Obstacles.

In order to take into account the influence of the surrounding obstacles, the myWind-
Turbine software has been used, identifying the main obstacles and using the software to
evaluate the losses due to them. In Figure 14, the general view of the site facing East and
the predominant wind direction are shown, along with the main obstacles considered for
their assessment.
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Figure 14. (a) General view to the predominant wind direction, East-Southeast; (b) Considered obstacles (in red).

The results of myWindTurbine analysis show a very small decrease in the annual
energy production of 0.5% due to obstacles; the influence of obstacles will be neglected for
this study.

• Wind Resource.

The wind resource assessment has been widely explained in the previous chapters. As
a summary and neglecting the influence of obstacles in this case, according to the previous
analysis the average speeds obtained in the site during 2019 for each month are detailed in
Table 4 below and extrapolated at 24 m height using WAsP.

Table 4. Average monthly wind speed at the site at 24 m (extrapolated with WAsP from ERA5 10 m height wind speed data).

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual Avg

Wind Speed (m/s) 5.43 4.84 5.23 4.91 5.22 5.44 5.48 6.03 5.45 6.07 5.34 4.65 5.35

On the other hand, Figure 15 shows the wind rose obtained for the proposed site,
showing East-Southeast as the clear predominant wind direction.

Figure 15. Wind rose on the proposed site showing East-Southeast as the predominant wind direction.

• Wind Turbine.

For the selection of the wind turbine, five wind turbines of different sizes have been
evaluated. The sizes of the wind turbines selected correspond to 10 kW, 15 kW, 20 kW,
25 kW, and 30 kW. The established cost criteria are the following:

- Initial capital of 5000 EUR/kW for 10 kW turbines, 4000 EUR/kW for 30 kW turbines,
and the costs are interpolated for the remaining sizes;

- Replacement cost: it has been defined as 85% of the initial capital value;
- Operation and Maintenance cost: a value of 45.5 EUR/kW has been assumed for

10 kW turbines and a value of 35.6 EUR/kW for 30 kW turbines. For the remaining
sizes, it was obtained through interpolation.
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In Table 5 the input variables defined to carry out the simulation are shown: the
selected turbines, their nominal power, and hub height (Hh) together with the costs
determined for the simulation.

Table 5. Wind turbines parameters.

Wind Turbine Power (kW) Hh (m) Initial Capital
(EUR)

Replacement
Cost (EUR)

O and M
(EUR/year)

System LCOE
(EUR/kWh)

Bergey Excel 10 10 30 50,000 42,500 445.00 0.373
Gaia Wind 15 15 30 67,500 57,375 600.75 0.353
Eocycle E20 20 23 80,000 68,000 712.00 0.322
Ecocycle 25 25 23 87,500 74,375 823.25 0.320
PitchWind 30 30 90,000 76,500 801.00 0.332

Considering the overall performance of the wind turbines in this application at this
site, the wind turbine finally selected from this analysis corresponds to the Eoclycle EO25
Class IIA [47] rated at 25 kW, using a 23 m hub height, with a LV connection to the system: It
is not the highest and it is not the cheapest, but it results in the lowest overall system LCOE.

• Results of the Simulation.

The wind speed data together with the components (and sizes) of the current sys-
tem and the selected wind turbine, reference values of the components, and the current
consumption load of the village were considered as inputs to establish the configuration
of the system in the simulation with HOMER PRO. As a remarkable fact, diesel fuel is
currently being subsidized by the state of Uruguay; therefore, the cost for the diesel fuel is
low (0.58 €/L).

Table 6 shows the result of the simulation of the current system operation (first row)
and the optimal result considering a possible incorporation of wind energy in the current
system (second row), showing the principal parameters for both cases.

Table 6. Results of the simulation for the alternative, including wind generation, compared to the
existing installation.

Case NPC (%) LCOE
(EUR/kWh)

Fuel Consumption
(L/year)

Renewable
Fraction (%)

Existing 100% 0.370 33,812 27.6
With wind 94.9% 0.320 16,717 64.2

When comparing both results, the positive impact of the inclusion of a wind generator
in the system can be highlighted. The cost of energy fuel consumption is reduced and the
renewable fraction exceeds 50%.

• A Sensibility Analysis.

A sensitivity analysis has been carried out to evaluate the impact that changes in the
three main affecting parameters may have on the optimal configuration. The following
variables have been considered: A variation considering a variation range in the annual
average wind speed from 4.5 to 5.5 m/s (estimated value was 5.35 m/s); an increase of 5
and 15% in the village’s consumption and a range in the price of fuel from 0.58 (present
value) to 0.8 €/L. Figure 16 shows the impact of the variability of the wind speed and diesel
fuel cost for the existing load consumption.

Figure 16 shows the relationship between the average wind speed at the site and the
cost of fuel. The area in green represents the inclusion of wind power, while the black area
represents the preservation of the current system. For wind speeds lower than 4.7 m/s
and fuel costs lower than 0.7 €/L, the current system is optimal. Similar graphs can be
derived for higher load consumptions, with a slight increase in the dark area as the energy
consumption increases.
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Figure 16. Sensitivity analysis result for diesel fuel cost (0.58–0.8 EUR/l, x axis) and average wind speed (4.5–5.5 m/s,
y axis): The black area represents the existing configuration, whereas the blue are represents the configuration including
wind generation.

In order to assist in the decision making, it is helpful to perform a long term analysis
in order to have an estimation of the variation of wind speed compared to the period
used during the analysis. This can be achieved easily using reanalysis data. In Figure 17,
a histogram is presented, comparing the annual average wind speed values to the one
used for the analysis (corresponding to 2018) for the last 42 years that is downloaded from
ERA5 database. From this figure, at least two conclusions can be drawn: one, that the
varying range is approximately ±5% in relation to 2018 (which might be helpful to move in
Figure 16); second, that the year used as the reference for the simulation is in the average
low area of the distribution and, therefore, it may be considered as relatively conservative
(there are 14 years with lower average wind speed and 28 years with similar or higher
wind speed).

As a concluding remark, the aim of this analysis is to raise a discussion on the different
scenarios and to provide information for decision making.

Figure 17. Long term analysis for annual average wind speed using ERA5 42 years’ data.
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4. Discussion

Having identified some technical barriers that hinders even the consideration of wind
generation during the design process of REDPS, a technical methodology to cope with
these barriers derived from the inclusion of small wind turbines in hybrid microgrids has
been suggested. The target configuration has been established on inverter-based systems,
with the possibility to include wind turbines of up to 100 kW (SWT) based on medium or
long term (electrochemical) storage, with optional presence of solar PV generation which
are very common nowadays.

With this target in mind, these differences have been focused on the wind resource
characterization and on the description of existing technology, i.e., the small wind turbines.
In relation to wind resource characterization, due to the need of expressing wind temporal
variability (in a hour time frame, at least) and also due to the uncommon existing measuring
campaign, a methodology to estimate the wind resource characterization from existing
data bases and tools has been introduced. On the other hand, some description has been
given for SWT technology in order to assure quality and expected performance of this
component. In this manner, the system may be optimized (HOMER Pro software has been
proposed for this) and necessary information is prepared in relation to the decision of
moving forward with wind installation or rejection based on well-founded analysis and
not based on myths relative to SWT.

5. Conclusions

This methodology proposed in this publication has been applied to a real case study,
an existing PVDPS (installed in 2014) where the possibility of including wind generation
is sought. Based on the performance of the existing system and on the characterization
of the wind resource and wind technology, the design shows that there is a wide area in
the search space of the main parameters (diesel fuel cost, average wind speed, and load
consumption) where the installation of a 25 kW SWT seems recommendable.

Even though the aim of this paper is to present the methodology to permit wind tech-
nology consideration during the design process so that it can be implemented anywhere by
anyone. In this particular case of application, it is expected that this study may be presented
to the governing board of the utility in charge of the system so that they can evaluate the
convenience of going forward with the project and to enter into the implementation of
the project.

The proposed methodology used commercial software tools with a relatively high
cost (mainly for the SWT field). The aim of the authors would be to achieve similar results
with free tools but they are not available at the moment. One of the intentions of this paper
is also to encourage researchers to keep working on such tools since it has been shown that
it can be made.
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Appendix A. Pictures from the System under Study

In this Appendix A, some pictures from the site and from the particular components
of the existing system are shown.

Figure A1. (a) Aerial view of the site, with the indication of the existing solar PV array and the gensets building; (b) The
two battery banks and the six Sunny Island power converters.

Figure A2. (a) The inside of the gensets building with the two diesel generators; (b) A general view of the solar PV generator.
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