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Abstract

The deployment of utility-scale hybrid wind–solar PV power plants is gaining global
attention due to their enhanced performance in power systems with high renewable en-
ergy penetration. To assess their potential, accurate estimations must be derived from the
available data, addressing key challenges such as (1) the spatial and temporal resolution
requirements, particularly for renewable resource characterization; (2) energy balances
aligned with various business models; (3) regulatory constraints (environmental, technical,
etc.); and (4) the cost dependencies of the different components and system characteris-
tics. When conducting such analyses at the regional or national scale, a trade-off must be
achieved to balance accuracy with computational efficiency. This study reviews existing
experiences in hybrid plant deployment, with a focus on Spain, identifying the lack of
national-scale product cost models for HPPs as the main gap and establishing a replica-
ble methodology for hybrid plant mapping. A simplified example is shown using this
methodology for a country-level analysis.

Keywords: hybrid power plant; potential mapping; utility-scale

1. Introduction
The development of renewable energy generation in Europe is clearly outlined [1]:

“The revised Renewable Energy Directive (RED) sets a binding target for renewable energy
of 42.5% of the EU’s gross final energy consumption, with the aspiration to reach 45% by
2030. This requires doubling the EU’s renewable energy share by 2030 in the energy mix
compared to the 2022 level of 23%, and a sharp increase of the share of renewable energy
sources (RESs) in the electricity mix. As a result, between 2020 and 2030, the installed
wind and solar power generation capacity is also projected to double, to 510 GW and
592 GW, respectively.”

At the European level, in response to the energy market disruption caused by the
Russia–Ukraine War, the European Commission launched the REPowerEU Plan. Un-
der this initiative, Spain updated its recovery and resilience plan (RRP), funded by the
NextGenerationEU program, to include new measures aimed at energy savings and supply
diversification [2].
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Within Spain’s RRP, Component 17 specifically focuses on infrastructure improve-
ments, including the enhancement of the R&D&I capacities for hybrid renewable technolo-
gies. A key objective of this project is to identify Spain’s national hybridization potential [3].

This research is being conducted within this framework, with the primary goal of
developing a map that identifies the potential for utility-scale hybridization in Spain.
The mapping process consists of three stages: the first involved analyzing the necessary
data and available data sources, as described in [4]. The second stage, covered in this
paper, focuses on reviewing the calculations needed to derive meaningful results from
the identified data. The final stage will involve the creation of a map of the definitive
hybridization potential and will be addressed in future work.

Since this paper describes the second stage of the mapping process, its motivation
aligns with that of the first stage, as detailed in [4]. However, the significance of this research
has grown beyond its initial project-based interest. The increasing focus on suitable areas
for renewable energy deployment in Europe has led to the introduction of a new concept:
particularly suitable areas, known as ‘renewables acceleration areas’ (RAAs) [5]. These
areas balance economic feasibility with societal and environmental considerations while
complying with other legislative frameworks. The hybridization of renewable projects
and the multi-functional use of land and sea—such as combining electricity production
with other activities—are considered effective strategies for reducing land use conflicts,
mitigating grid-related constraints, and increasing public acceptance.

The revised EU directives emphasize the importance of comprehensive mapping and
spatial planning for renewable energy projects, introducing new obligations for mem-
ber states:

• Article 15b mandates that member states translate their national contributions toward
the revised EU renewable energy targets into spatially defined areas required for
renewable projects. This mapping must be completed by 21 May 2025, using digital
tools such as Geographic Information System (GIS) technology [1].

• Article 15c requires member states to designate specific areas as RAAs, building upon
the initial mapping under Article 15b. At least one renewable energy technology must
be prioritized in each country [1].

• Member states must incorporate the latest available data and align their planning with
evolving scientific knowledge, technological advancements, environmental concerns,
and local community needs [6].

This research aligns with these directives, further reinforcing its relevance and increas-
ing the significance of its outcome.

The review of the current research in this field will primarily focus on activities in Spain,
given their direct relevance to this study. However, significant international initiatives will
also be briefly examined. The focus will be placed on suitability and economic feasibility
mapping for hybrid power plants (HPPs), rather than just on their solar and wind potential.
The aim of this review is that any research group working on mapping HPPs may benefit
from this knowledge when facing the same steps in the elaboration of the map. The value
and novelty of this work stem from the fact that the information included in this review is
what we would have liked to have in our mapping of HPPs.

Before delving into the specifics of these activities, it is useful to outline the different
levels of potential exploitation for HPPs. Understanding these levels will facilitate the
classification of existing studies. The potential of a renewable energy resource at a given
site or area can be assessed at four levels [7,8]:

(a) Resource potential: For solar PV generation, the irradiance and other relevant param-
eters such as temperature; for wind generation, the wind speed and other relevant
environment parameters such as obstacles and roughness.
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(b) Technical potential: This considers the available suitable surface area, system perfor-
mance, and sustainability criteria where applicable.

(c) Economic potential: Accounts for technology costs and avoided supply costs.
(d) Market potential: Evaluates deployment feasibility in the context of competition

with other energy sources, regulatory policies, permitting processes, incentives, and
socio-cultural factors.

These four levels represent a progressive refinement of the analysis, with market
potential assessments encompassing economic potential, which in turn includes technical
potential, which itself builds upon resource potential.

The following sections provide an overview of the renewable hybridization activities
in Spain (Section 2) and internationally (Section 3). Section 4 presents an update on the avail-
able data sources and reviews various tools for HPP design. Finally, Section 5 highlights
a simplified application for mapping the hybridization potential in Spain, incorporating
suitability and profitability analyses for selected areas.

2. Activities in Spain
For the description of the activities in Spain, the categories used in energy system plan-

ning analyses, as described in [4], will be followed. These four categories were proposed
by the International Renewable Energy Agency (IRENA): generation expansion planning
(Long-Term Energy Scenarios, LTESs); geo-spatial planning; dispatch planning (production
cost models); and technical network studies (subdivided into static and dynamic grid
models) [9].

2.1. Long-Term Energy Scenarios (LTESs)

In electricity planning, a distinction is made between binding planning, which refers
to the development of transmission networks, and indicative planning, which establishes
possible demand evolution scenarios and the target generation capacity in terms of elec-
tricity generation and supply [10]. Indicative planning is fully reflected in the National
Energy and Climate Plans (NECPs) of EU member states. NECPs define the CO2 targets,
policies, and actions of EU countries as their contributions to the EU’s climate and energy
objectives, often with little (if any) coordination between them during their definition [11].
These plans are examples of LTES analyses.

Some pioneering studies have been conducted for Spain [12], but it was not until the
development of the Spanish 2019 NECP that several studies emerged in parallel. These
studies shared common characteristics, such as forecasting the technology mix for the 2030
and 2050 horizons; falling under the LTES category; assessing technical potential; and being
scenario-based, with the results depending on the specific model used.

Despite their relatively simple calculations, these studies yield different results due to
varying assumptions and parameter values. For example, Table 1 compares the projected
wind and solar PV generation capacities for 2030 from different analyses using the national
spatial resolution and a multi-year time resolution.
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Table 1. A summary of some LTES analyses in Spain.

Characteristic/Model PRIMES AEE CEPSA Greenpeace ITT Deloitte Experts
Commission NECP

Wind installed
power in 2030 (GW) 30 40 47 26.6% 1 34

84 2

31 62

Solar PV installed
power in 2030 (GW) 25 25 29 12.35% 1 16 40 76

References [13,14] [14] [15] [16] [17] [18] [19] [20]

PRIMES: Price-Induced Market Equilibrium System Model; AEE: Spanish Wind Association; CEPSA: Spanish Oil
Company; ITT: Institute for Research in Technology (U.P. Comillas). 1 For a “low-demand and medium-renewable”
scenario. This refers to the percentage of the total demanded energy generated by the technology. 2 For the
“high-electric-efficiency” scenario. It includes hydraulic, wind, solar PV, and solar thermal renewable generation.

Another common characteristic of all of these studies is the so-called “single-node
hypothesis, which neglects the relevance of spatial resolution by assuming infinite capacity
of the transmission network.” [11].

Although these energy system planning tools can be used for the preliminary design
of the HPPs, they have some major limitations. For example, the operational aspects,
physical and electrical infrastructure design, and interactions between the technologies
are not usually included [21]. However, some attempts [22–24] have been made within
this LTES category to work with higher temporal (hour-level) and spatial resolutions. In
particular, some works [11,25] have advanced towards the allocation of wind and solar PV
capacities in Spain, based on the PyPSA tool (one of the most popular Python-based, v2.7,
open-source toolboxes for the simulation and optimization of modern power systems [26]),
which considers the physical and electrical infrastructure design and interactions between
the technologies at a regional level, searching for the trade-off between generation and
decarbonization. They open the door in the direction of transforming the LTES category
into more detailed analyses, as the availability of high-resolution data and computational
resources becomes higher.

2.2. Geo-Spatial Planning

A GIS and associated modeling approaches offer the potential to spatially outline
areas that are suitable for the deployment of renewable energy plants, using a wide range
of physical, technical, legal, economic, and social criteria, including those related to energy
demand and infrastructure availability. Spatial decision support systems also offer the
opportunity to compare various scenarios and criteria weightings [27].

Previous studies in the literature have employed GIS-based approaches for both the
evaluation of suitable locations for PV, wind, and hybrid systems [28–31] and for solar and
wind resource evaluations [32,33]. In particular, GIS data can be employed as the inputs
to different multi-criteria decision-making (MCDM) approaches. GIS applications enable
georeferenced data storage, management, and visualization, along with calculations and
analysis using data from different sources, such as databases, spatial data infrastructures
with open data, and national or international institutions. Therefore, combinations of GIS
and MCDM approaches result in valuable methods for the assessment of suitable locations
for hybrid plants.

In Spain, several multi-criteria GIS-based approaches to integrating solar PV, wind,
and biomass have been proposed. One case is the province of Málaga, an area with a high
energy demand for residential and tourist use, where these types of generation plants both
individually and in combination have also been analyzed. Additionally, they included a
cluster evaluation of the distribution of land availability for this type of installation in all
municipalities of the province [34]. For the province of Jaén, its integration with existing
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local power plants and the electric grid was considered. They combined the environmental,
technical, and geographical factors with economic and social acceptability attributes [35].

In this levelized cost of energy (LCOE) calculation approach, the Intigis model es-
timates the equivalent cost of electrification to compare various energy systems. The
application incorporates both renewable and conventional technologies, as well as the
possibility of hybridizing them. It focuses on isolated systems and rural electrification,
providing a comparative analysis of microgrid implementation versus home system in-
stallations. The model has been applied extensively in Latin America, Africa, and Europe,
evolving to emphasize load clustering and the use of open-source software in its current
development [36].

The main efforts within the geo-spatial planning category have been made in two
disciplines in relation to HPP deployment in Spain: the complementarity of resources and
environmental zoning.

- Complementarity between wind and solar resources has been identified as one of the
main issues for the deployment of HPPs. Even though some studies have been made
of off-shore applications [37], most initiatives are related to the peninsular territory in
Spain. Of all of them, two open-source applications are outlined here:

# CLIMAX [38]: This uses a monthly series of the wind and solar (photovoltaic)
power potential (or capacity factors). The data were retrieved from the ERA5
reanalysis with a spatial resolution of 0.25◦ (~30 km) [39].

# SOWISP [40]: “the SOlar and Wind Installed Spanish Power (SOWISP) database.
SOWISP provides the actual installed capacity of wind and photovoltaic solar
energy in each Spanish town, with a monthly resolution, and covering the period
of 2015–2020. In addition, a Python package (available on GitHub) was developed
for managing this database”. Two applications have been derived from the
SOWISP tool:

■ RetroDB, an enhanced database of Spain’s wind energy resources, which
provides high-spatial- and -temporal-resolution estimates of both wind
speed and wind energy CFs, spanning several decades [41].

■ SHIRENDA_PV, an enhanced open-access database of Spain’s solar PV
energy resources. This database consists of the hourly values for the solar
PV capacity factors for the Spanish NUTS 3 regions covering the period of
1990–2020 [42]

- Environmental zoning for the implementation of renewable energies [43]. The Min-
istry for Ecological Transition and the Demographic Challenge has developed a tool
for identifying the areas of the national territory that present the greatest environmen-
tal conditioning factors for the implementation of these projects through a territorial
model that groups the main environmental factors, resulting in zoning of the envi-
ronmental sensitivity of the territory. The environmental zoning tool for renewable
energies consists of two layers of information (one for wind energy and the other for
solar PV energy) that show the value of the environmental sensitivity index existing
at each point on the map and the environmental indicators associated with that point.

2.3. Product Cost Models

These models are commonly used for the analysis and design of individual HPPs,
but it is not so common to find them for mapping of the potential of these installations in
wider areas, with only a few studies exploring the techno-economic potential of retrofitting
existing wind power plants into PV–wind HPPs [44]. The reason for this is twofold: firstly,
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the common unavailability of the necessary data to perform such an analysis and, secondly,
the computational requirements when covering national or even regional areas.

No activity has been identified in this category in Spain for HPPs. So, this gap is
identified as the main target of the proposed map for evaluating the potential of HPPs
in Spain, including the point of view of the interests of the promoter of the plant. The
latest auctions with no interested promoters, even in the field of off-shore wind farms in
Denmark [45], show that planning must take into account not only the environmental and
physical viability of the plants but also the interest of developers and financers, which is
related to renewable resources and existing infrastructure but also to the market and the
functioning and stability of the regulations.

In Section 4, a review will be made of the existing product cost models for HPPs.

2.4. Technical Network Studies

As mentioned previously, a distinction is made in electricity planning between binding
planning and indicative planning. Indicative planning was described in Section 2.1, whereas
binding planning is carried out by the Transmission System Operator (TSO), Red Eléctrica
de España (REE) in the case of Spain [46]. The aim of binding planning is to design
transmission networks to fulfill the desired requirements expressed in [10]. Therefore,
it is out of the scope of the initiative proposed in this paper. However, there is one
particular task in this binding planning that is of great interest to this review, due to its
similarity to the approach of the proposed initiative: the estimation of the location of
new renewable generation defined in the NCEP, establishing hypothetical locations for
future renewable generation facilities—mainly wind and solar PV generation facilities.
Traditionally, connection requests were used to make this estimation, but the volume of
both the access requests and proposals for the connection of renewable generation greatly
exceeds the goal in the 2026 horizon in Spain. Therefore, a methodology has been developed
for this estimation.

This methodology is inspired by the guiding principles of maximization of renewable
production, evacuation of renewables based on resources, compatibility with resource-
based renewables, compatibility with environmental constraints, maximizing the use of the
existing grid, and compliance with the principles of efficiency and economic sustainability.

The established methodology consists of the following four steps:

- Analysis and ascertainment of the geographical distribution of the resource. For solar re-
sources, historical series of the actual production of solar PV generators currently
in service have been used. For wind resources, the data came from IDAE’s wind
atlas. However, this atlas is no longer available, and the website for the atlas redirects
either to the New European Wind Atlas (NEWA) [47] (and the derived platform for
Iberia [48]) or to the Global Wind Atlas (GWA) [49], which are within the sources
covered in [4]. In both cases, the annual number of equivalent hours of production
has been chosen for use an indicator that is independent of the size of the installation
and standardized.

- Analysis and ascertainment of the geographical distribution of the ease/difficulty of carrying
out the processing, considering the absence of environmental restrictions and conditioning
factors for the implementation of solar PV or wind power plants. This step is based on the
study [50], which is conceived as a tool to help in the decision-making process for the
location of this energy infrastructure.

- Analysis and ascertainment of the geographic distribution of the probability of success of the
construction of solar PV or wind power plants based on the resource distribution, production
efficiency, and ease of processing. A synthetic indicator has been developed by combining
previous indicators of the production capacity (resource and efficiency) and the ease
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of environmental processing (zoning map), which is an indicator of the probability of
success when located in a given area.

- Allocation by node of the new renewable capacity in the 2026 study scenario: estimation of the
best requested locations (requests for access to the transmission grid, both those granted
and those denied and proposed within the planning process) based on the probability
of success and weighted by the weight of the intentions of the promoters in each
autonomous community. Figure 1 shows the graphical result of the overall process.

Figure 1. The nodal distribution of new wind (18,000 MW, blue wind turbines) and solar PV
(19,000 MW, yellow suns) generation in the REE study scenario [46].

The technology and aim of the study by the TSO (estimation of the location of wind and
solar PV generation) are different from the technology and aim of this paper (establishing
the potential of HPPs). However, it has been described in more detail as it is considered
to have many points in common with this paper’s scope, such as the four steps of the
methodology. Hence, the indicator in the third step will differ in both approaches (in the
REE study, the indicator was strongly based on the ease of connecting to the grid, whereas
in the proposed study, the financial viability of the investment is the chosen criterion), but
the methodology will be very similar.

2.5. Conclusions on the Activities in Spain

A review of the activities related to the mapping of HPPs in Spain has been given
following the four categories: LTESs, geo-spatial planning, product cost models, and
technical network studies. In general, the review shows that there is important activity
concerning the mapping of HPPs in Spain. In particular, LTES models are particularly
numerous, although none of them address the mapping of HPPs directly. Some GIS tools
have been identified that are directly involved in HPP mapping, but no product cost model
has been found for use at the national or even the regional level. Finally, the Spanish TSO
is engaged in an interesting task: estimation of the location of new renewable generation
defined in the NCEP. This is not the same approach as that in this review, but it has some
attractive similarities. A summary of the main characteristics of these activities can be
found in Table 2, which also includes the characteristics desired for the proposed map. The
proposed map aims to contribute to filling the gap in the product cost category detected in
this review, somehow covering the estimation of the four types of potential for HPPs, with
an hourly temporal resolution and a 1 km2 spatial resolution.
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Table 2. A summary of the activities in Spain.

Activity
Categories Potential

Temp.
Resol.

Spatial
Resol. Refs.

LTES Geo Product
Cost Network Res Tech Econ Market

Table 1
√

× × × ×
√

× × Yearly Country
(NUTS1)

See
Table 1

PyPSA-Spain
√ √

×
√ √ √

× × Hourly
Up to

100 nodes,
NUTS3

[11]

CLIMAX ×
√

× ×
√

× × × Monthly 30 km [38,39]

SOWISP ×
√

× ×
√ √

× × Monthly NUTS3 [40]

RetroDB ×
√

× ×
√ √

× × Hourly 5 km/
NUTS3 [41]

SHIRENDA_PV ×
√

× ×
√ √

× × Hourly NUTS3 [42]

MITECO
√ √

× × × × ×
√

Hourly 25 m [43]

REE (TSO)
√ √

×
√ √ √ √ √

Hourly Node [46]

Proposed
map

√ √ √
×

√ √ √ √
Hourly 1 km This

work

3. Other Activities (Outside Spain)
As mentioned earlier, this review aims to develop a map evaluating the potential of

hybrid power plants (HPPs) in Spain. Consequently, the primary focus has been on the
activities within Spain. However, significant research efforts in this field have also been
undertaken in other countries. This section provides a brief overview of some noteworthy
initiatives outside Spain, focusing on those that cover the product cost category for HPPs,
which was detected in the previous section as the most outstanding gap.

3.1. IEA Wind Task 50 [51]

The general purpose of the proposed IEA Wind Task is to coordinate international
research and development in the field of hybrid wind power plants. The elaboration of
maps for the potential evaluation of HPPs is not directly included in any of the activities
of this task. However, some of the work packages (WPs) are indirectly related, such as
WP1, collection of the research results, the state-of-the-art, and expert consensus; WP2,
design of a suite of reference hybrid plants; and WP3, overview of the design and operation
technology/algorithms. Within WP3, benchmarking of the two main open-source offerings
that will be introduced in Section 4.2.2 is proposed. As will be mentioned later, this might
be an important result of this mapping exercise.

There are nine participant countries (Belgium, Canada, Denmark, Germany, Ireland,
Netherlands, Norway, Sweden, and the US) and five observer countries (Australia, France,
India, Spain, and the UK).

3.2. Activities in the USA

The effort to develop HPPs in the US is one of the most ambitious and best-documented
in the world, both in terms of deployment and research. In terms of deployment, wind–
solar–storage hybrid power plants represent a significant and growing share of the newly
proposed projects in the United States [52]. A description of the status of operating and
proposed HPPs is presented in [53]: 80 new hybrid power plants with a 7.9 GW operational
generating capacity and an 11.6 GWh operational storage capacity in 2023 (66 of them were
solar-plus-storage).
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In terms of research, an informal task force on hybrid energy systems was established
in 2020, with the ultimate goal of identifying R&D activities that multiple offices can collab-
orate on to increase their impact. The opportunities identified are categorized into three
research areas: markets, policy, and regulation; valuation; and technology development [54].
These research areas are directly related to the elaboration of a potential map for HPPs.
A deeper analysis focused on hybrid power plants using only renewable generation can
be found in [55]. It established the starting point for the improvement of the design and
optimization, control, and operation of these systems.

In this sense, although there are different research centers and labs involved, the
Berkeley lab is a reference in providing data on HPP deployment, and NREL is the most
active center for HPP research. A brief description of NREL’s activities is shown, as some
of them will be referred to later.

3.2.1. NREL—Hybrid Energy System Research

NREL is active in different areas regarding HPPs. Due to its close relationship with
this paper, its development of software tools and identification of the best locations for
HPPs will be addressed briefly.

NREL is developing robust open-source modeling tools capable of simulating and op-
timizing a range of hybrid energy systems. The Hybrid Optimization and Performance Plat-
form (HOPP) v3.3.0 is a software tool (part of the NREL suite of system engineering tools)
that enables detailed analysis and optimization of hybrid power plants down to the com-
ponent level, and it is described in Section 4.2.2. HOPP leverages other NREL-developed
tools [56] such as ReOpt, which finds the combination of technologies and dispatch strategy
that minimizes the lifecycle costs of energy for the site; the System Advisor Model, SAM,
for detailed performance and financial modeling, will be described in Section 4.2.2; the
Wind-Plant Integrated System Design and Engineering Model (WISDEM®), which couples
flow models with other system performance and cost models to enable design optimiza-
tion; and the Regional Energy Deployment System model architecture (ReEDS), which
models the evolution and operation of generation, transmission, and end-use demand
technologies [57].

Regarding the identification of the best locations for hybrid plant development, “NREL
has created high-resolution wind and solar maps using a national database called the WIND
Toolkit for wind integration and forecasting, as well as National Solar Radiation Database
data. This data enables a full understanding of the complementarity of resources, a crucial
piece in determining the optimal deployment of hybrid plants” [8].

3.2.2. Resource Characterization, Forecasting, and Maps

In chronological order, these are some of the main initiatives concerning map elaboration:

- RE potential: This consisted of estimation of the economic potential of several re-
newable resources available for electricity generation in the US [58]. Though it was
not HPP-specific, it had some interesting characteristics, such as high-resolution tem-
poral data (hourly); relatively high-resolution spatial data (100,000 sites for wind
and 710,000 sites for solar PV); and the use of an economic indicator (LCOE) for site
classification.

- The North American Renewable Integration Study (NARIS) was the first detailed
power system integration study for the entire North American continent [59]. So, it
was grid-planning-oriented. A viewer was developed within this study [60].

- A complementarity analysis, involving the first HPP-oriented map: this was only
the first step and addressed what future work would require: (1) consistent resource
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data, (2) more detailed local analysis, and (3) the consideration of resilience-specific
complementarity metrics [52].

- A high-resolution, national-scale capacity expansion model [61] for exploring
electricity–system-cost-minimizing deployments of PV–wind hybrid systems across
the U.S. in scenarios that would achieve a zero-carbon electricity mix by 2040. It
introduces a hybridization factor that varies piecewise-linearly between 1 when the
wind and solar capacities are equal and 0 when either the wind or solar capacity is
zero. The ReEDS tool is used. Taking into account the influence of the point of inter-
connection (POI) in the design of HPPs, “the cost-optimal solution includes 290 GW of
POI capacity with a hybridization factor > 0.5 (i.e., with a site PV/wind capacity ratio
between 1:3 and 3:1)”. Figure 2 shows the hybridization factor by site across the US.

Figure 2. The hybridization factor by site across the US for the site-cost-/LCOE-minimizing
model [61].

3.3. Activities in Denmark

Similarly to what was described in the US, the activity on HPPs in Denmark has led to
the constitution of the Danish Hybrid Wind Power Plant Forum. It is formed of most of the
major Danish stakeholders in the field of HPPs (Technical University of Denmark, DTU,
is the main responsible party, with the universities of Aalborg, Aarhus, and Syddansk as
partners), comprising mainly wind, solar, and storage technologies [62].

In particular, research at DTU on HPPs has a long history [63], as a legacy from previ-
ous research on hybrid systems. This research on HPPs has produced different outcomes,
mainly in the form of MSc and PhD theses, project (such as HYBRIDize) participation in
HPP working groups (such as the abovementioned Danish Forum and IEA Task 50), HPP
facilities, and the National Energy System Transition Facilities (NEST) [64].

About the development of tools, two of them are particularly interesting for the
development of HPPS:

• HyDesign: This will be described later in Section 4.2.2.
• Correlations in renewable energy sources (CorRES): An overview can be found in [65].

CorRES is a time series simulation tool for variable renewable energy, used for power
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and energy system studies and also in plant-level analyses. Some of the main features
of CorRES are shown in Table 3.

Table 3. A summary of the CorRES tool’s main characteristics.

Characteristic Wind Solar

Weather reanalysis data ERA 5 ERA 5

Spatial resolution 10 × 10 km2 10 × 10 km2

For a higher spatial resolution Global Wind Atlas ERA5-Land

Temporal resolution Hourly Hourly

For a higher temporal resolution Stochastic simulation -

Conversion into power
generation Power curve + PyWake PV-Lib

Forecast error Flexible forecast horizons Beta version

3.4. Activities in Australia

The following remarkable activities have been identified concerning the potential of
HPPs in Australia:

• Within the analysis called “Prospective hydrogen production regions of Australia” [66],
Scenario 1 analyzes the renewable wind, solar, and hydropower resource potential
without infrastructure constraints. A map [67] was produced, showing where the
highest potential wind and solar power coexists or where renewable resources could
be firmed by hydropower.

• One of the 100% Renewable Energy Group’s outputs is the Australian Solar PV and
Wind Heat Maps [68]. These are heat maps showing the indicative cost of electricity
(in AUD/MWh) for each pixel (1 km × 1 km for solar and 250 m × 250 m for wind),
comprising the cost of energy from a solar/wind farm plus an associated power line
connecting the solar/wind farm to the existing and planned high-voltage transmission
network. Though it is not a HPP map, its approach is very similar to the HPP approach
in some related aspects.

• The Australian National University has produced the FIRM energy planning model.
It is an open-source model and has been applied in different places, like wind-
constrained sunbelt countries [69], Malaysia [70], and Japan [71]. The value of FIRM
compared to that of other capacity expansion/long-term energy planning models
is [72] that

- All new generation is expected to come from solar and wind within the model. In
2023, 84% of the new capacity around the world was solar and wind, while 2%
was from all other renewables.

- The energy balance is sustained over large time horizons (10–40 years), making
sure that the long-duration energy storage for infrequent calm, cloudy weeks is
properly modeled. These are the biggest drivers of the energy storage capacity
and associated costs.

3.5. Activities in India

The Government of India issued the National Wind-Solar Hybrid Policy [73] to regulate
and coordinate the deployment of these systems. The National Institute of Wind Energy
(NIWE) of India has developed the Hybrid (Wind-Solar) Map Portal [74]. The Wind-Solar
Hybrid Map has been prepared by combining the wind potential map and the solar atlas
prepared by the National Institute of Wind Energy (NIWE), Chennai. Both maps are
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combined in terms of the %CUF at a 500 m spatial resolution. The combined %CUF is
defined as the ratio of the actual energy supplied from a hybrid plant over the year to the
maximum possible energy that can be supplied against the declared project evacuation
capacity in a year. To estimate the hybrid suitability, the %CUF values of both maps are
initially normalized to 0–50% and added together to the maximum value of 100%. The
regions with wind %CUF values of more than 35% and solar %CUF values of more than 20%
are considered the most suitable sites for hybrid energy, with a suitability factor of 100%.

A comprehensive review of the mapping activities in India performed at Stanford
University, along with another onshore wind energy atlas accounting for altitude and land
use restrictions and co-located solar, can be found in [75]. The analysis performed by NREL
through the Greening the Grid initiative explores the technical and economic feasibility of
integrating 175 GW of wind and solar capacity into India’s electricity grid by 2022 after
screening for suitable sites at a 500 m resolution [76].

3.6. Activities in Saudi Arabia

Reference [77] proposes a spatiotemporal decision-making model for solar, wind,
and hybrid systems and uses Saudi Arabia as a case study. This study includes potential
analyses of solar, wind, and hybrid systems. Regarding hybrid systems, the key finding
is that HPPs covering 27.7% of the country show high potential, especially in central and
eastern regions, but curtailment in some areas reduces the efficiency.

Nevertheless, this reference is also a complete and comprehensive analysis concerning
the goal of this publication: the mapping of the potential of HPPs. Firstly, this study
performs a literature review, identifying the main research gaps. From these identified
gaps, it introduces a novel spatiotemporal decision-making model (STDMM), proposing
the following methodology for this purpose:

1. The technical and economic potential for HPPs is calculated using ERA5 reanalysis
spatiotemporal weather data and technology-specific parameters.

2. Suitability map: From the results of phase 1, other topographical, social, logistical, and
regulatory perspective criteria (up to 20) are added through a 1 km2 raster analysis
based on a multi-layered hybrid GIS–Bayesian BWM model. For the selection of the
optimal weights for the selected criteria, a group of experts from different energy-
related fields was consulted via a questionnaire analysis.

3. Maps that highlight the optimal locations for hybrid systems are elaborated by ana-
lyzing the complementarity of these resources and the benefits of co-located PV and
wind installations.

4. The proposed sites are evaluated and validated by comparing them with existing
power plants, along with a comparative analysis with other related studies from
the literature.

Finally, this work also includes a comprehensive review of the existing activities in
this area, and it will be crucial for the following conclusion section.

3.7. Conclusions on the Activities Outside Spain

Even though the USA and Denmark may be considered the leaders of HPP research at
the international level, as stated before, reference [77] has been identified as the base refer-
ence for the mapping of HPPs, as it offers a valuable comprehensive review of the existing
activities on mapping the potential of RESs. This study may be considered exhaustive, hav-
ing identified more than 100 references (it should be taken into account that not all of them
refer to HPPs, as they also include only solar-PV-only and wind-only power plants). The
main findings of this review suitable for HPPs are summarized as follows: the integration
of a GIS and multi-criteria decision-making (MCDM) (e.g., the Analytic Hierarchy Process,
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AHP) for site selection and evaluation; the predominance of data normalization techniques
such as reclassification and sensitivity analyses via weight variation; and the importance of
considering both the geographical and cost-based feasibility alongside the spatiotemporal
characteristics in mapping approaches.

Finally, the main recommendations for the mapping of HPPs identified in the reference
work mentioned [77] are summarized as follows: considering not only geographical but
also cost-based feasibility and considering the spatiotemporal characteristics. These insights
align closely with the objectives of this paper, reinforcing the necessity of a comprehensive
methodology for HPP potential evaluation.

However, this review of the international activities has included some outstanding
initiatives on HPP mapping that were not included in the base reference in order to
complement and update it. As a summary, this review of the main activities in acquiring
the necessary results for the mapping of HPPs at the regional or national level has shown
that there are different methods and tools available and, according to the particular aim of
the study, different methodologies can be used (including different calculations, spatial and
temporal resolutions, etc.). The aims of the studies range from an analysis of the resource
complementarity to planning for power independence.

4. From the Data to the Results
The elaboration of the mapping of RESs starts with the data covering the resources, cost,

prices, and so forth; the elaboration of criteria for the selection and suitability evaluations;
and calculations for the techno-economic performance evaluations for each area. This
section reviews the options for this process, starting with an update on the data sources
and following with an overview of the existing tools for generating the desired results.

4.1. From the Data: An Update on the Data Sources

In the first paper in this series [4], a data analysis was carried out in terms of variables
and parameters, sources of information, and spatial and temporal resolution. Since its publi-
cation, new data sources have emerged that can enhance and complement this information.
For example, updated resource data is now available [78]. Additionally, new EU regula-
tions [5] aim to help member states identify Renewable Energy Acceleration Areas (REAAs)
for the rapid deployment of renewable energy projects. These regulations emphasize the
need for digitally consolidated datasets on energy and environmental factors.

As mapping activity is foreseen to be active in the coming years, this information may
evolve with new sources of information and new parameters of interest, with maybe even
more accurate temporal and spatial resolutions for particular analyses [79].

Key data sources include PVGIS for solar radiation and PV system performance and
the Global Wind Atlas (GWA) and the New European Wind Atlas (NEWA) for wind power
generation, but the Energy and Industry Geography Lab [80] is the proposed reference. It
brings together a wealth of geo-spatial information on energy, including datasets on the
renewable energy potential at the NUTS2 level and industry and environmental factors.
In early 2024, it included the following datasets: Natura 2000 sites, nationally designated
protected areas, key biodiversity areas, important bird areas, ecologically or biologically
significant marine areas (EBSAs), peatlands, industrial facilities, and wastewater treatment
plants. In addition to the listed digital tools and databases, Earth observation data, for
instance, from the Copernicus Programme [81], could be used.

This regulation also provides some recommendations to member states about RAAs:
they should not lead to the creation of ’no-go areas’, and zones where renewable energy
should not be developed (‘exclusion zones’) should be reduced to the necessary mini-
mum [27].



Wind 2025, 5, 16 14 of 30

In Section 4, a simplified application will be presented for Spain. The initial data
for the suitability evaluation, related to the analyzed parameters, constitute a series of
layers (Table 4) for both PV plants and wind plants. The available data were obtained from
various geographic data portals and provided by governmental institutions. Some of them
were collected and assembled in previous works conducted at CIEMAT [82,83].

Table 4. Geographic and thematic layers used for the suitability map presented in Section 5.

Data Layers Type of File Source Resolution or Scale

Monthly average daily
solar irradiation (kWh/m2) Raster

Solar radiation data from
Spain—ADRASE

(CIEMAT) [84]
5000 m × 5000 m

Monthly average wind
speed (m/s) Raster

Simulation with a weather
research and forecasting

model (CIEMAT)
1000 m × 1000 m

Digital Terrain Model
(DTM) Raster

Digital Terrain
Model—MDT200 2nd
coverage (IGN) [85]

200 m × 200 m

Land cover Vector (polygons) CORINE Land Cover 2018
(IGN) [86] 1:100,000

Urban and rural residential
areas Vector (polygons)

Settlement and
construction data for

National Topographic Base
BTN100 (IGN) ([87])

1:100,000

Airports Vector (polygons)
Data provided by AENA
(Aeropuertos Españoles y

Navegación Aérea)
-

Road transport network Vector (lines)
Transport data of National
Topographic Base BTN100

(IGN)
1:100,000

Coastline Vector (lines)
Geographic reference

information—coastline
(IGN)

1:100,000

Electrical grid Vector (lines)

Energy and conduction
data for National

Topographic Base BTN100
(IGN)

1:100,000

Electric power plant Vector (polygons)

Energy and conduction
data for National

Topographic Base BTN100
(IGN)

1:100,000

Electrical substation Vector (points)

Energy and conduction
data for National

Topographic Base BTN100
(IGN)

1:100,000

Environmental sensibility
for PV and wind Raster

Environmental zoning for
renewable energies: wind

and photovoltaic
(MITECO) [43]

25 m × 25 m
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4.2. To the Results: The Tools and Methods for the Design of HPPs

As stated before, the core of this paper is a review of the existing tools and methods
available for the calculation of the results on the design of HPPs. This is the topic covered
in this section. The existing research on the power output modeling related to utility-scale
HPPs is presented in [88], which includes a comprehensive overview and identifies the
knowledge gaps. An analysis of the optimal sizing for HPP technologies is addressed in [89],
identifying some challenges, like the complexity of sizing and the obstacle of optimizing the
collection system cable layout, and some opportunities, like novel approaches to modeling
wind and solar time series considering high-frequency fluctuations and the impact of
climate changes.

The approach in this section will be different, as it will be focused on commonly
available tools, either because they are commercially available or because they are open-
source. So, proprietary tools for the design of HPPs, such as those from CIRCE [90] and
Tekniker [91] or GE’s FLEXIQ [92], and research tools that are not publicly available will
not be addressed in this review. The review does not pretend to be exhaustive but is rather
indicative regarding the existing commercial and open-source tools.

4.2.1. The Existing Commercial Tools

HPPs may be considered an evolution of hybrid systems, in which at least the size
and the business model may be different but they maintain some common characteristics,
such as the complementarity of the resources or the optimization and sizing algorithms
for design and control. Therefore, although HPPs are a relatively new technical solution,
hybrid systems have existed for decades, and so there are some commercial tools for their
design on the market. Some of these existing commercial tools include a new toolbox or
a new version for the design of HPPs. Some of the most important ones are HOMER Pro
and iHOGA. HOMER Pro and iHOGA are well-known for the electrification of stand-alone
systems [93].

windPro is a reference for the design and simulation of wind farms and recently
included a module for the design of HPPs.

A brief description of their approaches to the design of HPPs is presented in the
following subsections.

• From HOMER Pro to HOMER Front

“HOMER Pro (Hybrid Optimization Model for Multiple Energy Resources) by UL is a
simulation tool meant to design viable microgrids. It can optimize the design of microgrids
by simulating various combinations coupled with sensitivity analysis.” [21].

HOMER® Front software by UL Solutions performs techno-economic analyses of
HPPs, providing a web-based platform. It is specially focused on the integration of energy
storage systems into existing power plants, providing calculations of the project value,
mitigating potential risks, and optimizing multiple areas, such as the energy markets,
business models, and battery capacity (including the degradation, augmentation, and
replacement strategies), to determine the internal rate of return (IRR) [94]. A description of
HOMER Front can be found in [95].

• From iHOGA to MHOGA

iHOGA/MHOGA are two versions of the Hybrid Optimization by Genetic Algo-
rithms (HOGA) software, developed in C++ by researchers at the University of Zaragoza
(Spain) for the simulation and optimization of electric power generation systems based on
renewable energies. iHOGA is for systems from a few hundreds of watts up to 5 MW of
power, whereas MHOGA is for MW-level power systems, without any limit [96], and it
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was developed in collaboration with the company Sisener Ingenieros. A description of the
MHOGA version can be found in [97].

• windPRO

windPRO is a software suite for the design and planning of wind farm projects.
windPRO covers everything from wind data analysis, calculation of the energy yields,
quantification of the uncertainties, and assessments of site suitability to calculation and
visualization of the environmental impact. windPRO can also be used for a detailed post-
construction analysis of the production data, all available in separate modules as needed.
The HYBRID module is available in version windPRO 4.0, and it allows for an analysis of
HPPs. A description of the HYBRID module can be found in [98].

• A comparison of the commercial tools

A comparison of these three commercial tools is shown in Table 5.

Table 5. Comparison of commercial tools.

Tool Feasibility Study Physical Layout Optimization

HOMER® Front ✓ ✗ ✓

MHOGA ✓ ✗ ✓

windPRO ✓ ✓ (wind) ✗

4.2.2. Open-Source Tools

These tools have appeared in the academic and research environment, and their
orientation is double: they may serve as a tool for the design of one single HPP, like those
in Section 3.1, but they are open-source and can be integrated into a co-simulation tool for
the elaboration of maps and public knowledge to hone the technical decisions made by
policymakers. A brief description of their approaches to the design of HPPs is presented in
the following subsections.

• The System Advisor Model (SAM) [99]

Using time series weather data; system specification features, including the physical
layout; and inputs for the system losses, SAM can predict the electricity production and
costs over time, as well as the income from different revenue streams (energy, capacity,
incentives), and use them to perform a detailed financial analysis of the system’s perfor-
mance for various high-level objectives, including the LCOE, NPV, payback periods, and
more [100].

SAM evaluates the feasibility and potential of renewable energy projects and identifies
potential opportunities for improvement. It allows users to enter detailed information
about the site, the technology, and the financial parameters and then generates performance
and economic predictions based on that data. However, it was not able to model hybrid
systems until version 2023.12.17 r1 SSC 290, where this new capability was added. Another
important characteristic of SAM is PySAM [101], a Python package that can be used in
Python code to make calls to the SAM compute modules.

The available hybrid system configurations are solar PV generation, wind generation,
battery storage, and fuel cells [102]. SAM’s hybrid system models combine two or more
power generation subsystems with battery storage. SAM estimates the annual energy
production for a given system configuration using reduced-order models, databases for the
component performance, and the loss factors at multiple points along the simulation [103].

• The Hybrid Optimization and Performance Platform (HOPP) [104]
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The Hybrid Optimization and Performance Platform (HOPP) is an open-source soft-
ware tool developed by NREL for the detailed analysis and optimization of HPPs, which
is integrated with other open-source tools such as SAM. HOPP can assess and optimize
projects that contain combinations of wind (onshore and offshore), solar, storage, geother-
mal, and hydro power [105]. It takes into account physical design constraints, such as
shadow flicker effects and irregular boundaries, when optimizing the layout of wind and
solar power plants.

• HyDesign [106]

HyDesign is a state-of-the-art optimization tool developed at DTU [107]. It provides
the optimal hybrid plant sizing based on user-specified financial metrics, such as the net
present value over capital costs (NPV/CAPEX) or the LCOE. The design variables for
optimization include the wind turbine design (blade tip to ground clearance, specific
power, rated power), wind plant design (number of wind turbines, wind power density),
solar plant design (AC power, surface tilt angle, surface azimuth angle, DC/AC ratio), and
battery sizing (power rating, energy storage duration).

• A comparison of the open-source tools

A comparison of these three open-source tools is shown in Table 6.

Table 6. Comparison of open-source tools.

Model/Tool SAM/PySAM HOPP HyDesign

Developer NREL NREL DTU

Weather Solar: NSRDB
Wind: wind toolkit SAM ERA5, GWA

Wind Power Plant SAM’s wind power model
(includes wake) FLORIS Surrogate model (includes

wake)

PV Power Plant PVWATTS PVWATTS Generic 1 MW plant

EMS ✗ ✗ ✓ (battery)

Financial PPA, single owner,
merchant SAM

PV: simple model
Wind: WISDEM

Battery: simple model
Grid, BOS, land

Optimization ✗ ✓ ✓

Programming framework SSC/Python Python Python—OpenMDAO

Reference [101]/[103] [105] [107]

5. A Simplified Example of an Application
Some outcomes have already arisen from this review, and a simplified example was

created to show the kind of results that the envisioned mapping of HPPs might bring. The
aim of this example is to share a proposal to identify indications of suitable locations for
HPPs with high profitability. The main outcomes that are included in this exercise are
the methodology structure (a suitability map followed by a viability map) and the 1 km2

spatial resolution. Simplification primarily concerns the temporal resolution of the data
and the calculations, and this means that the results are not accurate but only indicative.
The results provide a representative overview in terms of shape and granularity, though
future work will be required to enhance the accuracy, which will be achieved by adopting
some of the open-source tools described in Section 4.2.2.
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A general scheme of the methodology is represented below (Figure 3). It is inspired by
the methodologies presented in Sections 2.4 and 3.6. The process consists of three main
steps, which will be described in the following sections:

1. Suitability map creation for hybrid systems using ArcGIS Pro software;
2. The optimal sizing and profitability model for HPPs;
3. Profitability map generation for Spain, implementing the model in ArcGIS.

Figure 3. A general scheme of the methodology used for the simplified example [83].

5.1. Suitability Map Creation

As a first step, a preliminary suitability map for HPPs in Spain is built by integrating
GIS-based and MCDM processes. The initial layers for the suitability evaluation, related to
the analyzed parameters, are presented in Table 4.

To build the map, the software ArcGIS Pro and its geographic analysis and processing
tools are used. As the MCDM method for the evaluation of the suitability, a combination
of Boolean logic and fuzzy logic is considered. The Boolean logic for the exclusion layers
allows each cell of the raster to be associated a number equal to 0 or 1, according to the
previously defined criterion. Value 0 represents cells that are unavailable for the installation
of renewable energy systems, while a value of 1 represents available ones [108]. Equally,
the fuzzy logic for the ponderation layers each cell to be associated a number between 0
and 1, according to a defined “fuzzy membership”. These enable us to set the suitability of
the cells according to each parameter. In this case, the memberships employed are “linear
increasing” and “linear decreasing”. The first type assigns 0 to the lowest value on the scale
and 1 to the highest one, and the values increase as the parameter value increases. For the
second type, zero is assigned to the highest value on the scale and one to the lowest one,
while all of the others decrease as the parameter values increase.

The exclusion and ponderation layers are combined to generate two suitability maps,
one for PV systems and another one for wind systems, which are finally overlaid to create
a unique suitability map for HPPs. Subsequently, all of the exclusion layers are multiplied
to obtain a final exclusion cover, and the ponderation layers are fuzzily superposed with
the gamma parameter set to 0.9 since this has been demonstrated to be recommended for
this type of operation [29]. Each parameter for the construction of the suitability map is
associated either with the Boolean logic or with the fuzzy logic through the criteria listed in
Table 7. The choice of the ranges for the Boolean variables and of the fuzzy memberships
for the weighted variables are the results of the research work carried out in [43,82,108,109].

Using ArcGIS Pro’s tools, the suitability index map for HPPs is represented in Figure 4,
ranging from a “0” value (not suitable) to a maximum value of “1” (completely suitable).
Once the overlay process is completed, the resulting map is represented with a raster
resolution of 1000 m × 1000 m and a Geographic Coordinate System of WGS 1984.
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Table 7. The analyzed criteria for the PV–wind hybrid suitability map.

Parameters GIS Processing
(ED = Euclidean Distance) Boolean Fuzzy Membership

Function

Annual average daily solar
irradiation (kWh/m2)

Calculated using Map
Algebra as an average from

the monthly global daily
irradiation data

- Linear increasing

Annual average wind
speed (m/s)

Calculated using Map
Algebra as an average from

the monthly wind speed
data

- Linear increasing

Ground elevation (m) Reclassified elevation data
from MDT200 Exclusion > 1500 m -

Ground inclination
(degree)

Generated slope from
MDT200 Exclusion > 15◦ Linear decreasing

(inclination ≤ 15◦)

Land cover Reclassified CORINE Land
Cover classes [82,83] - -

Distance from urban and
rural residential areas (m)

The ED from residential area
polygons - Linear increasing

Distance from rivers and
surface water (m) - Exclusion results of

MITECO -

Distance from airports (m) The ED from airport
polygons Exclusion > 7000 m -

Distance from the road
network (m) The ED from road lines - Linear decreasing

Distance from the coastline
(m) The ED from the coastline - Linear increasing

Distance from the electrical
grid (m)

The ED from the electrical
grid lines - Linear decreasing

Distance from electric
power plants (m)

The ED from power plant
polygons - Linear decreasing

Distance from electrical
substations (m)

The ED from electrical
substation points - Linear decreasing

Environmental sensibility
for PV and wind - Exclusion results of the

MITECO analyst
Weighted result of the

MITECO analyst

The territory selected for the analysis of the profitability corresponds to all suitable
areas obtained where the suitability index is higher than 0.5, in the absence of a more
precise criterion for selecting the area for analysis. This value is chosen arbitrarily to make
sure that the points chosen for the profitability analysis have a higher chance of being
characterized by high profitability. The validity of the selection of this threshold will be
checked against the results of the profitability analysis, both in terms of the area and in
terms of the results.
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Figure 4. Hybrid suitability index (elaboration from [83]).

Considering the number of pixels that form the final raster layer, the percentage of the
suitable area is calculated, and it is equal to 24% of the total considered area.

5.2. The Model for Sizing

The model for the evaluation of the optimal size of an HPP and the evaluation of
its profitability consists of (a) an evaluation of solar and wind resources; (b) a numerical
method for the evaluation of the optimal size of the wind and solar PV power plant compos-
ing the hybrid system; and (c) an evaluation of the profitability of the hypothetical plant.

5.2.1. Evaluation of the Solar and Wind Energy Production

This simplified example of an application is based on the monthly average values
for solar irradiation and wind speed. The initial data consists of twelve raster layers
representing the monthly average global daily irradiation on a horizontal plane, expressed
in kWh/day, and twelve raster layers representing the monthly average daily wind speed,
measured at 100 m, expressed in m/s. From these data, the energy available for each source
is evaluated.

First, regarding the solar resources, the monthly available energy per day (EPV,m, in
MWh/day) is calculated as the linear proportion between the Performance Ratio (PR; a
value of 0.8 is assumed [110]), the power of the PV power plant (PPV, in MW), and the
monthly Peak Sun Hours (PSHm, expressed in h/day), considering the optimal capture
each month.

EPV,m = PPV·PR·PSHm (1)

Subsequently, to calculate the available wind energy, as demonstrated in [111], the
monthly profile of the produced wind energy per day (EW,m, in MWh/day) can be expressed
through the linear relationship between the monthly average wind speed at the hub height
(WS,m, in m/s) and the power of the wind farm (PW, in MW). So, the linearized relationship
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between the average wind speed and the energy produced was obtained empirically
from the brochure [112] for a particular wind turbine model (VESTAS V150—6.0 MW), as
depicted in Figure 5.

Figure 5. The empirical linear relationship between the yearly average wind speed and annual energy
production for a V150 6 MW wind turbine (elaboration from [112]).

The empirically obtained relationship (y = 4.5x − 12.9) provides a linear approximation
of the annual energy production (“y”), in GWh/year, of a 6 MW VESTAS V150 wind turbine,
taking the yearly average wind speed (“x”), in m/s. This linear relationship was normalized
so that it could be used for any wind power value (PW, in MW) to obtain the average daily
wind production (EW,m, in MWh/day) for each month, evaluated for the monthly average
wind speed at the hub height (WS,m, in m/s) according to the following equation.

EW,m = PW·(2.05·WS,m − 5.89) (2)

5.2.2. Evaluation of the Optimal Size

To evaluate the optimal size of the wind and PV systems composing the hybrid plant,
a purely numerical method is employed. This method follows these stages:

• Determine the search space for wind and solar PV sizes: In order to make the calcula-
tions simple, a discrete search space is defined, with a limited number of combinations.
The values in the search space are defined as follows:

# The upper limit for each technology is defined by the maximum installable power
per unit area, in MW/km2:

■ Wind: A range of values between 6.2 MW/km2 and 46.9 MW/km2 can be
considered [113]; an average value of 20 MW/km2 is assumed.

■ Solar PV: In this case, the range spans from 35.1 MW/km2 to 117.9 MW/km2 [114]; the
selected value was 50 MW/km2.

# The lower limit is set to zero. However, only HPPs are considered as winning
options; i.e., if the winning combination were PV- or wind-only, it would not
appear on the map.

# The unit size of generation: A value of 5 MW was chosen both for wind and solar
PV generation.

# So, the search space will be all (55) combinations of the values 0, 5, 10, 15, and 20
MW for wind and the values 0, 5, . . ., 45, and 50 MW for PV.
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• Establish operational restrictions: These will depend on the particular regulations that
apply, but some general restrictions have been defined.

# The evacuation capacity per unit area: Considering that the grid capacity is usually
one of the main limitations when installing new HPPs, a theoretical value of 10
MW/km2 was chosen for the evacuation capacity in this example, the same for
every unit area, allowing for an analysis of overplanting. However, the actual
existing capacity for each area will be included for a more accurate analysis in
future work.

# The maximum energy delivered per unit area: This would be 240 MWh/day per
square kilometer considering a 100% capacity factor for the assumed 10 MW evac-
uation capacity. Larger productions will be curtailed. This is the only curtailment
that was considered in this example.

# The minimum energy delivered per unit area: Considering a margin of flexibility
for the energy contracted in the PPA, it is assumed that the HPP needs to deliver a
minimum value, which was chosen as 90% of the maximum energy delivered per
unit area. No combinations that produce an amount of energy smaller than this
minimum are considered.

• Define the business model: A simplified model was selected for this example appli-
cation, based on a PPA characterized by a PPA price: even though PPA prices have
decreased in recent months [115], an optimistic value of 75 EUR/MWh was selected
for the results shown. However, this is one of the parameters suggested for a sensibility
analysis in our future work.

• For each of the 55 combinations in the search space, defined by the subindex i for the
wind size and j for PV size,

# The average monthly energy production is calculated (Em,i,j). The monthly energy
production is curtailed to the maximum established in the operational restrictions
if it is higher.

# The annual energy production is computed (Ea,i,j) as the summation of the monthly
averages: it should be higher than the minimum established in the operational
restrictions. If not, the combination is not considered.

# The total generating net present cost (NPCT,i,j) is calculated for each combination
using the values in Table 8.

# The system’s levelized cost of energy (LCOES, in EUR/MWh) for each combination
is derived as the relationship between the calculated NPCT,i,j and the total energy
produced (n · Ea,i,j) during the lifetime (n) of each combination. It is important
to remember at this point the difference between the LCOE of each generating
technology and the LCOE of the system, as it has been defined. The LCOES

considers only the energy that is actually used (excluding the curtailed one),
whereas in the LCOE for each generating technology, all of the energy generated
is usually computed. In HPPs, this is an important issue.

• The combination with the minimum cost is found, and the size of the two compo-
nents will correspond to the optimal one for a hybrid combination. For this winning
combination, the internal rate of return (IRR) is calculated.

The results show that the most common combination of capacities is composed of a
wind farm of 15 MW and a PV plant of 30 MW.
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Table 8. The values of the parameters for the model case simulation.

Parameter Unit Wind Solar PV References

Discount rate % 7% 7% [116]

Unitary CapEX M€/MW 1.40 0.92 [117]

Unitary OpEX M€/MW-year 0.037 0.015 [118]

5.3. Profitability Map Creation

The model discussed in the previous section is implemented in ArcGIS Pro through
an algorithm written using Python, including the calculation of the internal rate of return
(IRR) as the index selected to represent the profitability of the investment. This enables
iteration of the calculations of the model for each cell and consequently for each of the sites
that was declared as suitable for the installation of an HPP in the preliminary suitability
analysis. As a result, the map in Figure 6 is obtained to represent the IRR.

 

Figure 6. The IRR with an evacuation capacity of 10 MW and a PPA price of 75 EUR/MWh (elabora-
tion from [83]).

The sites with the highest IRR values are in the northern regions, in particular in
Galicia, Aragón, Navarra, Castile, and León. In the center and south of Spain, a relevant
number of profitable areas can be found in Castile–La Mancha and Andalucía.

Sites that fulfil the design constraints represent 99.4% of the suitable sites. Suitable
areas with an IRR higher than 7% are 89.9% of the total suitable area and 21.9% of the total
considered area. The maximum IRR value is 20.4%, while the minimum is 3.3%.
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6. Discussion
This study reviews activities related to the mapping of HPPs. The results of this

review are discussed, and the main conclusions are taken for future work on an actual map,
establishing future research directions.

The activities in Spain have been categorized into four areas: LTES models, geo-
spatial planning, product cost models, and technical network studies. The review reveals
significant activities in HPP mapping, particularly with LTES models, though none have
directly addressed HPP mapping. Several geo-spatial tools have been identified for HPP
mapping, but no product cost models have been developed for national or regional use.
Additionally, the Spanish TSO is actively engaged in estimating the locations of new
renewable generation as defined in the NCEP. Although each activity has its own interest,
the outcome of the discussion at this point is to address the identified gap (there being
no existing product cost model in Spain) by developing a product cost model for HPP
mapping in Spain.

The review of the international activities highlights the availability of diverse meth-
ods and tools, with the methodologies tailored to specific study objectives. These range
from analyzing resource complementarity to planning for energy independence. The key
findings include

• The widespread use of GIS tools integrated with MCDM techniques, particularly the
AHP, for site selection and suitability evaluations;

• The predominant use of reclassification for data normalization and sensitivity analyses
through weight adjustments.

The main outcomes of the discussion on these findings are to adopt them in future
work, both for suitability evaluation and data normalization.

Finally, this review of the existing tools shows that there are both commercial and
open-source tools available nowadays for the design of HPPs. Whereas the commercial
tools are usually more friendly, open-source tools have appeared in the academic and
research environment and can be integrated into co-simulation tools for the elaboration
of maps and public knowledge to hone the technical decisions made by policymakers.
So, the outcome of the discussion at this point is to work with open-source tools in the
future and use commercial tools for validation purposes. Some common features of all of
these tools will be adopted in future work: a Python programming framework; an hourly
(or sub-hourly) period; the use of weather databases (derived from ERA5 in our case);
relatively simple component models; and different options for the business models. But
the decision on which tool will finally be used is not yet confirmed. Future work such as
that developed for IEA Task 50 comparing these tools will help with the choice.

6.1. A Simplified Example and Findings

A simplified example was proposed to show the kind of results that the envisioned
mapping of HPPs might bring. Simplification arises from the calculations, and this means
that the results are not accurate but only indicative. However, the methodology derived
from this review and some of the abovementioned outcomes of the discussion are included.

The aim of this example is to indicate (they cannot be considered definitive) suitable
locations for wind–solar hybrid systems with high profitability. The process involved

1. Suitability mapping: A map of suitable sites for HPPs in Spain was generated using
Boolean and fuzzy logic, considering climatic, ecological, and economic factors;

2. The optimal sizing and profitability model: A simplified model was developed to
evaluate the optimal size and profitability of hybrid plants;
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3. Profitability mapping: The model was implemented to produce a profitability map
for each site in Spain.

6.2. Limitations and Future Work

The review of the suitability and profitability maps indicates the need for a more
in-depth analysis to improve the precision of the results. Key areas for future work include

1. Incorporating economic factors into the CAPEX and OPEX evaluation to study the
influence of different components;

2. Including a sensitivity analysis of the PPA prices, discount rates, and component
costs and considering multiple business models or factors in terms of depreciation,
financing structures, and policy incentives;

3. Including storage systems, as storage is a key component in hybrid systems, especially
for grid stability, peak shaving, and energy arbitrage;

4. Using hourly averages for the energy production to improve the accuracy of the
optimal sizing, dispatch modeling, and curtailment estimations;

5. Incorporating georeferenced data on the evacuation capacity;
6. Investigating alternative metrics for highlighting the advantages of HPPs better,

including integrating land use conflicts, protected areas, and community feedback.

These refinements will enhance the accuracy and applicability of the model, providing
a more robust tool for HPP mapping and decision-making in Spain.
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